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Pigs can play an important role in the genetic reassortment of influenza viruses and as a reservoir for
another lineage of influenza viruses that have the ability to reassort and be transmitted between species. In
March and April 2006, novel H3N1 influenza A viruses were isolated from pigs with respiratory diseases at two
different commercial swine farms in Korea. Genetic and phylogenetic analyses of the sequences of all eight viral
RNA segments showed that the novel H3N1 swine influenza viruses were reassortants that acquired the
hemagglutinin gene from an H3 human-like virus and other genes from swine influenza viruses that are
currently circulating in Korea. Serologic and virologic tests in the infected farms suggested that pig-to-pig and
farm-to-farm transmissions occurred. Clinical signs in pigs and experimentally infected mice suggest the
potential to transmit the virus between swine and other mammalian hosts. To our knowledge, this is the first
report of the isolation of the swine H3N1 subtype from domestic pigs under field conditions in Korea. Further
surveillance will be needed to determine whether this novel subtype will continue to circulate in the swine

population.

The influenza A virus is a highly infectious respiratory
pathogen of birds and mammals, including humans and pigs.
Normally, the virus is not transmissible between humans and
birds because human tracheal epithelial cells lack the receptors
needed for the attachment of avian influenza viruses. Pigs, on
other hand, are susceptible to influenza viruses from both
avian and mammalian origins because the tracheal epithelium
of pigs possesses the virus receptors for both the «-2,3-N-
acetylneuraminic acid—galactose linkages for avian influenza
viruses and the «-2,6-N-acetylneuraminic acid-galactose link-
ages for human influenza viruses (15). Therefore, pigs can play
an important role in the genetic reassortment of influenza
viruses. Due to this dual susceptibility, pigs are postulated to
be “mixing vessels” for influenza viruses (2, 3, 10). Further-
more, the zoonotic transmission of swine influenza viruses
from pigs to humans has been well demonstrated (5, 10, 12, 21,
27, 30).

Currently, three subtypes (HIN1, HIN2, and H3N2) are
commonly found in pigs throughout the world. In the United
States, the classical HIN1 subtype was exclusively prevalent
until 1998 (25). In 1998, H3N2 triple reassortants with genes
derived from human (HA, NA, and PB1), swine (M, NS, and
NP), and avian (PA and PB2) viruses were first isolated in the
United States; since then, they have become endemic in swine
populations (20, 36). These viruses underwent further reassort-
ment to create additional H3N2 viruses that were isolated from
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pigs (36) as well as HIN2 viruses that were isolated from pigs
(7, 19), turkeys (33), and wild ducks (26). This demonstrates
that viruses containing this gene combination can cross the
species barrier.

In Korea, three subtypes (H1N1, HIN2, and H3N2) of swine
influenza viruses have been reported in the pig population.
Phylogenetic analysis indicated that the Korean isolates were
closely related to swine influenza viruses recently isolated from
pigs in the United States (6, 16, 17, 32). We now describe the
isolation and characterization of novel H3N1 swine influenza
viruses from pigs in Korea. Genetic characterization showed
that these viruses have a high level of homology to the swine
HIN2 influenza viruses recently circulating among pigs in Ko-
rea, with the exception of the HA gene. The relatively low
homology of the HA gene to swine H3N2 viruses isolated from
pigs in Korea and the higher homology to the HA genes of
human H3N2 viruses suggest that the H3N1 viruses are reas-
sortants between swine and human-like influenza viruses.

MATERIALS AND METHODS

Clinical samples and virus isolation. Two swine influenza viruses, Swine/
Korea/PZ72-1/06 (Sw/Korea/PZ72-1/06) and Sw/Korea/CN22/06, were isolated
in Madin-Darby canine kidney (MDCK) cells from nasal swabs of pigs showing
a typical influenza-like illness. In Chunbuk province in March 2006, Sw/Korea/
PZ72-1/06 was isolated from the nasal swabs of 8-week-old cross-bred pigs that
showed respiratory disease signs including depression, coughing, sneezing, and
loss of appetite. Sw/Korea/CN22/06 was isolated in April 2006 from the lung
homogenates of a dead 9-week-old cross-bred pig from the Chungnam province
that showed a typical influenza-like illness with a 30% mortality rate. The sub-
type of Sw/Korea/PZ72-1/06 and Sw/Korea/CN22/06 was determined to be H3N1
by two multiplex reverse transcription-PCR assays and sequencing as previously
described (9).

Genomic sequencing and phylogenetic analysis. Viral RNA was extracted
from cell culture isolates using a QIAamp Viral RNA Mini kit (QIAGEN,



3924 SHIN ET AL.

(a) HA

Sw/Changhua/72-10/03
SwiChiai/77-10/01
SwiTX/4199-2/98
Sw/NC/16497/99
Sw/lA/569/99
Sw/MN/593/99
Sw/lA/533/99
Swi/Ontario/41848/97
~Wuhan/359/95
Paris/896/97 3
TX/9/96
SW/IL/21587/99
Sw/WI/14094/99
73 99k Sw/OK/18717/99
SwiKorea/CA54/04
Sw/NC/29974/03
Sw/MN/22057/02
Turkey/MN/674-2/03
Turkey/NC/12344/03 J
100 Sw/Korea/PZ72-1/06
Sw/Korea/CN22/06
New York/3521/98
Sydney/5/97
Memphis/98
SwiC0/23619/99
Panama/2007/99
Canterbury/01/03
Aichi/133/05
Wisconsin/67/05
Brisbane/3/05

100 100
Group |

o

Group Il

32

0
Group I

Pusan/22/02
100 Gwangju/55/02
New York/483/03
Singapore/14/04
Hong Kong/2637/04
Swi/Saskatchewan/18789/02
SwiFujian/1/03
Sw/Cotes d'Armor/1482/99
Sw/Spain/50047/03
Sw/England/195852/92
Switaly/1509-6/97
00 Sw/Changhua/72-10/03
Sw/Chiai/77-10/01
—— Sw/NJ/8/76
Sw/Quebec/5393/91
Sw/Korea/HS01/05
Sw/Ontario/57561/03
100 Sw/Ontario/53518/03
Sw/Ontario/11112/04
Swi/Ontario/23866/04
Sw/Wisconsin/238/97
Sw/Korea/PZ72-1/06
Sw/Korea/CN22/06
SwiAlberta/56626/03
Wisconsin/10/98
Wisconsin/4754/94

— Sw/WI/34562/03

FIG. 1. Phylogenetic trees of the nucleotide sequences for the HA (a)
and NA (b) genes of the two H3N1 influenza viruses isolated from pigs in
Korea compared with selected swine, human, and avian influenza virus
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TABLE 1. Sequence homology of each gene from Sw/Korea/
PZ72-1/06 compared with reference virus sequences
available in GenBank

% Virus with the highest degree of Phvlosencti
Gene Nucleotide sequence identity (GenBank Subtype T.Oge ¢
. . ) “ ineage
identity accession no. or source)
HA 94.4 New York/521/1998 (CY006499)  H3N2 Human
NA 94.1 Swine/Wisconsin/238/97 HIN1 Swine
(DQ280259)
M 98.5 Swine/Korea/JL04/05 (this study) ~ HIN2 Swine
NP 98.3 Swine/Korea/JI04/05(this study) HIN2 Swine
NS 98.3 Swine/IN/14810/01 (AY060136) HIN2 Swine
PA 972 Swine/Korea/CY02/02 HIN2 Swine
(AY129161)
PB1 97.8 Swine/Korea/CY02/02 HIN2 Human
(AY129162)
PB2 98.1 Swine/Korea/JL04/05 (this study) HIN2 Swine

“ The numbers in parentheses are GenBank accession numbers for the refer-
ence virus sequences.

Valencia, CA). Reverse transcription-PCR was carried out under standard con-
ditions using influenza-specific primers (9, 14). Nucleotide sequencing of the
amplified products was carried out using a DNA sequencer (model 377; Applied
Biosystems, Perkin-Elmer, Foster City, CA) and a Tag Dye Deoxy Terminator
cycle sequencing kit (Applied Biosystems, Foster City, CA). The sequences were
resolved using the ABI PRISM collection program (Perkin-Elmer, Foster City,
CA). The DNA sequences were compiled and edited using the Lasergene se-
quence analysis software package (DNASTAR, Madison, WI). Multiple se-
quence alignments were made using Clustal_X (1, 34). The rooted phylograms
were prepared using the neighbor-joining algorithm and then plotted using NJ
plot (28). The trees presented in Fig. 1 are based on the nucleotide sequence
lengths of each gene segment (HA, 1,740 bp; NA, 1,410 bp; M, 975 bp, NP, 1,565
bp; NS, 890 bp; PA, 2,233 bp; PB1, 2,341 bp; PB2, 2,341 bp).

Serologic test. A hemagglutination inhibition (HI) assay was performed to
determine the antigenic relationship between the H3N1 and H3N2 viruses. The
swine antisera against the influenza viruses used in this study included Sw/MN/
9088-2/98 (group I), Sw/CO/23619/99 (group II), and Sw/Korea/CA54/04 (group
III, a recent Korea H3N2 isolate). A swine HIN2 Korean isolate (Sw/Korea/
J104/05) was also added for a serologic comparison.

Mouse experiments. The extent of viral replication in mice (BALB/c) was
measured after intranasal inoculation. Twenty-five mice were inoculated intra-
nasally with 10> 50% tissue culture infective doses (TCIDs,) of the respective
influenza viruses. Control mice were sham infected with phosphate-buffered
saline. Five mice of each group were sacrificed on days 3, 5, and 7 after inocu-
lation, at which time the virus in the lung tissue was titrated in MDCK cells. The
body weight of the remaining mice was measured daily on days 0 through 10 after
inoculation.

Nucleotide seq e ace s. The GenBank accession numbers
assigned to the sequences determined in this study are as follows: DQ923506 to
DQ923521 (sequence data will be provided upon request).

h,

RESULTS

Sequence analysis. Sequence analysis of the PCR products
demonstrated that the two H3N1 isolates Sw/Korea/PZ72-1/06
and Sw/Korea/CN22/06 shared >99% nucleotide identity in
each gene segment. This high genomic identity suggested that
the same virus caused the two different outbreaks. The swine
H3N1 virus was first reported in Taiwanese pig herds (35).

strains. The nucleotide sequences were aligned using Clustal_X (1, 29),
and the phylograms were generated by the neighbor-joining method using
NJplot (24). The percent bootstrap values for each node are shown in
each tree. The scale represents the number of substitutions per nucleo-
tide. Standard postal abbreviations are used for state names in the United
States.
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However, the HA genes of the Korean viruses showed low L3227 §
nucleotide identity with the Taiwanese isolates Sw/Changhua/ rRERIE @ % =5
72-10/03 (79.3%) and Sw/Chiai/77-10/01 (81%). Furthermore, Sioifissgs
they showed only 91.5% nucleotide identity with the HA gene % = § % % %qgr § z §
from a recent H3N2 swine influenza isolate in Korea, Sw/ 5§§ ag a5 =2 =
Korea/CA54/04. According to the Influenza Sequence Data- §'< :Bi“’ L 2
base (http://www.flu.lanl.gov), the HA and NA genes of Swine/ & SE
Korea/PZ-72-1/06 had the highest level of sequence identity to c000 00 L: Cew|u ;:]
those of New York/521/1998 (94.1%) and Sw/Wisconsin/238/97 e00000000 | E
(94.1%), respectively (Table 1). Table 2 shows the alignment of e00000000n | S
deduced amino acid sequences within the hemagglutinin 1 o000z o000 | I} A
region of the HA genes of the H3N2 human, swine, and turkey eececoeocoen = g
and H3N1 swine influenza viruses. Although Sw/IL/21587/99, eecCOOOO®OW | B B
one of the swine isolates from the United States, shares 93% = %'
. . g . . . . : 0 060000 060N | ~
amino acid identity with Korean H3N1 isolates, they differed in et 2
only four amino acids within the receptor-binding (residues o000 0nz=Hf =
N137 and 1226) and antigenic (residues R142 and Y155) sites RN OXNN 00 ez |k e
(29). Most of the residues within the receptor-binding and PN g2,
antigenic sites of swine H3 viruses are relatively conserved, but 0666 <5 ; 2
they are quite variable compared with those of human and 2 8.
turkey H3 viruses (Table 2). 000 OHOEON Y by
The NA genes of Korean H3N1 viruses have one amino acid eec0o00enoer [T -(gb
deletion at position 41 on the stalk regions compared with the e0000n o= =m|o| 2 %
other swine N1 genes (data not shown). The remaining genes = & 2
showed high nucleotide identity with Sw/Korea/JI04/05 and eoeeceEmen I %
Sw/Korea/CY02/02 HIN2 Korean isolates (Table 1). eecccccce %z &
Phylogenetic analysis. Phylogenetic analysis demonstrated eeeccconon “ E
that the HA genes of Korean swine H3N1 viruses were placed ceccsccces |3 a
into a different cluster from that of other swine H3 viruses (36) — 3
(Fig. 1a). However, they share the same root (Wuhan/359/95) M g
with swine H3N2 viruses of groups II and III found in the eeceoexmzon |3 %’
United States. The NA genes of both H3N1 viruses are placed eeonrexeeU g
into the U.S. swine cluster and are most closely related to c000000000 |2 %? 8
Sw/Wisconsin/238/97, which is an old U.S. swine isolate (Fig. - Ell
1b). The remaining genes are most closely related to the re- R B el g
cently isolated Korean HIN1 and HIN2 swine influenza vi- eecccezoon |5 . =
ruses (data not shown). This suggests that the H3N1 viruses are o000 00000r 5-'
reassortants between an unknown lineage of the H3N2 virus c00000000 < | 2
(HA gene) and swine influenza viruses (the other genes). z iz
Serologic test. To determine the extent of swine-to-swine M 2
gic tes X wi wi - =
transmission at infected farms, we collected sera from 30 pigs ©00000T000 % ;
of each infected farm. Of the 60 swine sera, a total of 52 000000000 =
(86.6%) were highly reactive to the swine H3N1 isolates, dem- cecenensens | 3
onstrating significant swine-to-swine transmission. Cross-reac- ~ B
tivity between the H3N1 virus and H3N2 swine influenza vi- A g
ruses representing three genetic groups (36) was tested by HI ZzZeeenenex E
assays. The results showed that the H3N1 virus reacted poorly eeoenneoeee o> L %
with the sera of all three genetic groups of swine H3N2 viruses ec00000000= 5|7 o
(Table 3). The antisera from the infected swine with the H3N1 e z
virus showed high reactivity with Sw/Korea/PZ72-1/06 (homol- ¢eooomOTEORN R g g
ogous reaction) but weak reactivity with the other viruses, eecccvccex | = &
supporting the genetic data that the HA gene from these vi- eeoenrexeeu | 0% §
ruses originated from a novel source. eoo0c00000e | =|Z &
Mouse experiments. The relative virulence of the H3N1 =@
subtype is not known, but the clinical histories of these isolates eoo00000em IR
were associated with respiratory disease with a relatively high eecccccven i}
mortality rate. The relative virulence of swine influenza viruses eec<eer<<nH |
was examined by using mice infected with Sw/Korea/PZ72-1/06 co00000wen|
(H3N1), Sw/Korea/J104/05 (HIN2), and Sw/Korea/CA54/04 >
(H3N2), which were isolated from swine farms in Korea. All M S
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TABLE 3. HI test results for Sw/Korea/PZ-72-1/06 and an additional selected swine influenza virus isolated in Korea

Titer of antiserum to virus?

Virus Genotype Sw/Korea/ Sw/Korea/ Sw/MN/ Sw/Co/ Sw/Korea/

HS05/05 PZ72-1/06 9088-2/98 23619/99 CAS54/04
Sw/Korea/J1.04/05¢ HIN2 640 <20 <20 <20 20
Sw/Korea/PZ-72-1/06 H3N1 40 640 40 80 80
Sw/MN/9088-2/98 H3N2 <20 40 640 80 80
Sw/Co0/23619/99 H3N2 <20 40 40 320 40
Sw/Korea/CA54/04 H3N2 20 160 40 80 640

¢ Antisera collected from infected animals.
® Titers in boldface type are the homologous reactions.

viruses were recovered at high titers (3 to 4 log,, TCIDsy/g
tissue) from the mouse lung homogenates 3 days after infec-
tion and disappeared at 7 days after infection. There was no
significant difference in the viral titers between the groups (Fig.
2a). However, the mice infected with Sw/Korea/PZ72-1/06
showed a more severe loss of body weight than those infected
with the other HIN2 and H3N2 viruses (Fig. 2b). All mice
infected with swine influenza viruses showed clinical signs of
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FIG. 2. Mean viral titers of the lung homogenates (a) from five
infected mice at different days after the experimental inoculation with
negative control (phosphate-buffered saline) and HIN2, H3N2, and
H3N1 swine influenza viruses. The mice were inoculated intranasally
with 10°° TCIDsy/head of swine influenza virus strains HIN2 (Sw/
Korea/J104/05), H3N2 (Sw/Korea/CA54/04), and H3N1 (Sw/Korea/
PZ72-1/06). Five mice from each group were euthanized on 1, 3, 5, and
7 days postinfection (DPI) in order to titrate virus in the lung tissues.
The remaining mice were observed for clinical signs and body weight
was measured until 10 days postinfection (b).

infection, such as ruffled fur, inappetance, and labored breath-
ing, within 4 days of infection. This demonstrates that viruses
of a novel swine H3N1 subtype could be replicated in mice
without adaptation and cause clinical diseases.

DISCUSSION

We report here the first isolation and characterization of
H3N1 swine influenza viruses from pigs with respiratory dis-
ease in Korea. The origin of the H3N1 subtype remains elusive,
but phylogenetic analysis revealed that their internal genes are
similar to those of other Korean swine influenza viruses. How-
ever, the HA and NA genes are not closely related to those of
recently isolated Korean and U.S. swine influenza viruses (Fig.
1). Although a small number of Korean influenza viruses were
used for comparison, these distinct HA (H3) and NA (N1)
genes are unusual in the swine population in Korea. The swine
H3NT1 virus was first isolated in Taiwanese pig herds (35) and
was recently isolated in U.S. pig herds (22). The HA gene of a
recently isolated U.S. H3N1 swine influenza virus is similar to
those of contemporary cluster III H3N2 viruses in the United
States (22). However, phylogenetic and genetic analyses
showed that these viruses were not the source of the Korean
H3N1 viruses (Fig. 1) due to their low genetic identity and
separated clusters in the HA genes. Furthermore, serologic
tests showed that the H3N1 viruses reacted weakly with the
swine H3 influenza virus groups found in the United States
(36). This suggests that the H3N1 viruses in Korea are reas-
sortants between human-like influenza viruses and recently
circulating swine viruses in the Korean swine population. Fur-
ther virologic surveillance of swine, avian, and human popula-
tions in Korea will be needed to understand the origin of these
swine H3N1 viruses.

A certain constellation of the HA and NA surface molecules
is essential for effective influenza virus replication. It is inter-
esting that although HIN1 and H3N2 viruses circulate in hu-
man and swine populations throughout much of the world,
H3N1 viruses are infrequently reported. This finding is in con-
trast to the relative abundance of HIN2 viruses (7, 11, 13, 19,
24), suggesting that the activities of the H3 and N1 proteins are
not optimally balanced. It is worth noting that the N1 gene of
the Korean H3N1 viruses has a single amino acid deletion in its
stalk region. NA stalk deletions have previously been shown to
alter NA activity (23), and it is tempting to speculate that the
deletion may have been involved in the emergence of these
H3NI1 viruses.

With the limited clinical information available, it cannot be
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concluded that the swine H3N1 viruses were solely responsible
for the severity of the disease observed in infected animals.
Indeed, other bacteria were also found in some of the swine
influenza virus-positive nasal swabs (data not shown). The
swine influenza virus is recognized as an important contributor
to the etiology of the porcine respiratory disease complex,
infecting alone or in combination with other pathogens (8).
Although a challenge study of the H3N1 virus was not carried
out using pigs, mice infected with Sw/Korea/PZ72-1/06 and
Sw/Korea/CN22/06 showed a more severe loss of body weight
than those infected with the other HIN2 and H3N2 groups.
This suggests that viruses of the novel swine H3N1 subtype
could replicate in mammalian hosts without adaptation and
cause clinical disease.

What is apparent is that the swine population is a reservoir
of yet another lineage of influenza viruses that have the ability
to reassort and to be transmitted between hosts. Given the
evidence that pigs can support the reassortment of influenza
viruses from humans and other species (3, 4, 18, 31, 37), it is
prudent that we enhance surveillance for atypical influenza
viruses in pigs as part of overall pandemic preparedness efforts.
In addition, the potential for these H3N1 reassortant viruses to
enter the human population should be considered.
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