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ABSTRACT The 2009 pandemic H1N1 virus (pH1N1) was derived through reassortment of North American triple reassortant and
Eurasian avian-like swine influenza viruses (SIVs). To date, when, how and where the pH1N1 arose is not understood. To investigate viral reassortment, we coinfected cell cultures and a group of pigs with or without preexisting immunity with a Eurasian
H1N1 virus, A/Swine/Spain/53207/2004 (SP04), and a North American triple reassortant H1N1 virus, A/Swine/Kansas/77778/
2007 (KS07). The infected pigs were cohoused with one or two groups of contact animals to investigate viral transmission. In
coinfected MDCK or PK15 continuous cell lines with KS07 and SP04 viruses, more than 20 different reassortant viruses were
found. In pigs without or with preexisting immunity (immunized with commercial inactivated swine influenza vaccines) and
coinfected with both viruses, six or seven reassortant viruses, as well as the parental viruses, were identified in bronchoalveolar
lavage fluid samples from the lungs. Interestingly, only one or two viruses transmitted to and were detected in contact animals.
No reassortant containing a gene constellation similar to that of pH1N1 virus was found in either coinfected cells or pigs, indicating that the reassortment event that resulted in the generation of this virus is a rare event that likely involved specific viral
strains and/or a favorable, not-yet-understood environment.
IMPORTANCE The 2009 pandemic-like H1N1 virus could not be reproduced either in cell cultures or in pigs coinfected with North

American triple reassortant H1N1 and Eurasian H1N1 swine influenza viruses. This finding suggests that the generation of the
2009 pandemic H1N1 virus by reassortment was a rare event that likely involved specific viral strains and unknown factors. Different reassortant viruses were detected in coinfected pigs with and without preexisting immunity, indicating that host immunity plays a relevant role in driving viral reassortment of influenza A virus.
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I

nfluenza A virus (IAV) is an important zoonotic pathogen that
poses a severe threat to animal and human health. According to
a report from the World Health Organization, annual IAV epidemics result in 250 to 500 million human infections, which cause
250,000 to 500,000 fatalities worldwide (1). IAVs belong to the
family of Orthomyxoviridae, whose members have negative-,
single-stranded RNA genomes and evolve very rapidly via antigenic drift and antigenic shift. According to the antigenic differences in two surface proteins, hemagglutinin (HA) and neuraminidase (NA), IAVs are divided into different subtypes. To date, 18
HA and 11 NA subtypes have been identified; both H17N10 and
H18N11 subtypes were detected in bats, and the other subtypes
have been found in waterfowl and shore birds (2–4). The segmented nature of the influenza A genome allows for reassortment
when 2 or more viruses infect the same cell at the same time,
resulting in novel genotypes of influenza viruses that might have
the potential to cause epidemics and/or pandemics (5, 6).
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In the 20th century, 3 influenza pandemics (1918 Spanish flu,
1957 Asian flu, and 1968 Hong Kong flu) caused millions of human deaths (7). One common feature of these pandemics is the
emergence of a novel, antigenically HA subtype influenza virus
associated with efficient transmission among humans, resulting in
greater morbidity and mortality (8, 9). In contrast, the 2009 influenza pandemic was caused by a novel, reassortant H1N1 virus.
This reassortant contained NA and M gene segments derived from
Eurasian avian-like and the 6 remaining gene segments from
North American triple reassortant swine influenza viruses (SIVs),
and it was never detected prior to the human pandemic (10, 11).
The 2009 pandemic H1N1 virus (pH1N1) most likely originated
from swine, according to phylogenetic analysis (10–12), and once
in humans, it jumped back to swine, where it has continued to
reassort with other SIVs (13–18).
Although increased surveillance and research on swine influenza have been conducted worldwide after the 2009 pandemic, to
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FIG 1 Identification of origin of genes from KS07 and SP04 H1N1 viruses. The enzymes used and size of each gene after enzyme digestion are shown at the
bottom.

date, no swine influenza surveillance data have been available in
Mexico, where the pandemic virus is presumed to have emerged.
Since the progenitor virus of 2009 pandemic H1N1 virus was not
detected in pigs or other species (11, 19, 20), it remains unclear
when and where this virus was generated before the human pandemic. In this study, we investigated whether coinfection with two
representative SIVs, a Eurasian avian-like A/Swine/Spain/53207/
2004 (SP04) and a North American triple reassortant H1N1
A/Swine/Kansas/77778/2007 (KS07), would result in the generation of reassortant viruses containing a pH1N1-like genotype.
Different reassortant viruses were detected in both coinfected
continuous cell lines and pigs, but no 2009 pH1N1-like (NA and
M genes from the Eurasian SP04 and the 6 remaining genes from
the North American triple reassortant KS07) viruses were identified.
RESULTS

Genotypic analysis of KS07 and SP04 parental viruses. The KS07
and the SP04 virus were selected for the in vitro and in vivo infection studies because (i) they are representative North American
triple reassortant and Eurasian avian-like H1N1 SIVs that were
circulating in North American and European swine herds prior to
the 2009 pandemic, (ii) the genetic information for both viruses is
well known (21, 22), and (iii) we found that both KS07 and SP04
virus can infect and replicate efficiently in pigs and cause severe
lung lesions— both viruses displayed similar virus lung replication and virulence (see Fig. S1 in the supplemental material). To
investigate reassortment in cells or in pigs coinfected with KS07
and SP04 viruses, we used restriction enzyme digestion to identify
each viral segment of individual viruses isolated from coinfected
cells or pigs. Based on the sequences of the parental virus genes, a
unique enzyme site was chosen to differentiate each segment of
the SP04 and KS07 viruses from each other. The lengths of reverse
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transcription (RT)-PCR products and the unique enzyme for each
segment of both viruses are shown in Fig. 1. The results showed
that the SP04 virus could be easily differentiated from the KS07
virus by restriction enzyme digestion (Fig. 1).
Reassortants generated in MDCK and PK15 continuous cell
lines coinfected with KS07 and SP04 viruses. To explore reassortment between KS07 and SP04 viruses in vitro, MDCK and PK15
continuous cell lines were coinfected with both viruses at a ratio of
1:1 at a multiplicity of infection (MOI) of 1. Around 60 viruses
from each coinfected continuous cell line were randomly selected
and plaque purified twice. Each clonal virus population was amplified in MDCK cells, and RT-PCR was performed to amplify
each gene segment (primers are available upon request). Each amplified gene segment was digested by a specific restriction enzyme,
as shown in Fig. 1, to determine its origin. Different reassortants,
as well as both parental viruses, were detected from coinfected
MDCK cells (Fig. 2A). The majority of viruses found in coinfected
MDCK cells had a genotype corresponding to a reassortant SP04
virus carrying the KS07 NP gene (SP04⫹KS07NP [20%, 12/60])
and to both parental KS07 (8.33%, 5/60) and SP04 (11.67%, 7/60)
viruses, but no pH1N1-like (KS07⫹SP04NAM) virus was detected among the approximately 60 individual viral isolates in
coinfected MDCK cells. Similarly, different reassortants and both
parental viruses were also detected but no pH1N1-like
(KS07⫹SP04NAM) virus was found in coinfected PK15 cells. Interestingly, the predominant virus isolated from coinfected PK15
cells was a reassortant KS07 virus with the SP04 HA gene
(KS07⫹SP04HA [8.62%, 5/58]), and both parental viruses were
only 3.44% (2/58) of the total number of viruses analyzed
(Fig. 2B).
Viral reassortment and transmission in coinfected pigs without preexisting immunity. No acute respiratory clinical signs
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FIG 2 Reassortant viruses detected in continuous cell lines coinfected with KS07 and SP04 viruses. (A) Viruses found in coinfected MDCK cells. (B) Viruses
found in coinfected PK15 cells. The origin of each of the eight gene segments (shown at the top of each panel) was determined; the segments from the SP04 virus
are shown in blue, and those from the KS07 virus are in red. The numbers to the right of each panel show the number of viruses with the genotype/number of
viruses analyzed.

were observed in coinfected pigs with the Eurasian avian-like SP04
and North American triple-reassortant KS07 viruses. Necropsy
revealed extensive severe macroscopic lung lesions (plumcolored, consolidated areas) in all inoculated pigs at 3, 5, and 7
days postinfection (d.p.i.) (Table 1). Viruses were isolated from
each bronchoalveolar lavage fluid (BALF) sample collected from
the six pigs that underwent necropsy at 3 or 5 d.p.i.; no virus was
isolated from the three pigs necropsied at 7 d.p.i. After plaque
TABLE 1 Lung lesion scores and HI titers of pigs coinfected with SP04
and KS07 viruses and of contact animals

Group and d.p.i.
or d.p.c.
Coinfected
3
5
7
Contact 1
4
6
8
Contact 2
4
6
8

Mean lung lesion
score (%) ⫾ SEMa
(no. of pigs with
lesions/total no.
of pigs)

Geometric mean
HI titerb against:
KS07

SP04

38.57 ⫾ 10.99 (3/3)
24.00 ⫾ 6.51 (3/3)
34.69 ⫾ 8.48 (3/3)

ND
ND
403

ND
ND
50

22.00 ⫾ 5.71 (2/2)
24.62 ⫾ 2.36 (2/2)
35.00 ⫾ 15.00 (2/2)

ND
ND
10

ND
ND
⬍10

16.00 ⫾ 4.00 (2/2)
40.29 ⫾ 3.86 (2/2)
14.57 ⫾ 3.57 (2/2)

ND
ND
10

ND
ND
⬍10

a Mean value of the percentage of gross lesions of 7 pulmonary lobes per pig. SEM,
standard error of the mean.
b ND, not determined.
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purification was performed three times, the whole genomes of 102
single viruses (about 20 viruses per pig) were characterized by
RT-PCR, enzyme digestion, and sequencing. Interestingly, only
the parental KS07 virus was identified from the BALF samples
from 3 pigs with primary coinfection collected at 3 d.p.i., and 6
different KS07 reassortants with 1 to 3 genes from the SP04 virus,
as well as the parental KS07 virus, were found in each of 3 coinfected animals that underwent necropsy at 5 d.p.i. (Fig. 3). This
result indicated that the KS07 virus seems to replicate more efficiently than the SP04 and reassortant viruses in coinfected naïve
animals at early time points despite similar levels of lung replication and virulence of both parental viruses in pigs (see Fig. S1 in
the supplemental material). The Eurasian SP04 NA gene was
found in 4 of 6 reassortant viruses, but no Eurasian SP04 matrix
gene was detected in the reassortant viruses. Significantly smaller
numbers of different reassortants were found in coinfected pigs
than in coinfected cells. The hemagglutination inhibition (HI)
data showed that 3 pigs seroconverted for both KS07 and SP04
virus at 7 d.p.i., but the titer against the KS07 virus was 8-fold
higher than that against the SP04 virus (Table 1).
Severe lesions were also observed in the lungs of each pig of
both contact groups (Table 1), but no obvious clinical symptoms
were noted in contact animals. Similarly, virus was only detected
in the lungs of 4 pigs in both contact groups that were necropsied
at early time points (4 and 6 days postcontact [d.p.c.]), and it was
not detected in lungs of pigs that were necropsied at 8 d.p.c. Interestingly, only the reassortant KS07⫹SP04-NA and parental
KS07 viruses were detected in the BALF samples of the first group
of contact animals. Virus was found in nasal swabs collected from
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FIG 3 Viruses detected in BALF and nasal swab (NS) samples from pigs coinfected with KS07 and SP04 viruses and 2 groups of contact animals. Six reassortant
viruses with 1 to 3 genes from the SP04 virus as well as the parental KS07 virus were detected in lungs of coinfected pigs. Only the parental KS07 and reassortant
KS07 virus containing NA from SP04 virus were found in the BALF and nasal swab samples of the first contact group of pigs and in the lungs of the second group
of contact pigs; however, only the parental KS07 virus was detected in nasal swab samples from the second group of pigs. The origin of each of the eight gene
segments (shown to the left of each panel) was determined; segments from the SP04 virus are shown in blue, and segments from the KS07 virus are in red. The
numbers at the top of each panel show the number of viruses with the genotype/number of viruses analyzed.

all 6 pigs at 4 d.p.c. and from 2 of 4 pigs at 6 d.p.c.; furthermore, the
parental KS07 virus (about 92% of the total virus) was the predominant virus detected in the first group of contact animals, and
the reassortant KS07⫹SP04-NA was only about 8% of the total
number of viruses analyzed in either BALF or nasal swab samples
(Fig. 3). In the second group of contact pigs, the same viruses were
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found in BALF samples collected from 4 pigs that underwent necropsy at 4 and 6 d.p.c.; however, only the parental KS07 virus was
detected in the nasal swab samples collected at 4 (6 pigs) and 6 (4
pigs) d.p.c., and it was not found in the nasal swab samples collected at 8 d.p.c. (Fig. 3). An HI titer was detected only against the
KS07 virus in pigs euthanized at 8 d.p.c. in both contact groups,
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FIG 4 Viruses detected in BALF and nasal swab (NS) samples from vaccinated pigs coinfected with KS07 and SP04 viruses and 1 group of contact animals. A
total of 109 viruses, including 8 reassortant viruses and parental SP04 virus, were isolated from BALF samples of vaccinated pigs that were coinfected with KS07
and SP04 viruses (top). Although only the parental SP04 virus was found in nasal swabs from the original coinfected pigs, 3 reassortant viruses and the parental
SP04 virus were detected in lungs of contact pigs that underwent necropsy 4 days postcontact (D4 Contact group 1). Only the parental SP04 virus and reassortant
SP04 virus with the HA gene from the KS07 virus were found in BALF and nasal swab samples from contact animals that underwent necropsy 6 days postcontact
(D6 Contact group 1). The origin of each of the eight gene segments (shown to the left of each panel) was determined; segments from the SP04 virus are shown
in blue, and segments from the KS07 virus are labeled in red. The numbers at the top of each panel show the number of viruses with the genotype/number of
viruses analyzed.

which is consistent with the viruses detected in pigs of both contact groups (Fig. 3). These results indicate that the parental KS07
virus is more transmissible than the other viruses generated during coinfections.
Viral reassortment and transmission in coinfected pigs with
preexisting immunity. To investigate viral reassortment and
transmission in pigs with preexisting immunity, nine pigs were
immunized with the commercial inactivated H3N2 and H1N1
vaccine as described in Materials and Methods. After 10 days, the
pigs were coinfected with SP04 and KS07 viruses. No clinical signs
were noted in the coinfected pigs. Significantly fewer lung lesions
were found in vaccinated pigs than in the animals without preex-
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isting immunity (Tables 1 and 2). Virus was isolated from BALF
samples from 3 coinfected pigs that underwent necropsy at 3 d.p.i.
but not from those euthanized at 5 and 7 d.p.i. Eight SP04 reassortant viruses with 1 to 4 genes from the KS07 virus and the
parental SP04 virus were detected from each immunized pig coinfected with both SP04 and KS07 viruses (Fig. 4), but no parental
KS07 and pH1N1-like viruses were found in coinfected pig lungs;
the parental SP04 virus was the predominant virus (78.0%, 85/
109) detected in the pig lungs. Virus was detected from nasal
swabs of only 3 coinfected pigs collected at 3 d.p.i. and 1 pig collected at 5 d.p.i. Interestingly, only 1 pig shed virus at both 3 and 5
d.p.i.; furthermore, only the parental SP04 virus was detected in
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TABLE 2 Lung lesion scores and HI titers of pigs with preexisting
immunity coinfected with SP04 and KS07 viruses and of contact
animals

Group and d.p.i.
or d.p.c.
Vaccinated
and coinfected
3
5
7
Contact
4
6

Mean lung lesion
score (%) ⫾ SEMa
(no. of pigs with
lesions/total no.
of pigs)

Geometric mean
HI titer against:
KS07

SP04

5.19 ⫾ 3.39 (2/3)
8.19 ⫾ 0.87 (3/3)
4.43 ⫾ 1.05 (3/3)

20
20
20

10b
20
101

0.86 ⫾ 0.58 (3/3)
0.52 ⫾ 0.25 (3/3)

10c
10

⬍10
⬍10

a Mean value of the percentage of gross lesions of 7 pulmonary lobes per pig. SEM,
standard error of the mean.
b Only one pig had a detectable titer (1:10).
c Two pigs had detectable titers (1:10).

the nasal swabs collected from the coinfected pigs. At 3 d.p.i., only
1 of 3 coinfected pigs had an HI titer against the SP04 virus, but all
3 coinfected pigs had equal HI titers against both SP04 and KS07
viruses at 5 d.p.i. The HI titer against the SP04 virus in coinfected
pigs was significantly higher (5-fold) than that against the KS07
virus at 7 d.p.i., indicating that the parental SP04 and its reassortants were the primary viruses that replicated in immunized pigs.
Minimal lung lesion scores (⬍1%) were observed in naïve contact animals that also did not show any clinical signs. Virus was
detected in BALF samples of 6 contact pigs that underwent necropsy at 4 and 6 d.p.c., respectively. Three SP04 reassortants with
a single gene from the KS07 virus (SP04⫹KS07-M, SP04⫹KS07NS, and SP04⫹KS07-HA) and the parental SP04 virus were found
in lungs of 3 naïve contact pigs 4 d.p.c., although no reassortant
viruses were detected from nasal swabs of the coinfected animals,
and the parental SP04 virus was still the predominant virus
(90.0%, 54/60) detected in the lungs of contact pigs. However,
only 1 of 6 pigs was found to shed virus via the nasal cavity at 4
d.p.c., and both the parental SP04 (30.7%, 4/13) and reassortant
SP04⫹KS07-HA (69.2%, 9/13) viruses were detected from the
nasal swabs. At 6 d.p.c., both the parental SP04 and reassortant
SP04⫹KS07-HA viruses were found in all 3 contact pigs’ lungs,
while no other reassortants were detected. Three of 4 pigs shed
virus, and the same viruses were identified in BALF samples. Surprisingly, HI titers were detectable only against the KS07 virus
(not against the SP04 virus) in 2 contact pigs at 4 d.p.c. and 3
contact animals at 6 d.p.c. (Table 2).
DISCUSSION

Reassortment plays an important role in generating pandemic influenza viruses, as has been the case for the 1957 H2N2, 1968
H3N2, and 2009 H1N1 pandemic viruses (7, 8, 11, 23–26), as well
as the recent H7N9 virus (27). Different scenarios have been suggested for the generation of human pandemic influenza viruses,
including direct introduction of an avian or swine influenza virus
into humans and reassortment either in humans or through an
intermediate mammalian host (4, 26, 28, 29). So far, there is no
clear evidence to confirm any of these hypotheses. How and in
which species human pandemic viruses were generated remains
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unknown. On the basis of phylogenic analysis, the 2009 pH1N1
virus is thought to have originated from SIVs by reassortment
between North American triple reassortant and Eurasian avianlike H1N1 SIVs (11), but there is no direct evidence to support this
hypothesis (10).
Natural reassortment events in pigs between Eurasian avianlike H1 and North American triple reassortant SIVs have been
reported since the 2009 pandemic, and at least 8 genotypes of
reassortants with different genetic constellations have been detected (18–20, 30), but no progenitor of the 2009 pH1N1 virus was
found. Most of these reassortants appeared transiently in pigs, and
only one reassortant has persisted in swine since 2007, which has
the NS gene from the Eurasian avian-like H1 virus and the remaining 7 genes from North American triple reassortant SIV (19).
In this study, we were not able to generate 2009 pH1N1-like viruses (NA and M genes from Eurasian SP04 virus and the 6 remaining genes from North American triple reassortant KS07 virus) by coinfection of MDCK and PK15 continuous cell lines or
pigs with a North American triple reassortant H1N1 and a Eurasian avian-like H1N1 virus under the selected experimental conditions, although reassortant viruses and both parental viruses
were detected in both coinfected continuous cell lines and pigs. In
contrast to natural reassortment events in pigs in the field, 6 to 8
different genotypes of reassortant viruses were detected in lungs of
coinfected pigs with or without preexisting immunity in our studies. Strikingly, only 1 or 2 viruses transmitted to contact animals in
the vaccinated and naïve pig coinfection studies; this result is consistent with what we observed in our previous pig coinfection
study with classical H1N1 and triple reassortant H3N2 SIVs (31).
One reassortant found in coinfected pigs with preexisting immunity and transmitted to contact animals has a genetic constellation
(NS gene from the Eurasian avian-like SP04 and the remaining 7
genes from North American triple reassortant KS07 virus) similar
to that of the reassortant virus that emerged and persisted in the
field since 2007 (19). This finding suggests that our experiments
can at least partially represent the situation in the field. A previous
study showed loose transmission bottlenecks in both vaccinated
and naïve pigs infected with a single Eurasian SIV, and notably, the
sizes of the transmission bottlenecks were not affected by vaccination (32). There was no considerable difference in the transmission bottlenecks in vaccinated and naïve pigs in our present study,
but preexisting immunity in pigs resulted in completely different
genotypes of reassortant viruses compared to those in naïve animals. All of these data indicate that reassortment can occur in the
respiratory tract of pigs, resulting in different reassortant viruses,
some of which are efficiently transmitted to sentinels. The reduced
virus diversity in sentinel animals may indicate that some viruses
are better fitted than others for transmission.
More reassortant viruses were found in coinfected continuous
cell lines (80% of isolates in MDCK cells and 93% of isolates in
PK15 cells were reassortants that belonged to 22 genotypes and 33
genotypes, respectively) than in coinfected pigs with preexisting
immunity (22% of isolates were reassortants that represented 6
genotypes) or without preexisting immunity (35% of isolates were
reassortants that represented 8 genotypes). The commercial
H3N2 and H1N1 inactivated vaccine is at least partly efficacious
against challenge from both homologous (KS07) and heterologous (SP04) viruses, as evidenced by significantly reduced lung
lesions and virus replication and rapid virus clearance in vaccinated pigs compared to these parameters in naïve pigs inoculated
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with KS07, SP04, or both KS07 and SP04 viruses. Completely different genotypes of viruses were detected in vaccinated pigs than
in naïve pigs, indicating that preexisting immunity in the host
plays a critical role in driving viral reassortment in pigs. Interestingly, only the reassortant SP04 carrying the single HA from the
KS07 virus continued to be detected in contact pigs in the vaccination group at later time points; this is probably due to either the
genetic differences between the vaccine and KS07 virus or mutations in the HA resulting in vaccine escape; sequencing will be
required to formally prove the latter hypothesis. In any case, our
findings indicate that preexisting immunity of swine herds drives
evolution of influenza A viruses.
Possible reasons why the 2009 pH1N1-like viruses could not be
detected in our in vitro and pig studies include the following: (i) a
limited number of plaques were selected and analyzed; (ii) the
ratio of the viruses for infection was not ideal to favor reassortment (only one ratio, a KS07/SP04 ratio of 1:1, was investigated in
this study); (iii) the order of viruses for infection was not ideal
because different reassortant patterns might be observed if the
pigs were first infected with the SP04 (or KS07) virus and then
later infected with the KS07 (or SP04) virus; (iv) the ideal viruses
for the coinfection studies were not used, because the homologies
of several viral proteins (HA, NS, and NS2 from the KS07 and NA
and M2 from the SP04 virus) to the corresponding proteins from
2009 pH1N1 A/CA/04/2009 virus at the amino acid level were
lower than 95% (see Table S1 in the supplemental material); and
(v) 2009 pH1N1 might have been generated by multiple reassortments (11, 12) and not by a single reassortment event.
Taken together, our findings indicate that it is not easy to generate a pandemic influenza virus-like genotype by mimicking the
process that occurred in nature through coinfection, even though
reassortments among influenza A viruses occur quite often. A reassortant virus generated in nature will have the potential to cause
a pandemic if it can cross the species barrier to infect humans and
efficiently transmit among humans. Although we could not detect
2009 pH1N1-like viruses, our study provides insights that host
immunity plays a relevant role in driving the viral reassortment
and evolution of influenza A virus.
MATERIALS AND METHODS
Viruses and cells. Influenza A Eurasian avian-like H1N1 virus A/Swine/
Spain/53207/2004 (SP04) and North American triple reassortant H1N1
A/Swine/Kansas/77778/2007 (KS07) were propagated in 10-day-old embryonated chicken eggs and used in this study. Porcine kidney PK15 and
Madin-Darby canine kidney (MDCK) cells were maintained in minimum
essential medium (MEM) with 5% fetal bovine serum (FBS) and antibiotics. Cells were infected with the corresponding viruses and incubated
with infecting MEM medium that contained 0.3% bovine serum albumin
(BSA), 1 g/ml tosylsulfonyl phenylalanyl chloromethyl ketone (TPCK)trypsin, 1⫻ L-glutamine (Invitrogen, Carlsbad, CA), 1⫻ MEM vitamin
solution (Invitrogen, Carlsbad, CA), and 1% antibiotics in normal MEM
medium.
HI assays. To confirm that pigs were seronegative for SIVs, sera from
all experimental pigs were tested by hemagglutination inhibition (HI)
assay before starting the experiment. For HI assays, sera were heat inactivated at 56°C, treated with a 20% suspension of kaolin (Sigma-Aldrich, St.
Louis, MO) to eliminate nonspecific inhibitors, and adsorbed with 0.5%
chicken or turkey red blood cells. An HI assay was performed to test
antibodies against a panel of reference SIV strains, including A/Swine/
Iowa/1973 H1N1, A/Swine/Texas/98 H3N2, A/Swine/North Carolina/
2001 (a variant H1N1 representing a beta cluster triple reassortant H1N1
virus), and both KS07 and SP04 viruses.
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Coinfection of cells with SP04 and KS07 viruses. To explore reassortment between North American triple reassortant and Eurasian avian-like
H1N1 SIVs in vitro, confluent MDCK or PK15 cells in a 6-well plate were
coinfected with KS07 and SP04 viruses in a ratio of 1:1 at a multiplicity of
infection (MOI) of 1. The infected plates were incubated at 37°C for 1 h,
and then the supernatant was removed and infected cells were washed
three times with fresh MEM. Infecting MEM medium (2 ml) was added to
infected cells. After 72 h, the supernatants were harvested and two rounds
of plaque purification were performed. Approximately 60 plaque-purified
viruses from coinfected MDCK or PK15 cells were analyzed by RT-PCR
and enzyme digestion to determine the genetic constellation of each virus.
Reassortment and transmission experiments in pigs. Four-week-old
crossbred pigs were obtained from a healthy herd free of SIVs and porcine
reproductive and respiratory syndrome virus. All animal experiments
were conducted in compliance with the Institutional Animal Care and
Use Committee of Kansas State University. The inoculation protocol has
been described elsewhere (33). Two pig experiments were performed to
investigate viral reassortment and transmission.
In experiment 1, 9 pigs were coinoculated intratracheally with 106 50%
tissue culture infective doses (TCID50)/pig of the egg-derived SP04 SIV
and 106 TCID50/pig of egg-derived triple reassortant KS07 SIV. Three
infected pigs were euthanized at each time point of 3, 5, and 7 days postinfection (d.p.i.). At 3 d.p.i., 6 naïve pigs (contact group 1) were cohoused
with the infected pigs. The last 3 pigs from the coinfected group and 2 pigs
from contact group 1 were euthanized at 7 d.p.i. (4 days postcontact
[d.p.c.] for pigs from contact group 1). The remaining 4 pigs from contact
group 1 were cohoused with another 6 naïve pigs (contact group 2). Two
pigs from contact group 1 were euthanized at each time point of 6 and
8 d.p.c. Likewise, 2 pigs from contact group 2 were euthanized at each time
point of 4, 6, and 8 d.p.c. All infected and contact pigs were bled at 0 d.p.i.
and on the day of necropsy. Nasal swab samples were collected at 0, 3, 5,
and 7 d.p.i. for coinfected pigs and at 0, 4, 6, and 8 d.p.c. for contact
animals. Bronchoalveolar lavage fluid (BALF) samples for further analysis
were obtained by flushing the pig lung with 50 ml of MEM on the day of
necropsy. Macroscopic lung lesions were evaluated and scored by an experienced veterinarian.
In experiment 2, 9 pigs were intramuscularly immunized with 2 ml of
a commercial swine influenza inactivated vaccine (Pfizer, New York, NY)
that contained inactivated A/Swine/North Carolina/031/05 (H1N1),
A/Swine/Missouri/069/05 (H3N2), and A/Swine/Iowa/110600/00
(H1N1) virus strains and Amphigen as the adjuvant. This vaccine was
selected for use in this study because it was broadly employed in U.S. swine
herds prior to the occurrence of the 2009 influenza pandemic. Ten days
after vaccination, pigs were intratracheally coinoculated with 106 TCID50/
pig of the egg-derived SP04 SIV and 106 TCID50/pig of egg-derived triple
reassortant KS07 SIV. After 1 d.p.i., 6 naïve pigs were cohoused with the
infected animals to investigate viral transmission. Three infected pigs were
necropsied at each time point of 3, 5, and 7 d.p.i., and 3 contact animals
were euthanized at each time point of 4 and 6 d.p.c. All infected and
contact pigs were bled at 0 d.p.i. and on the day of necropsy. Nasal swab
samples were collected at 0, 3, 5, and 7 d.p.i. for infected pigs and at 0, 4,
and 6 d.p.c. for contact animals. BALF samples were collected and macroscopic lung lesions were recorded as described above.
Genotypic characterization of viruses isolated from coinfected cells,
BALF, and nasal swabs. The supernatants from coinfected cells and each
BALF sample from pigs were 10-fold serially diluted and inoculated onto
monolayers of MDCK cells grown in 6-well plates. Single plaques with
different sizes were randomly selected (approximately 60 plaques/cell line
and 18 plaques/BALF), and plaque purification was performed twice to
purify the virus. The purified viruses were amplified in MDCK cells, and
RNA was extracted from the supernatant for RT-PCR. All 8 viral segments
of each virus were characterized by restriction enzyme digestion or by
sequencing if necessary. To detect the viruses that were transmitted from
the primary coinfected pigs to contact animals and among the contact
animals, identification of each viral gene was performed for each virus
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isolated from nasal swabs from all experimental pigs and the BALF samples from contact animals. Viruses were plaque purified twice, and then
each segment of the viral genome was amplified by RT-PCR and characterized by restriction enzyme digestion and sequencing. All gene segments
of transmissible viruses were compared with those of the parental viruses
and the viruses isolated from coinfected pigs.
Statistical analysis. Macroscopic lung scores and virus titers were analyzed using analysis of variance (ANOVA) in GraphPad Prism version
5.0 (GraphPad Software, Inc., La Jolla, CA); a P value of 0.05 or less was
considered significant. Response variables shown to have a significant
effect by treatment group were subjected to comparisons for all pairs by
using the Tukey-Kramer test. Pairwise mean comparisons between inoculated and control groups were made using Student’s t test.
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