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Abstract The novel H1N1 influenza virus that emerged in

humans in Mexico in early 2009 and transmitted efficiently in the

human population with global spread has been declared a

pandemic strain. Here we review influenza infections in swine

since 1918 and the introduction of different avian and human

influenza virus genes into swine influenza viruses of North

America and Eurasia. These introductions often result in viruses

of increased fitness for pigs that occasionally transmit to humans.

The novel virus affecting humans is derived from a North

American swine influenza virus that has acquired two gene

segments [Neuraminidase (NA) and Matrix (M)] from the

European swine lineages. This reassortant appears to have

increased fitness in humans. The potential for increased virulence

in humans and of further reassortment between the novel H1N1

influenza virus and oseltamivir resistant seasonal H1N1 or with

highly pathogenic H5N1 influenza stresses the need for urgent

pandemic planning.
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Introduction

Influenza A viruses are a genus of the family Orthomyxoviri-

dae. They are RNA viruses with a segmented genome that is

comprised of eight negative-sense, single-stranded RNA

segments. These eight segments encode eleven proteins. The

polymerase complex includes the PB2, PB1, and PA proteins

as well as the nucleoprotein (NP). There are two surface

glycoproteins, hemagglutinin (HA) and neuraminidase

(NA). Matrix protein 1 (M1) is the structural protein of the

virus particle while matrix protein 2 (M2) forms an enve-

lope-spanning proton channel. The genome also encodes

two non-structural proteins (NS1 and NS2) as well as an

alternate reading frame protein from PB1 known as PB1-F2.1

While their natural reservoir is aquatic birds, influenza A

viruses have the ability to infect a number of host species,

including swine and humans. Influenza A viruses do exhi-

bit host specificity, but this restriction is not absolute. Most

of the time, influenza A viruses in different species evolve

along separate paths, but occasionally there is interaction

between viruses of different lineages.1

Because of the segmented nature of the influenza A virus

genome, these viruses are able to undergo reassortment if a

single cell is concurrently infected with more than one virus.

These reassortment events can dramatically change the evo-

lution of influenza A viruses in a certain host. The two most

recent human pandemic influenza A viruses were created

through the reassortment of human and avian viruses. In

1957, a novel human-avian H2N2 reassortant virus emerged

in the human population. This virus contained the HA, NA,

and PB1 from an avian influenza virus, while the remaining

gene segments were from the circulating human H1N1. In

1968, a reassortant H3N2 virus emerged that had a novel

HA and PB1 from an avian virus and the remaining gene

segments from the previously circulating H2N2.1

Swine play an important role in the ecology of influenza

A viruses because they are susceptible to viruses of both

the avian and mammalian lineages. The cells of the swine

respiratory tract contain receptor sialyloligosaccharides

possessing both N-acetylneuraminic acid-a2,3-galactose,

which is the preferred receptor for avian influenza viruses

and N-acetylneuraminic acid-a2,6-galactose, which is the

preferred receptor for mammalian influenza viruses.2,3 This

has led to the proposal that swine serve as a ‘‘mixing

vessel’’ for influenza viruses of different lineages, providing

a place for reassortment and host adaptation to take place.4
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Swine influenza in North America

Reassortment has played a pivotal role in the evolution of

influenza A viruses in swine. Influenza was first described as

a disease of swine in 19185 and the first influenza A virus

was isolated from swine in 1930 (Table 1). This original iso-

late was of the H1N1 subtype and was from the same lineage

as the 1918 pandemic virus. This virus entered the human

and swine population around the same time and evolved

independently in each host.6 This ‘‘classical’’ swine H1N1

virus continued to circulate as the dominant influenza virus

in the North American swine population until 1998. It

caused predictable seasonal peaks of disease and was not of

great economic concern.7 While classical H1N1 was the

dominant virus, human H3N2 viruses were detected by

serology at very low levels, but these viruses never became

established in the swine population.8

In late 1998, two distinct H3N2 influenza viruses were

isolated from swine with severe influenza-like illness in

North Carolina, Minnesota, Iowa, and Texas. The isolate

from North Carolina (double reassortant) was a reassortant

virus containing HA, NA, and PB1 similar to those of con-

temporary human H3N2 influenza viruses and M, NP, NS,

PA, and PB2 similar to those of the classical H1N1 swine

influenza virus lineage.9 The isolates from Minnesota, Iowa,

and Texas (triple reassortant) were even more complex.

Like the North Carolina isolate, these viruses contained

HA, NA, and PB1 of a contemporary human virus lineage

Table 1. Novel influenza A viruses isolated from swine

Subtype Origin Year initally isolated Country isolated Reference

H1N1 Swine 1930 United States (6)

H3N2 Human 1970 Taiwan (27)

H3N2 Human 1977 Italy (22)

H3N2 Human 1977 China (Hong Kong) (30)

H1N1 Avian 1979 Italy (23)

H1N2 Swine ⁄ human 1980 Japan (55)

H3N2 Swine ⁄ human ⁄ avian 1982 China (Hong Kong) (56)

H3N2 Human ⁄ avian 1983 Italy (24)

H1N7 Human ⁄ equine 1992 Great Britain (57)

H1N1 Avian 1993 China (53)

H1N2 Swine ⁄ human 1994 Great Britain (25)

H3N2 Human 1997 Canada (58)

H3N2 Swine ⁄ human 1998 United States (9)

H3N2 Swine ⁄ human ⁄ avian 1998 United States (9)

H9N2 Avian 1998 China (Hong Kong) (28)

H1N2 Reassortant swine ⁄ swine 1999 United States (13)

H4N6 Avian 1999 Canada (59)

H3N2 Swine ⁄ human 1999 China (Hong Kong) (56)

H1N1 Reassortant swine ⁄ swine 2001 United States (15)

H3N3 Avian 2001 Canada (20)

H1N1 Avian 2002 Canada (20)

H9N2 Avian ⁄ avian 2003 China (37)

H1N2 Human 2003 Canada (12)

H1N2 Reassortant swine ⁄ swine 2004 China (Hong Kong) (33)

H5N1 Avian 2004 China (38)

H3N1 Reassortant swine ⁄ reassortant swine 2004 United States (17)

H1N2 Reassortant swine ⁄ human 2004 Canada (12)

H1N1 Reassortant swine ⁄ human 2005 United States (14)

H3N8 Equine 2005 China (60)

H1N2 Reassortant swine ⁄ reassortant swine 2005 Germany (26)

H1N1 Human 2006 China (31)

H3N1 Reassortant swine ⁄ swine 2006 Italy (61)

H2N3 Reassortant swine ⁄ avian 2006 United States (16)

H5N1 Avian 2006 Indonesia (40)

H3N1 Human ⁄ swine 2006 Korea (62)

H5N2 Avian 2008 Korea (63)

H5N2 Swine ⁄ avian 2008 Korea (63)

H1N1 Reassortant Swine ⁄ avian 2009 Canada (64)
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and M, NP, and NS of the classical swine H1N1 lineage.

However, these isolates contained PA and PB2 of an avian

influenza virus lineage.9 After the emergence of these two

reassortant viruses, the double reassortant did not continue

to circulate, but the triple reassortant virus became estab-

lished in the swine population and continued to circulate

and evolve. By early 2000, over 20% of sampled pigs were

seropositive for the triple reassortant H3N2.10 Retrospec-

tively, it was shown that the triple reassortant virus was

present in pigs as early as March 1998.11

Variants of the original H3N2 triple reassortant virus con-

tinue to co-circulate in the North American swine

population along with several other reassortant viruses

(Figure 1). All of the currently circulating viruses contain a

genetically similar constellation of internal genes, but have

different surface glycoproteins. Isolated swine influenza A

viruses include three distinct H3N2 viruses, each with a

human-like HA from a different year,10 an H1N2 virus with

a human-like HA,12 an H1N2 virus with a classical swine-

like HA,13 an H1N1 virus with a human-like HA and NA,14

and an H1N1 virus with a classical swine-like HA and NA.15

Other reassortant virus subtypes that have been isolated

from pigs since 1998, but have not become established in the

swine population include an H3N1 and an H2N3.16,17

Several wholly-avian viruses, including an H4N6, H3N3, and

H1N1 have been isolated from swine herds in Canada, but

none have spread beyond the initially infected herds.18–20

Swine influenza in Europe and Asia

The evolution of swine influenza A viruses in Europe and

Asia has been distinct from that in North America. Swine

influenza was not reported in Europe until 1976, when classi-

cal swine H1N1 was detected in pigs in Italy (Table 1).21

Around the same time, a wholly-human H3N2 virus was also

introduced into the European swine population.22 In 1979, a

wholly avian-like influenza A virus was isolated from swine

in Italy.23 This avian-like H1N1 quickly replaced the classical

swine H1N1 as the dominant lineage and underwent a reas-

sortment with the human H3N2, resulting in a virus with

human-like HA and NA and avian-like internal genes.24 An

H1N2 virus that contained a human-like H1, swine-like N2,

and avian-like internal genes was isolated from swine in

Great Britian in 1994.25 In 2005, a novel H1N2 that was the

result of a reassortment between swine H1N2 and swine

H3N2 was isolated in Germany.26

Most of the European swine influenza viruses also circu-

late in Asia, but there are several lineages which are only

isolated from Asia. Human H3N2 viruses were first isolated

from pigs in Taiwan in 197027 and continue to circulate in

the swine population along with several different reassor-

tant H3N2 viruses.28–30 Interestingly, viruses with an HA

and NA most closely related to the original human H3N2

isolate from 1968 can still be isolated from pigs in China,

along with more recent human H3N2 and human H1N1

viruses.31 In China and Korea, several isolates have been

detected that contain gene segments that are genetically

similar to those found in the North American swine popu-

lation.32 In 2004, an H1N2 virus was isolated in Hong

Kong that contained five of the internal genes from the

North American triple reassortant swine viruses with a Eur-

asian lineage H1 and M.33 In Thailand, several reassortant

viruses have been isolated from swine, including an H1N1

that contains the HA and NS from the classical swine

H1N1 lineage and the remaining genes from the Eurasian

avian-like swine lineage. An H1N2 reassortant virus with

the HA from the classical swine H1N1 lineage and the

remaining genes from the Eurasian avian-like swine lineage

was also isolated.34,35 These two reassortant viruses have

also been isolated from humans.36 An avian H9N2 virus

was isolated from pigs in Hong Kong in 199828 but did not

continue to circulate in the pig population of Asia. A sepa-

rate H9N2 virus reassorted with and obtained the internal

genes of an H5N1 virus and both the reassortant and the

original virus still circulate.29,37 Avian H5N1 viruses have

been isolated sporadically from swine in China and Indone-

sia, but do not appear to be highly pathogenic in swine

and have not become established in the population.38–40

Influenza zoonoses

The most catastrophic zoonotic influenza event was the

H1N1 pandemic of 1918–1919. This virus is proposed to

have transmitted directly from birds into humans, although

during this time, the disease was also described in the

swine population, and it is not known if the virus was

transmitted from humans to pigs or from pigs to humans.

In the spring of 1918, there was a mild wave of disease,

which was followed in the fall by a highly pathogenic wave

which killed more than 20 million people worldwide.41–43

The virus remained in the human population where it

evolved separately from the swine H1N1 lineage. It was

replaced in the human population by H2N2 in 1957 and

was re-introduced into the human population in 1977.1

An H1N1 swine influenza virus was isolated from a

human in 1974. From 1974 to 2005, there were 43 con-

firmed cases of transmission of influenza A virus from pigs

to humans reported, with six fatalities. Because there are

no unique clinical symptoms to differentiate swine influ-

enza from seasonal influenza in humans, this number is

probably only a small fraction of the actual cases. Most of

these cases were the result of direct exposure to swine or

were human-to-human transmission within a family

cluster.44 In early 1976, there was an outbreak of severe

respiratory disease at Fort Dix, New Jersey. Thirteen sol-

diers became severely ill, and one died. The cause of the

Human pandemic H1N1
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outbreak was determined to be a swine H1N1 virus. Fur-

ther serological studies showed that over 200 infections

occurred, however, within a month, the virus had disap-

peared from the human population.45 From December

2005 to February 2009, 11 cases of human infection with

swine influenza were reported to the CDC. These infections

were all caused by triple reassortant H1N1 or H1N2 swine

influenza viruses.46

In April 2009, two cases of un-subtypeable influenza A in

humans with no known swine contact were reported in

Figure 1. Evolution of swine influenza in

North America from 1930-present. Swine

influenza remained relatively stable in the

North American swine population from 1930

to 1998. It occasionally crossed over into the

human population, but did not spread. After

the emergence of the triple reassortant H3N2

viruses, these viruses transmitted to turkeys

and continue to circulate in the turkey

population. Further reassortment events

resulted in two distinct H1N1 reassortants

and two distinct H1N2 reassortants. The

H1N1 with classical swine H1 and N1 and the

H1N2 with human H1 and N2 have been

isolated from humans but did not spread. The

North American ⁄ Eurasian reassortant H1N1

virus is the first swine virus to establish

sustained human to human transmission.

Brockwell-Staats et al.
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southern California. The viruses isolated from these cases

were different from the influenza A viruses currently known

to be circulating in the North American swine population.

The HA and the internal genes were similar to those found in

circulating reassortant viruses, but the NA and M were more

closely related to the Eurasian avian-like swine influenza A

lineage.47 The origin of this virus is currently unknown, but it

has spread in humans throughout the United States and

around the world. As of 24 June 2009, there have been 55 867

reported cases worldwide, with 238 deaths attributed to this

virus.48 The virus was also introduced into the swine popula-

tion in Canada, but it remains to be seen if it will become

established in the swine population there or elsewhere.49

Conclusions

The successful zoonotic transfer of an influenza A virus

containing gene segments of avian, swine and human ori-

gin to humans along with consistent human to human

transmission on each of the world’s continents fulfills each

of the current criteria for a pandemic strain. On 11 June

2009, the WHO raised the pandemic alert from Level 5 to

Level 6 and declared the start of an influenza pandemic.50

At the time of writing the majority of infections in humans

were mild but the higher death rate in Mexico and lethal

infections in both compromised and uncompromised

patients in the United States raises the possibility that the

full potential of the virus may not yet have been realized.

The benign nature of influenza in North American swine

changed after the acquisition of gene segments from

human and avian influenza viruses in 1998 (Figure 1) rais-

ing the question of which gene(s) made the virus more

active in pigs. The double reassortant that was detected in

pigs in 1998 with HA, NA, and PB1 of human influenza

origin and M, NP, NS, PA, and PB2 of swine influenza ori-

gin was quickly superseded by detection of a triple reassor-

tant that contained gene segments from avian influenza

viruses (PA and PB2), swine influenza viruses (M, NP, NS)

and human influenza viruses (HA, NA, PB1).9 It is proba-

ble that multiple rounds of reassortment were involved in

the genesis of these viruses. Acquisition of this specific

internal gene combination provided a high level of fitness

for the virus and they spread rapidly through the swine

population of North America.10 Additionally, these viruses

had a high propensity to reassort and during the following

years generated a range of reassortants that occasionally

transmitted to humans but showed little propensity to

transmit beyond the index cases. This changed sometime

prior to April 2009 when viruses with gene segments (NA,

M) from European H1N1 swine-like influenza viruses were

detected in infected humans from the southern United

States and subsequently Mexico.51,52 These viruses pos-

sessed gene segments similar to those in the H1N1 ⁄ N2 tri-

ple reassortant viruses found in North American swine plus

the newly introduced NA and M genes of European swine

origin. The likely explanation for the origin of this novel

H1N1 influenza virus is that a reassortment event occurred

between the North American triple reassortant and the

European swine influenza virus. Where this event occurred

can only be speculated about. The North American triple

reassortant has been reported in Asia where the European

swine influenza virus of avian origin has been circulating

since 1993.53 Surveillance of swine influenza viruses in Cen-

tral and South America has been extremely limited so it is

not known if European swine viruses have ever been intro-

duced. Whether reassortment occurred in Asia or America is

unknown. Also unknown is the contribution of the NA and

M genes of European origin to the increased transmissibility

of this virus in humans. At the time of writing 55 867

human cases with 238 deaths have been confirmed.48 The

following are major concerns about this novel pandemic

H1N1 virus and the questions that need to be answered:

• Will the virus establish itself in the pig or bird popula-

tions of the world?

• Given the propensity of the triple reassortant swine line-

age to reassort will it

1 acquire the oseltamivir resistance from the seasonal

human A ⁄ Brisbane ⁄ 57 ⁄ 2007 (H1N1) like virus?

2 reassort with one of the lineages of highly pathogenic

H5N1 avian influenza and acquire the high pathogenicity

of these viruses while retaining its high human transmis-

sibility?

• Will the virus (as has been seen with other influenza

viruses after zoonotic transfer) show a period of rapid

evolution with a high mutation rate at the amino acid

level and will this lead to the 2009 H1N1 pandemic virus

mimicing the 1918 virus with a mild wave followed by a

more pathogenic wave?

• What issues must be resolved prior to the generalized

vaccination of humans with the 2009 H1N1 pandemic

virus vaccine including

1 Safety from the perspective of Guillain–Barre syndrome?

2 Immunogenicity of inactivated vaccines and the need for

novel adjuvants (MF59, ASO3)?

3 The wisdom of using live attenuated vaccines in the face

of a pandemic?

4 Whether intact inactivated vaccine instead of subunit

vaccines would provide greater antigen sparing?

There are already more questions than answers and it

will be a case of being ‘‘damned if we do and damned if

we don’t’’ prepare with maximum urgency for a pandemic.
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