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Abstract The European swine influenza virus lineage differs genetically from the
classical swine influenza viruses and the triple reassortants found in North
America and Asia. The avian-like swine H1N1 viruses emerged in 1979 after an
avian-to-swine transmission and spread to all major European pig-producing
countries. Reassortment of these viruses with seasonal H3N2 viruses led to human-
like swine H3N2 viruses which appeared in 1984. Finally, human-like swine H1N2
viruses emerged in 1994. These are triple reassortants comprising genes of avian-
like H1N1, seasonal H1N1, and seasonal H3N2 viruses. All three subtypes
established persistent infection chains and became prevalent in the European pig
population. They successively replaced the circulating classical swine H1N1
viruses of that time and gave rise to a number of reassortant viruses including the
pandemic (H1N1) 2009 virus. All three European lineages have the capacity to
infect humans but zoonotic infections are benign.
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1 Introduction

Swine influenza was first recognized as a disease of pigs during the great pandemic
in autumn 1918. At that time, John S. Koen, who worked as a hog cholera
inspector for the U.S. Bureau of Animal Industry in Fort Dodge, Iowa, observed a
striking similarity between the clinical presentation of diseased humans and pigs:
‘‘Last fall and winter we were confronted with a new condition, if not a new
disease. I believe I have as much to support this diagnosis in pigs as the physicians
have to support a similar diagnosis in man. The similarity of the epidemic among
people and the epidemic in pigs was so close, the reports so frequent, that an
outbreak in the family would be followed immediately by an outbreak among the
hogs and vice versa, as to present a most striking coincidence if not suggesting a
close relation between the two conditions. It looked like ‘‘flu’’, it presented the
identical symptoms of ‘‘flu’’, it terminated like ‘‘flu’’, and until proved it was not
‘‘flu’’, I shall stand by that diagnosis.’’ (Koen 1919). The etiologic agent of ‘‘flu’’,
influenza A virus, was first isolated by Richard E. Shope (Shope 1931a).

Influenza viruses are members of the family Orthomyxoviridae which com-
prises five genera: Influenza virus A, B, and C, Thogotovirus, and Isavirus
(Kawaoka et al. 2005). Each influenza virus genus includes one species (also
designated as influenza A virus, influenza B virus, and influenza C virus; abbre-
viated FLUAV, FLUBV, FLUCV).

Influenza A viruses are enveloped negative-stranded RNA viruses. The RNA
genome is segmented (Duesberg 1968) and associated with the viral nucleoprotein
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(NP) and the viral polymerase complex. The eight RNA segments vary in their
sizes (ranging from 890 to 2,341 nucleotides) and encode 11 proteins. Expression
of viral genes occurs after transcription of genomic RNA with the help of the viral
RNA-dependent RNA polymerase.

New isolates of influenza A virus predominantly have a filamentous structure
with a diameter of approximately 80–120 nm and a length ranging from 2 to
200 lm (Chu et al. 1949). After adaptation to cell culture, the virion tends to have
a spherical or pleomorph appearance. The viral envelope is composed of the cell
membrane lipids but the majority of surface proteins are provided by the viral
hemagglutinin (HA) and neuraminidase (NA). A third viral membrane protein is
the M2 proton channel. The inner surface of the envelope is coated with the matrix
protein (M1). The virion contains eight nucleocapsids; these are complexes of
RNA and viral protein. Electron micrographs show helical rod-like structures with
a terminal loop. The width ranges from 10 to 15 nm and the length from 30 to
120 nm. They were interpreted to represent backfolded and twisted ribonucleo-
proteins (Compans et al. 1972). The nucleocapsids are associated with the enve-
lope by matrix proteins (Noda et al. 2006).

2 Influenza Virus Ecology

Influenza A viruses have a broad host range (Webster et al. 1992). The main
reservoir hosts are aquatic birds of the orders Anseriformes (geese and ducks) and
Charadriiformes (waders and gulls), but numerous other bird species may also be
infected (Munster et al. 2007). Reassortment of 16 HA and nine NA types allows
the formation of maximal 144 HA/NA combinations of which more than 110 types
have been already isolated from birds. Whether all theoretical combinations exist
in nature is unknown. In mammals, stable infection chains are observed only for
certain subtypes (Table 1). Important mammalian host species include: humans,
pigs, and horses. Dogs, domestic cats, and felid carnivores (tiger, leopard) as well
as several mustelid carnivores (ferret, stone marten, mink), marine mammals
(whales, seals), the camel, the muskrat, civet, racoon dog, pika, and giant anteater
were described as accidental hosts without establishment of stable infection
chains.

Influenza virus ecology is strongly influenced by virus adaptation to its host.
One major determinant of the host range is the receptor molecule on the surface of
the host cell. Influenza A virus binds to sialic acid (N-acetylneuraminic acid)
which is linked by an a-glycosidic bond to the terminal galactose residues of
carbohydrate chains of glycoproteins and glycolipids (Rogers and Paulsen 1983).
Both species and tissue-specific expression of receptor molecules determine host
range and tropism of influenza A viruses (Ito et al. 1998; Ito and Kawaoka 2000).
Whereas avian influenza viruses bind to a-2,3-linked sialic acid, seasonal influenza
virus strains of humans recognize a-2,6-linked sialic acid. Airway epithelia of the
upper respiratory tract of pigs express both receptors. Thus, pigs are susceptible to
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influenza viruses which are adapted either to birds or to humans and can serve as
intermediate hosts after trans-species infections (Ito et al. 1998). Due to their
receptor configuration, pigs were considered as mixing vessels for the reassortment
of human and avian influenza viruses (Scholtissek et al. 1985). Other host deter-
mining factors are the nucleoprotein (Scholtissek 1990) and polymerase subunit
PB2. Amino acid position 627 of PB2 was shown to be critical for virus replication
(Subbarao et al. 1993). The tissue-specific expression of host proteases, however,
contributes to virulence or pathogenicity but not to the host range (Webster et al.
1992; Steinhauer 1999). Recent genome-wide RNAi screening studies revealed the
involvement of hundreds of host factors that are required for efficient influenza
virus replication (König et al. 2010; Karlas et al. 2010). It remains to be elucidated
which of these factors establishes the host range.

Table 1 Mammalian host species of influenza A virus

Host Stable infection
chain

Incidental zoonotic infection or
reassorted isolate

Extinct

Human H1N1, H3N2,
pandemic (H1N1)

2009 virus

H1N2, H5N1, H7N1, H7N2, H7N3,
H7N7, H9N2

H2N2

Pig H1N1, H1N2,
H3N2

H1N7, H2N3, H3N1, H3N3, H4N6,
H5N1, H5N2, H9N2,

pandemic (H1N1) 2009 virus
Horse H3N8 H1N8, H3N3 H7N7
Dog H3N8, H5N1
Racoon dog (Nyctereutes

procyonoides)
H5N1

Mink H3N2, H10N4
Stone marten H5N1
Ferret H1N1
Seal (Phoca vitulina) H3N3, H4N5, H7N7
Whale H1N3, H13N2, H13N9
Camel H1N1
Giant anteater H1N1
Tiger, leopard H5N1
Domestic cat H5N1,

pandemic (H1N1) 2009 virus
Civet H5N1
Pika (Ochotona spec.) H5N1
Muskrat (Ondatra

zibethicus)
H4N6
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3 Genetic Drift and Reassortment: Two Mechanisms
for the Generation of Genetic Variability of Influenza viruses

A typical property of influenza A viruses is their great variability which is mainly
caused by two mechanisms. Genetic drift is the continuous accumulation of
nucleotide substitutions over time. The substitution rate of influenza viruses
ranges from 10-5 to 10-6 substitutions/site/replication cycle depending on the
experimental setup (e.g., Stech et al. 1999; Nobusawa and Sato 2006; Parvin et al.
1986). According to the genome size of appr. 13,600 nucleotides, between 1 and
10 % of the progeny virus has substitutions. Older estimations determined even
higher substitution rates (e.g., Yewdell et al. 1979; Holland et al. 1982). The most
base substitutions are neutral, this means they do not cause changes of the amino
acid sequence or—if so—a substitution does not seem to influence the fitness of
the progeny virus. The reason is that the majority of amino acid residues of
influenza virus proteins are negatively selected (purifying selection). Substitutions
of such amino acids would decrease the viral fitness and are only endured as long
as certain selection pressures act on the virus. A host change could induce such a
selection pressure. Only very few sites are positively selected. A positive selection
increases the heterogeneity of the gene pool, it is also designated as ‘diversifying
selection’. One example of positive selection is the gradual changing of the
antigenic sites of the hemagglutinin known as ‘antigenic drift’. Substitutions that
result in immune escape variants have an increased probability to infect hosts with
preimmunity. Eighteen codons of the hemagglutinating HA1 domain were iden-
tified to be positively selected (Bush et al. 1999a, b). One driver of antigenic drift
is the receptor binding avidity of the viral hemagglutinin (Hensley et al. 2009).
Though antigen drift of the hemagglutinin may be striking and can be investigated
by serological means, substitutions of all influenza virus genes occur with the same
frequency. Accordingly, the whole genome is subjected to a genetic drift rather
than antigenic drift of the HA gene only. Due to the preponderance of either
positive or negative selection acting on each gene, the relation of synonymous and
non-synonymous substitutions of the eight gene segments differs.

The second important mechanism of influenza virus variability is reassortment
or the exchange of one or more gene segments. Reassortments are of biological
importance as they lead to novel combinations of genome segments which have
been evolved by negative or positive selection. This mechanism greatly enhances
evolutionary rates and accounts for rapid viral adaptation to changing environ-
mental conditions. Reassortments occur naturally or can be induced experimen-
tally (Kilbourne 1968). They are accomplished by a segmented virus genome and
by double or multiple infections of a host with virus strains of different subtypes or
genetic lineages. Reassortment events leading to exchanges of HA and NA genes
are of special importance as they can lead to an antigen shift. Shift variants exhibit
major differences of antigenic epitopes and less cross-reactivity with pre-existing
antibodies of a host. Circulation of two or more subtypes within a population at the
same time can lead to reassortments which are not associated with an antigen shift.
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In addition, reassortments may occur after incidental zoonotic infections. Such
events introduce genes into a virus population that are adapted to other species.
Beside the HA and NA genes, other gene segments can also reassort but were in
the dark for long time due to a lack of sequence data. Such reassortants are
serologically inconspicuous.

4 The Concept of Genetic Influenza A Virus Lineages

Genetic drift did not only contribute to the evolution of the known HA and NA
subtypes, but led to the formation of distinct genetic lineages of all genome
segments (Webster et al. 1992). The genetic configuration of an influenza virus is
defined by its genotype (Lu et al. 2007), which describes a virus with greater
accuracy than subtyping by the HA and NA types only. Precise genotyping
requires complete genome sequences but greatly enhanced our understanding of
influenza virus ecology and evolution. Whereas sequence comparisons of different
HA types yield nucleotide identities of roughly 56 % on average, sequences of a
given lineage have nucleotide identities greater than 90 %. Two factors determine
the evolution of genetic lineages: host species barriers (Kuiken et al. 2006) and
geographic isolation. Starting with the pandemic of 1918, two stable infection
chains of H1N1 were established in humans and pigs which lead to new, distinct
genetic lineages: the seasonal H1N1 of humans and the classical swine H1N1
lineage (Fig. 1). Such lineages can be demonstrated for all eight genome segments.
There are distinct lineages for birds, humans, pigs, and horses. It appears that some
lineages became extinct but the significance of this observation is yet unclear due
to a lack of sufficient sequence data. Viruses of a lineage are adapted to their host
species. Trans-species infections occasionally occur, but virus replication is less
efficient and infection chains may disrupt after a few generations. Stable infection
chains will establish rarely. Besides the pandemic virus of 1918, the ‘avian-like’
swine influenza viruses in Europe are another example for a successful estab-
lishment of a stable infection chain. However, after some 30 years of circulation
the latter viruses have not yet accumulated sufficient substitutions to establish
distinct genetic lineages for each of their genes. Their H1 HA gene, for example, is
presently considered as a sublineage or clade of lineage 1C (Fig. 1). The genes of
the present pandemic (H1N1) 2009 virus have the potential to lead to new genetic
lineages. Among the 16 HA types at least 69 genetic lineages were described; the
nine NA types comprise altogether 46 lineages and each of the internal segment
has 7–11 lineages (Lu et al. 2007).

In addition to host species barriers, geographic isolation can induce the
development of genetic lineages. As a result of different flyways of migratory
birds, American and Eurasian lineages of influenza virus genes evolved (Olsen
et al. 2006). As the evolution of such lineages is promoted by isolation rather than
host-specific barriers, trans-species infections are not uncommon (Krauss et al.
2007; Wallensten et al. 2005; zu Dohna et al. 2009). They occur frequently in
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Lineage 1C:
Eurasian avian

H1N1
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H1N1
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H1N1 swFLUAV
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H1N2 swFLUAV

Pandemic 2009
(H1N1) Virus

0.05
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H1N1

Lineage 1D:
American avian H1N1

(hosts: Anseriformes)

Lineage 1E:
American avian H1N1
(hosts: Charadriiformes)

1918 19791994

1950ies,
1976

Fig. 1 Genetic lineages and sublineages of the HAH1 gene and their geographic distribution.
Adaptation to host species and geographic isolation lead to the evolution of five HAH1 lineages
(top). Genetic data suggest that the seasonal H1N1 viruses of humans emerged around 1918 from
an American avian ancestor, either as a whole or as a reassortant (Anhlan et al. 2011), and spread
worldwide (pandemic of 1918, not indicated). Classical swine H1N1 viruses also emerged around
that time in the USA, probably after zoonotic infections of pigs. In several waves classical swine
viruses were translocated to South America, numerous Asian countries, East Africa, and Europe.
In Europe, they vanished after appearance of the avian-like H1N1 swine viruses in Belgium and
Germany in 1979. Human-like H1N2 swine influenza viruses emerged in 1994 in the UK and
spread to the European continent. After 2000, avian-like H1N1 and human-like H1N2 arrived in
Asia where they co-circulate with the classical swine strains. Numerous reassortants indicate a
dynamic influenza activity in Asia
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overlapping breeding grounds, for example around the Arctic Beringia Sea
(Wahlgren et al. 2008) or after translocation of infected birds (Makarova et al.
1999). Emergence of new lineages or subtypes may lead to the extinction of
previously circulating types, a phenomenon that was repeatedly observed but
cannot be sufficiently explained yet. For example, seasonal H1N1 viruses were
superseded by pandemic H2N2 viruses in 1957. Likewise, circulating classical
swine H1N1 viruses were replaced by avian-like swine H1N1 viruses after 1979 in
Europe.

Despite the generation of thousands of sequence entries in the GenBank in
recent years, our present understanding of the dynamics of the influenza virus
epizootiology of birds and non-human mammals is still fragmentary.

5 The Disease

Swine influenza was originally described as a disease of autumn and early winter
which occurred in annual epizootics (Shope 1931b). In many regions with dense
pig populations the disease became enzootic and nowadays infections occur all
year-round. The main symptoms of swine influenza are sudden onset of the dis-
ease, fever, anorexia, coughing, nasal discharge, sneezing, dyspnoea, exhaustion,
and apathy. In general, infections with the virus cause a mild disease with a benign
outcome. The morbidity within an affected herd is high (up to 100 %); the mor-
tality is low but depends on the virus strain and other factors such as mixed
infections. Usually the disease lasts 2–6 days and in most cases animals com-
pletely recover. Affected pigs develop an acute bronchitis with swollen mucosa,
abundant mucus, hyperemia, and enlarged local lymph nodes. Inflammation sur-
rounds bronchi and bronchioles. Sometimes secondary bacterial lobular pneumo-
nia exacerbates the disease and may lead to death. Koen (1919) estimated
influenza-associated mortality with ‘‘1 per cent, at any rate less than 2 per cent’’;
Shope with 1–4 % (Koen 1919; Shope 1931b).

In Europe, swine influenza is caused by three virus subtypes that are genetically
distinct from the classical swine H1N1 viruses. In regions with enzootic persis-
tence, the clinical signs are less marked and the virus circulates throughout the
year. The avian-like swine H1N1 viruses generally induce less severe symptoms
than human-like swine H3N2 viruses and natural H1N1 infections are sometimes
unrecognized. The European H1N2 strains differ regarding their virulence. For
example, the German strains which appeared in 2000 are more virulent than the
Belgian strains. Changes in epizootiology may have several reasons. One reason is
that swine husbandry practices changed in the past decades. A short fattening
period of only 6 months leads to a rapid turnover of the swine population in a herd
which requires purchase of piglets from various suppliers. This increases the
chance of a virus to infect naive pigs and accomplishes gathering of influenza
viruses from several distinct sources. Less marked clinical signs of enzootic
viruses, varying levels of maternal antibodies, and preexisting immunities of older
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pigs constitute selection pressures which are at the molecular level yet undefined
and prepare the ground for the reassortment of novel virus combinations.

6 European Swine Influenza Viruses

There is evidence that influenza viruses have been introduced several times into
European pigs. Stable infection chains, however, were first established in the
1970s. Prior to this, seasonal and classical swine influenza viruses have been
detected in serological studies and occasional virus isolations. In this review we
distinguish between zoonotic viruses of human and avian origin isolated from pigs
on the one hand and the ‘‘human-like’’ and ‘‘avian-like’’ viruses on the other hand.
Whereas the former viruses occur occasionally and become extinct after a few
replication cycles, the latter viruses have defined genetic settings which developed
distinct clades in phylogenetic trees. Such clades indicate stable infection chains
over many virus generations. Moreover, these viruses exhibit evolutionary changes
as a result of genetic drift and/or reassortment events which will be reviewed here.
Previous authors (e.g., Brown 2000; Kuntz-Simon and Madec 2009) used the
terms ‘‘human-like’’ and ‘‘avian-like’’ primarily to indicate the previous host.

6.1 Early Descriptions of Swine Influenza in Europe

Several early reports describe the influenza of pigs in Europe. Soon after the first
isolation of swine influenza virus by Richard E. Shope, K. Köbe published the
isolation of the etiologic agent of ‘‘enzootic pneumonia’’ of piglets, a condition
that he named ‘‘Ferkelgrippe’’ (Köbe 1933). Köbe had observed that the histo-
pathological lesions of the lungs were like ‘‘American swine influenza’’, but
‘‘Ferkelgrippe’’ in Germany showed enzootic rather than epizootic transmission
and occurred in piglets younger than those of Shope’s experiments. In analogy to
Shope’s work on swine influenza, Köbe believed that ‘‘Ferkelgrippe’’ was the
result of a mixed infection; experimental pneumonia was induced only after
coinfection of piglets with a filtrable virus that he had isolated from dispersed lung
tissue of affected pigs and a bacterium that he designated Bacterium influenzae
suis. The virus alone induced only mild symptoms and was distinct from the
classical swine fever virus (hog cholera virus). It is unknown whether Köbe tried to
propagate the virus in ferrets or mice. Unfortunately, the virus became lost in the
past decades. Köbe’s mentor Otto Waldmann confirmed the findings of his asso-
ciate and commented that the observed differences in age incidence could be due
to different husbandry practices in Germany and the USA (Waldmann 1933).
Shortly thereafter, Gerhard Elkeles in Berlin, Germany, infected 2–6-week-old
piglets with human influenza virus and could induce a mild flu-like disease in pigs;
experimental coinfection of piglets with the human virus and either human or
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porcine strains of Haemophilus influenzae resulted in a more severe disease
(Elkeles 1934). These were the first experiments demonstrating the susceptibility
of pigs to human influenza virus strains. Later they were confirmed by Shope and
Francis (1936), but these authors used older pigs (6–14 weeks). With regard to the
findings of Köbe and Elkeles, they discussed a different natural susceptibility of
European and American pigs. Further work was published by Lamont (1938) and
Blakemore and Gledhill (1941) who described outbreaks of swine influenza in
Northern Ireland and England. Interestingly, Blakemore and Gledhill (1941)
observed one outbreak on an Essex farm with cases of chronic disease (for 8
weeks), and—like O. Waldmann—concluded that husbandry conditions may have
an influence on the course of the disease. Both Lamont and Blakemore handed
over tissue specimens of several outbreaks to R. E. Glover in Cambridge who
together with C. H. Andrewes succeeded to isolate three influenza virus strains
after serial passages in ferrets and mice (Glover 1941). Serological characteriza-
tion revealed that these isolates differed from Shope’s swine influenza virus
but resembled the human strains. Later, three of Glover’s virus strains of that
time were (partially) sequenced and were shown to cluster with A/WS/1933 and
with A/Puerto Rico/8/1934 (Gorman et al. 1991; Neumeier and Meier-Ewert 1992;
Neumeier et al. 1994; Yoshioka et al. 1994).

There is no hard evidence that classical swine influenza virus entered Europe in
the 1930s or 1940s. European strains of classical swine influenza virus were first
isolated in the 1950s in the former Czechoslovakia (Harnach et al. 1950).
A serological survey conducted in 1957 by the W.H.O. revealed antibodies in pigs
to classical swine H1N1 in Czechoslovakia and Germany (Kaplan and Payne 1959).
After this episode, classical swine viruses disappeared in the 1960s in Europe, but
were reintroduced in 1976 in Italy (Nardelli et al. 1978). These viruses spread to
several European countries, including Belgium (Biront et al. 1980; Vandeputte
et al. 1980), Germany (Sinnecker et al. 1983), France (Gourreau et al. 1980),
England (Roberts et al. 1987), and Sweden (Martinsson et al. 1983). After the
emergence of avian-like H1N1 swine viruses they disappeared again. The last
European strain of classical swine H1N1 was isolated in 1993 in England soon after
the first detection of avian-like H1N1 on the British Isles (Brown et al. 1997b).

6.2 Stable Establishment of Influenza Viruses in European
Pigs: Avian-Like Swine H1N1

A distinct sublineage of European H1N1 swine influenza viruses emerged in
January 1979 in Belgium (Pensaert et al. 1981). These viruses differed serologi-
cally from classical swine viruses but showed relationship to avian viruses. Some
virulent strains induced clinical symptoms which were typical for swine influenza.
In winter 1979/80, similar viruses appeared in Germany and France (Witte et al.
1981; Ottis et al. 1981; Gourreau et al. 1981). Retrospective serological analyses
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revealed that the majority of infections were asymptomatic. The molecular char-
acterization revealed that all segments derived from an avian H1N1 influenza virus
(Scholtissek et al. 1983). The phylogenetic comparison (Fig. 2a, b) demonstrates
that the hemagglutinin of the swine viruses is most closely related to virus isolates
from German ducks (A/duck/Bavaria/1/1977, A/duck/Bavaria/2/1977) which were
the first avian H1N1 viruses detected in Europe (Ottis and Bachmann 1980). The
hemagglutinin of the so-called ‘‘avian-like’’ swine H1N1 viruses shows a con-
siderable cross-reaction with the classical swine H1N1; therefore, one of the
commercially available vaccines (GripovacTM) for pigs includes A/New Jersey/8/
1976 (H1N1). Further characterization revealed the avian origin of all segments
(Schultz et al. 1991; Castrucci et al. 1993; Campitelli et al. 1997; Brown et al.
1997b). In very short time the avian-like H1N1 swine viruses established a stable
infection chain and spread to all major swine-producing countries in Europe. They
succeeded to replace the previous circulating classical swine strains. After
30 years of circulation, the avian-like swine H1N1 are endemic in the major pig-
producing European countries. However, the seroprevalence varies considerably.
In 2002/2003 it was highest in Belgium and Germany (80.8, 70.8 %); prevalence
was lower in Italy and Spain; (46.4, 38.5 %) and low in the Czech Republic,
Ireland, and Poland ([18 %) (Van Reeth et al. 2008). A more recent study con-
ducted as a cross-sectional survey in Spain in 2008–2009 revealed a striking
increase in the H1N1 seroprevalence (Simon-Grifé et al. 2010). Likewise, a
German study indicates a similar annual variability suggesting fluctuations in the
prevalence of swine influenza viruses over time (R. Dürrwald, personal
communication).

6.3 Emergence of Human-Like H3N2 in European Pigs

The first ‘‘human-like’’ swine H3N2 virus emerged in Germany in 1982 (Schrader
and Süss 2004). The HA and NA surface proteins of strain A/swine/Potsdam/35/
1982 were derived from an A/Port Chalmers/1/1973-like seasonal H3N2 virus
(Fig. 2c, d), whereas an avian-like H1N1 swine virus served as donor for the
internal segments (M-segment: Schmidtke et al. 2006; Krumbholz et al. 2009;
PB1-segment: Zell et al. 2007; PB2, PA, NP, NS segments: R. Zell unpublished).
This virus disappeared soon. Another virus with a very similar genetic composition
reemerged in 1984 and achieved to establish a persistent infection chain. The
viruses were designated as ‘‘human-like swine H3N2’’ (Fig. 2c, d) due to their
antigenic similarity to human H3N2. They spread rapidly in the European pig
population. Epizootics were reported in Belgium (Haesebrouck et al. 1985;
Haesebrouck and Pensaert 1988), France (Madec et al. 1984), and Germany
(Zhang et al. 1989), Italy (Castrucci et al. 1993), the Netherlands (Loeffen et al.
1999), and Spain (Castro et al. 1988; Yus et al. 1992). The molecular analysis of
these viruses revealed avian-like internal genes and human A/Port Chalmers/1/
1973-like HA and NA genes (Campitelli et al. 1997; Marozin et al. 2002), but this
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1 A/swine/Potsdam/35/1982 (H3N2)
2 A/swine/Karrenzien/2/1987 (H3N2)
3 A/swine/Jena/3765/1989 (H3N2)
4 A/swine/Leipzig/145/1992 (H3N2)
5 A/swine/Italy/19447/2006 (H1N2)
6 A/swine/Italy/19498/2006 (H1N2)
7 A/swine/Italy/23255/ (H1N2)
8 A/swine/Italy/30073-5/2006 (H1N2)
9 A/swine/Dötlingen/IDT4735/2005 (H1N2)

10 A/swine/Cloppenburg/IDT4777/2005 (H1N2)
11 A/swine/Cotes d'Armor/60293/2001 (H1N1)
12 A/swine/Cotes d'Armor/98574/2001 (H1N1)
13 A/swine/Cotes d'Armor/0190/2006 (H1N1)
14 A/swine/Nordkirchen/IDT1993/2003 (H3N2)
15 A/swine/Italy/66945/2006 (H3N1)
16 A/swine/Sweden/1021/2009 (H1N2)
17 A/swine/Italy/2064/1999 (H1N2)
18 A/swine/Germany/SEk1178/2000 (H1N2)

PB2 PB1 PA HA NP NA M NS

A A B 1B A 1A B 1A
A D B 3A A 2A B 1A
F G I 1C F 1F F 1E
F G I 3A F 2A F 1E
F G I 1B F 2A F 1E
F G I 3A F 2A F 1E
F G I 3A F 2A F 1E
/ / / 3A / / / /

F G I 3A F 2A F 1E
/ / / 1B / 2A / /
/ / / 1B / 2A / /
/ / / 1B / 2A / /
/ / / 1B / 2A / /

F G I 1B F 2A F 1E
F G I 1B F 2A F 1E
F G I 1B F 1F F 1E
F G I 1B F 1F F 1E
F G I 1B F 1F F 1E
F G I 3A F 2A F 1E
F G I 3A F 1F F 1E
F G I 1C F 2A F 1E
F G I 1C F 2A F 1E
/ / / 1C F 2A F 1E

(e)

Fig. 2 Phylogenetic trees. 125 representative sequences were aligned and used to infer the
evolutionary relationships using the neighbor-joining method. Phylogenetic analyses were
conducted in MEGA4 (Tamura et al. 2007). Avian-like swine influenza virus sequences are
indicated in blue, human-like H3N2 in ochre, human-like H1N2 in red, seasonal H1N1 in green,
and seasonal H3N2 in pink. Strain designations were omitted for clarity. a HAH1 sequences,
b NAN1 sequences, c HAH3 sequences, d NAN2 sequences, e genetic composition of seasonal
H1N1, H3N2 lineages, the prevalent European swine H1N1, H1N2, and H3N2 sublineages and
18 reassortants. Genotyping was done according to Lu et al. 2007
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parental human H3N2 virus was clearly distinct from that of the previous German
strain (Fig. 2c, d; see also Schrader and Süss 2004). In most European countries
the seroprevalence in 2002/2003 of the human-like swine H3N2 is lower than that
of avian-like H1N1. Human-like swine H3N2 is (almost) absent in Poland and the
Czech Republic, very low in Ireland (4.2 %), and below 60 % in Belgium and
Germany. Only in Italy and Spain H3N2 prevalences are as high as H1N1 prev-
alences (Van Reeth et al. 2008; Simon-Grifé et al. 2010).

6.4 Emergence of Human-Like H1N2 in European Pigs

Swine H1N2 viruses that became prevalent in Europe were first isolated in Great
Britain in 1994 (Brown et al. 1995; 1998). Available sequence data indicate that
these H1N2 viruses resulted from repeated reassortment events involving a sea-
sonal A/Chile/1/1983-like H1N1 virus (donor of HA) and a seasonal H3N2 virus
(donor of NA) (Fig. 2a, d). Apparently, human H3N2 viruses circulated in pigs
unrecognized for several years, as one member of this clade was already isolated in
1991 (A/swine/UK/119404/1991) (compare Zell et al. 2008b, therein Fig. 1b).
Since the avian-like swine H1N1, but no human-like H3N2 viruses, circulated
among British pig during that time, it has to be concluded that the former viruses
were the donor of the internal segments. Three years later, the human-like swine
H1N2 viruses spread to the European mainland: France (1997), Italy (1998),
Belgium (1999), and Germany (2000) (Marozin et al. 2002; Van Reeth et al. 2000;
Schrader and Süss 2003). In 2002/2003, the seroprevalences of H1N2 in Belgium
and Spain exceeded that of human-like H3N2; it was low in Germany (32.1 %)
and Italy (13.8 %) and very low in the Czech Republic (3 %) and Ireland (0.6 %)
(Van Reeth et al. 2008).

The evolution of the three prevalent sublineages of the European swine influ-
enza viruses is schematically depicted in Fig. 3.

6.5 Other Reassortant Swine Influenza Viruses Isolated in Europe

Sooner or later co-circulation of two or more influenza virus types within a popu-
lation leads to reassortant viruses, but such reassortants may have little chance to
replace either parent virus. The three prevalent European swine influenza viruses
gave rise to three groups of reassortants. The first group comprises reassortants of
seasonal human H3N2 and swine influenza viruses (Fig. 4). The strains A/swine/
Potsdam/35/1982, A/swine/Karrenzien/2/1987, and A/swine/Leipzig/145/1992
(Schrader and Süss 2004) are examples of swine H3N2 viruses which emerged
independently of each other in Germany. They have the six internal gene segments
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of avian-like H1N1 swine viruses and human HA and NA genes. These genes,
however, branch independently of A/swine/Gent/1/1984-like viruses in phyloge-
netic trees (compare Fig. 2c, d) and are evidence of repeated 2 ? 6 reassortments in
pigs. Although only partial sequence data are available, further strains e.g., A/swine/
Jena/3765/1989 (H3N2), A/swine/Leipzig/663/1992 (H3N2), and A/swine/Leipzig/
318/1993 (H3N2), belong to this group and indicate that such reassortants may have
circulated for 2–3 years. The second group of reassortants emerged in Italy. The
preliminary characterization revealed a 7 ? 1 reassortment between human H3N2
and swine H1N2 influenza viruses. These viruses have a neuraminidase gene of
seasonal H3N2 viruses and seven segments (HA, internal genes) of human-like
swine H1N2 viruses (Chiapponi et al. 2007). They circulated in Italy between 2003
and 2006.

The third group comprises reassortants between the prevalent sublineages of
European swine influenza viruses. The three sublineages allow six HA/NA com-
binations and all of them have been detected in recent years. The compilation of
Fig. 4 illustrates that several of these reassortments occurred repeatedly at dif-
ferent places and times: Some of the reassortants were published (Gourreau et al.
1994; Balint et al. 2009; Zell et al. 2008a, b), for others only preliminary reports
are available (Chiapponi et al. 2007; Franck et al. 2007; Hjulsager et al. 2006).
Such reassortants do not constitute antigenic shift mutants and failed to establish
persistent stable infection chains yet.

Another rather unusual reassortant was isolated from pigs in England (Brown
et al. 1994). The strain A/swine/England/191974/1992 (H1N7) was reported to
comprise six segments of a human H1N1 virus (PB2, PB1, PA, HA, NP, NS) and
the NA and M segments of an equine H7N7 virus (Brown et al. 1997a). Sequence
data of the HA, NP, NA, and M segments are available in the GenBank. Although
this virus represents an interesting reassortment, it has to be considered with some
caution as the NA and M genes have a striking similarity to A/equine/Prague/1/

N2

Avian-like swFLUAV
A/sw/Arnsberg/6554/1979

(H1N1)
1979

Human-like swFLUAV
A/sw/Gent/1/1984 (H3N2)

1984

Human-like swFLUAV
A/sw/Scotland/41044/1994

(H1N2)
1994

8 Segments

A/sw/UK/119404/1991
(H3N2)
1991

N2, NS;
other segments:
no sequence
data availableH1

Avian-like
internal
genes

avian
H1N1

8 Segments

A/sw/Italy/309/1983
(H3N2)
1983

H3,
N2

A/Port Chalmers/1/1973-like
(H3N2)

A/Port Chalmers/1/1973-like
(H3N2)

A/Chile/1/1983-like
(H1N1)

Fig. 3 Evolution of three prevalent sublineages of European swine influenza viruses
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1956 (H7N7). All other equine H7N7 sequences available from the GenBank
(isolates of 1966–1977) show synonymous substitutions as a consequence of
genetic drift and therefore differ significantly from A/equine/Prague/1/1956.

A/swine/Italy/4675/2003        
A/swine/Italy/71251/2005      
A/swine/Italy/19447/2006 
A/swine/Italy/19498/2006 
A/swine/Italy/23255/2006 
A/swine/Italy/30073/2006 
A/swine/Italy/55155/2006     

(H1N2)

Seasonal (human) H3N2   
A/swine/Scotland/410440/1994-like

H1N2 (prevalent lineage)

NA HA, internal genes

A/swine/Gent/1/1984-like •
H3N2 (prevalent lineage)

A/swine/Potsdam/35/1982 •
(H3N2)

A/swine/Karrenzien/2/1987 •
♦

♦
♦
♦
♦

♦

♦

A/swine/Jena/3765/1989 
(H3N2)

A/swine/Leipzig/145/1992 •
A/swine/Leipzig/663/1992
A/swine/Leipzig/318/1993

(H3N2)

Seasonal (human) H3N2   
A/swine/Arnsberg/6554/1979-like •

H1N1 (prevalent lineage)

HA, NA internal genes

(a)

A/swine/Arnsberg/6554/1979-like 
H1N1 (prevalent lineage) •

A/swine/Gent/1/1984-like       
H3N2 (prevalent lineage) •

A/swineScotland/410440/1994-like
H1N2 (prevalent lineage) 

A/swine/France/5027/1987 (H1N2)
A/swine/France/5550/1988 (H1N2)

A/swine/Denmark/1287/2003 (H1N2)
A/swine/Sweden/1021/2009 (H1N2) •

A/swine/Dötlingen/IDT4735/2005 (H1N2) •
A/swine/Cloppenburg/4777/2005 (H1N2) •

A/swine/Italy/11271/2003 (H1N2)

HAHA NANA

A/swine/Nordkirchen/IDT1993/2003 (H3N2) •

HA NA

A/swine/Italy/66945/2006 (H3N1) 

NA HA

A/swine/Italy/2064/1999 (H1N2) 
A/swine/Italy/66734/2000 (H1N2)

A/swine/Germany/SEk1178/2000 (H1N2) 

NA HA

A/sw/Ploufragan/60293/01* (H1N1) 
A/sw/Ploufragan/98574/01* (H1N1) 
A/sw/Ploufragan/0190/06* (H1N1) 

NAHA

(c)

(b)

♦

♦
♦
♦

♦

Fig. 4 Three groups of reassortant swine influenza viruses emerged in Europe. a 6 ? 2
reassortants of avian-like swine H1N1 and human H3N2 influenza viruses. b 7 ? 1 reassortants
of human-like swine H1N2 and human H3N2 viruses. c Six different reassortants of the three
prevalent European swine influenza virus lineages. The prevalent swine influenza virus lineages
are boxed with bold lines. Filled circles (•) indicate the availability of complete sequence data in
the GenBank, filled diamonds (u) indicate partial sequence data. * Strains designations follow
those of Franck et al. (2007); these strains were renamed when their sequences were deposited in
the GenBank
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Equine H7N7 viruses disappeared around 1977 and it is quite astounding that an
A/equine/Prague/1/1956-like virus should have persisted in an unknown reservoir
for 36 years without accumulation of synonymous substitutions. Therefore, the
biological significance of this reassortant should be scrutinized.

7 Zoonotic Infections

7.1 Human?Swine Infections

Human H1N1 influenza viruses have only a limited capacity to productively infect
pigs (Hinshaw et al. 1978). However, there are several swine isolates of human origin
from the 1930s which were isolated from clinically ill pigs (Lamont 1938;
Blakemore and Gledhill 1941). Serological similarity of these strains to contem-
porary human strains was already observed by Glover (1941). Evidence for zoonotic
infections of pigs by human H1N1 was also presented by Shope (1938). Thereafter,

Netherlands
1986

classical swine H1N11976 - 1993~1950 - 1960

seasonal H3N2

seasonal H1N11918-1957 since 1977

Time

since 1968

avian-like swine H1N1

human-like swine H3N2

human-like swine H1N2

since 1979

since 1984

since 1994

Eurasian avian H1N1

England
1935

Italy and other countries
1977 - 1983

former Czechoslovakia
1959/60

Switzerland
1986

Netherlands
1993

Hong Kong
1999

Germany,
Spain
2008

France
1987

Germany
1990, 1991

Switzerland
2002

Netherlands
1993

England
1939

North. Ireland
1938

England
1987

England
1991

France
1999

2009 Pandemic (H1N1) 2009

Norway, Northern Ireland, Italy
2009

Fig. 5 Zoonotic infections of influenza viruses in Europe over time. Indicated are the relevant
lineages of human, avian, swine influenza viruses in Europe and characteristic virus isolates
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human–swine infections with H1N1 have not been documented in Europe, especially
not after reemergence of H1N1 in 1977 (Fig. 5). However, there is indirect evidence
that such infections may have occurred: (i) the emergence of H1N2 reassortants in
swine in Europe (Brown et al. 1998; Marozin et al. 2002), and (ii) the observed
antibody prevalence to human H1N1 in pig sera (Aymard et al. 1980). In Japan and
China, several studies demonstrate the transmission of seasonal H1N1 to pigs as
shown by virus isolation and seroprevalence studies (Goto et al. 1988; Katsuda et al.
1995; Nerome et al. 1982; Yu et al. 2007).

The human H2N2 viruses have never been isolated from pigs after natural
infection, although there is one study that showed antibodies against H2N2 in four
pigs in the former Czechoslovakia (Kaplan and Payne 1959). In principle, pigs are
susceptible to these viruses as experimental infection of pigs with A/Singapore/1/
1957 (H2N2) was successful (Patocka et al. 1958).

Seasonal H3N2 viruses were frequently detected in pigs in Europe and else-
where. This is documented in several serological studies from Germany, the UK,
France, Romania, and the Czech Republic (Sandow and Wildfuhr 1970; Harkness
et al. 1972; Popovici et al. 1972; Aymard et al. 1980; Tumova et al. 1980; Pospisil
et al. 2001). Occasionally, human H3N2 viruses were isolated from pigs (A/swine/
England/163266/1987, A/swine/United Kingdom/119404/1991; Brown et al.
1998). In Italy, A/England/42/1972-like H3N2 viruses persisted from 1977–1983
in pigs (Ottis et al. 1982; Castrucci et al. 1993). Moreover, zoonotic infections with
seasonal H3N2 gave rise to numerous reassortant viruses: the European human-
like swine H3N2 lineage and the American tripple reassortants are the most
prominent representatives (Castrucci et al. 1993; Olsen 2002; Karasin et al.
2000c). Figure 5 shows a compilation of zoonotic influenza virus infections in
Europe.

The pandemic (H1N1) 2009 virus was repeatedly transmitted to pigs, first in
Canada (Pasma and Joseph 2010), later in Norway, Northern Ireland, Italy
(Hofshagen et al. 2009; Welsh et al. 2010; Moreno et al. 2010), and other Euro-
pean countries. The available reports indicate that this new reassortant induces a
mild disease (Brookes et al. 2010; Itoh et al. 2009; Lange et al. 2009) and that
many infections may be unrecognized. In addition, pandemic (H1N1) 2009 virus
exhibits a significant cross-reaction to antibodies against avian-like swine H1N1
which impedes serological distinction (Kyriakis et al. 2010; Dürrwald et al. 2010).
On the other hand, this cross-reactivity may hinder establishment of the pandemic
virus in regions with high prevalence of avian-like swine H1N1.

7.2 Bird?Swine Infections

Although an initial bird?swine infection gave rise to the avian-like swine H1N1
sublineage, no discrete infections with avian influenza viruses have been docu-
mented in Europe. A similar observation was previously made in North America,
when the genetic origin of 73 swine isolates (1976–1990) was investigated and no
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entry of avian genes could be detected (Wright et al. 1992). Later studies, how-
ever, revealed several of such infections in Asia, America, and Africa (Guan et al.
1996; El-Sayed et al. 2010; Karasin et al. 2000a, b; 2004; Yu et al. 2007, 2008;
Peiris et al. 2001; Lee et al. 2009).

7.3 Swine?Bird Infections

In the 1980s and early 1990s, at least three swine-origin strains were isolated from
birds (Andral et al. 1985; Ludwig et al. 1994; Wood et al. 1997). Partial genetic
analyses revealed a reintroduction of avian-like swine H1N1 viruses into turkey
farms (Ludwig et al. 1994). Improved hygiene in poultry husbandry and advanced
adaptation of the swine H1N1 to its pig host may explain the failure of virus
isolation in recent years in Europe. Human-like swine H3N2 and H1N2 strains
have not been isolated from birds yet. Absence of a-2,6-linked sialic acids in
poultry may be the main reason for the inability of human-like H3N2 and H1N2
sublineages to replicate in birds. The chapter by Yassine and colleagues on
‘‘Interspecies transmission of Influenza A viruses between swine and poultry’’ in
this book described these interspecies infections in more detail.

7.4 Swine?Wild Boar Infections

In principle, wild boars should be susceptible to influenza viruses of swine and
avian origin and may serve as a reservoir for such viruses. Although they have
contacts to feral birds, the possibility of a transmission of avian influenza viruses
to feral pigs is only insufficiently investigated in Europe. However, several sero-
logical studies searched for antibodies to swine influenza viruses in wild boars
(recently reviewed in Kuntz-Simon and Madec 2009). Antibodies to avian-like
swine H1N1 influenza viruses in feral pigs were detectable in Spain, Poland, and
Croatia but not in Slovenia, Russia, and Ukraine. Another recent study demon-
strated antibodies to avian-like swine H1N1 and human-like swine H3N2 viruses
in Germany (Kaden et al. 2008). Two virus isolates described in that study [A/wild
boar/WS169/2006 (H3N2), A/wild boar/WS188/2006 (H3N2)] should be consid-
ered with caution. The sequences of both isolates are identical and the published
sequences of five different gene segments (HA, NP, NA, M, NS) show a sequence
identity of nearly 100 % to A/swine/Bakum/909/1993 (H3N2) which was used as a
H3N2 control in this study. Since influenza viruses exhibit a genetic drift due to
the accumulation of synonymous and non-synonymous substitutions, one would
expect some genetic variation in the course of several hundred virus generations
(1993–2006). The wild boar isolates obviously lack this genetic drift.
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7.5 Swine?Human Infections

Swine-to-human transmissions of classical swine H1N1 influenza viruses were first
observed in Czechoslovakia in the 1950s (Kluska et al. 1961). Since then, sporadic
infections were repeatedly demonstrated by virus isolation in the United States, Eur-
ope, and the Asian part of the former Soviet Union (reviewed in Myers et al. 2007).
Several incidents of human infection with the European avian-like H1N1 and human-
like H3N2 swine influenza viruses have been reported so far (Table 2) (Adiego Sancho
et al. 2009; Claas et al. 1994; de Jong et al. 1986; Gregory et al. 2001, 2003; Rim-
melzwaan et al. 2001; Schweiger et al. 2008). Apparently, zoonotic infections with the
European swine viruses cause a benign disease with mild flu-like symptoms, whereas
infections with classical swine strains may lead to more serious symptoms—few
fatalities after infections with the latter viruses were reported (Myers et al. 2007).
Despite repeated isolation of swine influenza viruses from human specimens, the
prevalence of zoonotic infections in Europe is largely obscure. Previous work dem-
onstrated seropositivity of personnel having contact to diseased pigs (Aymard et al.
1980; Sinnecker et al. 1983). A recent study conducted in Thuringia, Germany, indi-
cates that approximately 15 % of the investigated sera of occupationally exposed
humans (pig farmers, slaughterers, veterinarians) exhibit antibodies to the European
lineages of swine influenza viruses (Krumbholz et al. 2010).
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