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In 1979, a lineage of avian-like H1N1 influenza A viruses emerged in European swine populations indepen-
dently from the classical swine H1N1 virus lineage that had circulated in pigs since the Spanish influenza
pandemic of 1918. To determine whether these two distinct lineages of swine-adapted A/H1N1 viruses evolved
from avian-like A/H1N1 ancestors in similar ways, as might be expected given their common host species and
origin, we compared patterns of nucleotide and amino acid change in whole genome sequences of both groups.
An analysis of nucleotide compositional bias across all eight genomic segments for the two swine lineages
showed a clear lineage-specific bias, although a segment-specific effect was also apparent. As such, there
appears to be only a relatively weak host-specific selection pressure. Strikingly, despite each lineage evolving
in the same species of host for decades, amino acid analysis revealed little evidence of either parallel or
convergent changes. These findings suggest that although adaptation due to evolutionary lineages can be
distinguished, there are functional and structural constraints on all gene segments and that the evolutionary
trajectory of each lineage of swine A/H1N1 virus has a strong historical contingency. Thus, in the context of
emergence of an influenza A virus strain via a host switch event, it is difficult to predict what specific polygenic
changes are needed for mammalian adaptation.

Swine influenza A viruses (IAVs) of the H1N1 subtype cur-
rently circulate as two distinct lineages within North American
and European swine populations (2, 33). While the first clinical
observations of swine IAV infection coincided with the 1918
human influenza pandemic (7, 25; reviewed in reference 59),
the first North American swine IAV isolates were not obtained
until 1930 (50). Termed classical swine A/H1N1 virus, this
genetically and antigenically stable viral lineage presumably
emerged by stable transfer of the human 1918 pandemic virus
to swine (11, 59) and subsequently spread to swine in other
parts of the world, including Europe, in 1976 (2, 32). Indepen-
dently, a novel lineage of avian-like H1N1 swine IAV emerged
in Europe in 1979 that essentially replaced classical swine IAV
(2, 34, 45). To date, this second lineage of swine IAV is enzo-
otic throughout swine-producing regions of Western Europe,
where it cocirculates with swine IAVs of the H3N2 and H1N2
subtypes (28). All eight gene segments of the prototype H1N1
viruses of this lineage are thought to be derived from closely
related Eurasian avian IAVs by a stable host switch without
reassortment, and this lineage is phylogenetically and anti-
genically distinct from the classical swine H1N1 lineage (4,
10, 34, 49).

The processes by which avian IAVs stably switch hosts and
acquire mutations that facilitate replication and efficient trans-
mission in a new host species are fundamental to understand-
ing the ecology of these viruses but are also of critical impor-
tance to public health and veterinary preparedness. IAVs from
the genetically and antigenically divergent avian reservoir pool
have been associated with stable host switch events to novel
host species, including humans, swine, domestic poultry, and
horses (1, 55, 61). The last three human influenza pandemic
viruses all contained two or more novel genes that were very
similar to those found in IAVs of wild birds, derived either by
reassortment with circulating human strains in formation of
the 1957 and 1968 pandemic viruses (23, 47) or possibly by
whole-genome adaptation in the case of the 1918 pandemic
virus (18, 36, 43, 60). Other novel influenza viruses derived by
stable host switching from avian influenza viruses have also
been isolated recently from pigs, including other indepen-
dent introductions of A/H1N1 influenza viruses in China
(19), A/H4N6 influenza viruses in Canada (22), and most re-
cently, A/H2N3 influenza viruses in the United States (27).
Similarly, a stable lineage of A/H3N8 influenza virus emerged
in dogs in the United States following a host switch event
without reassortment from the equine A/H3N8 lineage (9).
The present concern that an avian influenza virus, especially
the currently circulating lineages of highly pathogenic avian
H5N1 influenza virus, could initiate a new pandemic if the
virus stably adapts to humans is also a question of considerable
biomedical importance (62). Together, these examples dem-
onstrate that reassortment is not a prerequisite for IAV emer-
gence in novel hosts.
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Swine have been hypothesized to be the mixing vessel in
which avian and human IAVs reassort, resulting in the emer-
gence of novel human pandemic influenza virus strains (2, 46).
However, direct or experimental data linking swine as inter-
mediaries in the emergence of past pandemics are lacking.
Swine are the only animals documented to be susceptible to
infection with avian, swine, and human IAVs (2), and coinfec-
tions with both avian and human IAVs have been reported (3,
5, 20, 49, 64). This has been attributed to the fact that swine
tracheal epithelium expresses both �2,3 (avian IAV pre-
ferred)- and �2,6 (mammalian IAV preferred)-N-acetylneura-
minic acid-galactose-linked receptors (17), and it is believed
that avian IAVs adapted to swine undergo a shift from �2-3 to
�2-6 binding, a critical step required in the adaptation of an
avian virus to a human host (52). A subset of amino acids that
are invariant in all avian hemagglutinin (HA) subtypes but vary
in mammalian-adapted HAs have been identified (29). It is
possible that this set of mutations (or a subset thereof) play
important roles in the adaptation of avian IAVs to swine.

Whether common genetic changes are associated with the
adaptation to specific host species, such that they are predictive
of future events, or if genetic changes are made up of unique
constellations of mutations that occur independently in each
host switch event is an important question. The process by
which the 1918 pandemic A/H1N1 influenza virus emerged and
adapted to both humans and swine is not yet fully elucidated,
although the virus is avian-like in both its coding sequences
(58, 60) and nucleotide composition (36). The European avian-
like swine A/H1N1 viruses emerged independently of the 1918
pandemic virus from an avian-like source (34, 45, 49). We
therefore sought to compare changes that might be associated
with mammalian adaptation between these two swine H1N1
lineages.

To address whether the two swine H1N1 lineages were
evolving in parallel, as might be expected given their common
host species, we examined patterns of base composition vari-
ation to determine relative nucleotide usages. We examined in
detail the amino acid sites that had previously been reported as
important for mammalian adaptation to determine whether
these mutations appeared as parallel genetic changes, and
therefore were always required for avian H1N1 IAV to adapt
to pigs, or whether there is more flexibility in the adaptive
process.

MATERIALS AND METHODS

Viral culture, viral cDNA amplification, and sequencing. The following 17
viral isolates of European avian-like swine H1N1 IAVs were selected for
genomic sequencing from the International Reference Laboratory at the Veter-
inary Laboratories Agency, Weybridge, United Kingdom: A/swine/Belgium/1979
(H1N1), A/swine/Belgium/1983 (H1N1), A/swine/France (OMS)/1984 (H1N1),
A/swine/France (OMS)/1985 (H1N1), A/swine/Belgium/1989 (H1N1), A/swine/
Spain/1991 (H1N1), A/swine/France (OMS)/1992 (H1N1), A/swine/England/
1992 (H1N1), A/swine/England/1993 (H1N1), A/swine/Denmark/1993 (H1N1),
A/swine/England/1994 (H1N1), A/swine/France (OMS)/1995 (H1N1), A/swine/
England/1995 (H1N1), A/swine/England/1996 (H1N1), A/swine/England/1997
(H1N1), A/swine/England/1998 (H1N1), and A/swine/Scotland/1999 (H1N1).
Viruses were propagated by inoculation into the allantoic cavities of 9- to 11-
day-old embryonated chicken eggs originating from a commercial specific-patho-
gen-free flock. Total RNA was extracted from infected allantoic fluid by use of
a QIAamp viral RNA kit (Qiagen, Valencia, CA), and first-strand cDNA was
reverse transcribed from viral RNA with the universal influenza virus primer
(21). Subsequent PCR amplification of all IAV segments was performed using

overlapping primer sets for each of the eight segments, using standard methods
(14a, 34a).

Sequence analysis. In addition to the 17 European swine IAV genomes
sequenced for this study, 3 European swine avian-like H1N1 genomes, 38
classical swine H1N1 IAV genomes, other available swine H1N1 full-length
gene sequences, and 81 human A/H1N1 virus genomes were downloaded
from the Influenza Virus Resource (http://www.ncbi.nlm.nih.gov/genomes
/FLU/FLU.html) and/or GenBank. The genome sequences of the 1918 pan-
demic IAV and representative Eurasian avian influenza virus sequences were
used to infer the ancestry of the two swine lineages. Whole genome sequences
were not available for the Eurasian avian viral sequences analyzed. Therefore,
the NCBI BLAST database was used to find highly similar avian sequences for
each European swine influenza virus gene segment. Consensus sequences were
derived from the Eurasian avian IAV sequences for each segment. Within these
data, we compiled separate manually aligned gene segments (coding regions)
using Se-Al (36a). Sequence alignments consisted of the following coding regions
for each segment: 197 PB2 (2,277 nucleotides [nt]) sequences, 203 PB1 (2,271 nt)
sequences, 198 PA (2,148 nt) sequences, 214 HA (1,218 nt) sequences, 234 NP
(1,494 nt) sequences, 231 NA (1,410 nt) sequences, 193 M1/2 (1,002 nt) se-
quences, and 224 NS1/2 (831 nt) sequences. Sequence alignments are available
upon request.

Phylogenetic analysis. The best-fit GTR � I � �4 model of nucleotide sub-
stitution was determined using ModelTest 3.7 (35a), and resulting parameter
estimates were imported into PAUP* (56) to create maximum likelihood trees
through tree bisection-reconnection branch swapping (parameter values avail-
able upon request). Whole genome sequences and a consensus Eurasian avian
sequence were concatenated (in the absence of reassortment [see below]) to
infer the evolutionary relationship of swine H1N1 IAVs. Individual gene seg-
ment phylogenetic trees are available in the supplemental material.

To estimate the rates of evolutionary change and the time to the most recent
common ancestor (TMRCA), we applied a Bayesian Markov chain Monte Carlo
approach available in the BEAST package (13), employing a relaxed (uncorre-
lated log normal) molecular clock in all cases (12). For each data set, we utilized
the Bayesian skyline coalescent prior (as demographic history was a nuisance
parameter in our analysis) with a 10% burn-in, assuming a GTR � I � �4 model
of nucleotide substitution. Uncertainty in parameter estimates is reflected in the
95% highest probability density (HPD) values, and all chains were run for
sufficient length to ensure convergence, as assessed using the TRACER program
(http://tree.bio.ed.ac.uk/software/tracer/). For the estimates of TMRCA, the
most recent sequence used for a classical swine H1N1 virus was from 1991
(A/swine/Maryland/23239), and that for a European swine H1N1 virus was from
2004 (A/swine/Spain/53207/2004). Selective pressures on codon sites were esti-
mated along the branches of the swine H1N1 phylogenetic trees for all eight
genes, using Datamonkey (35; http://www.datamonkey.org/). The best-fit codon
model was fitted to the data by using parameters obtained from the best-fit
nucleotide substitution model. A 1-df likelihood ratio test was applied to the data
to determine whether the instantaneous rates of synonymous (�) and nonsyn-
onymous (�) substitutions differ and whether this difference is based on � � �
(negative selection) or � � � (positive selection) and is significant.

Analysis of base composition. With the exception of the Eurasian avian se-
quences, for which insufficient whole H1N1 genome sequences were available,
genome sequences were used to calculate the base compositions of all lineages.
A method similar to that of Shultes et al. (48) was used to calculate the frequen-
cies of GU (G�U), GA (G�A), and GC (G�C) across all eight gene segments
for the European swine, classical swine, human H1N1, Eurasian avian, and 1918
H1N1 IAV lineages. Unambiguous calculations of the base compositional space
of these IAV genes were defined by the following three parameters: GU (fre-
quency of G plus frequency of U), GA (frequency of G plus frequency of A), and
GC (frequency of G plus frequency of C) for each gene segment. Base compo-
sition frequencies of complete and first and second codons were calculated using
the PAUP* package (56). Base compositional data were then graphically plotted
using the R, version 2.7.0, statistical program (2008). The third-position GC
content for each gene segment of swine IAV was measured using the GCUA
(General Codon Usage Analysis) package (30).

Amino acid analysis. Amino acid differences among the lineages were re-
corded as changes at amino acid sites compared to the putative ancestral se-
quence. Given its location at the root of the human and classical swine H1N1
clades, we used the 1918 Brevig Mission sequence as the ancestral sequence to
infer changes for classical swine and human H1N1 viruses. In the case of the
European swine H1N1 viruses, we collected highly similar Eurasian avian se-
quences from 1977 to 1998 for each gene segment to infer amino acid changes in
European swine H1N1 IAVs.
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FIG. 1. Maximum likelihood tree of concatenated genome sequences (54 whole genomes) of European and classical swine H1N1 IAVs.
Horizontal branch lengths are drawn to scale (nucleotide substitutions per site). Bootstrap values (�75%) are shown next to the relevant nodes.
The tree is midpoint rooted for clarity only. Classical swine H1N1 viruses are in blue, and European swine H1N1 viruses are in red.
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Nucleotide sequence accession numbers. Sequences generated for this analysis
have been deposited in GenBank (accession numbers CY037895 to CY038027).

RESULTS

Phylogenetic analysis of classical and European swine
A/H1N1 virus sequences. Maximum likelihood trees resulted
in the same phylogenetic relationship across all eight gene
segments between the two swine H1N1 IAV lineages (see the
supplemental material), strongly suggesting that they are each
monophyletic, with no major reassortment events. We there-
fore concatenated the major open reading frames of all eight
gene segments and inferred an overall genomic maximum like-
lihood tree (Fig. 1). As expected, this revealed that the two
swine lineages formed distinct clades, with the classical swine
H1N1 IAV lineage derived from the 1918 pandemic influenza
virus sequence and the European swine H1N1 IAV lineage
derived from the Eurasian avian virus consensus sequence.

Our estimates of rates of nucleotide substitution gave similar
values for each gene segment in both swine lineages, ranging
from 1.86 � 10�3 to 3.45 � 10�3 substitutions/site/year (Table
1) and broadly similar to those seen for other RNA viruses
(14). At these substitution rates, the TMRCA of the European
swine A/H1N1 lineage was 24 to 32 years before the most
recent sample (95% HPD of 22 to 41 years), which indicates
that the sampled isolates of European swine A/H1N1 viruses
arose between the years 1963 and 1982 (Table 1). This is in
strong concordance with previous studies that first detected
this lineage of H1N1 IAV in pigs in Northern Europe in 1979
(34, 45). The TMRCA of classical swine viruses was estimated
at 66 to 76 years before the most recent sample (95% HPD of
64 to 76 years), which is also historically consistent with the
first isolate of H1N1 IAV in pigs in North America in 1930
(50).

Analysis of amino acid changes across lineages. Amino acid
site differences were used to determine how frequently amino
acid changes occurred in parallel or convergently in the two
swine lineages compared to the number that diverged across

these lineages (see Table S1 in the supplemental material).
Overall, 23.5% of the changes were parallel genetic changes
between the two swine lineages (see Table S1 in the supple-
mental material). Similarly, there were only six (2.9%) conver-
gent genetic changes (i.e., starting from a different ancestral
amino acid site) noted across all gene segments. Thus, the
largest class of changes (73.5%) were those that experienced
divergent evolution across all genes, indicating that the swine
A/H1N1 viral lineages experienced strikingly dissimilar evolu-
tionary trajectories (see Table S1 in the supplemental mate-
rial). Key amino acid changes in the internal gene segments
that are unique to European swine H1N1 IAVs are listed in
Table 2.

Internal gene changes. A series of 32 changes consistently
associated with human influenza viruses compared to avian
IAVs were identified by Finkelstein et al. (15). Of the 10
changes identified in PB2 by Finkelstein et al., the European
avian-like swine H1N1 IAV lineage shows only a single parallel
change, at residue 271 (see Table S1 in the supplemental
material), where the most recent isolates differ from the avian
IAV with a T271I mutation (most human IAVs have a T271A
mutation, but the 1918 virus has the avian 271T). In contrast,
classical swine viruses maintain the human-associated changes
at residues 64, 199, 475, 627, and 702 (this residue reverted
back to the avian 702K after 1975). Of the 10 changes identi-
fied in PA, the European avian-like swine H1N1 IAV lineage
shows only a single parallel change, S409N in some isolates,
which is also observed in most classical swine isolates (see
Table S1 in the supplemental material). In contrast, the clas-
sical swine isolates also maintain the D55N change seen in
1918 and subsequent human IAV strains. A total of nine
changes in the NP protein have been proposed to be important
in mammalian adaptation (15, 39). The European avian-like
swine H1N1 IAV lineage contains none of these changes; how-
ever, a single strain, A/swine/England/1993 (H1N1), possesses

TABLE 1. Parameter estimates under the uncorrelated logistic
Bayesian demographic model

Gene Lineage
Mean

substitution
rate (10�3)

HPD
substitution
rate (10�3)

Mean
age
(yr)

HPD agea

(yr)
% Avian
identity

PB2 European 2.56 1.95–3.26 26 23–30 98.7
Classical 3.15 2.71–3.58 63 61–65 96.4

PB1 European 2.66 2.20–3.10 25 22–28 98
Classical 2.89 2.41–3.35 62 60–68 95.9

PA European 3.08 2.66–3.51 24 23–25 97.9
Classical 2.45 2.02–2.87 64 61–69 95.1

HA European 3.45 2.73–4.14 27 24–30 90.6
Classical 3.33 2.87–3.83 61 61–63 86

NP European 1.99 1.63–2.35 27 24–30 96.8
Classical 2.82 2.28–3.37 62 61–66 96.2

NA European 2.01 1.49–2.50 32 25–41 92.1
Classical 2.90 2.34–3.46 64 61–69 87.4

MP European 2.49 1.79–3.20 25 23–27 97.6
Classical 1.86 1.30–2.39 65 61–77 99.2

NS European 2.80 2.10–3.55 27 24–31 93.8
Classical 2.77 2.13–3.38 63 61–66 89.1

a The most recent sequence is from 1991 for classical swine H1N1 viruses and
from 2004 for European swine H1N1 viruses.

TABLE 2. Key unique conserved changes in European avian-like
swine influenza viruses

Gene Position

Most frequent amino acid

Avian
European
avian-like

swine
1918 Classical

swine Human

PB2 251 R K R R R
483 M T, A M M M
649 V I V V, I V
701 D N D D D

PB1 517 I V I I I
584 R H R R, H R

PA 262 K R K K K
263 T E T T T
712 T V, M T T T

NP 284 A V, I A A A
384 R K R R R

M1 214 Q H Q Q Q
NS1 25 Q R, W, L Q K, N, R, W Q

66 E K E E E
227 E E, G K R, G R, del

NS2 26 E K E E E
49 V L V V V
52 M T M M M
70 S G S G G
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