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Abstract

Geographical separation of host species has shaped the avian influenza A virus gene pool into
independently evolving Eurasian and American lineages, although phylogenetic evidence for gene
flow and reassortment indicates that these lineages also mix on occasion. While the evolutionary
dynamics of the avian influenza gene pool have been described, the consequences of gene flow on
virus evolution and population structure in this system have not been investigated. Here we show
that viral gene flow from Eurasia has led to the replacement of endemic avian influenza viruses in
North America, likely through competition for susceptible hosts. This competition is characterized
by changes in rates of nucleotide substitution and selection pressures. However, the discontinuous
distribution of susceptible hosts may produce long periods of co-circulation of competing virus
strains before lineage extinction occurs. These results also suggest that viral competition for host
resources may be an important mechanism in disease emergence.
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Introduction

Wild waterfowl and shorebirds (Anseriformes and Charadriiformes) have been recognized as
the major natural reservoirs of influenza A viruses (Webster et al., 1992). Avian influenza

viruses (AlV) in these hosts are maintained asymptomatically, although there is some evidence
of clinical effects of these viruses in Anseriformes (van Gils et al., 2007). Phylogenetic analyses
have revealed that influenza A viruses found in all other host species, including humans, were
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ultimately derived from avian viruses (Gorman et al., 1990a, 1990b, 1991; Kawaoka et al.,
1989; Okazaki et al., 1989; Schafer et al., 1993).

Geographical separation of host species has shaped the influenza gene pool into largely
independently evolving Eurasian and American lineages (Donis et al., 1989; Obenauer et al.,
2006) although gene flow among these regions has been documented (Kishida et al., 2008;
Kraus etal., 2007; Liu etal., 2004; Markova et al., 1999; Wallensten et al., 2005). For example,
influenza viruses of the H6 subtype derived from Eurasian ancestors were detected in North
American wild birds, with subsequent interspecies transmission to local poultry that led to
disease outbreaks in California from 2000 to 2002 (Spackman et al., 2001; Webby et al.,
2003; Woolcock et al., 2003). These viruses contained the surface hemagglutinin (HA) gene
from Eurasian gene pool viruses, while the remaining gene segments were of American origin
(Woolcock et al., 2003).

Reassortment between Eurasian and North American lineage viruses have also been
documented in wild aquatic bird populations indicating that these two geographically
segregated lineages represent mixing populations of viruses, although intercontinental
migration of complete viral genomes have not yet been detected (Dugan et al., 2008; Krauss
et al. 2007). In Eurasia, the long-term endemicity of HSN1 and HIN2 influenza viruses pose
a persistent pandemic threat and has heightened concerns that gene flow may result in natural
introductions of H5N1, by means of bird migration, to North America (Olsen et al., 2006;
Winker et al., 2007). However, the possible effects of virus gene flow between the Eurasian
and American gene pools on influenza virus evolution and population structure have not been
explored.

In this study we analyzed 31 years of accumulated influenza virus sequence data to better
understand the evolutionary dynamics of influenza viruses, particularly the consequences of
gene flow between continents. Our analyses show that viral gene flow from Eurasia has led to
the exclusion of endemic AlVs in North America, most likely mediated by competition for
susceptible hosts. Furthermore, we show that intercontinental gene flow is frequently mediated
through shorebirds, highlighting the need for increased surveillance of influenza viruses in a
broader spectrum of potential host species.

Experimental design

All available sequence data from influenza viruses isolated exclusively from North American
wild aquatic birds over a 31-year period (1975-2006) were recruited and combined with
influenza virus sequence data sets isolated from Eurasia. Extensive preliminary phylogenetic
analyses of all influenza subtype viruses detected from wild birds (see Materials and Methods
for details) identified two evolutionary scenarios worthy of further investigation: H6-HA
phylogenies that showed evidence of two-way gene flow between continents, and H4-HA
phylogenies that did not. To explore whether the H6 subtype introductions were associated
with specific NA subtype introductions, we also analyzed the most common subtypes of NA
in combination with H6-HA found in both gene pools (N1, N2 and N8). Evidence of gene flow
was also confirmed for each of the six internal gene segments and is presented below.

It is important to note that analyses of the surface genes presented below, particularly the HA,
allows us to assess gene flow and changes in genetic diversity of a specific influenza virus
subtype over time. However, the high degree of genetic reassortment observed in the internal
genes dictates these results cannot be interpreted in the same manner. Rather the internal gene
analyses provide a relative measure of genetic exchange between the Eurasian and North
American gene pools, independent of the virus subtype.

Virology. Author manuscript; available in PMC 2010 August 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 3

Relaxed molecular clock phylogenetic analysis of the H6 hemagglutinin

Phylogenetic analysis utilizing Bayesian relaxed molecular clock methods, such that
evolutionary rate can vary among branches on the tree, identified two major H6-HA gene
lineages (Fig. 1A). Lineage A contained a mixture of H6-HA influenza subtype viruses
currently circulating in the Eurasian and North American gene pools, revealing intercontinental
gene flow. Interestingly, the H6-HA lineage A phylogeny revealed monophyletic groups
containing mixtures of viruses isolated in both continental regions, providing strong evidence
for two-way gene flow. In contrast, the H6-HA lineage B was composed exclusively of North
American isolates sampled from 1978-2002, with the exception of three closely related viruses
from Australian wild ducks (Fig. 1A).

Date estimates of the ancestral nodes inferred using the same methodology indicated that the
Eurasian and North American H6-HA lineages diverged in the 1920’s (time of most recent
common ancestor (TMRCA) 1922, 95% highest posterior density (HPD): 1873-1954). Age
estimates of Lineage A viruses (TMRCA 1951, 95% HPD: 1930-1965) and lineage B
(TMRCA 1956, 95% HPD: 1930-1969) shows that these geographically isolated populations
diverged relatively recently. Lineage B consists of two sublineages, B1 and B2. Four novel
introductions of Eurasian H6-HA viruses, all within lineage A, resulted in the establishment
of viral sublineages in the North American gene pool (Fig. 1A, clades 1-4). Estimates of
TMRCAs and 95% HPDs of these clades showed that these introductions most likely occurred
between 1981 and 1996 (nodes A1-A4), indicated by the grey box and dashed red lines in Fig.
1A. Lineage B viruses therefore circulated independently in North America until 1981, the
earliest possible date that that gene flow of Eurasian lineage A viruses to North America
occurred (Fig. 1A; nodes A and B).

Dated phylogenies also revealed corresponding changes in the evolutionary history of H6-HA
lineage B viruses with sublineage B1 (TMRCA 1983, 95% HPD: 1982-1984), emerging soon
after the introduction of Eurasian lineage A viruses to North America (Fig. 1A). Sublineage
B1 was subsequently replaced by sublineage B2 (TMRCA 1987, 95% HPD: 1985-1991),
although sublineage B2 also ultimately suffered extinction (Fig. 1A). In these analyses, the
time from the lower HPD to the year of the last sampled isolate of a clade provides the maximum
time that a lineage may have persisted in a population. In the case of sublineages B1 and B2,
maximum persistence time was 1982-1990 (8 years) and 1985-2002 (17 years), respectively
(Fig. 1A). The short tree branch lengths further demonstrate the rapid diversification of lineage
B viruses. In contrast, longer branch lengths in lineage A, and particularly sublineages A1-
A4, show that these viruses generally persisted in the host population for longer periods (Al;
1981-2002, A2; 1986-2001, A3; 1984-2002, A4; 1987-2005) (Fig. 1A). Despite increased
surveillance efforts in North America, lineage B has not been detected since 2002 and lineage
A viruses predominate in wild aquatic birds. The observed lineage replacement in the North
American gene pool following introduction of divergent Eurasian viruses is indicative of a
competitive interaction between these lineages.

Genetic diversity of H6 hemagglutinin in the North American gene pool

We then used Bayesian skyline plots (BSPs) to visualize temporal changes in genetic diversity
(population size) of H6 viruses isolated exclusively from wild birds in North America (Fig. 2).
Overall, the BSP showed a slight increase in H6-HA diversity from 1984-1996 that
corresponds to the period when Eurasian lineage A viruses were introduced into the North
American gene pool (Fig. 2A). When analyzed separately, the BSP of H6 lineage A showed
little change in genetic diversity that is consistent with the longer branch lengths observed in
the phylogeny (Fig. 2B). In contrast there was a general decrease in diversity of lineage B from
1981 onwards as lineage A replaced lineage B in the North American gene pool (Fig. 2C). The
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changes in genetic diversity are consistent with the timing of lineage replacement observed in
the H6-HA phylogeny.

We further investigated the significance of these observed fluctuations by testing the fit of three
generalized parametric coalescent models (constant size, exponential growth, expansion
growth) to the different H6-HA lineages (Table S1). For the complete North American H6-
HA the constant population was strongly supported. For lineage A there was no statistical
difference between the constant and expansion coalescent models although the exponential
growth model was rejected. There was no significant difference between generalized models
for lineage B (Table S1).

Changing evolutionary rates and selection pressures in the North American H6
hemagglutinin

Analysis of the North American H6-HA showed high rates of nucleotide substitution (4.2 x

1073 substitutions per site per year (subs/site/year), 95% HPD 3.3-5.0 x 1073 subs/site/year),
typical for influenza virus (Table 1). However, comparison of the major H6-HA sublineages
(A, B1, and B2) revealed that substitution rates for lineage B2 were significantly lower (2.0 x
1073 subs/site/year, 95% HPD 1.6-2.4 x 1073 subs/site/year) compared to A and B1 (Table 1).

To determine how these differences in evolutionary rate relate to selection pressures we
measured the mean numbers of non-synonymous (dy) and synonymous (ds) substitutions per
site (w = dn/dg) in each lineage. Overall, the HA of North American H6 viruses (o = 0.146,
95% CI: 0.132, 0.161) was under relatively strong purifying selection. However, one amino
acid residue (position 277; @ = 4.28, P<0.05) was under positive selection (Table 1). No
positively selected sites were detected in lineage B, or sublineages B1 (» = 0.284, 95% CI:
0.179, 0.423) and B2 (w = 0.262, 95% CI: 0.205, 0.329). A likelihood ratio test (P<0.01)
revealed significant differences in the relative selection pressures between North American
isolates of lineage A (o = 0.125, 95% CI: 0.106, 0.146) and lineage B (w = 0.210, 95% CI:
0.183, 0.240) (Table 1). The lower dy/dg in H6 lineage A relative to lineage B suggests that
the former is subject to weaker positive selection pressure.

Evolutionary dynamics of the H4 hemagglutinin

Phylogenetic analysis of the H4-HA genes showed two major lineages that correspond to the
segregation of the Eurasian gene pools (TMRCA 1930, 95% HPD: 1898-1951) and North
American (TMRCA 1953, 95% HPD: 1928-1969) with no evidence of gene flow (Fig. 1B).
These lineages diverged in 1879 (95% HPD: 1794-1938) and have therefore been
geographically isolated and evolving independently for at least 68 years (Fig. 1B).

Analysis of North American H4-HA viruses using a Bayesian skyline plot revealed minor
fluctuations in relative genetic diversity (Fig. 2D). Comparison of the three generalized
parametric coalescent models indicated a constant population size best described the data set
(Table S1). Analysis of the North American H4-HA again revealed high rates of nucleotide
substitution (2.5 x 1073 subs/site/year, 95% HPD: 2.0-3.1 x 103 subs/site/year), although,
notably, these rates were significantly lower than those observed in H6 (Table 1). The H4-HA
in wild aquatic birds in North America was also under stronger purifying selection than the H6
viruses with no positively selected sites detected (o = 0.092, 95% CI: 0.077, 0.108) (Table 1).
These results demonstrate the relative stability of H4 viruses in natural populations where no
gene flow, and hence no inter-lineage competition, has been observed.

Evolutionary dynamics and selection pressures in the N1, N2 and N8 neuraminidase

N1, N2 and N8 subtype neuraminidases are most frequently associated with H6 viruses from
wild aquatic birds. We therefore investigated, and subsequently observed, evidence of gene
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flow between continents for each of these NA genes (Fig. 3 and S1). Despite the identification
of gene flow, only one North American HGN2 virus (gadwall/Ohio/37/1999) contained both
surface genes derived from a Eurasian ancestor (Fig. 3B). Analysis of these NA genes also
showed high rates of nucleotide substitution (2.1-4.7 x 1073 subs/site/year) that are consistent
with the HA (Table 2). Selection analyses revealed that each gene was under strong purifying
selection.

Gene flow and selection pressures in the internal genes

Analyses of the internal gene segments demonstrated that one-way and two-way gene flow
was regularly detected throughout the thirty years of systematic surveillance of avian influenza
in the wild aquatic birds (Fig. 4 and S2-8). Gene flow was detected in each gene segment
analyzed but no entire genome with a recent Eurasian common ancestor was detected. This
finding is consistent with the high frequency of reassortment observed in viruses from these
host populations (Dugan 2008 and Krauss 2007).

Interestingly, phylogenies revealed that all PB1 and PA genes currently circulating in North
American wild aquatic birds were derived from Eurasian introductions that occurred sometime
inthe 1960’s (clade NAm3 in Fig. 4A and B). The previous North American PB1 and PA genes
were replaced by the introduced lineage in all virus subtypes, suggesting a fitness advantage
to North American viruses that incorporated these genes through reassortment.

It is also noteworthy that gene flow was detected in both waterfowl and shorebird hosts and
occurred on both the eastern and western seaboards of North America. For example, in the PB2
phylogeny influenza viruses isolated from shorebirds sampled from the North American
Atlantic coast contained gene segments with recent Eurasian ancestors (Fig. 4C). In contrast,
only asingle bird sampled from the Pacific coast contained this Eurasian derived gene segment.
Similar patterns were observed in the PA, NP and M genes (Fig. 4B-D and Fig. S2, 4-6). These
results suggest that avenues of virus introduction to North America are not restricted to ducks
or the Pacific migratory corridor.

Analyses of internal gene sequences revealed relatively little variation in substitution rates
across genes (1.3-3.0 x 1073 subs/site/year) (Table 2). The mean dy/dg was low for all
ribonucleoprotein and M genes (o = 0.022-0.040) (Table 2). The mean dy/dg was higher in
both NS alleles (allele A ® = 0.144; allele B o = 0.122) compared to other genes. Hence, even
though there is some variation in selection pressures of the internal gene segments, they are
largely still under strong purifying selection indicating the genes encoded are functionally
conserved.

Discussion

The present study demonstrates that occasional gene flow between geographically segregated
gene pools of AlV has resulted in competition for limited resources — most likely susceptible
avian hosts — between introduced and endemic virus lineages. This process has long lasting
effects on AIV population structure, most notably the extinction of lineage B of the H6-HA.
However, this selection is only likely to occur in cases where the viruses in question are
sufficiently antigenically similar (i.e. those of the same subtype) to induce a cross-protective
immune response. In contrast antigenically dissimilar viruses (i.e. viruses of different subtypes)
would be able to infect the same bird and not experience immune selection. Our results show
these lineages co-circulated in the host population for as long as 20 years before lineage B went
extinct.

Population genetics offers a number of concepts and principles to explain the evolutionary
behavior of RNA viruses. For example, the competitive exclusion principle states that when
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two species compete for limited resources one species will eventually outcompete the other
and become dominant in the population (Hardin, 1960). In the case of RNA viruses, a
combination of high replication numbers and high nucleotide substitution rates may render the
prolonged co-existence of two or more genetically distinct viral populations unlikely (Clarke
etal., 1994; Moya et al., 2000). In our study we observed that lineage A out-competed lineage
B for susceptible hosts with corresponding changes in the evolutionary dynamics of the H6
influenza gene pool.

Most notably our study shows that the introduction and establishment of Eurasian H6 subtype
viruses (lineage A) in the North American gene pool dramatically changed the evolutionary
dynamics of influenza virus in wild birds. Specifically, following its introduction, the genetic
diversity (which can also be interpreted as a measure of population size) of the introduced H6
lineage A was stable or slowly expanded, while the endemic North American H6 lineage B
viruses showed variation in genetic diversity until extinction as they unsuccessfully competed
with the introduced viruses. During this extended period of competition both H6 lineages A
and B exhibited combined high nucleotide substitution rates and relatively high values of dy/
dg, particularly in comparison to those seen in H4. Hence, the introduction of divergent H6-
HA genes into the North American gene pool appears to have exerted a direct selection pressure
on endemic H6 viruses.

In contrast, the evolutionary dynamics of H4 subtype viruses, where no gene flow between the
Eurasian and North American gene pools has been detected in the last 30 years, likely reflects
apopulation having reached an optimal local fitness peak in its environment. Indeed, compared
to H6 evolutionary parameters, nucleotide substitution rates and positive selection pressures
were substantially lower for H4 viruses. However, our data imply that competition resulting
from gene migration would disrupt this equilibrium.

In theory, the competitive pressure exerted by an invading influenza virus will select for viruses
with increased reproduction and transmissibility (Bremermann and Pickering, 1983;
Bremermann and Thieme, 1989; Clarke et al., 1994). Interestingly, the introduced H6 lineage
A virus caused low pathogenic poultry disease in California (Webby et al., 2003; Woolcock
et al., 2003). We therefore hypothesize that the adaptive advantage conferred through
competition may contribute to influenza disease emergence in poultry populations.

The effective habitat of AlIV, such as host species, is similar in both the Eurasian and North
American gene pools (Ito et al., 1995; Krauss et al., 2007; Obenauer et al., 2006; Okazaki et
al., 2000; Olsen et al., 2006; Webster et al., 1992; Widjaja et al., 2004). However, the outcome
of interactions of the two gene pools revealed in this study indicate that prolonged geographic
separation has resulted in fundamental differences in the fitness of each viral lineage. The high
frequency of reassortment of Eurasian derived internal gene segments with North American
influenza viruses indicates that the fitness landscape of these genes between the two natural
gene pools is relatively flat, consistent with previous studies (Dugan et al. 2008). Therefore,
this competition is most probably due to antigenic differences between H6 lineages.

Our results show intercontinental transmission of genes was frequently mediated through
shorebird (Charadriiformes) hosts and was detected on both eastern and western North
America. However, the epidemiology of gene migration is difficult to assess with the sampling
bias for western and central continental North American regions. While surveillance in wild
bird populations in North America has intensified due to concern of natural introductions of
H5NL1 into the North American gene pool, these efforts have focused on waterfowl, particularly
mallard and pintail ducks in Alaska (Dugan et al., 2008; Krauss et al., 2007; Obenauer et al.,
2006; Winker et al., 2007, 2008). Therefore, increased full genome surveillance of influenza
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viruses in other bird populations is critical for understanding the effects of gene flow between
populations.

The extent of viral competition in avian populations infected with influenza remains unknown.
In Asia, the long-term endemicity of H5N1 appears to have replaced, most probably through
competitive selection, low pathogenic H5 subtype viruses that have been only rarely isolated
from poultry in Asia since 2000 when compared to previous surveillance in the 1970°s (Duan
et al., 2007). While these birds are often vaccinated and the selection pressures on avian
influenza viruses in poultry are higher (Vijaykrishna et al., 2008), this study provides a possible
mechanism for disease emergence and transmission from natural reservoir hosts.

Materials and Methods

Data sets

Influenza viruses isolated exclusively from North American wild aquatic birds over a 31-year
period (1975-2006) were recruited and combined with influenza virus sequence data sets
isolated from Eurasia. To determine the degree of gene flow between Eurasia and North
America, initial analyses included all available influenza A sequence data from GenBank.

Preliminary phylogenetic analysis and data preparation

To identify specific influenza virus populations we analyzed all full-length publicly available
sequence data from all hosts and all geographic regions (>18 000 gene segments). For each
gene segment (including polymerase basic 2 (PB2), polymerase basic 1 (PB1), polymerase
acidic (PA), nucleoprotein (NP), membrane (M), non-structural (NS), hemagglutinin (HA)
and neuraminidase (NA)) full-length gene sequence data was downloaded and aligned using
the NCBI Influenza Virus Resource (Bao et al., 2007). Final data sets were restricted to coding
regions read in the first reading frame for each gene. Sequences with insertions or deletions
resulting in frame shifts or amino acid insertions were excluded from the analyses.

Provisional phylogenetic inference was carried out using neighbor-joining methods assuming
the Hasegawa—Kishino-Yano 85 (HKY85) substitution model available in PAUP* 4b10
(Swofford, 2001). The purpose of these large-scale phylogenetic analyses was to identify
individual ‘gene pools’ —that is, phylogenetically distinct clusters of sequences —and determine
the degree of interaction, if any, between these populations. Gene pools were identified in each
tree as monophyletic groups with bootstrap support >80%. The phylogenies were also used to
identify virus genes that have transmitted from Eurasia to North America or vice versa.

Data sets were limited to only wild aquatic hosts from North America, while sequence data
originating from Eurasia was limited to aquatic birds (if possible) as limited surveillance data
of influenza in the wild population is available. Duplicate sequences and those with 100%
similarity isolated from the same region and same year were excluded from the analyses while
ensuring representative virus sequences of each monophyletic clade, determined from the
phylogenetic analysis described above, were included in all analyses.

To understand the effects of the gene flow between the Eurasian and American gene pools on
influenza virus evolution and population structure, two scenarios, in which sufficient data was
available, were identified for further investigation; H6 viruses that showed evidence of two-
way gene flow between continents, and H4 viruses that did not. To explore whether the H6
subtype introductions were associated with specific NA subtype introductions, we also
analyzed the most common subtypes of NA in combination with H6-HA found in both gene
pools (N1, N2 and N8). For the analyses of the H4-HA and H6-HA, all full-length North
American sequence data were recruited along with additional Eurasian isolates: H4, 92 and
H6, 156 sequences. Data sets consisting of full-length N1, N2 and N8 sequences (n = 87, 182
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and 112 respectively) were analyzed to determine if any H6 introduction was associated with
a particular NA introduction. Gene flow was also confirmed for each of the six internal gene
segments. Final data sets of the following size were then compiled: PB2, 196; PB1, 400; PA,
383; NP, 219; M, 324; NS allele A, 132; and NS allele B, 268 sequences.

Relaxed molecular clock phylogenetic tree inference, estimation of nucleotide substitution
rates and population dynamics

To estimate the rates of nucleotide substitution in avian influenza A virus and to compare the
population dynamics of virus genes, we used a Bayesian Markov chain Monte Carlo (MCMC)
coalescent approach as implemented in the program BEAST version 1.4.8 (Drummond et al.,
2002; Drummond and Rambaut, 2007). As data sets were restricted to coding regions the codon
based Shapiro-Rambaut-Drummond-2006 (SRDO06) nucleotide substitution model assuming
the HK'Y 85 substitution model for first/second and third codon positions with unlinked base
frequencies was used to analyze the datasets (Shapiro et al., 2006).

The performance of three molecular clock models: the strict clock that assumes a single
evolutionary rate along all branches, and the uncorrelated lognormal relaxed clock and
uncorrelated exponential relaxed clock that allow evolutionary rates to vary along branches
within lognormal and exponential distributions, respectively, was compared for each data
(Drummond et al., 2002, 2005, 2006, 2007; Shapiro et al., 2008). Comparison of model fit to
the data in a Bayesian framework was accomplished with a Bayes factor (BF) test, the ratio of
marginal likelihoods of two models being compared. We calculated the approximate marginal
likelihoods for each coalescent model (Suchard et al., 2001). Strength of model selection was
assessed (with respect to the model with the lower likelihood) in the following way: 2< 2x

In BF <6 indicates positive evidence for the null model; 6< 2% In BF <0 indicates strong
evidence for the null model; 2% In BF >10 indicates very strong evidence for the null model
(Salemi et al., 2008). For each analysis a Bayesian skyline coalescent tree prior was used as it
makes the fewest a priori assumptions about the data (Drummond et al., 2005). The results of
the BF test showed that both relaxed clocks fit the data significantly better than the strict clock.
However, the uncorrelated exponential relaxed clock model was most appropriate for each data
set. Finally, the degree of statistical uncertainty in each parameter estimate is reflected in values
of the 95% Highest Probability Density (HPD).

Three independent analyses were carried out for 20—60 million generations sampled to produce
at least 10,000 trees for each data set to ensure adequate sample size of the posterior, prior,
nucleotide substitution rates and likelihoods (effective sample size >200). The mean
substitution rates, TMRCAs and Maximum Clade Credibility (MCC) phylogenetic trees were
then calculated after the removal of an appropriate burnin (10-15% of the samples in most
cases, with one exception where ~20% was removed for analyses of the PB1 gene) following
visual inspection in TRACER version 1.4 (Rambaut and Drummond, 2007).

Introductions of H6 subtype viruses from Eurasia have been reported previously (Dugan et al.,
2008; Spackman et al., 2005; Webby et al., 2003; Woolcock et al., 2003). Analyses of the
mixed Eurasian and North American H6 gene segments were used to estimate the TMRCAS
for introductions into North America. The distribution of TMRCA estimates were then
enforced as TMRCA priors for analyzing H6-HA data isolated purely from North America,
including rate comparisons of each lineage and demographic models (monophyletic nodes and
TMRCASs shown in Fig. 1 and Fig. S1).

After our initial analysis of population dynamics using the non-parametric Bayesian skyline
plot (BSP) model, which depicts changing levels of genetic diversity through time (and which
can be considered as a measure of effective population size assuming neutral evolution) we
undertook an additional analysis of lineage-specific epidemiological behavior. Approximate
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marginal likelihoods of three parametric coalescent models (constant population size,
exponential population growth and expansion population growth) enforcing the best-fit clock
model for each data set was assessed using a BF as described above.

Comparison of nucleotide substitution rates

Finally, the BF test was used to evaluate whether the mean nucleotide substitution rates (r) for
specific monophyletic groups were significantly different. In general, given two monophyletic
groups, the significant differences in r is estimated by the ratio of posterior probabilities (r{ >
rp|Data)/(r, > rq|Data) by prior probabilities (r{ > r,)/(r, > r1) (Jeffreys, 1935; Kass and Raftery,
1995), i.e. analyses was conducted independently with and without data to sample from the
posterior and the prior, respectively.

Analysis of selection pressures

An analysis of selection pressures was undertaken using a codon-based approach as
implemented in HYPHY (Kosakovsky et al., 2005a). The single likelihood ancestor counting
(SLAC) method was employed (Kosakovsky et al., 2005b), with a critical p-value of 0.05.
Based on the most appropriate model of nucleotide substitution and a given tree topology, the
SLAC method calculates a global dy/dg rate ratio (with 95% confidence intervals) and tests
selection of variable codon sites based on the inference of the ancestral sequence. To determine
if selection was acting differentially on lineages introduced to the North American gene pool
dn/ds rate ratio estimates (with confidence intervals) were calculated for introduced lineages
and endemic lineages separately. The dy/dg rate ratio estimates from the endemic lineage was
applied to the introduced lineage and vice versa. A likelihood ratio test was conducted to test
for significance in dy/ds rate ratio estimates of different lineages of a gene data set, with critical
p-value of 0.01. This test was repeated using the upper and lower limits of the confidence
intervals.
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FIG. 1. Phylogeny of H6 and H4 HA genes

Dated MCC phylogeny of the H6 (A) and H4 (B) HA of viruses. Blue bars at nodes indicate
95% HPD of TMRCASs. Scale bar shows the time-scale in years. In (A) the grey box and dashed
red lines correspond to the period when lineage A introductions into the North American gene
pool occurred and clades 1-6 indicate isolates with Eurasian ancestry isolated in North
American wild birds. Taxa marked indicated in red in (A) is a hemagglutinin lineage introduced
with Eurasian ancestry isolated in North American wild birds. This lineage corresponds to the
introduction shown in Fig 3.
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FIG. 2. Bayesian skyline plots of the H6 and H4 hemagglutinin genes

(A) Changes in genetic diversity of H6 subtype viruses isolated over the last thirty years from
North American wild birds. A measure of genetic diversity is given with the 95% HPD
indicated by blue lines. The dashed red lines correspond to the period when lineage A
introductions into the North American gene pool occurred. (B) Changes in genetic diversity
of H6 subtype lineage A viruses size through time. (C) Changes in genetic diversity of H6
subtype lineage B viruses until time of extinction in 2002. (D) Changes in genetic diversity of
H4 subtype viruses. All figures are on the same time-scale in years.
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FIG. 3. Phylogeny of N1, N2, and N8 neuraminidase genes

Dated phylogenies of N1 (A), N2 (B), N3 (C) NA gene of viruses. Red branches indicate
sequence data with geographical origins other than North America (i.e. Eurasian or Oceanic
isolates). Blue bars at nodes indicate 95% HPD of TMRCAs. Scale bar shows the time-scale
in years. Full phylogenetic trees with sequence identifiers are provided in the supplementary
material (Fig. S2). The lineage indicated in the grey box in (B) is a neuraminidase lineage
introduced with Eurasian ancestry isolated in North American wild birds. This lineage
corresponds to the introduction number 4 (represented by gadwall/OH/37/99) shown in Fig.
1.
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FIG. 4. Dated internal gene phylogenies of viruses isolated from North American and Eurasian

gene pools

PB1 (A), PA (B), PB2 (C) and M (D) genes. Red branches indicate sequence data with
geographical origins other than North America (i.e. Eurasian or Oceanic isolates). Blue bars
at nodes indicate 95% HPD of TMRCASs. Scale bar shows the time-scale in years.
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TABLE 1

Rates of nucleotide substitution and selection pressures in the North American influenza gene pool

Page 17

Gene Substitution rate (10~ subs/site/year) Mean dy/dg [95% CI]
Mean 95% HPD
H4 25 2.0-3.1 0.092 [0.077, 0.108]
H6 4.2 3.3-5.0 0.146 [0.132, 0.161]
H6 lineage A 4.4 3.5-5.5 0.125[0.132, 0.146]
H6 lineage B 4.1 2.9-5.6 0.211 [0.183, 0.240]
H6 lineage B1 4.6 2.8-6.6 0.284[0.179, 0.423]
H6 lineage B2 2.0 1.6-2.4 0.262 [0.205, 0.329]
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TABLE 2

Rates of nucleotide substitution and selection pressures of the neuraminidase and internal genes

Page 18

Gene Substitution rate (10~ subs/site/year) Mean d\/ds [95% CI]
Mean 95% HPD
N1 4.7 3.4-6.0 0.115 [0.105, 0.126]
N2 34 2.8-4.0 0.168 [0.159, 0.178]
N8 2.1 1.4-2.7 0.105 [0.097, 0.113]
PB2 2.7 24-3.1 0.030 [0.028, 0.035]
PB1 3.0 25-34 0.029 [0.027, 0.031]
PA 2.1 18-24 0.042 [0.039, 0.045]
NP 2.4 2.1-2.7 0.037 [0.034, 0.040]
M 1.3 1.2-15 0.022 [0.018, 0.026
NS1 allele A 1.3 0.9-1.6 0.122 [0.104, 0.141]
NS1 allele B 2.0 1.7-2.3 0.147 [0.134, 0.161]
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