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Abstract

Despite the importance of migratory birds in the ecology and evolution of avian influenza virus
(AlV), there is a lack of information on the patterns of AIV spread at the intra-continental scale.
We applied a variety of statistical phylogeographic techniques to a plethora of viral genome
sequence data to determine the strength, pattern, and determinants of gene flow in AIV sampled
from wild birds in North America. These analyses revealed a clear isolation-by-distance of AIV
among sampling localities. In addition, we show that phylogeographic models incorporating
information on the avian flyway of sampling proved a better fit to the observed sequence data than
those specifying homogeneous or random rates of gene flow among localities. In sum, these data
strongly suggest that the intra-continental spread of AIV by migratory birds is subject to major
ecological barriers, including spatial distance and avian flyway.
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INTRODUCTION

Avian influenza virus (AlV) has been isolated from over a hundred species of wild bird,
with Anseriformes (e.g. ducks, geese, and swans) and Charadriiformes (e.g. gulls, terns, and
waders) constituting its major natural reservoir (Webster et a/. 1992; Munster et al. 2007).
AIlV prevalence in wild birds is generally high, but varies between seasons, geographic
regions and bird species (0.25 — 8%) (Olsen et al. 2006), and can exceed 30% in juveniles in
some pre-migration staging areas (Hinshaw et a/. 1985). AlV in wild birds is also usually
characterized by a low pathogenicity. However, the occasional inter-species transmission of
AlIV may lead to the emergence of highly pathogenic forms of the virus, reflected in high
mortality rates in poultry (Swayne & Suarez 2000), sometimes in wild birds (Chen et al.
2005), and in humans (Uyeki 2009).

A diverse array of antigenic and genetic variants of AlV are maintained in wild birds, and
through a combination of point mutation and reassortment generate novel genotypes, some
of which occasionally adapt to new species (Parrish et a/. 2008). Because of the potential
health burden to humans and avian species that might result from AlIV, as well as the
necessity to better understand its ecology and evolution, it is critical to determine the factors
that shape the spread of AIV in wild birds. On a global scale AlV is separated into two
major lineages, representing those viruses that circulate in the Western and Eastern
hemispheres, respectively (Fig. 1A). Although such a phylogenetic pattern is indicative of
the long-term ecological separation of the bird species in these hemispheres, there is some
evidence of inter-hemispheric AlV gene flow (Krauss et al. 2004; Koehler et al. 2008).
Alaska and Nunavut (Canada) are likely localities for such inter-hemispheric transmission as
many birds from the Western and Eastern hemispheric flyways congregate there for nesting
and breeding. However, despite the potential importance of bird migration for the inter-
hemisphere spread of AlV (Si et al. 2009), how viral genetic diversity is shaped by avian
flyway at the intra-continental scale is less clear (Causey & Edwards 2008).

Many Anseriformes and Charadriiformes species undergo regular long-distance migration
(del Hoyo et al. 1996). Hence, it is commonly thought that influenza virus and other avian
pathogens, especially those that cause mild disease, are dispersed over long distances during
the journeys made by avian migrants (Causey & Edwards 2008). There is a large body of
literature investigating the ecology and evolution of AlV in different wild bird species, some
of which suggests a role for migratory birds in dispersing AlV (Romvary et al. 1980; Deibel
et al. 1985; Kawaoka et al. 1988; Krauss et al. 2004; Munster et al. 2007; Wallace et al.
2007). However, this widely assumed premise has not been formally tested. In addition,
most studies undertaken to date have focused solely on the spread of highly pathogenic
H5N1 AIV in Eurasia (Wallace et al. 2007; Si et al. 2009). As such, the ecological factors
shaping AlV transmission in North American wild birds remain poorly understood.

Herein we determined the extent and structure of AIV gene flow among wild birds resident
in North America by analyzing an extensive data set of AIV genome sequences (~1,000)
with a suite of statistical phylogeographic methods. In particular, we assessed the influence
of spatial distance and avian flyway on the frequency and pattern of AlV gene flow.

MATERIAL AND METHODS

Sample collection

100 AIV from the USGS National Wildlife Health Center’s collection were selected with the
aim of providing a broad survey of the viruses present on the US west coast (Pacific
flyway). The viruses originated from samples collected between 2005-2008 from 15 species
of migratory birds in 16 counties in California, Oregon, and Washington as part of
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coordinated surveillance for avian influenza using live bird, hunter-killed, and mortality
monitoring techniques (http://www.pacificflyway.gov/Documents/AlS_plan.pdf). Cloacal
and/or oropharyngeal swab samples were collected, and inoculated in embryonated specific
pathogen-free chicken eggs. Viruses were recovered and viral RNA were extracted from the
allantoic fluid following incubation as previously described (Ip et a/. 2008).

Viral genome sequencing

All samples were first sequenced using the traditional PCR/Sanger high-throughput
sequencing pipeline at the JCV1 as described previously (Dugan et al. 2008). Sequences
were then processed and assembled. Difficulties associated with the high level of genetic
variability in the sample set, likely a function of frequent mixed serotype infections (Dugan
et al. 2008), led to the processing of all samples using the next generation sequencing
pipeline at JCVI that includes the 454/Roche GS-FLX and the Illumina Genome Analyzer Il
(Djikeng et al. 2008; Zhou et al. 2009). A final mapping of all next generation sequences to
the updated reference sequences was performed using CLC Bio software. More details of
the sequencing procedure are available in Appendix S1 in Supporting Information. All
sequences generated here have been assigned GenBank accession numbers (Table S1).

GenBank sequence collection and alignment

The 100 AlV sequences generated here were combined with nucleotide sequences
(excluding partial sequences <70% of full-length) of all influenza A viruses available on
GenBank (Bao et al. 2008). An alignment of each segment was constructed using the default
settings in MUSCLE v3.5 (Edgar 2004). Due to a large imbalance in the number of
sequences, human viruses were randomly sampled to a total of 100-300 per subtype. Total
data set sizes were as follows: PB2, N = 5389 sequences (alignment length of 2277
nucleotides); PB1, n=5744 (2271 nt); PA, n=5712 (2148 nt); HA(H3), n=1270 (1698 nt);
HA(H4), n=334 (1692 nt); NP, n=6028 (1494 nt); NA(N6), n=278 (1410 nt); NA(N8),
n=426 (1410nt); MP, n=8336 (982 nt); and NS, n=7626 (838 nt). The final number of
sequences from the major North American lineage(s) of AIV in wild birds (NA-WB-AIV;
defined in Results) are provided in Table S2.

Phylogenetic analysis

A complete ‘panoramic’ maximum likelihood phylogeny for each of the eight genome
segments of AIV was inferred using a rapid tree searching algorithm implemented in
RAXML v7.04 program (Stamatakis 2006), and employing the GTRGAMMA substitution
model which was most often the best-fit as determined by MODELTEST (Posada &
Crandall 1998). The highest likelihood phylogenies were collated from 200 independent tree
searches (Fig. 1A). A total of 100 pseudo-replicates were generated for bootstrap analysis
using the neighbor-joining clustering method and employing the maximum likelihood
distance criterion.

Sequences falling into the NA-WB-AIV lineage were extracted for further analyses (Tables
S1and S2). A small number (<5%) of non-wild bird sequences (mainly poultry and swine)
that fell within the NA-WB-AIV lineage were excluded. For the HA and NA gene segments,
only the H3, H4, N6, and N8 gene data sets were studied because of insufficient sequences
and/or geographical diversity in the other subtypes. To obtain more accurate maximum
likelihood phylogenies for the NA-WB-AIV sequences we used the PhyML v3.14 program
(Guindon et al. 2009), employing an heuristic search and the GTR+1+I"4 model of nucleotide
substitution. These trees were highly congruent to those produced by RAXML above.
Finally, 1,000 bootstrap maximum likelihood trees were estimated using PhyML. More
details of the phylogenetic methods used are provided in Appendix S1.
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Geographical and avian species information

Each AIV sequence was assigned a discrete geographical state according to its province/
state of isolation (Table S2). Although the earliest AV was sampled in 1968, the majority
(>75%) were isolated during the period 1998-2008. Therefore, sequences prior to 1998, as
well as those from poorly sampled or unknown provinces/states (7 < 5) were either removed
from analysis or labeled as an “other’ state. Each US state and Canadian province was
categorized into a specific North American flyway; the Atlantic flyway (AF), Mississippi
flyway (MF), Central flyway (CF), or Pacific flyway (PF), according to the United States
Fish and Wildlife Service and Flyway Councils (Lincoln 1979). The spatial distance
between each pair of states/provinces was calculated as the great circle distance between the
average latitude and longitude of each state/province.

Six major species groups of waterfowl and shorebirds were present in our AlV data set:
mallard (Anas platyrhiynchos), northern pintail (Anas acuta), northern shoveler (Anas
clypeata), blue-winged teal (Anas discors), green-winged teal (Anas carolinensis), and ruddy
turnstone (Arenaria interpres). Viral sequences were labeled according to their host species
for the analysis of the species contribution to AlV gene flow. Species for which we had only
a small number of sequences, including Aythya americana, Aythya collaris, Aythya
valisineria, Anas rubripes, Clangula hyemalis, were excluded.

Testing panmixia in AV

Slatkin-Maddison tests (Slatkin & Maddison 1989; Maddison & Slatkin 1990) were used to
assess the extent of panmixia in the AlV sequence data. Ancestral geographical states were
inferred from the maximum likelihood phylogenies and geographically coded taxa using a
parsimony procedure (Fitch 1971). The number of changes (S) in ancestral and taxon
geographical states was then counted. The mean value of Swas obtained by analyzing 200
randomly selected maximum likelihood bootstrap trees. To simulate the expected number of
state changes (S,) assuming panmixis, the geographical states of the taxa were shuffled
randomly and the ancestral geographical states inferred as described above. A total of
100,000 randomizations (500 per tree) were performed for the 200 bootstrap phylogenies. S,
was then counted and compared to S. Panmixis was rejected if Swas significantly less than
Sp (at the 5% significance level).

Estimating levels of gene flow between North American localities

We used three summary statistics to determine the extent of NA-WB-AIV gene flow: (i) The
fixation index (Fs7), which examines the degree of genetic differentiation between the viral
populations of two localities (Nei 1982; Lynch & Crease 1990). We employed the Fsr
generalized by Hudson et al. (1992) and the GTR+I+T"4 substitution model to estimate
pairwise genetic distances between sequences. (ii) A modified version of Slatkin-
Maddison’s phylogeny-trait association test, in which the minimum number of geographical
state changes in the phylogeny () provides an estimate of the extent of gene flow among
populations (Slatkin & Maddison 1989). To correct for differences in sampling frequency
among localities we scaled s by the maximum possible frequency of gene flow among each
pair of localities that could occur under panmixia. This scaled index was denoted as o; (iii)
The rate of state transition (g) among localities estimated using a maximum likelihood
method (Pagel 1994), and which assumes that the geographical state of each sequence is a
trait that has co-evolved with the virus. More details of these indices are given in Appendix
S1.
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The influence of flyway on AIV gene flow

To assess the extent to which North American avian flyways influence the level of AlV gene
flow we compared, within a likelihood framework, the fit to the data of four
phylogeographic models: (i) a homogenous rate model (HRM), which specifies the same
rate of transition among localities; (ii) a 4-flyway rate model (4-FRM) in which each flyway
is characterized by its own specific transition rate, and where transition rates are the same
from localities within a flyway to those in another flyway; (iii) a 3-flyway rate model (3-
FRM), the same as 4-FRM but where the CF and MF are merged since they overlap in
central North America; and (iv) a randomly-categorized rate model (RRM), in which
localities were randomly categorized into any of the flyways, regardless of their real
sampling locations. The rate parameters (g) for the extent of gene flow between any two
localities were then categorized as those for their flyway of assignment (e.g. gcrar:
gaF—pPF: gpr—~MF) (Table S2). Hence, there are 10 reversible transition rates in the 4-flyway
model (and six in the 3-flyway model). Transition rates were estimated using Pagel’s
maximum likelihood method (Pagel 1994) as implemented in the APE library (Paradis ef al.
2004) running R (version 2.11.1). Various starting values (20, 10, 5, 1, 0.1 and 0.01) of
transition rate were employed, and estimates with the highest likelihoods were retained.
Likelihood ratio and randomization tests were used to assess the goodness-of-fit of the FRM
to the genetic and geographic data. The likelihood ratio test assesses whether the 4-FRM and
3-FRM fitted the data significantly better than the HRM, while in the randomization test the
distribution of likelihoods was computed by fitting 500 RRMs to the geographically coded
phylogeny which are then compared to the 4-FRM and 3-FRM.

Inter-hemisphere transmission of AIV

Instances of Eurasian sequences falling within the North American major lineage and North
American sequences falling within the Eurasian lineages in the panoramic phylogeny (Fig.
1A) were considered as evidence for the inter-hemisphere transmission of AlIV. The number
of such occurrences was then counted. The potential origins (place and flyway) of each
introduction was inferred from the geographic locations of their closest neighboring
sequences (Table S4).

The species contribution to patterns of AIV gene flow

To determine the role played by different bird species in AIV gene flow we co-estimated the
species and geographical state of each node in each phylogeny using parsimony.
Specifically, an avian species was considered responsible for a particular gene flow event
between two localities if it was inferred to be the ancestral species at a node connecting the
branches in question.

RESULTS

Major lineages of AlIV circulating in North American wild birds

Our panoramic phylogenetic analyses of all influenza A virus sequences identified a major
lineage of North American wild bird viruses (the ‘“NA-WB-AIV lineage’) that was apparent
as a well-supported monophyletic group (most bootstrap support values > 70%) (Fig. 1A,
yellow boxes). Most AlV gene segments depicted a single such NA-WB-AIV lineage,
although two lineages were identified in the PA (‘PA-A’ and ‘PA-B’) and NS (‘NS-A’ and
‘NS-B’) gene segments. The NA-WB-AIV lineage was comprised of approximately 1,000
AIlV sequences that together constituted >90% of avian influenza strains isolated in the
North American wild bird population during the period 1968-2009 (>75% of which were
Anseriformes species). Since a majority (>75%) of samples were collected between 1998
and 2008, the genome sequences of these NA-WB-AIV, including 100 full genomes newly
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sequenced as part of this study (Table S1), were analyzed further. Each of these sequences
was coded with a discrete geographic state according to its sampling location (US state or
Canadian province; Fig. 1B, Table S2).

Spatial structure of NA-WB-AIV

Slatkin-Maddison tests (Slatkin & Maddison 1989) were performed to determine whether
there was significant geographical structure within the NA-WB-AIV lineage. In all gene
data sets (n=12), the observed frequency (S) of AlIV gene flow did not overlap with the
expected frequency (Sp) simulated under the assumption of panmixia (Fig. S1), thereby
significantly (p < 0.00001) rejecting random mixing and suggesting that there are barriers to
viral gene flow in North America.

Gene flow of NA-WB-AIV between localities

The extent of gene flow between localities inferred by plotting Fs7against spatial distance
revealed significant and positive correlations in a majority of gene segments (8 out of 12;
Fig. 2A and S2; slopes = 0.107 x1074- 0.942 x10~4; R=0.243 - 0.561; p < 0.05 in Mantel
tests). For example, PA (lineage B), NS (allele A), NP, and HA (H4) had Pearson’s
correlation coefficients (/) of 0.381, 0.323, 0.561, and 0.410 in the linear regression
analyses, respectively. Since higher Fs7values indicate greater genetic differentiation
between populations, these positive correlations reveal that gene flow decreases with
increasing spatial distance, such that there is effectively isolation-by-distance.

Because Fgris solely based on genetic distances it is in sensitive to varying rates of
evolutionary change (Neigel 2002). In this context it is notable that in our NP, MP and NS-B
data sets the AIV sequences sampled from New York state formed clusters separated from
other viruses by long branches (Fig. S2). As these New York viruses cluster with those from
a poultry outbreak, such a phylogenetic pattern is suggestive of rapid viral evolution
following a period of circulation in poultry. Including these outlying samples in our analyses
(grey circles in Fig. S2) resulted in substantially weaker correlations in the linear regression
(e.g. Rdecreased from 0.469 to 0.222 (NS-B), from 0.561 to 0.001 (NP), and from 0.292 to
0.074 (MP)). As a consequence, phylogeny-based estimates of the extent of AlV gene flow
(o and g) are likely to be more robust in this case.

We similarly found consistent evidence of strong spatial structure using the parsimony-
based o statistic. Higher values of o signify more abundant gene flow, so that their negative
correlations with spatial distance are again indicative of isolation-by-distance (Fig. 2B, 2C
and S3; slope for o = =1.066x1074 — -0.454x10™4; Rfor o = 0.295-0.527; p< 0.05 in
Mantel tests). Although broadly equivalent results were observed using the maximum
likelihood g statistics (Fig. 2B), there was a larger estimation uncertainty, suggesting that the
phylogeographic model may be over-parameterized (data not shown). It is also noteworthy
that there was greater variation in o and g for pairs of localities separated by short spatial
distances than those separated by long distances (Fig. S3). This suggests that factors other
than spatial distance affect the rate of AIV gene flow among localities in close proximity.

Avian flyways as determinants for NA-WB-AIV gene flow

Each of the 14 US states and two Canadian provinces was categorized into one of four North
American avian flyways (Fig. 3 and Table S2). Likelihood ratio tests revealed that in all data
sets both the 3-FRM and 4-FRM, which take into account the flyway of sampling,
significantly (p < 0.05) outperformed the HRM where no flyway information is incorporated
(Table 1). Likewise, randomization tests revealed that the 4-FRM and 3-FRM were
significantly (p < 0.05) better than the RRM in 9 and 8 of the 12 NA-WB-AIV gene data
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sets, respectively (Fig. S4 and Table 1). Hence, incorporating information on avian flyway
greatly improves phylogeographic descriptions of the pattern of AlV gene flow.

To measure the level of viral gene flow within and between the four flyways we conducted
further analyses using both the maximum likelihood (g) and parsimony (o) methods. These
yielded largely congruent results: levels of gene flow within a flyway were usually higher
than those between flyways, and the average level of viral gene flow was lower between the
more distantly separated flyways (Fig. 3 and Fig. S5). For example, the average level of
gene flow decreased progressively from that in the AF, to that between the AF and CF, more
so between the AF and MF, and reaching its lowest level between the most distant AF and
PF (Fig. 3, Fig. S5 and Table S3). Such a pattern is again indicative of isolation-by-distance,
and consistent with the fact that neighboring flyways experience more frequent crossing of
avian migration routes than those that are more distant.

Increased AlV gene flow between the Central and Mississippi flyways

The pattern of a higher level of gene flow within than among flyways was most apparent for
the Pacific and Atlantic flyways, and less so for the Central and Mississippi flyways. As an
example of the latter, gene flow between CF and MF (gcpome = 15.7; average ocpoME =
0.324) was more frequent than within CF (gcg«cg = 3.99; average ocgcg = 0.077), and
almost as frequent as within MF (gmeme = 23.0; average opeme = 0.359). Similarly,
viruses from Texas, South Dakota, and North Dakota (CF) had more gene flow with
Minnesota and Louisiana (MF) than with other localities in their own flyway (Fig. 4A).
However, despite the apparent mixing of AlV between CF and MF, the 4-flyway model was
a better fit to more gene data sets than the 3-flyway model that merges CF and MF (8 out of
12 comparisons).

Inter-hemisphere transmission of AlV

Although the inter-hemisphere transmission of AlV is generally thought to be a rare event
(Krauss et al. 2004; Koehler et al. 2008; Pearce et al. 2010), we observed a number of
occurrences in our study. Most notably, US states falling in the Pacific flyway experienced
more gene flow with localities in the East Asia/Australasian flyway than with localities in
the East Atlantic flyway (16 and two transferred lineages, respectively; Fig. 4B and Table
S4). This is compatible with the fact that the PF is more geographically distant to the East
Atlantic flyway, and that birds in the PF share a stopover region in Alaska with those of the
East Asia/Australasian flyway. A similar observation was seen in the Atlantic flyway, which
exhibited more gene flow with the adjacent East Atlantic than with the distant East Asia/
Australasian flyway (20 and 6 lineages, respectively).

The contribution of different avian species to AlV gene flow

Six avian species groups — mallards, northern pintails, northern shovelers, blue-winged teals,
green-winged teals, and ruddy turnstones — were commonly observed in our AlV data.
These species have specific ranges of breeding, migration and wintering (Fig. 4D), and
which is also apparent in our sample of AlV sequences (Fig. 4C). For example, shovelers
were more commonly found in the western part of North America, as were they in our
sequence data (orange in the pie-charts in Fig. 4C). The thickness of the colored lines
connecting localities in Fig. 4C indicates the relative contribution of different avian species
groups (represented by different colors) to the extent of AIV gene flow. This analysis
revealed that mallards, blue-winged teals and pintails were the major contributors to AIV
gene flow among the selected localities. Mallards were particularly important contributors to
long-range viral gene flow from Canada (through Alberta) to different parts of the US (e.g.
to California, Minnesota and Ohio). In contrast, teals play a more important role in the
central part of North America, including the grasslands of the Prairie Pothole Region (see

Ecol Lett. Author manuscript; available in PMC 2013 May 20.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Lam et al. Page 8
below), and down to Gulf Coast areas in Texas and Louisiana. Lastly, while both pintails
and shovelers move through the western part of the continent, with pintails playing a greater
role in long distance gene flow between Alaska and California, short distance gene flow
within the PF was mainly due to shovelers, mallards and teals.

DISCUSSION

Our phylogeographic analysis reveals that avian influenza virus exhibits a strongly spatially
structured population in North America, with relatively infrequent gene flow among
localities and especially between those that are spatially distant or belong to different
flyways. Of particular note was the association between the extent of AlV gene flow and
avian flyway. Although avian flyways in North America are primarily administrative
constructs used to simplify waterfowl management, they are commonly conceived as areas
in which related migration routes occur within a defined geographic region, representing
aggregations of avian populations that are spatially and temporally isolated from those
elsewhere in the continent. Flyways can therefore be thought of as broader highways within
which the avian migration routes are tributary, largely based on the migration patterns
observed in banding studies (Lincoln 1979; Davidson et al. 1995; Olsen et al. 2006). Our
observation that flyways have a marked influence on the extent of AIV gene flow provides
additional support for their importance in avian ecology. In this context biotelemetry studies,
which provide a detailed picture of the migration trajectories of wild birds using GPS
satellite transmitters (Miller et al. 2010; Prosser ef al. 2011), constitute a useful complement
to phylogeography, providing a more precise picture of the association between the pattern
of AIV gene flow and the flight routes used by different bird species.

As might be expected, the influence of flyway is less apparent for geographic regions in
which the flyways overlap. Indeed, our broad-scale information on the place of sampling
entailed that we categorized each US state and Canadian province into a single flyway, even
though some localities are overlaid by multiple flyways. Most notably, we observed an
increased level of gene flow in Minnesota, within which AlV gene flow occurs frequently
with North and South Dakota, Texas, Louisiana, Alberta and Ohio (above the 85t percentile
of all gene flow events determined here). Much of this gene flow occurs within the Prairie
Pothole Region that straddles the U.S.-Canadian border (Fig. 4A). The Prairie Pothole
Region covers a large portion of land encompassed by the Central and Mississippi flyways,
and contains an abundance of shallow wetlands that are of critical importance to migratory
birds as stopover points to replenish nutrients and energy, and as breeding habitats for
species such as pintails, mallards, gadwall, teals, and shovelers. These wetlands allow
migratory aquatic birds from the Central and Mississippi flyways to congregate, and the
transmission of influenza virus can occur through either direct contact or virally
contaminated water (Stallknecht et a/. 1990; Roche et al. 2009). In addition, these mid-
continent flyways have more similarity in bird populations and habitats than the coastal
flyways, which are isolated by geophysical barriers such as the Rocky and Appalachian
Mountains (Lincoln 1979).

We also observed that species of wild bird play varying roles in the geographic dispersal of
AIlV. For example, pintails are associated with the long distance movement of viruses along
the west coast of North America, and which is consistent with their migratory routes as
tracked by satellite telemetry (Miller et a/. 2010). These differing species contributions to
AIlV gene flow are to some extent consistent with the migration patterns of bird species
deduced from banding studies (USGS 2011). However, our estimates may also be biased by
differences in species prevalence; the more AlV sequences of a specific bird species
included in the analysis, the more likely this species will contribute to AIV gene flow by
chance alone. Despite this, we observed that pintails made a major contribution to AIV gene
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flow between Alaska and Washington state even though no pintail sequences were present in
our Washington state data set. Indeed, pintails are highly cosmopolitan birds, traveling long-
distances, and a portion of their population breed in Siberia and winter in North America
(and there are records of pintails banded in Japan or Hawaii being shot in locations in North
America). In contrast, mallards and shovelers tend to have more restricted in long distance
movements, both within North America and between continents.

Although we have necessarily focused on low pathogenic avian influenza virus in wild

birds, there is contact between these avian species and domestic poultry populations. In
particular, wild birds may serve as a conduit for AIV to enter poultry. This has been
particularly well demonstrated in the case of highly pathogenic H5N1 influenza virus
(Swayne & Suarez 2000; Si et al. 2009; Ward et al. 2009). The pattern of AIV spread in wild
birds may therefore influence the risk of outbreaks in poultry farms, and which is
demonstrated to some extent by biotelemetry studies of wild bird migration across the
Qinghai-Tibetan plateau (Prosser et al. 2011). It is possible that wild birds also influence the
pattern of AIV spread in poultry in North America, although this will require analysis of a
larger data set of domestic bird viruses.

We suggest that the strongly spatially dependent pattern of AIV gene flow observed here
may serve as a useful estimator of the risk of disease spread when a novel AlV lineage
enters the wild bird populations of North America. In particular, we would expect any newly
invading virus to be similarly structured by flyway and geographical distance, and therefore
follow a route of dispersal that is in some aspects predictable. This may also apply to the
emergence of highly pathogenic AlV, although other factors may come into place in this
circumstance. For instance, spatial distance may constitute a stronger barrier if highly
pathogenic AlIV reduces migratory capability (Feare & Yasue 2006; Gauthier-Clerc et al.
2007), and high density poultry populations may represent more efficient vectors for the
transmission of highly virulent viruses (Lebarbenchon et a/. 2010).

Compared to the wealth of knowledge on the ecology of many bird species in North
America, the available AlV genetic data is limited, and subject to over-sampling from some
localities and species. Indeed, some regions of North America, such as northern Canada and
the central US, have not been extensively sampled for AlV, reducing the resolution of the
inferred gene flow network. Such limitations result in a ‘closed system’ in which all
phylogeographic results should be interpreted conservatively. To achieve an integrated
statistical framework that fully collates geographical, temporal and host species information
will require a major increase in the amount of genome sequence data from a diverse array of
bird species, and a more even sampling in time and geographic space. Development of
statistical models that simultaneously account for factors such as missing data and
observation error may also be beneficial.

Although the analytical indices used here are not absolute measures of rates of gene flow per
unit time, they do provide a powerful relative index of the average level of viral traffic
among different geographical regions during a specific time period. However, it is important
to note that rates of AlV gene flow between localities may vary over time as a result of
changing migration patterns and/or viral prevalence in different avian species and locations.
Such temporal patterns could not be resolved here due to the insufficient AIV samples for
each month in our study period. This issue clearly merits further investigation, as
information of this kind could help determine how the spread of avian diseases is influenced
by the changing anthropogenic impact on bird habitats and behaviors.

It is generally thought, although rarely tested, that AIV evolution is shaped by a combination
of ecological factors including the migratory pathways of birds, their susceptibility to
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influenza, the distance between habitats, and the availability of habitats shared by different
bird species. Although our phylogeographic study only considered avian flyway and spatial
distance as possible ecological constraints to AlV, we believe that the statistical techniques
utilized here could be used to study the influence of other ecological factors when
appropriate data becomes available. Indeed, there is accumulating information on the
migration routes of specific bird species, and which will enable analysis of how species-
specific migration behavior shapes the dispersal of AIV. Perhaps of more importance, the
future surveillance of AIV by more frequent (e.g. monthly), consistent (e.g. samples
collected regularly from various species, locations and times), and geographically extensive
(e.g. Canada and central US) sampling will increase the power of phylogeography,
ultimately providing a higher resolution picture of the spread of AlV.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Phylogenetic trees of the internal genome segments of influenza A virus. (A) ‘Panoramic’
phylogenies of the PB2, PB1, PA, NP, MP, and NS segments. Bootstrap support values are
shown adjacent to selected nodes, and the scale bar represents 0.1 substitutions/site. Major
North American lineages of AlV are highlighted in yellow. (B) Maximum likelihood
phylogeny of the major North American wild bird AV (NA-WB-AIV) lineage inferred
from the PB2 gene. Terminal branches are extended and colored according to the place of
sampling as shown in the inset map (14 US states and two Canadian provinces; others
shown in grey). The scale bar is 0.02 substitutions/site. (C) A sub-lineage of NA-WB-AIV
in the PB2 phylogeny, shown as a cladogram. Geographical states of the ancestral nodes
(circles) were estimated, using parsimony, from taxon localities, and their colors are the
same as those in panel A. Changes in geographical state that occurred during evolutionary
history are indicated by bold branches.
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The level of AlV gene flow between two geographical states plotted against their spatial
distance. Estimates of viral gene flow (n=91) were inferred using three approaches: (A) Fsr
(a distance method), (B) modified Slatkin-Maddison’s s (o; a parsimony method), and (C)
state transition rate (¢; a maximum likelihood method). For illustration, we show the results
from the NP gene data set only. The thick solid straight lines are linear regressions of gene
flow rates and spatial distances (in units of km). 95% confidence and prediction ranges of
regression are shown as dashed lines. Pearson’s coefficients (/) of the regressions are also
shown. Error bars represent 95% confidence intervals of the estimates from 200 bootstrap

phylogenies.
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Figure 3.

Flyway-specific rates of AlV gene flow. (A) Maximum likelihood estimates (g) of the
average level of AlV internal gene flow (excluding the NS gene which has large confidence
intervals) within and between the four flyways; Pacific flyway (PF; red), Central flyway
(CF; green), Mississippi flyway (MF; yellow) and Atlantic flyway (AF; blue). The 4x4 rate
matrices were projected onto the map. The color of the bar and the geographical region
where the bar is located denote the flyway where gene flow is measured. For example, the
red bar in the yellow terrestrial region represents the extent of gene flow between the PF and
MF, while the red bar in the red terrestrial region represents the gene flow within PF. The
rate of AlV gene flow within PF is shown next to the bar. Average 95% confidence intervals
for the rate estimates are indicated by error bars. (B) The rate matrices (3x3) in a 3-flyway
model in which CF and MF are merged.
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Figure4.

Overall patterns of gene flow in AlV and the contribution of individual avian species. (A)
Parsimony estimates (o) of the average level of AIV gene flow in internal genes (n=120)
between 14 US states and two Canada provinces (red circles). The thickness of the red lines
represents the magnitude of o estimates relative to panmixis (shown in the legend box).
Gene flow between Maryland, New Jersey, and Delaware are shown in a zoom-in inset for
clarity. (B) The putative number of inter-hemispheric AlV gene flow events during 1998—
2008 (and 1927-2008, shown in parentheses) inferred from the panoramic phylogenies of
the eight gene segments. (C) Species prevalence in the AlV data set (indicated by the pie-
charts) and their contribution (indicated by the colored thick lines, in which the thickness
denotes percentage) to AIV gene flow between selected localities where the extent of gene
flow is above the 80™ percentile of that seen in all localities. New York State was not
displayed due to the small sample sizes of the duck species found in this region. (D)
Distribution of bird species in North America during breeding and wintering periods. The
approximate migration pathways observed in these bird species are shown by grey arrows.
The illustrations were adapted from Birds of North America Online (http://
bna.birds.cornell.edu).
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