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The geographic diffusion of highly pathogenic influenza A H5N1
has largely been traced from the perspective of the virus’s victims.
Birds of a variety of avian orders have been sampled across
localities, and their infection has been identified by a general
genetic test. Another approach tracks the migration from the
perspective of the virus alone, by way of a phylogeography of
H5N1 genetic sequences. Although several phylogenies in the
literature have labeled H5N1 clades by geographic region, none
has analytically inferred the history of the virus’s migration. With
a statistical phylogeography of 192 hemagglutinin and neuramin-
idase isolates, we show that the Chinese province of Guangdong
is the source of multiple H5N1 strains spreading at both regional
and international scales. In contrast, Indochina appears to be a
regional sink, at the same time demonstrating bidirectional dis-
persal among localities within the region. An evolutionary trace of
HA1 across the phylogeography suggests a mechanism by which
H5N1 is able to infect repeated cycles of host species across
localities, regardless of the host species first infected in each locale.
The trace also hypothesizes amino acid replacements that preceded
the first recorded outbreak of pathogenic H5N1 in Hong Kong,
1997.

phylogeny � geography � epidemiology � parallelism � diffusion

W ith the recent emergence of several highly pathogenic
strains of avian influenza, pandemic influenza has at-

tracted new attention. Several waves of outbreaks of influenza A
H5N1, the most prevalent of the new strains, have swept across
Eurasia, spreading as far as sub-Saharan Africa. Hundreds of
millions of domestic and migratory birds have been killed by
H5N1 or culled in an effort at control. Disturbingly, H5N1 has
demonstrated considerable capacity for xenospecific transmis-
sion, including to human hosts. Since 2003, a total of 267 patients
across 10 countries are known to have been infected, and 161
have died (January 15, 2007, WHO). In both laboratory and
clinical studies, H5N1 has shown itself capable of evolving
phenotypes dangerous to humans (1, 2). The previous year’s
(2006) spate of outbreaks was intermittently marked by length-
ening, although still limited, chains of human-to-human trans-
mission (3, 4). The possibility of a pandemic and the clinical
course of the most virulent cases have inspired widespread
concern and myriad plans of action. Intervention efforts can be
better brought to focus when the localities from which H5N1
strains repeatedly evolve are identified. Combinations of inter-
ventions, be they vaccines, antivirals, social distancing, or
changes to the agricultural industry, can be better targeted once
public health officials learn what areas are seeding recurrent
outbreaks and are epidemiologically connected.

Genetic phylogenies represent the ‘‘gold standard’’ in char-
acterizing viral genealogy, transmission, and molecular evolu-
tion. They provide as good a marker of dispersal available for
organisms on which no radio transmitter can be placed. How-
ever, no H5N1 phylogeny we reviewed (e.g., refs. 5–8) has
analytically traced the migration of the virus through its evolu-
tionary history. We tracked H5N1 migration by using a modi-
fication of Slatkin and Maddison’s (9) method for inferring
migratory events through an intraspecific phylogeny. A gene tree
is built from sampled sequences by one of the standard methods:
maximum parsimony, maximum likelihood, or distance. The

localities from which the sequences were sampled are assigned
as a single character to the tips of the resulting tree. The resident
locality of any node can be inferred from the tree structure and
the tip localities alone with a parsimony algorithm. The resulting
assignments minimize the number of migration events in the tree
necessary for the localities of the sample sequences to be
consistent with the genetic phylogeny. The method as originally
formulated omitted tests of significance for the geographic
associations inferred. We introduce a nonparametric statistical
test for determining whether the frequencies of migration events
among localities that occur from node to node through a
phylogeny are significantly greater than for phylogenies first
characterized by localities randomly distributed across the tips.
We used the method to infer migration patterns for influenza A
H5N1 phylogenies derived from 192 hemagglutinin and neur-
aminidase nucleotide sequences sampled from 20 localities
across Eurasia.

Results and Discussion
Inferring Migration Events. The migration events inferred across
the parsimony genetic phylogenies for hemagglutinin, neuramin-
idase, and their concatenation showed the Chinese province of
Guangdong acted as a geographic source for multiple H5N1
variants [Figs. 1 A and 2 and supporting information (SI) Tables
1 and 2). In contrast, a migration tree for a typical Monte Carlo
random trial hypothesized Hong Kong and Guangxi, which have
the greatest sample sizes among the localities tested (n � 29), to
be the major sources of migration (Fig. 1B). For the real data,
major migration events out of Guangdong (to Hong Kong,
Indochina, Qinghai, and Indonesia) were supported by large
bootstrap values in the original genetic tree (SI Fig. 4). The
Monte Carlo analysis generated frequency distributions for each
entry in the resulting migration matrix (SI Table 3). A sparse
false discovery rate (sFDR) correction applied to the multiple
comparisons test we ran for the hemagglutinin migration matrix
identified five pathways with migration significantly greater than
expected under the Monte Carlo distributions: Guangdong to
Fujian, Guangdong to Indonesia, Bangkok to Vietnam, Uthai
Thani to Phitsanulok, and Qinghai to Novosibirsk (Fig. 2). sFDR
identified 10 neuraminidase pathways as significant. Many of the
other pathways accumulated considerable support even as their
P values missed their sFDR cutoff (SI Table 3). The sFDR
corrections for the two genes and their concatenation showed
optimization by delayed transformation (DELTRAN) to sup-
port greater numbers of significant pathways than under accel-
erated transformation (ACCTRAN) (SI Fig. 5 and SI Table 4).
Under DELTRAN, character state changes in the phylogeny
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(here, migration events) are delayed and concentrated toward
the tips of the tree. Under ACCTRAN, state changes are
accelerated and concentrated toward the root of the tree.

Phylogeographic Concordance and Methodological Convergence. We
determined the degree to which the migration matrices across
the two H5N1 genes and their concatenation differed under
DELTRAN and ACCTRAN optimization by conducting a
singular value decomposition on each matrix. We calculated the
arccos of the scalar product of the resulting eigenvectors (11),
contrasting the three migration matrices in round robin fashion.
The resulting theta values, in degrees, quantify the concordance
in phylogeographic structure across genes. The theta values
showed largely orthogonal differences between the hemagglu-
tinin and neuraminidase matrices (SI Fig. 5), indicating some
variance between their phylogeographies. Of the two genes,
hemagglutinin contributed the greater effect on the concatena-
tion’s migration structure.

Methodological congruence (12) was tested for by rerunning
the DELTRAN migration analysis on hemagglutinin and neur-
aminidase tree topologies derived via (i) a gamma-corrected
maximum likelihood (ML) general time-reversible model (13)
and (ii) a distance method based on neighbor joining (NJ) and
a gamma-corrected Tamura–Nei substitution model (10) (SI
Figs. 6–8). A scalar product analysis within each gene showed
that for genetic trees generated by the three phylogenetic
methods used (parsimony, ML, NJ), parsimony and maximum
likelihood produced migration structures of the greatest simi-
larity (SI Table 6). The methods converged best for neuramin-
idase migration. Despite discrepancies in some of the pathways
inferred (SI Figs. 7 and 8), the key patterns of migration appear
reproduced across phylogenetic methodologies.

Specific Pathways of Dispersal. The phylogeographies all capture
what are known to be major thrusts in H5N1’s spatial diffusion
since 1996, validating the approach used. What is new here is that
the phylogeographies offered a finer distinction than previous

work, which defined southern China as an influenza epicenter
(5). The province of Guangdong appears the prime source of
H5N1’s diversity and diffusion, seeding multiple migration
events (Figs. 1 and 2). Guangdong, along with much of southern
China, hosts a combination of circumstances that apparently
promote H5N1 diversification and spread. These include explo-
sive growth in the production of factory farm poultry and
free-range ducks (14); extensive use of vaccines on industrial
Galloanserae (15); an expanding interface between wildfowl and
domestic birds brought about by reduced wetlands and a new-
found wildfowl penchant for human agriculture (16, 17); and,
with Hong Kong’s reintegration into China, greater access to
international trade (18).

The phylogeographies also captured H5N1’s general thrust
west into Europe. However, some of the details appear discor-
dant. The DELTRAN parsimony results showed the H5N1
Qinghai-like sublineage spreading directly from Qinghai to
Astrakhan, near the Caspian Sea (Fig. 2). Neither migration by
wildfowl nor the poultry trade likely accounts for such a jump.
The result may have arisen from limited sample sizes for the
more western localities included in the study. Another explana-
tion may be found in the speed of diffusion. H5N1 spread to
Western Europe in a matter of months. The short duration may
have given the virus’s genome little chance to change via
isolation by distance, increasing the likelihood that sequences
from comparatively distant geographic regions are grouped
together in the phylogeny.

The fundamental advance the method used here offers is its
capacity to identify, and test the significance of, specific pathways
of dispersal across a variety of geographic scales. China’s influ-
enza epidemiology, as with those of other countries (19), ap-
peared defined by a hierarchy of diffusion potentials. From
Guangdong, H5N1 spreads to a variety of international desti-
nations, including Japan, Vietnam, and Indonesia, as well as to
regional localities within China. Guangxi’s migratory targets, on
the other hand, were more spatially localized. Indochina, as
represented here by Thailand and Vietnam, appeared largely
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Fig. 1. H5N1 migration events through hemagglutinin DELTRAN parsimony. (A) DELTRAN parsimony phylogeny for locality character on a parsimony gene tree
for 192 H5N1 hemagglutinin (HA) sequences sampled across 20 Eurasian localities. Branches are colored by locality. Changes in color represent migration events.
(B) Typical randomized Monte Carlo trial (no. 9732) for DELTRAN parsimony phylogeny for locality. The tree based on the real sample localities supports 66
migration events without consideration of the outgroup. The Monte Carlo trial supports 147 migration events without the outgroup. The trees were colorized
in Mega 3.1 (10).
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isolated in its own endemic disease ecosystem, cut off from the
rest of Asia but with extensive bidirectional dispersal within
the region, although the latter result may stem in part from the
effects of truncated sequencing on H5N1’s Thai phylogeny.
Many of the Thai sequences included in this study are truncated
at both the 5� and 3� ends, reducing branch support.

The results suggest that interventions should be directed
toward Guangdong and at the socioecological pathways among
Indochinese sites (20). The present data set does not, however,
address more recent incursions across Indonesia, Western Eu-
rope, and Africa, or the recently emergent Fujian-like sublineage
in Asia (15). The extent of H5N1’s dispersal from Guangdong,
including to Japan and Indonesia, conflicts with a recent hy-
pothesis suggesting outbreaks in those two countries originated
from South Korea and Thailand, respectively (21).

Phylogeographic Pulses. The nature of influenza spread may help
explain why the migration analysis developed here reproduces
known patterns of H5N1 diffusion. Broadly speaking, virulent
pathogens such as highly pathogenic influenza must spread
across large geographic regions before wiping out local supplies
of susceptibles or else risk local extinction (22), although en-
demic infections have also been documented (19). If we assume
widespread geographic spread, influenza outbreaks, as captured
by gene trees, represent repeated sampling of the virus’s migra-
tion structure, regardless of what part of the phylogenetic space
each outbreak explores. A caveat, of course, is that migration
structures can change over time along with the types of hosts
infected and the range of epidemic spread.

The DELTRAN analyses produced maps most comparable to
known H5N1 incidence and with greater numbers of significant
pathways (SI Table 4). DELTRAN optimization delays charac-
ter state changes in the phylogeny, favoring parallel state changes
across the tree over state reversals. In a phylogeographic context
parallel changes in locality represent geographic pulses, in which
epidemics repeatedly radiate out from an epicenter, as appears
to have been the case for H5N1 this past decade.

The significance of individual pathways likely arises from
some function of migration structure, sequence coverage, the
number of isolates, the number of localities, phylogenetic dis-
persion, and the geographic scale surveyed, even as the Monte
Carlo test used here helps control for differences in sample size
and nonindependence. Nonsignificance may result from limited
sampling rather than a lack of effect, and for that reason we
advocate that all H5N1 sequences generated be made publicly
available for analysis, along with the precise locality where the
isolates were sampled.

An Evolutionary Mechanism for Geographic Spread. Finally, the
phylogeographies speak to the evolution of H5N1 transmission.
Although in different parts of H5N1’s evolutionary space, viral
strains can infect the same host species, indicating (i) multiple
mechanisms by which to successfully infect any one host species
and/or (ii) parallel evolution to successful viral phenotypes.
Ducatez et al. (6) found H5N1 independently introduced into
Nigerian poultry three separate times, from different regions
and host species. In this study, we inferred that each of the three
phylogenetically distinct hemagglutinin samples isolated from
poultry in the Chinese province of Hebei originated from a
different locality: under parsimony, Guangdong, Henan, and
Fujian (Fig. 2). Two of the Hebei samples were most related to
duck isolates, the third to that of a tree sparrow (SI Fig. 4).

H5N1’s phylogeny is littered with parallel evolutionary
changes and reversals across a variety of amino acid hotspots, a
characteristic of influenzas in general (23, 24). Such conflicts in
character state evolution may be a part of real influenza biology
rather than the result of a limiting number of character states. In
this case, the observed homoplasies may represent geographic
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Fig. 2. Map of H5N1 migration events DELTRAN parsimony: hemagglutinin,
neuraminidase, and concatenation. Migration events in DELTRAN parsimony
phylogenies of 192 H5N1 nucleotide sequences sampled across 20 Eurasian
localities 1996–2005 (3 � n � 29 isolates per locality). Orange vectors are
statistically significant (� � 0.05) under an upper-tail Monte Carlo test of
10,000 trials and a sparse false discovery rate (sFDR) correction: hemagglutinin
(HA) (a), neuraminidase (NA) (b), and their concatenation (HANA) (c). Non-
significant vectors are color-coded by Monte Carlo P value: the brighter the
yellow, the greater the support. Quintiles are defined by breaks in ranked P
values of � 0.01, except within the final quintile. The maps are based on
satellite pictures made available in Google Earth (http://earth.google.com).
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gradients of repeated viral ecotypes (Fig. 3). The three sequen-
tial migration events we focused on here shared exact changes at
two HA1 positions. Of the 19 residue changes depicted across the
migration events, all except four occurred elsewhere in the tree.

Correlated evolution across residues could account for the
repeated phenotypic parallelisms, allowing H5N1 to toggle
between what can be thought of as molecular dialects. Repeat-
able combinations of amino acid replacements arise from ste-
reochemical relationships among residues and by compensatory
evolution (25). The capacity for such combinations, originating
in antigenic drift, may represent an exaptation that now permits
influenza easier transmission across repeated cycles of host
species over geographic space, regardless of the host species
initially infected for any given outbreak. Influenza may have long
practiced such an epidemiology in its Arctic habitat. Influenza
strains adaptively rotate among host reservoirs as different
species of migratory birds move on and off the tundra during the
breeding season (26).

By cycling among molecular dialects, a more southern H5N1
may circumvent the patches of antibody and cytotoxic lympho-
cyte memory that host populations sustain. These molecular
alternatives permit H5N1 to switch across the sialic acid recep-
tors that define which organs the virus targets and, as previously
shown, which host species are infected and modes of transmis-
sion used (27, 28). It seems, then, that the effects of the selection
pressure under which viral evolution operates extends beyond

accelerated mutation rates to differences in the mechanisms by
which phenotypic solutions are derived. In the case of influenza
A H5N1, one such mechanism appears to involve appropriating
evolutionary parallelisms and reversals to circumvent host bar-
riers to geographic spread.

Methods
Samples. From GenBank (29) and the Influenza Sequence Da-
tabase (30), we downloaded 192 influenza A H5N1 hemagglu-
tinin and neuraminidase gene sequences isolated from a variety
of hosts 1996–2005 across 20 Eurasian localities (Table 1). The
hemagglutinin homotrimer binds to the sialic acid receptor of its
target host cell and, after endocytosis and a conformational
change, induces fusion with the target cell’s endosomal com-
partments. The neuraminidase homotetramer cleaves the sialic
acid residues to which newly released influenza virions would
otherwise stick. Under recurrent antigenic attack, the two
surface proteins accumulate considerable escape variation
across viremia, and their sequences have long been used to
construct influenza phylogenies. The hemagglutinin sequences
used in this study measured 1,698 nucleotides, indels included,
covering all of the precursor peptide, HA1 and HA2, except
HA2’s final six nucleotide sites. The neuraminidase sequences
sampled for this study covered the entire monomer, across 1,407
nucleotide sites. Each individual host sampled provided a hem-
agglutinin and neuraminidase sequence except two neuramini-

Fig. 3. Evolutionary trace for HA1 across three H5N1 migration events: Guangdong to Hong Kong 1997, Guangdong to Thailand 2003, and Guangdong to
Qinghai 2005. Each of the three migration events are supported by large bootstrap values in the original gene tree. The three migration events included the
same change at residue position 263 (H5 numbering) in antigenic site E. Guangdong to Hong Kong and Guangdong to Thailand also shared a change at position
156, a site for possible N-linked glycosylation (7). The A156T replacement apparent here is associated with increased adaptation to and virulence in poultry (8).
Of the 19 amino acid replacements depicted in HA1 across the three migration events depicted in the figure, all except four occurred elsewhere in the tree. All
residue changes in the Guangdong-to-Thailand migration were identified as part of the natural variation apparent across the 192 sequences included in the
migration analysis. In contrast, only changes at two sites (140, 262) appeared a part of the natural variation for the Guangdong-to-Qinghai migration, emblematic
of the differentiation of the QH-like sublineage that has since spread west into Europe and Africa (15). Most of the changes in the globular head represented
here appear to arise from escape mutations in antigenic sites near receptor binding site residues (2). One change, at site 129 in the Guangdong-to-Thailand
migration, occurred in the receptor binding domain itself. Previous work (e.g., ref. 8) defined H5N1 amino acid replacements by directly comparing field isolates.
The trace instead infers replacements through H5N1’s evolutionary history, including some of those leading to the first H5N1 outbreak in Hong Kong in 1997.
The histidine at site 138 for the Guangdong-to-Hong Kong migration appears a historic artifact now abandoned. The asparagine at site 94 evolves from aspartic
acid and is not ancestral, contrary to analyses of 1997 isolates alone.
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dase sequences from Vietnam, which were sampled from other
individuals of the same host type, locality, and year as their
hemagglutinin counterparts.

Our analyses used a convenience sample of sequences avail-
able from a variety of researchers from across the world,
sampling at a variety of geographic scales. The localities sampled
were represented by a variable number of isolates (n � 3–29) and
included the Chinese city of Shanghai; the Hong Kong Special
Administrative Region of China; the Chinese provinces of
Hebei, Henan, Hunan, Guangdong, Guangxi, Fujian, and Qing-
hai; the Thai provinces of Bangkok, Nakhon Sawan, Kamphaeng
Phet, Phitsanulok and Uthai Thani; the countries of Vietnam,
Japan, Mongolia, and Indonesia; and the southern Russian cities
of Novosibirsk and Astrakhan. Duplicate sequences sampled
from the same locality add no phylogeographic information to
the analysis and were not included among the 192 samples used.
On the other hand, duplicate sequences from different localities
were included, as they are by definition differentiated by a
migration event.

The H5N1 isolates used in this study differed in sequencing
coverage across locality (Table 1). Some of the H5N1 samples,
particularly from Thailand, are truncated at both the 5� and 3�
ends for hemagglutinin and neuraminidase, possibly confound-
ing the phylogeny of local clades. Epidemiologists under the
pressure of an avian influenza outbreak may sequence field
isolates only enough to identify the influenza strains or, with
inhibition assays and microarray chips (31), conduct no sequenc-
ing at all. Phylogeneticists, on the other hand, often require as
much sequence data as possible to resolve intraspecific relation-
ships. Another obstacle, many of the H5N1 isolates included in
this study were at best identified by country or province. Much
finer influenza phylogeographies could be constructed with
samples whose localities are more precisely identified, including
by global positioning system coordinates. To take full advantage
of the public health applications of phylogeography, we encour-
age full sequencing of outbreak strains when and where possible
and that the exact dates and locales of isolation be provided for
each sample.

Phylogeny. The nucleotide sequences were aligned in ClustalW
(32). Gaps arising from truncated sequencing at either end of the
sequence were treated as missing data. Gaps within the se-
quences (e.g., of a length of 19–20 residues in the neuraminidase
stalk) were treated as real indels and defined as a fifth character
state. Character state changes were ordered by outgroup com-
parison with isolate A/chicken/Scotland/59(H5N1) and phylo-
genetic trees constructed with maximum parsimony using
PAUP* 4.0b10 (33). An outgroup too distant from its ingroup
can generate homoplasies brought about by evolution across
limited character states over too much time apart. However,
H5N1 phylogenies are constrained by outgroup availability, as
the 1959 sample is the sole outgroup isolate with both hemag-
glutinin and neuraminidase genetic sequences publicly available.
A migration analysis using the oldest of the ingroup isolates
(A/Goose/Guangdong/1/96) as the outgroup did not significantly
affect the outcomes. The most parsimonious trees were heuris-
tically generated by stepwise addition and branch swapping via
tree-bisection-recombination. The resulting gene tree used for
migration analysis was assumed, and appeared for hemagglutinin
and neuraminidase, to be representative of all most parsimoni-
ous trees generated.

The question of methodological applicability may arise from
the network-like nature of much intraspecific evolution, but
traditional phylogenetic methods such as parsimony and maxi-
mum likelihood are appropriate here. Influenza is defined by a
rapid cladogenesis atypical of many intraspecific phylogenies for
which traditional methods perform poorly (34). Influenza taxa
are also characterized by rapid extinction and their phylogenies

are limited in extant ancestors (35, 36). Finally, the traditional
methods can be used to infer ancestral character states with
which migration-specific mutations can be catalogued, an im-
portant line of research for efforts aimed at developing phylo-
geographic interventions for influenza.

Statistical Phylogeography. As in Slatkin and Maddison (9), the
localities of the isolates in the gene tree were assigned to the tips as
a single character with 20 states. Moving recursively up the tree,
PAUP* 4.0 assigned the localities of ancestral nodes by way of the
same parsimony optimization algorithm used in generating the
original gene tree, such that the tree supported the fewest possible
migration events between localities consistent with the gene tree.

For each gene, the total number of migration events occurring
through the tree between every possible pair of localities was
tallied. A Monte Carlo test of 10,000 trials was conducted to
determine the probability that the frequencies of migration
events between each pair of localities in the original migration
tree are more than expected when the localities are randomly
distributed across the tree’s tips. The localities of the real data
sets were randomized without changing the sample sizes for each
locality. The migration events among localities through the gene
tree were inferred by DELTRAN optimization and the migra-
tion events among localities summed for each randomized trial.
Another Monte Carlo test was conducted for ACCTRAN op-
timization. The Java code used to sum migration events and
conduct the Monte Carlo test is available upon request.

To test the significance of the resulting P values across all
localities, �, the nominal type 1 error rate, was corrected for
multiple tests across locality pairs. Bonferroni and Sidak cor-
rections to �, and their sharpened stepwise equivalents, control
the familywise error rate against any wrong rejection of the null
hypothesis. These corrections tend to be overly conservative,
especially for multiple comparisons numbering in the hundreds
and thousands. For greater power, we used the false discovery
rate (FDR) correction, another correction for simultaneous
tests, which aims to minimize the fraction of wrong rejections
among rejected hypotheses (37).

Still greater power can be generated by reducing the number of
comparisons (38). Sparse matrices are characterized by numerous
cells of zero count whose entries are by definition never greater than
produced under the Monte Carlo randomization. Null cells, in
effect, carry little information regarding the relative significance
among migration pathways other than the triviality that these
pathways do not exist. It follows that a sFDR correction can be
calculated by dividing � by the greatest number
of nonzero entries possible in the migration matrix (66 for DEL-
TRAN hemagglutinin) rather than by the total possible compari-
sons (20 localities � 19 � 380 comparisons). The Monte Carlo P
values of significant pathways are less than their sFDR cutoff: P
value rank � (0.05/total migration events). The test is capped at a
distribution conservative enough to account for a regular spatial
distribution in which each hypothesized migration occupies a
different cell in the migration matrix. The sFDR procedure was run
for the hemagglutinin, neuraminidase, and concatenation migra-
tion trees under both DELTRAN and ACCTRAN optimization.

Evolutionary Trace. In an effort to observe correlated migration-
specific substitutions, we conducted an evolutionary trace of hem-
agglutinin HA1 amino acid residues for three H5N1 migration
events in the DELTRAN parsimony migration tree (Fig. 1A):
Guangdong to Hong Kong 1997, Guangdong to Thailand 2003, and
Guangdong to Qinghai 2005. The amino acid changes were inferred
using the original nucleotide tree topology (Fig. 4A). Not all
correlated changes across residue sites need occur at a single
branching point or at the migration event alone: such changes can
accumulate. For Guangdong to Hong Kong, we included residue
replacements occurring in the branch immediately following the
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migration event. For Guangdong to Thailand and Guangdong to
Qinghai, we included replacements in the branch immediately
preceding the migration event. The migration tree was colorized in
Mega 3.1 (10), the nucleotide sequences translated into amino acid
residues in Mega, the evolutionary trace conducted in MacClade
4.06 (39), and the hemagglutinin solution structure annotated in
JEvtrace (40).
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