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Abstract: Previous Bayesian phylogeographic studies of H5N1 highly pathogenic avian
influenza viruses (HPAIVs) explored the origin and spread of the epidemic from China into
Russia, indicating that HPAIV circulated in Russia prior to its detection there in 2005. In
this study, we extend this research to explore the evolution and spread of HPAIV within
Europe during the 2005–2010 epidemic, using all available sequences of the hemagglutinin
(HA) and neuraminidase (NA) gene regions that were collected in Europe and Russia during
the outbreak. We use discrete-trait phylodynamic models within a Bayesian statistical
framework to explore the evolution of HPAIV. Our results indicate that the genetic diversity
and effective population size of HPAIV peaked between mid-2005 and early 2006, followed
by drastic decline in 2007, which coincides with the end of the epidemic in Europe. Our
results also suggest that domestic birds were the most likely source of the spread of the
virus from Russia into Europe. Additionally, estimates of viral dispersal routes indicate
that Russia, Romania, and Germany were key epicenters of these outbreaks. Our study
quantifies the dynamics of a major European HPAIV pandemic and substantiates the ability
of phylodynamic models to improve molecular surveillance of novel AIVs.
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1. Introduction

The epidemiology of the H5N1 highly pathogenic avian influenza viruses (HPAIVs) is characterized
both by the far-reaching economic impact for commercial poultry production, and also by the risk of
spread into mammalian species, including humans. Transmission into humans has mainly been attributed
to direct contact of susceptible individuals with infected poultry, including activities associated with the
slaughter and dressing of poultry for human consumption [1]. The maintenance and spread of avian
influenza (AI) infection in domesticated poultry are mainly associated with the establishment of the virus
in free-range (or backyard) poultry and its subsequent introduction to commercial animals via live-bird
markets. Furthermore, wild birds are the natural reservoirs of the virus, and the movement of wild birds
infected with HPAIV is known to play an important role in the spread, circulation, and maintenance of
the virus through either direct or indirect contact with poultry [2–4].

The ancestral strain of H5N1 HPAIV, referred to as A/goose/Guangdong/1/96, emerged in commercial
domesticated geese in the Guangdong province of China in 1996 [5]. Since then, the strain has undergone
numerous genetic changes that have given rise to several distinct lineages, also referred to as clades [6].
To date, ten H5N1 HPAIV clades have been identified based on comparisons of 859 hemagglutinin
(HA) gene sequences [7]. These viruses are now widespread in countries throughout Asia, Europe,
and Africa. Between 2004 and 2005, a new H5N1 HPAIV strain (sub-clade 2.2) emerged that caused
severe outbreaks in wild birds and poultry in Northwestern China [6,8]. In Europe, HPAI H5N1 was
first detected at the end of 2005 in both poultry (in Russia, Romania, and Turkey) and wild birds (in
Croatia) [2,9–11]. In January 2006, the first human infection outside Southeast Asia was reported in
Turkey. In February 2006, the first of occurrence of HPAI H5N1 in Northern Europe was identified from
a wild mute swan (Cygnus olor) in Germany in the southwestern part of the Baltic Sea [11,12]. Between
2006 and 2010, the epidemic spread through 13 European Union (EU) member states located eastward
of a line extending from Southeastern Sweden to Southwestern Italy. Both poultry and wild-bird
populations were infected in Austria, Bulgaria, Czech Republic, Denmark, France, Greece, Hungary,
Poland, Slovak Republic, Slovenia, Switzerland, and the UK [10,13]. Phylogenetic analysis of HPAIVs
isolated from European outbreaks distinguished at least two different sub-lineages of the 2005 Qinghai
strain, which confirmed that the virus spread from southeastern Asia into Europe [10–13].

Since 2005, surveillance of avian influenza viruses in poultry and wild birds has become compulsory
in the EU. Member states have conducted extensive molecular surveillance for AI, with most of the
studies focused on genetic analysis of partially or fully sequenced AI viral genomes [14–20]. Molecular
epidemiological studies of H5N1 HPAIV sequence data isolated between 2005 and 2010 in EU member
states, for example, were focused on the molecular characterization, genetic classification, identification
of genetic shifts and drifts, and the degree of relatedness to previously isolated viruses. Phylogenies
of H5N1 HPAIV isolated in the EU were estimated using traditional parsimony, neighbor-joining, and
maximum-likelihood methods. However, those methods typically ignore various sources of uncertainty,
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including uncertainty associated with estimates of the phylogenetic relationships, divergence times, and
history of geographic dispersal [21]. Furthermore, epidemiological studies that explored risk factors
and the spatial and temporal evolution of H5N1 HPAIV in the EU between 2005 and 2010 were
mainly conducted separately from phylogenetic studies [22–26]. Phylodynamics is an emerging field
that aims to characterize the joint evolutionary and epidemical behavior of rapidly evolving infectious
diseases using tools borrowed from the field of phylogenetics [27]. The probabilistic models used
in the phylodynamic approach are mostly pursued in a Bayesian statistical framework [28]. This
approach treats parameters of the phylodynamic model as random variables, such that each parameter is
described by a specified prior probability distribution (and a corresponding inferred posterior probability
distribution). Accordingly, the Bayesian approach provides a natural way to estimate (and accommodate)
uncertainty in the phylodynamic model parameters, including the virus phylogeny, divergence times, and
history of geographic spread [29].

Recent evidence suggests that Bayesian methods may be more accurate in assessing HPAIV evolution
than traditional phylogenetic methods. For example, Lemey et al. [29] adopted a Bayesian phylodymanic
approach to re-analyze a H5N1 HPAIV dataset initially studied using conventional methods [30,31].
Results of the Bayesian analysis did not support the earlier conclusion regarding the epidemiological
link between Guangdong and Indonesia, but instead suggested that the ancestral strains of the Indonesian
outbreaks originated from the Hunan province in south central China [30,31]. Furthermore, these studies
demonstrated the potential of Bayesian phylogeographic methods to estimate the posterior probability of
each geographic location at any point in the phylogenetic tree, and the ability for phylogenetic parameters
to be estimated from different genomic segments of the H5N1 HPAIV genome without assuming that
the sequences shared an identical phylogenetic history [29].

Here, we extend the landmark study of Lemey et al. [29] to estimate the history of HPAIV dispersal
into and within Europe after its initial detection in Russia in 2005. Our data comprise 277 H5N1 HPAIV
HA and neuraminidase (NA) gene sequences (referred to as isolates) collected between 2005 and 2010
in Europe and Russia. We adopt a discrete-trait phylodynamic model to estimate both the history of viral
migration between geographic areas, and also to infer the movement of the virus among host species
(wild vs. domesticated birds). We also estimate temporal changes in viral population size, and discuss
the potential of phylodynamic methods to improve AI surveillance. Our study provides quantitative
estimates of the mechanisms that led to the rapid spread of HPAIV throughout Europe in 2005–2010
and further illustrates the potential of this approach to improve the prevention and control of novel
emerging AIVs.

2. Material and Methods

2.1. Sequence Data

Our dataset comprised complete (or nearly complete) H5N1 HPAIV haemagglutinin (HA) and
neuraminidase (NA) gene sequences isolated in Europe and the Russia between May 2005 and
June 2010, including information on the date, location, and host from which the sequences were
isolated. These data were obtained from the Global Initiative on Sharing All influenza data (GISAID)
public database [32], with the exception of sequences from Romania, which have been described
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elsewhere [33]. Laboratory recombinants or highly cultured sequences were excluded from the dataset.
The length of the HA and NA gene regions ranged from 1621–1803 and 1211–1458 bp, respectively. Our
dataset comprised a total of 347 sequences, of which 277 (79.8%) were from Europe and Russia, and 70
(20.2%) were from Asian and African countries that were included to root the phylogenetic tree (Table
S1). Furthermore, we cross-matched each retrieved sequence with the NCBI Influenza Virus Resource
(IVR) [34] database to obtain information on the date, location, and host of origin of the sample. Because
both IVR and GISAID databases do not report the exact longitude and latitude (and occasionally the
actual date of collection), we consulted the metadata field for each sequence isolate to approximate the
location and date of collection, as well as to specify the host species. We identified metadata for each
sequence by comparing strain names between databases (e.g., A/swan/Germany/6/2007), and, when
available, we cross-matched information with the corresponding publication [10–20]. We specified the
location for each sample (latitude-longitude) using the centroid of the country from which samples were
isolated. We converted the collection date for each sequence into fractional years (decimal days) in order
to estimate divergence times. If only the year of isolation was available (1.2% of the sequences), we
specified the ages as the mid-point of the corresponding year. Similarly, if only the month of isolation
was available (10.4% of the sequences), we recorded the date as the mid-point of the corresponding
month. Finally, we classified host species as either wild birds, domestic birds, or other (non-avian
hosts). Table S2 summarizes the profile of 277 H5N1 HPAIV sequences isolated from reported outbreaks
in Europe and the Russia between May 2005 and June 2010. Finally, an epidemic curve was plotted
using approximately 1130 outbreak reports retrieved from the Food and Agriculture Organization of the
United Nation (FAO) Global Animal Disease Information System EMPRES-i [35]. The outbreak data
included dates and locations of detected cases in domesticated poultry and wild birds in Europe and
Russia between 2005 and 2010.

2.2. Preliminary Phylogenetic Analysis

We aligned the H5N1 HPAIV HA and NA gene regions using MUSCLE version 3.8 [36]. The
resulting alignments were adjusted manually to ensure that these protein-coding gene regions remained
in frame (assessed by amino-acid translation using Mesquite version 3.01) [37]. We removed all
sequences (25%) with 100% nucleotide identity and both gene regions were found to be free of
homologous recombination using Recombination Detection Program version 3 (RDP3) [38]. For each
gene region, we selected a mixed substitution model (assignment of data partitions to substitution
models) by first defining six data subsets (the codon positions of each gene region), and then selecting
among mixed-substitution model using the Bayesian Information Criterion (BIC) implemented in
PartitionFinder v 1.1 [39]. Finally, we assessed the degree of topological (in)congruence between
the two gene regions by performing maximum-likelihood estimates of the phylogeny for the individual
gene regions under the selected mixed-substitution model; these analyses entailed 100 non-parametric
bootstrap replicate searches of each gene region using RAxML version 8 [40].

2.3. Divergence-Time Estimation

We estimated divergence times for the H5N1 HPAIV sequence dataset using the (relaxed)
molecular-clock models implemented in BEAST v 1.8 [41]. We used the mixed-substitution model
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for each gene region identified in the preliminary analyses detailed above. We assessed the fit of the
sequence data to three branch-rate prior models: (1) a strict molecular clock model (which assumes that
substitution rates are stochastically constant across branches of the tree); (2) the uncorrelated exponential
relaxed clock (UCED) model, which assumes that substitution rates on adjacent branches are sampled
from a shared exponential distribution, and; (3) the uncorrelated lognormal relaxed clock (UCLN)
model, which assumes that substitution rates on adjacent branches are drawn from a shared lognormal
distribution. We assessed the fit of the sequence data to these three branch-rate models by comparing
their corresponding marginal likelihoods, which were estimated using Tracer version 1.6 [42,43]. Bayes
factor (BF) comparisons indicated that the UCED branch-rate model provided the best fit for both HA
and NA gene regions (Bayes factor > 25 for the log marginal likelihood). Estimation of divergence times
also requires a node-age model; we assumed a Bayesian skyline coalescent tree prior, which allowed us
to estimate changes in the effective population size through time [44]. Isolation dates of the sequences
were used to calibrate divergence-time estimates.

We approximated the joint posterior probability density of these model parameters using the Markov
Chain Monte Carlo (MCMC) algorithms implemented in BEAST v 1.8. Each MCMC simulation was
run for 1× 108 cycles, and thinned by sampling every 10,000 cycle. We performed four replicate MCMC
simulations to aid in assessing performance of the simulations. We assessed MCMC convergence
by comparing the parameter estimates from independent analyses for each parameter, ensuring that
the estimates of the marginal posterior probability densities were effectively identical for the four
independent chains. We also assessed convergence by the estimating effective sample sizes (ESS) for
each parameter using Tracer, and assessed mixing based on the acceptance ratios. Those evaluations
suggested that the MCMC algorithms provided a reliable approximation of the posterior probability
density, and suggested that the first 10% of the samples (the “burn-in”) should be discarded. We
summarized posterior results as a maximum clade credibility (MCC) tree using Tree Annotator. We
then generated a Bayesian skyride plot to infer the population demographics of H5N1 HPAIV HA and
NA gene segments in Europe and the Russia. We plotted the inferred effective population size of the virus
between 2005 and 2010 in terms of relative genetic diversity (NeT), where Ne is the effective population
size and T the generation time [44].

2.4. Estimation of Geographic History under the Discrete Phylodynamic Model

We incorporated information on the geographic locations where sequences were isolated to describe
the spatial dynamics of viral epidemics following a procedure described by Lemey et al. [29]. Briefly, the
approach jointly estimates phylogeny and history of discrete traits in a Bayesian statistical framework,
which enables inference of the timing of viral dispersal patterns while accommodating phylogenetic
uncertainty. Here, the discrete states are geographic areas, and the goal is to estimate the history
of viral migration (transitions) between these areas through time. This is achieved using a model
averaging approach (based on Bayesian stochastic search variable selection; BSSVS) to describe the
spatial evolution of H5N1 HPAIV epidemic. We modeled the geographic transition of the H5N1 HPAIV
between areas as discrete states under a continuous-time Markov model comprising a number of non-zero
transition rates that were identified by means of BSSVS. We assessed the fit of the H5N1 HPAIV
data to a number of candidate discrete phylogeographic models (Table S3), including both symmetric
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and asymmetric discrete-trait models with irreversible and reversible transitions, respectively (using
a mean-one exponential prior for the rate parameters). Accordingly, our analyses were based on a
composite phylogenetic model that comprised: (1) the previously selected mixed-substitution model; (2)
the strict, UCLN, UCED branch-rate models to describe variation in substitution rate across branches;
(3) the coalescent Gaussian Markov Random field (GMRF) Bayesian Skyride model as a prior on the
node times in the tree, and; (4) the symmetric and asymmetric discrete-state phylodynamic models to
describe the history of viral migration between discrete geographic areas. Accordingly, we explored a
total of six candidate composite phylodynamic models (the symmetric and asymmetric variants of the
geographic model and the three branch-rate models).

We assessed the relative fit of the six candidate phylodynamic models to the HA and NA sequence
datasets using Bayes factors. To this end, we first estimated the marginal likelihood for each of
the six candidate phylodynamic models from the resulting posterior samples using the posterior
simulation-based analogue of Akaike’s information criterion (AICm) [45]. Bael et al. [46] have recently
shown the AICm to provide more reliable estimates of the marginal likelihood than the harmonic-mean
estimator. We then used the marginal-likelihood estimates to compute Bayes factors to select among
the candidate models. The UCED branch-rate model was again preferred for both HA and NA gene
segments (BF > 25). Bayes factor (BF) comparisons indicated that the symmetric UCED branch-rate
model with irreversible transitions provided the best fit for both HA and NA gene regions (Bayes factor
> 25 for the log marginal likelihood). The posterior probability distribution of trees sampled under the
preferred model was summarized as an MCC consensus tree with posterior probabilities of geographic
areas plotted at interior nodes using FigTree version 1.4 [47]. We used SPREAD version 1.0.6 [48] to
assess the strength of transition rates between discrete geographic areas, using a BF cutoff = 6 to identify
non-zero transition rates. Finally, we generated a keyhole markup language (KML) file to visualize the
geographic migration of the virus.

2.5. Exploring the Evolution of H5N1 HPAIV Host Infection

We modeled the evolutionary movement of H5N1 HPAIV within and between host types (domestic
birds, wild birds, other). To this end, we again adopted a discrete-trait model, where the discrete states in
this case correspond to the host type, where the objective is to infer the history of H5N1 HPAIV migration
between hosts through time. The number of non-zero transition rates in the model was again estimated
using BSSVS. The relative strength of transition rates (e.g., wild→ domestic) was estimated using Bayes
factors. Following [49], we estimated the ancestral states (host type) at internal nodes of the tree under
a composite phylogenetic model that included: (1) the previously selected mixed-substitution model
to describe evolution of nucleotides over the tree with branch lengths; (2) the preferred uncorrelated
lognormal model to describe the variation of substitution rates across branches of the tree [49]; (3)
a constant population-size coalescent model to describe the temporal distribution of node heights in
the phylogeny, and; (4) the asymmetric discrete-state phylodynamic model to describe the history of
viral migration between host types as a continuous-time Markov process (with a number of non-zero
transition rates determined by the BSSVS procedure, using a uniform prior with mean = 1 for the rate
parameters). We summarized the posterior probability distribution of parameter estimates as an MCC
consensus tree with the posterior probability of host state mapped to interior nodes of the tree using
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FigTree. Additionally, we assessed the strength of transition rates between states (hosts) by means
of Bayes factors using SPREAD with a cutoff of six to identify non-zero transition rates. Use of the
asymmetric discrete trait model allowed us to assess the strength of directionality between states (e.g.,
wild→ domestic and domestic→ wild bird).

2.6. Assessing Uncertainty in Discrete-Trait Mappings and Association Statistics

We used the Kullback-Leibler (KL) divergence statistic [50] to accommodate phylogenetic
uncertainty in the discrete-trait estimates (for host type and geographic location). The KL divergence
measures the departure between prior probability distribution and the corresponding posterior probability
distribution for a given parameter. The premise is simple: The posterior probability distribution inferred
for a given parameter is the updated version of prior probability distribution—it is updated by the
information in the data via the likelihood function. Accordingly, if the data contain little information
regarding the value of a parameter, its posterior probability distribution will closely resemble the
corresponding prior probability distribution, and the KL divergence between these two probability
distributions will therefore be small [29]. We calculated the KL divergence for each selected posterior
distribution of trees using a function written by Razavi [51] implemented in Matlab v 2013a [52]. The
Association Index (AI) was calculated using Bayesian Tip-Significance Testing (BaTS) software version
1.0 to test the hypothesis that a taxon with a given trait (host type or geographic location) are more likely
to share traits with adjoining taxa than that expected by chance [53].

3. Results and Discussion

Our analyses of the viral population dynamics for both HA and NA genes reveal a strong increase in
genetic diversity (and, therefore, effective population size) in mid-2005 followed by a second increase in
early 2006 (Figure 1A,B). This coincides with the highest frequency of reported cases of H5N1 infections
during the epidemic, when several independent introductions of H5N1 viruses belonging to sub-clade
2.2 have been confirmed (Figure 1C) [14–20]. The relatively high viral genetic diversity during the early
stage of the epidemic is consistent with the introduction of the virus into a novel region, with a naïve
population, where it was exposed to selection pressure imposed by environmental and demographic
factors [10,25,54]. We also inferred a third (and relatively minor) change in viral genetic diversity
during mid-2007, which coincides with the entry of the virus into new EU countries. From 2005 to
2006 conditions seem to have been relatively favorable for the virus to perpetuate in the susceptible
population and, given the genetic diversity, reassortment may have occurred during this time frame. The
viral genetic diversity is then inferred to decline toward 2007 and to stabilize until 2010. The inferred
decrease of viral genetic diversity coincides with the decline of the epidemic, suggesting that prevailing
epidemiological factors, such as host density or weather conditions, in 2007–2010 were not sufficient to
favor the establishment of the newly emerging H5N1 strain in the population. In contrast to typical AIV
epidemics (which exhibit seasonal variation in viral genetic diversity) the genetic diversity of the H5N1
virus did not exhibit seasonal variation in genetic diversity during the 2005–2010 period of the epidemic
in Europe and Russia, which suggests that transmission of the virus was influenced by factors different
from those typically observed in AIV epidemics.



Viruses 2015, 7 3317
Viruses 2015, 7 8 

 

 

 

Figure 1. (A,B) Bayesian Skyline plots (BSP) illustrating temporal changes in the relative 

genetic diversity of H5N1 HPAIV isolates from outbreaks in Europe and the Russia 

between May, 2005 and June, 2010 estimated from the HA and NA gene sequences. Line 

plots summarize estimates of the effective population size (NeT), a measure of genetic 

diversity, for HA (above) and NA (below) gene regions; the shaded regions correspond to 

the 95% HPD; (C) Temporal distribution of H5N1 HPAI outbreaks (per year) in 

domesticated poultry and wild birds in Europe and Russia from between 2005 and 2010. 

Figure 1. (A,B) Bayesian Skyline plots (BSP) illustrating temporal changes in the relative
genetic diversity of H5N1 HPAIV isolates from outbreaks in Europe and the Russia between
May, 2005 and June, 2010 estimated from the HA and NA gene sequences. Line plots
summarize estimates of the effective population size (NeT), a measure of genetic diversity,
for HA (above) and NA (below) gene regions; the shaded regions correspond to the 95%
HPD; (C) Temporal distribution of H5N1 HPAI outbreaks (per year) in domesticated poultry
and wild birds in Europe and Russia from between 2005 and 2010.
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Our analyses indicate that domestic birds were the most probable ancestral host type for both genes.
Domestic birds are inferred to be the most probable host type along many branches of the HA and NA
phylogenies, suggesting that the evolution of the H5N1 HPAIV virus largely occurred in association
with domestic-bird populations. By contrast, the large proportion of wild-bird isolates (Figure 2) and
the inferred high transition rates between host types (Table 1) suggest that wild birds also played
an important role in viral dispersal between host populations and geographic areas. This finding is
consistent with a number of alternative hypotheses, including scenarios where (1) domestic birds were
the source of the spread of H5N1 HPAIV into Europe; or (2) where the HPAI strains were first transmitted
from non-EU wild birds to non-EU domestic birds (with little or no genetic change), and later transmitted
from non-EU domestic birds to EU domestic birds (Figure 2). The first scenario may be explained
by the illegal introduction of domestic birds into Europe, which has been implicated in the spread of
other diseases within some European countries [55]. The second scenario assumes very low selective
pressure on the virus within—And rapid transmission of the virus among—Wild-bird populations, which
would explain the high mortality in wild-bird populations and the reported prevalence of the virus along
migratory routes [56]. These two seemingly contradictory scenarios may be reconciled as follows: H5N1
HPAIV was initially transmitted from non-EU wild birds to domestic poultry as a less virulent and
non-reassortant strain of the virus. Subsequently, the virulent strain of H5N1 HPAIV that caused the EU
epidemic emerged as a reassortant strain from poultry, as suggested elsewhere [57]. The high density of
poultry populations may have resulted in elevated contact and transmission rates, ultimately enhancing
opportunities for viral evolution in poultry compared to wild birds. Additionally, the three sequences
isolated from non-avian species were obtained from hosts that prey on birds (two from cats and one from
a marten), which is both consistent with a wild-bird origin of infection (Table 1) and with the results of
previous studies [11,58].

Our divergence-time estimates (Figure 2) suggest that H5N1 HPAIV originated and experienced
reassortment among hosts between 1995 and1996 (Figure S1). These results are consistent with the
frequent reports of highly reassorted H5N1 HPAIVs introductions into eastern and southeastern Asia
since the emergence of the ancestral strain in 1996 (A/goose/Guangdong/1/96) [5].

Table 1. Bayes factor (BF) tests for non-zero transition rates between host types for
each gene region (HA, NA). BF values > 6 indicate significant rates of exchange between
host types.

Gene BF From To

HA 11,049.7 Wild Other
HA 11,049.7 Other Wild
HA 171.4 Domestic Wild
NA 11,049.7 Wild Other
NA 11,049.7 Other Wild
‘NA 183.0 Domestic Wild
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Figure 2. Maximum clade credibility (MCC) trees for H5N1 HPAIV hemagglutinin (HA;
A) and neauraminidase (NA; B) gene regions, respectively, Branch lengths are rendered
proportional to absolute time (see timescales), and branches are colored according to the
most probable host type (wild birds, domestic birds, or other). Branches where the host
state is uncertain (where the posterior probability of any hosts < 0.5) are colored black.
The posterior probabilities for the ancestral host states are shown in the upper left panel for
each tree.

Results of our discrete phylodynamic analyses indicate that Russia, Romania, and Germany were
important epicenters of the H5N1 HPAIV epidemic in Europe. Specifically, our results suggest that the
virus first originated and accumulated in Russia, with subsequent significant dispersal rates out of Russia
into Romania (Figures 3–5 and Figure S2). Later, significant dispersal rates occurred between Romania
and Germany. In fact, exchange between Russia-Romania and Romania-Germany represent the most
significant dispersal rates of the virus during the course of the epidemic (Figure 5, Table S4). Finally,
in late 2005 and early 2006 the virus spread independently from Romania and Germany, respectively
into other areas of the EU (Figure S3); a scenario that is consistent with the results of previous
studies [1,14–16,30].
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Figure 5. Bayes factor (BF) test for significant non-zero dispersal rates in H5N1 HPAIV.
Only rates supported by a BF greater than six are indicated. The color gradient of lines
correspond to the probability of the inferred dispersal routes; blue lines and red lines indicate
relatively weak and strong support, respectively. The maps are based on satellite pictures
available in Google Earth (Available online: http://earth.google.com). (A) HA gene; (B) NA
gene. The maps are based on satellite images sourced from the NASA World Wind Java
SDK (Available online: http://worldwind.arc.nasa.gov/java/).

The inferred geographic expansion of the virus is consistent with our estimates of the viral effective
population size; the geographic expanse and the genetic diversity of the virus increased between 2005
and 2006, and subsequently declined between 2007 and 2010 (Figure 1 and Figure S3). The geographic
expansion of the virus entailed two major waves. The first wave began in early 2005 from Russia,
intensified in Romania, and resulted in the spread of the virus into Germany, Ukraine, and Turkey. The
second wave began in early 2006, also commencing in Russia, intensified in both Romania and Germany,
and resulted in the spread of the virus into Switzerland, Czech Republic, Denmark, and Sweden [11–20].
Additionally, a minor wave in 2007 emerged and intensified within Germany, and resulted in the spread
of the virus into France, Hungary, and Poland [13,19].

The results of our phylodynamic analyses generally appear to be robust (Table 2). The significance
(p-value < 0.001) of the observed association-index (AI) values and their 95% credible intervals for
both genes indicate a strong relationship between the inferred phylogeny of the H5N1 virus and the
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discrete traits (geographic area and host type), and also indicate that both host type and geography
played important roles in the transmission of the virus. By contrast, the Kullback-Leibler (KL) values
for the discrete host-type models were fairly small for both genes (suggesting relatively poor model fit),
whereas the KL values for the geographic models were large, indicating good fit the between model and
the geographic data [29].

Table 2. Kullback-Leibler divergence and Association Index statistics assessing the fit of the
viral data to the discrete phylodynamic models.

Tree Kullback-Leibler Association Index

Host Type
HA 0.71 6.01 (4.97, 7.06) *
NA 0.72 7.22 (5.97, 8.44) *

Location (by Countries)
HA 3.24 9.1 (7.87, 10.3) *
NA 1.68 10.45 (9.29, 11.58) *

* Statistically significant (p-value < 0.001).

Although generally robust, the results of this study are based on analyses that necessarily entailed
several compromises, including: (1) imprecise geographic information on the isolation of H5N1
sequences; and; (2) incomplete and possibly biased sampling of H5N1 isolates. First, precise
latitude/longitude coordinates were unavailable for 65.8% of the sequences used in this study; instead
only the country of isolation was recorded. In these cases, we used the centroid of the country as a proxy
for the location, which is apt to depart substantially from the true location in most cases, which may
bias our inferences of the phylogeographic history of the H5N1 virus. This sampling issue precludes our
use of the continuous phylodynamic model described by Lemey et al. [59], as these models require
more precise information on the locations of the viral samples. Unfortunately, this information in
typically not recorded for publically available viral sequence data in GenBank or disease databases.
The greatest obstacle for applying continuous phylodynamic models to the H5N1 system is therefore
mainly an issue of data confidentiality. The impact of incomplete spatial metadata on the performance
of phylogeographic models has been discussed elsewhere [60,61]. Inferences under the phylodynamic
models—like all statistical inference methods—assume that we have either a complete or random sample
of sequence data. In the present case, this requires that the H5N1 sequences were collected randomly
with respect to time (between ∼1990 and 2010), geographic location, and host type. Myriad practical
considerations almost certainly result in very strongly biased samples, and the impact of these departures
from random sampling on the estimates are difficult to quantify. Although certainly incomplete, and
almost certainly non-random, our study is based on all available sequence data for the HA and NA gene
regions associated with the H5N1 epidemic in the EU during 2005–2010, and therefore reflects our best
understanding based of the available data.

Phylodynamic analysis has not yet been widely embraced as a resource by public health agencies to
support the design of disease-surveillance strategies. For example, most of the published literature on
avian influenza—including disease summary reports and peer-reviewed scientific studies—upon which
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global disease agencies base their decision-making process primarily include numerical summaries of
reported cases in each country, risk maps based purely on spatial and temporal distribution of the disease,
and conventional phylogenetic analysis of sequenced isolates from these outbreaks [11–19]. The 2009
AI global pandemic demonstrates the ability of phylodynamic analyses to provide novel insights for
decisions regarding animal and public health [62]. Our phylodynamic analyses of an H5N1 HPAIV
sequence dataset and associated metadata provides insights on the origin of the outbreak in Europe (e.g.,
the ancestral location or host type) and the temporal and the spatial progression of this epidemic. These
inferences could be used to inform prevention and control measures to block the virus at the source (e.g.,
high-risk geographical areas or bird species), which can limit the spread of the virus both to the domestic
poultry population or to uninfected geographic areas. Furthermore, the ability to infer and predict routes
of viral transmission has clear implications for informing the selection of appropriate strains for vaccine
production to more effectively control new reassortant strains of AIV in future epidemics. Accordingly,
incorporating phylodynamic analyses as a standard tool for the molecular surveillance of AI might
support the development of more effective (and cost effective) policy decisions for the control of this
virus in high-risk regions.

4. Conclusions

The purpose of this study was to illustrate the potential of a Bayesian phylodynamic approach to
inform AI surveillance and control programs and associated decision-making processes. Our results
indicate that the peak in viral genetic diversity between 2005 and 2006 coincided with its geographic
spread from Russia into Romania and Germany, and throughout the rest of the EU. This expansion was
followed by a drastic decline in viral genetic diversity, which corresponds with the epidemic decline in
most EU member states. Our findings corroborate previous conclusions that wild birds were the most
important vectors for the spread of the disease. However, our analyses indicate that domestic (rather than
wild) birds were the source of the epidemic, and that viral reassortment most likely occurred in domestic
species. Finally, our results provide further demonstration of the potential of the Bayesian phylodynamic
approach to effectively study the dynamics of disease origin and spread, which promises to maximize
the utility of molecular sequence data for the surveillance and control of emerging diseases. These
results will contribute to the design of surveillance and control strategies for H5N1 HPAIV in Europe
and provide a methodological framework for molecular epidemiological modeling of emerging novel
HPAIVs at regional, national, and international scales. This work can also assist global and European
disease agencies in their effort to improve the efficiency of their surveillance systems by sharing and
improving their genomic databases in the course of emergence of new AIVs.

Acknowledgments

We are grateful to Matthew L. Scotch for assistance with Matlab and to Mike May. This study
was supported in part by National Science Foundation (NSF) grants DEB-0842181, DEB-0919529,
DBI-1356737, and DEB-1457835 awarded to Brain R. Moore, and by a University of Minnesota
MnDrive program grant awarded to Andres M. Perez.



Viruses 2015, 7 3324

Author Contributions

Mohammad A. Alkhamis and Brian R. Moore conceived and designed the study. Mohammad A.
Alkhamis and Andres A. Perez analyzed the data. Brian R. Moore provided advice regarding the
analyses. Mohammad A. Alkhamis, Brian R. Moore and Andres A. Perez wrote the paper.

Conflicts of Interest

The authors declare no conflict of interest.

References

1. Kilpatrick, A.M.; Chmura, A.A.; Gibbons, D.W.; Fleischer, R.C.; Marra, P.P.; Daszak, P. Predicting
the global spread of H5N1 avian influenza. Proc. Natl. Acad. Sci .USA 2006, 103, 19368–19373.
[CrossRef] [PubMed]

2. Brown, I.H. Summary of avian influenza activity in Europe, Asia, and Africa, 2006–2009. Avian
Dis. 2010, 54, 187–193. [CrossRef] [PubMed]

3. Sims, L.D.; Domenech, J.; Benigno, C.; Kahn, S.; Kamata, A.; Lubroth, J.; Martin, V.; Roeder, P.
Origin and evolution of highly pathogenic H5N1 avian influenza in Asia. Vet. Rec. 2005, 157,
159–164. [CrossRef] [PubMed]

4. Bonn, D. Wild birds, poultry, and avian influenza. Lancet Infect. Dis. 2006, 6, 262–262. [CrossRef]
5. Xu, X.; Subbarao; Cox, N.J.; Guo, Y. Genetic characterization of the pathogenic influenza

A/Goose/Guangdong/1/96 (H5N1) virus: Similarity of its hemagglutinin gene to those of H5N1
viruses from the 1997 outbreaks in Hong Kong. Virology 1999, 261, 15–19. [CrossRef] [PubMed]

6. Mukhtar, M.M.; Rasool, S.T.; Song, D.; Zhu, C.; Hao, Q.; Zhu, Y.; Wu, J. Origin of highly
pathogenic H5N1 avian influenza virus in China and genetic characterization of donor and recipient
viruses. J. Gen. Virol. 2007, 88, 3094–3099. [CrossRef] [PubMed]

7. WHO/OIE/FAO H5N1 Evolution Working Group. Toward a unified nomenclature system for
highly pathogenic avian influenza virus (H5N1). Emerg. Infect. Dis. 2008, 14. [CrossRef]

8. Chen, H.; Li, Y.; Li, Z.; Shi, J.; Shinya, K.; Deng, G.; Qi, Q.; Tian, G.; Fan, S.; Zhao, H.; et al.
Properties and dissemination of H5N1 viruses isolated during an influenza outbreak in migratory
waterfowl in western China. J. Virol. 2006, 80, 5976–5983. [CrossRef] [PubMed]

9. European Commission (EC). A Report on Surveys for Avian Influenza in Poultry in
Member States during 2005. Available online: http://ec.europa.eu/food/animal/diseases/
controlmeasures/avian/eu_resp_surveillance_en.htm (accessed on 1 January 2014).

10. Globig, A.; Staubach, C.; Beer, M.; Koppen, U.; Fiedler, W.; Nieburg, M.; Wilking, H.; Starick, E.;
Teifke, J.P.; Werner, O.; et al. Epidemiological and ornithological aspects of outbreaks of highly
pathogenic avian influenza virus H5N1 of Asian lineage in wild birds in Germany, 2006 and 2007.
Transbound. Emerg. Dis. 2009, 56, 57–72. [CrossRef] [PubMed]

11. Weber, S.; Harder, T.; Starick, E.; Beer, M.; Werner, O.; Hoffmann, B.; Mettenleiter, T.C.;
Mundt, E. Molecular analysis of highly pathogenic avian influenza virus of subtype H5N1 isolated
from wild birds and mammals in northern Germany. J. Gen. Virol. 2007, 88, 554–558. [CrossRef]
[PubMed]

http://dx.doi.org/10.1073/pnas.0609227103
http://www.ncbi.nlm.nih.gov/pubmed/17158217
http://dx.doi.org/10.1637/8949-053109-Reg.1
http://www.ncbi.nlm.nih.gov/pubmed/20521631
http://dx.doi.org/10.1136/vr.157.6.159
http://www.ncbi.nlm.nih.gov/pubmed/16085721
http://dx.doi.org/10.1016/S1473-3099(06)70449-2
http://dx.doi.org/10.1006/viro.1999.9820
http://www.ncbi.nlm.nih.gov/pubmed/10484749
http://dx.doi.org/10.1099/vir.0.83129-0
http://www.ncbi.nlm.nih.gov/pubmed/17947535
http://dx.doi.org/10.3201/eid1407.071681
http://dx.doi.org/10.1128/JVI.00110-06
http://www.ncbi.nlm.nih.gov/pubmed/16731936
http://dx.doi.org/10.1111/j.1865-1682.2008.01061.x
http://www.ncbi.nlm.nih.gov/pubmed/19267878
http://dx.doi.org/10.1099/vir.0.82300-0
http://www.ncbi.nlm.nih.gov/pubmed/17251574


Viruses 2015, 7 3325

12. Starick, E.; Beer, M.; Hoffmann, B.; Staubach, C.; Werner, O.; Globig, A.; Strebelow, G.;
Grund, C.; Durban, M.; Conraths, F.J.; et al. Phylogenetic analyses of highly pathogenic avian
influenza virus isolates from Germany in 2006 and 2007 suggest at least three separate introductions
of H5N1 virus. Vet. Microbiol. 2008, 128, 243–252. [CrossRef] [PubMed]

13. Breed, A.C.; Harris, K.; Hesterberg, U.; Gould, G.; Londt, B.Z.; Brown, I.H.; Cook, A.J.
Surveillance for avian influenza in wild birds in the European Union in 2007. Avian Dis. 2010,
54, 399–404. [CrossRef] [PubMed]

14. Oprisan, G.; Coste, H.; Lupulescu, E.; Oprisoreanu, A.M.; Szmal, C.; Onita, I.; Popovici, N.;
Ionescu, L.E.; Bicheru, S.; Enache, N.; et al. Molecular analysis of the first avian influenza H5N1
isolates from fowl in Romania. Roum. Arch. Microbiol. Immunol. 2006, 65, 79–82. [PubMed]

15. Hofmann, M.A.; Renzullo, S.; Baumer, A. Phylogenetic characterization of H5N1 highly
pathogenic avian influenza viruses isolated in Switzerland in 2006. Virus Genes 2008, 37, 407–413.
[CrossRef] [PubMed]

16. Kiss, I.; Gyarmati, P.; Zohari, S.; Ramsay, K.W.; Metreveli, G.; Weiss, E.; Brytting, M.; Stivers, M.;
Lindstrom, S.; Lundkvist, A.; et al. Molecular characterization of highly pathogenic H5N1 avian
influenza viruses isolated in Sweden in 2006. Virol. J. 2008, 5. [CrossRef] [PubMed]

17. Zohari, S.; Gyarmati, P.; Thoren, P.; Czifra, G.; Brojer, C.; Belak, S.; Berg, M. Genetic
characterization of the NS gene indicates co-circulation of two sub-lineages of highly pathogenic
avian influenza virus of H5N1 subtype in Northern Europe in 2006. Virus Genes 2008, 36, 117–125.
[CrossRef] [PubMed]

18. Nagy, A.; Vostinakova, V.; Pindova, Z.; Hornickova, J.; Cernikova, L.; Sedlak, K.; Mojzis, M.;
Dirbakova, Z.; Machova, J. Molecular and phylogenetic analysis of the H5N1 avian influenza virus
caused the first highly pathogenic avian influenza outbreak in poultry in the Czech Republic in
2007. Vet. Microbiol. 2009, 133, 257–263. [CrossRef] [PubMed]

19. Szeleczky, Z.; Dan, A.; Ursu, K.; Ivanics, E.; Kiss, I.; Erdelyi, K.; Belak, S.; Muller, C.P.;
Brown, I.H.; Balint, A. Four different sublineages of highly pathogenic avian influenza H5N1
introduced in Hungary in 2006–2007. Vet. Microbiol. 2009, 139, 24–33. [CrossRef] [PubMed]

20. Nagy, A.; Machova, J.; Hornickova, J.; Tomci, M.; Nagl, I.; Horyna, B.; Holko, I. Highly
pathogenic avian influenza virus subtype H5N1 in Mute swans in the Czech Republic. Vet.
Microbiol. 2007, 120, 9–16. [CrossRef] [PubMed]

21. Ronquist, F. Bayesian inference of character evolution. Trends Ecol. Evol. 2004, 19, 475–481.
[CrossRef] [PubMed]

22. Jewell, C.P.; Kypraios, T.; Christley, R.M.; Roberts, G.O. A novel approach to real-time risk
prediction for emerging infectious diseases: A case study in Avian Influenza H5N1. Prev. Vet.
Med. 2009, 91, 19–28. [CrossRef] [PubMed]

23. Martinez, M.; Munoz, M.J.; de La Torre, A.; Iglesias, I.; Peris, S.; Infante, O.;
Sanchez-Vizcaino, J.M. Risk of introduction of H5N1 HPAI from Europe to Spain by wild water
birds in autumn. Transbound. Emerg. Dis. 2009, 56, 86–98. [CrossRef] [PubMed]

24. Fink, M.; Fernandez, S.R.; Schobesberger, H.; Koefer, J. Geographical spread of highly pathogenic
avian influenza virus H5N1 during the 2006 outbreak in Austria. J. Virol. 2010, 84, 5815–5823.
[CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.vetmic.2007.10.012
http://www.ncbi.nlm.nih.gov/pubmed/18031958
http://dx.doi.org/10.1637/8950-053109-Reg.1
http://www.ncbi.nlm.nih.gov/pubmed/20521669
http://www.ncbi.nlm.nih.gov/pubmed/18389720
http://dx.doi.org/10.1007/s11262-008-0285-2
http://www.ncbi.nlm.nih.gov/pubmed/18787938
http://dx.doi.org/10.1186/1743-422X-5-113
http://www.ncbi.nlm.nih.gov/pubmed/18837987
http://dx.doi.org/10.1007/s11262-007-0188-7
http://www.ncbi.nlm.nih.gov/pubmed/18172752
http://dx.doi.org/10.1016/j.vetmic.2008.07.013
http://www.ncbi.nlm.nih.gov/pubmed/18789611
http://dx.doi.org/10.1016/j.vetmic.2009.04.017
http://www.ncbi.nlm.nih.gov/pubmed/19520524
http://dx.doi.org/10.1016/j.vetmic.2006.10.004
http://www.ncbi.nlm.nih.gov/pubmed/17113249
http://dx.doi.org/10.1016/j.tree.2004.07.002
http://www.ncbi.nlm.nih.gov/pubmed/16701310
http://dx.doi.org/10.1016/j.prevetmed.2009.05.019
http://www.ncbi.nlm.nih.gov/pubmed/19535161
http://dx.doi.org/10.1111/j.1865-1682.2008.01062.x
http://www.ncbi.nlm.nih.gov/pubmed/19220817
http://dx.doi.org/10.1128/JVI.01642-09
http://www.ncbi.nlm.nih.gov/pubmed/20335251


Viruses 2015, 7 3326

25. Reperant, L.A.; Fuckar, N.S.; Osterhaus, A.D.; Dobson, A.P.; Kuiken, T. Spatial and temporal
association of outbreaks of H5N1 influenza virus infection in wild birds with the 0 degrees C
isotherm. PLoS Pathog. 2010, 6, e1000854. [CrossRef] [PubMed]

26. Alkhamis, M.; Willeberg, P.; Carlsson, U.; Carpenter, T.; Perez, A. Alternative scan-based
approaches to identify space-time clusters of highly pathogenic avian influenza virus H5N1 in wild
birds in Denmark and Sweden in 2006. Avian Dis. 2012, 56, 1040–1048. [CrossRef] [PubMed]

27. Grenfell, B.T.; Pybus, O.G.; Gog, J.R.; Wood, J.L.; Daly, J.M.; Mumford, J.A.; Holmes, E.C.
Unifying the epidemiological and evolutionary dynamics of pathogens. Science 2004, 303,
327–332. [CrossRef] [PubMed]

28. Minin, V.N.; Suchard, M.A. Fast, accurate and simulation-free stochastic mapping. Philos. Trans.
R. Soc. Lond. B Biol. Sci. 2008, 363, 3985–3995. [CrossRef] [PubMed]

29. Lemey, P.; Rambaut, A.; Drummond, A.J.; Suchard, M.A. Bayesian phylogeography finds its roots.
PLoS Comput. Biol. 2009, 5, e1000520. [CrossRef] [PubMed]

30. Wallace, R.G.; Fitch, W.M. Influenza A H5N1 immigration is filtered out at some international
borders. PLoS ONE 2008, 3, e1697. [CrossRef] [PubMed]

31. Wallace, R.G.; Hodac, H.; Lathrop, R.H.; Fitch, W.M. A statistical phylogeography of influenza A
H5N1. Proc. Natl. Acad. Sci. USA 2007, 104, 4473–4478. [CrossRef] [PubMed]

32. Global Initiative on Sharing All Influenza Data. Available online: http://platform.gisaid.org/
epi3/frontend#4ff951 (accessed on 1 December 2013).

33. Alkhamis, M.; Perez, A.; Batey, N.; Howard, W.; Watson, S.; Baillie, G.; Franz, S.;
Focosi-Snyman, R.; Onita, I.; Cioranu, R.; et al. Modeling the association of space, time, and host
species with variation of the HA, NA, and NS genes of H5N1 highly pathogenic avian influenza
viruses isolated from birds in Romania in 2005–2007. Avian Dis. 2013, 57, 612–621. [CrossRef]
[PubMed]

34. NCBI Influenza Virus Resource. Available online: http://www.ncbi.nlm.nih.gov/genomes/FLU/
FLU.html (accessed on 15 December 2013).

35. Global Animal Disease Information System. Available online: http://empres-i.fao.org/ (accessed
on 1 June 2015).

36. Edgar, R.C. MUSCLE: Multiple sequence alignment with high accuracy and high throughput.
Nucleic Acids Res. 2004, 32, 1792–1797. [CrossRef] [PubMed]

37. Maddison, W.P.; Maddison, D.R. Mesquite: A Modular System for Evolutionary Analysis. Version
2.75. 2014. Available online: http://mesquiteproject.org (accessed on 15 March 2014).

38. Martin, D.P.; Lemey, P.; Lott, M.; Moulton, V.; Posada, D.; Lefeuvre, P. RDP3: A flexible and fast
computer program for analyzing recombination. Bioinformatics 2010, 26, 2462–2463. [CrossRef]
[PubMed]

39. Lanfear, R.; Calcott, B.; Ho, S.Y.; Guindon, S. Partitionfinder: Combined selection of partitioning
schemes and substitution models for phylogenetic analyses. Mol. Biol. Evol. 2012, 29, 1695–1701.
[CrossRef] [PubMed]

40. Stamatakis, A. RAxML version 8: A tool for phylogenetic analysis and post-analysis of large
phylogenies. Bioinformatics 2014, 30, 1312–1313. [CrossRef] [PubMed]

http://dx.doi.org/10.1371/journal.ppat.1000854
http://www.ncbi.nlm.nih.gov/pubmed/20386716
http://dx.doi.org/10.1637/10192-041012-Reg.1
http://www.ncbi.nlm.nih.gov/pubmed/23402133
http://dx.doi.org/10.1126/science.1090727
http://www.ncbi.nlm.nih.gov/pubmed/14726583
http://dx.doi.org/10.1098/rstb.2008.0176
http://www.ncbi.nlm.nih.gov/pubmed/18852111
http://dx.doi.org/10.1371/journal.pcbi.1000520
http://www.ncbi.nlm.nih.gov/pubmed/19779555
http://dx.doi.org/10.1371/journal.pone.0001697
http://www.ncbi.nlm.nih.gov/pubmed/18301773
http://dx.doi.org/10.1073/pnas.0700435104
http://www.ncbi.nlm.nih.gov/pubmed/17360548
http://dx.doi.org/10.1637/10494-011713-Reg.1
http://www.ncbi.nlm.nih.gov/pubmed/24283126
http://dx.doi.org/10.1093/nar/gkh340
http://www.ncbi.nlm.nih.gov/pubmed/15034147
http://dx.doi.org/10.1093/bioinformatics/btq467
http://www.ncbi.nlm.nih.gov/pubmed/20798170
http://dx.doi.org/10.1093/molbev/mss020
http://www.ncbi.nlm.nih.gov/pubmed/22319168
http://dx.doi.org/10.1093/bioinformatics/btu033
http://www.ncbi.nlm.nih.gov/pubmed/24451623


Viruses 2015, 7 3327

41. Drummond, A.J.; Rambaut, A. BEAST: Bayesian evolutionary analysis by sampling trees. BMC
Evol. Biol. 2007, 7. [CrossRef] [PubMed]

42. Suchard, M.A.; Weiss, R.E.; Sinsheimer, J.S. Bayesian selection of continuous-time Markov chain
evolutionary models. Mol. Biol. Evol. 2001, 18, 1001–1013. [CrossRef] [PubMed]

43. Drummond, A.J.; Rambaut, A.; Shapiro, B.; Pybus, O.G. Bayesian coalescent inference of past
population dynamics from molecular sequences. Mol. Biol. Evol. 2005, 22, 1185–1192.
[CrossRef] [PubMed]

44. Minin, V.N.; Bloomquist, E.W.; Suchard, M.A. Smooth skyride through a rough skyline: Bayesian
coalescent-based inference of population dynamics. Mol. Biol. Evol. 2008, 25, 1459–1471.
[CrossRef] [PubMed]

45. Raftery, A.; Newton, M.; Satagopan, J.; Krivitsky, P. Estimating the Integrated Likelihood via
Posterior Simulation Using the Harmonic Mean Identity. In Bayesian Statistics 8; Oxford
University Press: Oxford, UK, 2007; pp. 371–416.

46. Baele, G.; Lemey, P.; Bedford, T.; Rambaut, A.; Suchard, M.A.; Alekseyenko, A.V. Improving
the accuracy of demographic and molecular clock model comparison while accommodating
phylogenetic uncertainty. Mol. Biol. Evol. 2012, 29, 2157–2167. [CrossRef] [PubMed]

47. Shapiro, B.; Rambaut, A.; Drummond, A.J. Choosing appropriate substitution models for the
phylogenetic analysis of protein-coding sequences. Mol. Biol. Evol. 2006, 23, 7–9. [CrossRef]
[PubMed]

48. Bielejec, F.; Rambaut, A.; Suchard, M.A.; Lemey, P. SPREAD: Spatial phylogenetic reconstruction
of evolutionary dynamics. Bioinformatics 2011, 27, 2910–2912. [CrossRef] [PubMed]

49. Lu, L.; Lycett, S.J.; Leigh Brown, A.J. Reassortment patterns of avian influenza virus internal
segments among different subtypes. BMC Evol. Biol. 2014, 14. [CrossRef] [PubMed]

50. Kullback, S.; Leibler, R. On information and sufficiency. Ann. Math. Stat. 1951, 22, 79–86.
[CrossRef]

51. Razavi, N. Kullback-Leibler Divergence. Available online: http://www.mathworks.com/
matlabcentral/fileexchange/20688-kullback-leibler-divergence (accessed on 12 September 2014).

52. The MathWorks, Inc. Matlab and Statistics Release 2013a. Natick, Massachusettsm United States,
2012.

53. Parker, J.; Rambaut, A.; Pybus, O.G. Correlating viral phenotypes with phylogeny: Accounting for
phylogenetic uncertainty. Infect. Genet. Evol. 2008, 8, 239–246. [CrossRef] [PubMed]

54. Rao, D.M.; Chernyakhovsky, A.; Rao, V. Modeling and analysis of global epidemiology of avian
influenza. Environ. Model. Softw. 2009, 24, 124–134. [CrossRef]

55. Ward, M.P.; Maftei, D.; Apostu, C.; Suru, A. Geostatistical visualisation and spatial statistics for
evaluation of the dispersion of epidemic highly pathogenic avian influenza subtype H5N1. Vet. Res.
2008, 39. [CrossRef] [PubMed]

56. Olsen, B.; Munster, V.J.; Wallensten, A.; Waldenstrom, J.; Osterhaus, A.D.; Fouchier, R.A. Global
patterns of influenza a virus in wild birds. Science 2006, 312, 384–388. [CrossRef] [PubMed]

57. Vijaykrishna, D.; Bahl, J.; Riley, S.; Duan, L.; Zhang, J.X.; Chen, H.; Peiris, J.S.; Smith, G.J.;
Guan, Y. Evolutionary dynamics and emergence of panzootic H5N1 influenza viruses. PLoS
Pathog. 2008, 4, e1000161. [CrossRef] [PubMed]

http://dx.doi.org/10.1186/1471-2148-7-214
http://www.ncbi.nlm.nih.gov/pubmed/17996036
http://dx.doi.org/10.1093/oxfordjournals.molbev.a003872
http://www.ncbi.nlm.nih.gov/pubmed/11371589
http://dx.doi.org/10.1093/molbev/msi103
http://www.ncbi.nlm.nih.gov/pubmed/15703244
http://dx.doi.org/10.1093/molbev/msn090
http://www.ncbi.nlm.nih.gov/pubmed/18408232
http://dx.doi.org/10.1093/molbev/mss084
http://www.ncbi.nlm.nih.gov/pubmed/22403239
http://dx.doi.org/10.1093/molbev/msj021
http://www.ncbi.nlm.nih.gov/pubmed/16177232
http://dx.doi.org/10.1093/bioinformatics/btr481
http://www.ncbi.nlm.nih.gov/pubmed/21911333
http://dx.doi.org/10.1186/1471-2148-14-16
http://www.ncbi.nlm.nih.gov/pubmed/24456010
http://dx.doi.org/10.1214/aoms/1177729694
http://dx.doi.org/10.1016/j.meegid.2007.08.001
http://www.ncbi.nlm.nih.gov/pubmed/17921073
http://dx.doi.org/10.1016/j.envsoft.2008.06.011
http://dx.doi.org/10.1051/vetres:2007063
http://www.ncbi.nlm.nih.gov/pubmed/18252188
http://dx.doi.org/10.1126/science.1122438
http://www.ncbi.nlm.nih.gov/pubmed/16627734
http://dx.doi.org/10.1371/journal.ppat.1000161
http://www.ncbi.nlm.nih.gov/pubmed/18818732


Viruses 2015, 7 3328

58. Mushtaq, M.H.; Juan, H.; Jiang, P.; Li, Y.; Li, T.; Du, Y.; Mukhtar, M.M. Complete genome analysis
of a highly pathogenic H5N1 influenza A virus isolated from a tiger in China. Arch. Virol. 2008,
153, 1569–1574. [CrossRef] [PubMed]

59. Lemey, P.; Rambaut, A.; Welch, J.J.; Suchard, M.A. Phylogeography takes a relaxed random walk
in continuous space and time. Mol. Biol. Evol. 2010, 27, 1877–1885. [CrossRef] [PubMed]

60. Scotch, M.; Sarkar, I.N.; Mei, C.; Leaman, R.; Cheung, K.H.; Ortiz, P.; Singraur, A.; Gonzalez, G.
Enhancing phylogeography by improving geographical information from GenBank. J. Biomed.
Inform. 2011, 44, S44–S47. [CrossRef] [PubMed]

61. Tahsin, T.; Beard, R.; Rivera, R.; Lauder, R.; Wallstrom, G.; Scotch, M.; Gonzalez, G. Natural
language processing methods for enhancing geographic metadata for phylogeography of zoonotic
viruses. AMIA Jt. Summits Transl. Sci. Proc. 2014, 2014, 102–111. [PubMed]

62. Pybus, O.G.; Fraser, C.; Rambaut, A. Evolutionary epidemiology: Preparing for an age of genomic
plenty. Philos. Trans. R. Soc. Lond. B Biol. Sci. 2013, 368. [CrossRef] [PubMed]

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1007/s00705-008-0145-3
http://www.ncbi.nlm.nih.gov/pubmed/18592132
http://dx.doi.org/10.1093/molbev/msq067
http://www.ncbi.nlm.nih.gov/pubmed/20203288
http://dx.doi.org/10.1016/j.jbi.2011.06.005
http://www.ncbi.nlm.nih.gov/pubmed/21723960
http://www.ncbi.nlm.nih.gov/pubmed/25717409
http://dx.doi.org/10.1098/rstb.2012.0193
http://www.ncbi.nlm.nih.gov/pubmed/23382418

	1. Introduction
	2. Material and Methods
	2.1. Sequence Data
	2.2. Preliminary Phylogenetic Analysis
	2.3. Divergence-Time Estimation
	2.4. Estimation of Geographic History under the Discrete Phylodynamic Model
	2.5. Exploring the Evolution of H5N1 HPAIV Host Infection
	2.6. Assessing Uncertainty in Discrete-Trait Mappings and Association Statistics

	3. Results and Discussion
	4. Conclusions

