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Abstract

Background

West Nile virus (WNV) outbreaks in birds, humans, and livestock have occurred in multiple
areas in Europe and have had a significant impact on animal and human health. The pat-
terns of emergence and spread of WNV in Europe are very different from those in the US
and understanding these are important for guiding preparedness activities.

Methods

We mapped the evolution and spread history of WNV in Europe by incorporating viral
genome sequences and epidemiological data into phylodynamic models. Spatially explicit
phylogeographic models were developed to explore the possible contribution of different
drivers to viral dispersal direction and velocity. A “skygrid-GLM” approach was used to iden-
tify how changes in environments would predict viral genetic diversity variations over time.

Findings
Among the six lineages found in Europe, WNV-2a (a sub-lineage of WNV-2) has been pre-
dominant (accounting for 73% of all sequences obtained in Europe that have been shared in
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the public domain) and has spread to at least 14 countries. In the past two decades, WNV-
2a has evolved into two major co-circulating clusters, both originating from Central Europe,
but with distinct dynamic history and transmission patterns. WNV-2a spreads at a high dis-
persal velocity (88km/yr—215 km/yr) which is correlated to bird movements. Notably,
amongst multiple drivers that could affect the spread of WNV, factors related to land use
were found to strongly influence the spread of WNV. Specifically, the intensity of agricultural
activities (defined by factors related to crops and livestock production, such as coverage of
cropland, pasture, cultivated and managed vegetation, livestock density) were positively
associated with both spread direction and velocity. In addition, WNV spread direction was
associated with high coverage of wetlands and migratory bird flyways.

Conclusion

Our results suggest that—in addition to ecological conditions favouring bird- and mosquito-
presence—agricultural land use may be a significant driver of WNV emergence and spread.
Our study also identified significant gaps in data and the need to strengthen virological sur-
veillance in countries of Central Europe from where WNV outbreaks are likely seeded.
Enhanced monitoring for early detection of further dispersal could be targeted to areas with
high agricultural activities and habitats of migratory birds.

Author summary

Evidence for the drivers for West Nile virus (WNV) dispersal has been not clear in
Europe. Here, we have comprehensively described the dispersal history of the currently
predominant WNV lineage in Europe and estimated the contribution of key drivers of
spread between and within countries. By fitting several phylodynamic and phylogeo-
graphic models, we found that 1) WNV in Europe has a greater lineage diversity than in
other regions of the world. 2) Agricultural intensity had the greatest impact on both WNV
spread direction and velocity. 3) WNV spread direction was specifically associated with
urbanization and bird habitats. 4) Climate change and bio-diversity changes predicted
viral genetic diversity over time. Our study revealed that to enhance preparedness for
potential outbreaks, it is important to further define these drivers, and increase sampling
for WNV in areas that appear to be a source of WNV in other countries in Europe, as well
as in regions with known risk factors but where WNV has not yet been detected.

Introduction

Mosquito-borne viruses are a considerable public health problem worldwide, causing infec-
tions in both humans and animals [1]. For the European region, West Nile virus (WNV) is
one of the mosquito-borne viruses which can cause severe disease in humans and has been
increasing in prevalence and geographic range over the past decade [2]. WNV belongs to the
family Flaviviridae (genus Flavivirus) with an enveloped, single-stranded RNA genome [3].
The transmission cycle of WNV involves mosquitoes (mainly of the Culex species) as vectors
and birds as amplifying reservoir hosts [4], while humans and other mammals are considered
dead-end hosts [1]. Dead-end hosts are not thought to contribute significantly to transmission
in the natural life cycle of the virus. However, for humans, the potential for virus transmission
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through blood transfusion and organ transplantation has impacted blood and transplantation
donor programs, with mandatory screening introduced in regions where exposure to WNV is
possible.

Currently, nine distinct lineages (WNV-1 to WNV-9) of WNV have been identified glob-
ally, yet little is known about their phenotypic properties [5,6]. WNV-1 and WNV-2 strains
have been identified most often in human and animal cases on multiple continents, while
strains within WNV-3 to WNV-9 have been detected from mosquitoes, birds, equines, and
amphibians [5,7]. The lineage responsible for the majority of WNV outbreaks in Europe in
recent years is WNV-2, although cases of WNV-1 have also been recently identified [8,9]. In
contrast, only WNV-1 is circulating in North America, resulting from a single introduction of
the virus into the continent [10].

WNV circulation in Europe was first reported in the 1960s [11]. Since 1996, an increasing
number of WNV outbreaks in humans and equines have been detected in Southeast and Cen-
tral Europe [12], progressively expanding to previously non-endemic areas with a notable
northward trend [13]. In addition, available data highlight considerable differences between
successive years, with, for instance, particularly severe regional WNV outbreaks involving
both humans and equids in Italy, Serbia, and Greece [8,14,15], indicating multiple complex
factors may have impact on the virus’s spread and emergence. Understanding which factors
driving the genetic diversity and spread of WNV in Europe is crucial for effective surveillance
and control strategies.

Previous phylogeographic studies on the prevalence and spread of WNV in European coun-
tries [16-19] used data up to 2019. These studies focused specifically on Germany [16], Italy
[18] or Greece [17], with limited Europe-wide geographical coverage or a lack of precise sam-
pling location data. Also, the restriction to the user of whole genomes only reduced the size of
the dataset considerably, as success of WGS with surveillance samples is variable. These studies
performed between country/region phylogeographic analyses, and we extend this by using
integrated advanced phylodynamic and statistical models, risk factor analysis, and coordinated
datasets encompassing virus genomes (whole genomes and partial genome sequences) and
metadata from sampling humans, (wild) animals, and vectors from 2005-2021. Moreover,
none of these studies have delved into the significant shifts in the epidemiology and ecology of
WNV resulting from its northward migration, which raises novel questions regarding this
expansion, for instance, the further genetic changes of the viruses and factors influencing the
direction of viral spread and whether the virus might extend into previously uninfected
regions in the north, such as the United Kingdom.

Our research provides a comprehensive and robust analysis of WNV dynamics in Europe.
We describe the evolution and genetic diversity of WNV in Europe by conducting a collabora-
tive effort, supported by the VEO consortium (https://www.veo-europe.eu/). The consortium
aims to explore potential applications of complex data mining approaches using combined
datasets from a multitude of (open) sources. Focusing on a predominant lineage that has
spread widely in Europe in recent years, we further explored the dispersal history in regions
with yearly outbreaks and in regions with sporadic outbreaks and assessed the possible role of
different environmental drivers in the spread of the virus. A potential risk factor dataset was
compiled from experts in the ecology of the hosts and pathogens. The phylodynamic models
traced the spatio-temporal spread of different WNV lineages, and we identified key geospatial
drivers from the potential risk factor data set, as well as locating areas requiring targeted sur-
veillance. Our results suggest that—in addition to ecological conditions favouring bird- and
mosquito- presence—agricultural land use may be a significant driver of WNV emergence and
spread. Our study also identified significant gaps in data and the need to strengthen virological
surveillance in specific countries and regions.
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Materials and methods
Methods overview

In this study, we generate a unique dataset of historical and new virus genome sequences,
including the two sub-lineages of WNV-2 (WNV-2a and WNV-2b) and several other strains.
The complete evolution, transmission and spread history of the recent predominant WNV-2a
in Europe was studied using comprehensive phylodynamic analysis based on viral genome
sequence data and detailed epidemiology data. Spatially explicit phylogeographic models were
then fitted to the WNV sequences with a collection of well-assessed environmental and eco-
logical data, to uncover important drivers of viral dispersal direction and dispersal velocity.
Furthermore, a skygrid-generalised linear model (GLM) was employed to evaluate the rela-
tionship between changes in temperature and biodiversity and variations in viral genetic diver-
sity during the last two decades.

Genome sequence data collection

We generated new previously unpublished WNV-2 genomes from samples collected from
Italy (n = 8) and the Netherlands (n = 6) between 2019 and 2020. Virus isolation, identification
and sequencing are as previously described [8,20,21]. Sequences have been submitted to Gen-
Bank with accession IDs OP561452-OP561459, OP762592-OP762597 (S1 Table).

Apart from the new WNV genomes obtained in this study, we downloaded all available
nucleotide sequences of WNV isolated from Europe as of 02 June 2022 from NCBI (www.
ncbi.nlm.nih.gov). To identify possible cross-continent transmission, we BLAST our European
WNV dataset against sequences database at NCBI using Geneious Prime 2021.1.1 to find
closely matching genomes in other continents (https://www.geneious.com). We counted in
total 485 WNYV sequences (from unique samples), including 226 full genome sequences over a
50-year span from 1971 to 2021. Metadata of WNV sequences was updated by the aforemen-
tioned European collaborative consortium. For example, we have adjusted the travel history of
human cases (if known) to locate the original source of infection (S1 Text: Genome Sequence
data collection).

Phylodynamic reconstructions

We applied multiple phylogenetic and phylodynamic models to map the evolution and spread
history of WNV in Europe. We generated preliminary phylogenetic trees using a maximum
likelihood model using IQTree [22] and assessed the temporal signal of the sequence data
using TempEst v1.5 [23]. We reconstruct time-scaled phylogenies of WNV-2a, the main sub-
lineage identified in Europe, using Bayesian phylogenetic methods in BEAST version 1.10.4
[24]. We generated separate original time-scaled trees (data of whole genome sequence, NS5
gene and NS3 gene) first and conducted phylogeographic analysis using empirical trees. We
quantified the between-country and within-country transmissions by combining the phyloge-
nies of two distinct genes [24]. We used an asymmetric model and incorporated the Bayesian
Stochastic Search Variable Selection procedure (BSSVS) to identify a sparse set of transmission
rates which reflect the statistically supported connectivity [25]. We also estimated the expected
number of transmissions (jumps) between countries and within countries using Markov
rewards [26]. The discrete trait analysis serves our study with multiple key objectives. It quanti-
fies between-country transmissions, identifying primary donor countries from where WNV
strains are seeded within Europe, and providing insights into potential routes of introduction
and spread. Mapping the transmission network geographically allows us to compare it with
country-specific management and surveillance efforts, assessing the effectiveness of existing
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strategies in controlling WNV spread. Additionally, the joint analysis of NS3 and NS5
sequence datasets ensures better geographical coverage and a more comprehensive transmis-
sion history. In addition, a continuous phylogenetic diffusion model with a Relaxed Random
Walk extension [27] was further applied to explore the geographical spread of WNV. The
results presented in the main text primarily utilize NS3 data, which has broader geographic
coverage and a larger sample size. The continuous model results serve as validation for the
findings obtained using NS3 data. More detailed methodologies were described in the S1 Text
(see section Phylodynamic reconstructions).

Spatial and temporal predictors of WNV dispersal

Collection of predictor data indicating drivers of disease emergence and/or spread.

We collected a list of potential predictors that are thought to be associated with viral dispersal
(n = 37) as well as time-varied predictors that may correlate with viral genetic diversity varia-
tions over time (n = 22). Data sources, original resolutions, along with definitions are provided
in the S2 and S3 Tables. Predictors were mainly assigned into five categories, including 1) cli-
mate and weather, 2) land use and cover, 3) topography, 4) socio-economic factors and 5) bio-
diversity (S2 Table). More details are provided in the (see section Collection of predictor data
indicating drivers of disease emergence and/or spread). We evaluated the data quality of the
predictor datasets against six characteristics (Accuracy & precision, Reliability & consistency,
Timeliness, Completeness, and Availability & accessibility, Granularity) using a newly devel-
oped protocol [28], which revealed that the data sources were of very good quality, scoring
highly for accuracy, reliability, and availability (S2 Table).

Identification of drivers on viral presence and dispersal. We tested the associations
between the above set of potential predictors of presence (S1 Fig) and dispersal of WNV using
R package “seraphim” [29], which has been developed to study the time-scaled phylogeogra-
phy in an environmental context; it extracts the spatio-temporal information from phyloge-
netic trees and uses this information to calculate and plot dispersion statistics.

We first tested the association of the dispersal directions for each branch of WNV in the
phylogenetic tree (from an ancestral node to its descendants), with the paths that correspond
to the environmental value changes through the predictor maps. We tested if the virus tended
to remain in areas with lower/higher environmental values (local establishment), and/or the
tendency of the lineages to disperse towards lower/higher values of the predictive factors
(spread), by estimating the Bayes factor (BF) comparing values explored under the inferred
model with the null dispersal model simulated along the tree [29]. It should be noted that the
impact on dispersal direction should be evaluated with caution because it is significantly
impacted by sampling and should be viewed as a more descriptive exploration than a definite
statistical test [30].

We also tested the effect of the same set of predictors on viral dispersal velocity (i.e., how
fast the virus spread and how long it took to spread), by examining the relationship between
environmental distances and lineage dispersal durations, calculated from predictor rasters,
using the "least-cost” path model [31] and the "CIRCUITSCAPE" model [32] (please see S1
Text: Prediction of drivers on viral dispersal velocity).

Identification of drivers on changes of viral population diversity over time. We applied
the skygrid-GLM model [33] (an extension of the skygrid coalescent model that integrates exter-
nal covariates in a generalized linear model framework) to jointly infer the WNV effective popu-
lation size along with the coefficient that relates it to the time-varied predictors (n = 22) (S3
Table and S2 Fig). Here we examine the temporal relationship between the effective population
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size of WNV and the data describing climate-, land-use- and bio-diversity changes in Europe in
2004-2021 (defined by analysing the datasets described in the S3 Table and S2 Fig).

Results
Diverged WNYV lineages found in Europe

We found a positive correlation between cumulative human cases in the European Union
(EU)/ European Economic Area (EEA) reported by the European Centre for Disease Preven-
tion and Control (ECDC, between 2008-2021, total n = 4188) and the number of WNV-2
sequences (between 2004-2021, total n = 485) provided from different countries (correlation
coefficient = 0.75, p<0.005) (S3A Fig). Among the 22 European countries that have human
cases reported, 15 have sequences available, including Greece, Italy, Romania, Serbia, Hun-
gary, Spain, Austria, France, Bulgaria, Germany, Netherlands, Slovenia, Portugal, Slovakia and
Czech Republic (Czechia); sequences are missing from seven countries (Croatia, Kosovo, Alba-
nia, Bosnia and Herzegovina, North Macedonia, Montenegro, and Cyprus) in the east region
(S3B Fig).

The maximum likelihood tree of all available WNV genome sequences showed the phyloge-
netic relationships among the six lineages (out of the total nine lineages globally [6]) which
have been detected in Europe [7] (Fig 1). Among the six lineages, WNV-2 had the largest num-
ber of sequences available, accounting for 82% of all publicly shared WNV sequences in
Europe so far. The earliest WNV-2 genome (JX041631.1) was sampled from birds in Eastern
Europe (Ukraine) in 1980 (Fig 1B and 1C). The dominant sub-lineage WNV-2a emerged in
2004 and became the dominant lineage in the past ten years, while the other lineages were
rarely seen in the same time period. In addition, there was a separate small sub-lineage WNV-
2b composed of sequences mainly from Romania, Italy, and Russia in 2011-2015, and one
detection in Greece in 2018 [34] (Figs 1B and S4).

In comparison, sequences of the second-largest lineage (WNV-1) have been found in seven
European countries (Austria, Italy, Spain, France, Hungary, Romania, and Portugal) since
1971. Most WNV-1 sequences were reported in Italy (72% of total WNV-1 sequences). A
small number of WNV-1 genomes have been collected from human samples, including nine
from Italy between 2009 and 2013 and four from Spain in 2020. WNV sequences belonging to
lineages 3, 4, 8, and 9 were only sporadically reported: WNV-3 strains were only found in
Czech Republic in 1997 and 2006; WNV-4 in Romania in 2012-13; WNV-8 was only found in
Spain in 2006, while WNV-9 genomes were obtained from Austria in 2013 and Hungary in
2011 (Figs 1C and 1D and S4). In addition, up to 2021, these lineages (WNV 3, 4, 8 and 9)
were only collected from non-human hosts (mainly birds or mosquitoes including amphibian
feeding species of mosquitoes, and very few equines) [35].

Phylodynamics of predominant sub-lineage WNV-2a

Given the potential risk of human infection, it is important to monitor and study all lineages
of WNV circulating in mosquitoes. Considering the distinct genetic diversity, the number of
sequences available, and the dominance of WNV-2 as a cause of human disease, the detailed
phylodynamic analyses were focused on WNV-2a. These sequences were collected from 14
countries between 2004 and 2021, with most sequences from Greece (n = 64), Italy (n = 50),
and Germany (n = 46) (S1 Table). The sequences were collected from six host types, with 30%
from birds [including predatory birds (35%), songbirds (20%), captive birds (20%) and others],
30% from mosquitoes, and 40% from humans and other mammals (S5 Fig).

The sequences of WNV-2a found in Europe exhibited considerable genetic divergence
from those found in other continents, e.g., with a time to the Most Recent Common Ancestor
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(TMRCA) exceeding 40 years compared to sequences from Africa. As a result, in our subse-
quent continental-scale phylogeographic analysis, we treated the WNV-2a clade as a unique
introduction into Europe. The time-scaled phylogeny of full genome sequences of WNV-2a is
rooted with the first WNV-2a identified in Europe (in Hungary in 2005), with the estimated
TMRCA dated back to July 2003 (95% highest posterior density (HPD) interval: November
2002 to July 2004, Fig 2A). The WNV-2a sequences in Europe were split into two distinct sub-
clusters (A and B) on the tree composed of full genome sequences, which were previously
named the central-eastern clade and southeastern clade, respectively [16]. Further, the phylo-
geographic analysis reconstructed the spread history of the WNV-2a sub-lineage over the past
20 years from the time-scaled phylogenies, which showed the different trajectories of Cluster A
and B: Both Cluster A and Cluster B are present in Serbia, Slovakia, Hungary, Slovenia, and
Italy. Cluster A has also been transmitted to Austria, the Czech Republic, Germany, the Neth-
erlands, France, and Spain, while Cluster B has also been found in Greece, Romania, and Bul-
garia (Fig 2B-2D).

We estimated the time of emergence and rate of evolution, as well as the population dynam-
ics and speed of spread for the two WNV-2a clusters A and B. WNV of Cluster A emerged in
approximately July 2006 (with 95% HPD between January 2005 and March 2007; Fig 3A). The
estimated ancestor country of Cluster A was Austria, with subsequent sequences identified
mainly in Germany and Italy (Fig 2). With a similar evolution rate, Cluster B emerged later in
June 2007 (with 95% HPD between March 2006 and December 2008) from Hungary, and
most subsequent sequences were collected from Greece (Figs 2 and 3A and 3B).

We also compared the changes of effective population size (Ne) of the two clusters. The
effective population size of cluster A peaked around 2014, which corresponded to the expan-
sion phase of the epidemic, and then decreased slightly till the second peak at around 2018,
which was consistent with a high WNV activity in multiple regions. In comparison, there were
fewer substantial changes in Ne of Cluster B (Fig 3D).

The estimations of the weighted dispersal velocity of WNV-2a in Europe vary between 88
km/yr (full genome), 215 km/yr (NS3 gene), and 180 km/yr (NS5 gene), respectively. The dis-
persal velocity of Cluster B sequences was higher (mean of 249 km/yr with 95% HPD between
221 and 278 km/yr using NS3 data) than those of Cluster A (mean of 189 km/yr with 95%
HPD between 175 and 203km/yr using NS3 data) (Fig 3E and 3F). This finding is consistent
with the estimation of frequencies of between-countries transmissions: WNV of Cluster B
tended to jump more frequently among countries, with an overall number of 39 jumps (95%
HPD between 34 and 44)—almost twice more often than the number of jumps observed for
Cluster A (Fig 3C).

Quantified transmission frequencies between European countries and
within Greece

The discrete trait analysis is conducted with the intention of guiding targeted risk surveillance
at the country/region level. Here we quantified frequencies of transmission among the 14
European countries where we have available sequences by summarizing the transmission
matrix jointly from NS5 and NS3 gene trees. We found transmissions were most likely to
occur between neighboring countries. In addition, Austria and Hungary (both in Central
Europe) had the most linkages with other countries (Figs 4, S6 and S7A).

We traced the origin and transmission of WNV-2a in the Netherlands and Italy (2019-
2020) using newly available genomes in this study. The newly added genomes from the Neth-
erlands were isolated from Culex pipiens (common house mosquito), Gallus gallus domesticus
(chicken), Passer domesticus (House sparrow) and Phylloscopus collybita (Common chiffchaff)
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Fig 2. Time-scaled phylogeny of WNV-2a genomes in Europe. (a) Time-scaled MCC (maximum clade credibility) tree of WNV
full genome sequences isolated in Europe (n = 192), the two clusters A and B are labelled on the right. A distinct phylogeographic
analysis has been based on the NS3 gene by continuous phylogeographic inference based on 1,000 posterior trees. Spatiotemporal
diffusion of all WNV- 2a in Europe (b), of Cluster A (c) and Cluster B (d). These MCC trees are superimposed on 80% of the
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using the R package “raster” (https://cran.r-project.org/web/packages/raster/).

https://doi.org/10.1371/journal.ppat.1011880.9002
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Fig 3. Comparisons of two co-circulating clusters of WNV-2a in Europe. (a) The mean time of the most recent ancestor (TMRCA) and 95%HPD
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over time. (e) The mean of weighted dispersal velocity averaged over the branches of the entire tree (km/yr) and (f) The weighted dispersal velocity over
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https://doi.org/10.1371/journal.ppat.1011880.9003

in August-October 2020. According to our phylogeographic analysis, they are genetically
closely related to each other, and are most likely transmitted from Germany via a single intro-
duction which occurred between May 2019 and May 2020 (S6 and S7 Figs). Both the 2019 iso-
lates (n = 7, from Treviso, Rovigo, and Padova) and the 2020 isolate (n = 1, from Verona) of
WNV-2a human genomes in Italy clustered with isolates from the same areas in Italy in 2016-
2018, but more likely had separate origins (S6 and S7 Figs).
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Fig 4. Quantified transmission network of WNV-2a between European countries and within Greece inferred using discrete trait models. The shape of colors on the
map indicates the number of samples; the edge weight indicates the median number of transmissions between pairs of countries/regions; the arrow on the edge indicates
transmission direction; color of the edge from light to dark indicates Bayes Factor (BF) support from low to high only transmissions with BF>3 are shown). The European
shapefile was created using the R package “rnaturalearth” (https://cran.r-project.org/web/packages/rnaturalearth/).

https://doi.org/10.1371/journal.ppat.1011880.9004

Greece contributed the highest number of WNV-2a sequences in Europe, with all belong-
ing to Cluster B. Our analyses suggested WNV has been transmitted from central Europe
(Hungary) to Greece and kept circulating within Greece almost annually except in 2015-2016.
In 2017, WNV-2a re-emerged in Greece and caused outbreaks in 2018 and continued to circu-
late during 2019-2021 (54 and 5 Figs). Between 2017 and 2021, at least six distinct sub-clusters
were observed (S6 Fig), three of which were associated with older isolates from Greece dating
back to 2013. Sequences from non-neighboring countries (Hungary, Romania, and Bulgaria)
were included in the remaining three sub-clusters. Among these, sequences from Hungary col-
lected between 2018 and 2019 were most closely related to sequences from Greece collected
within the same time periods (S6 Fig).

The discrete trait phylogeographic analysis estimated that approximately 19 transmission
events between Greece and neighbouring countries occurred in the past decade (Figs 4A and
S7A). Countries that had the most frequent transmissions to Greece were Hungary (n = 8), fol-
lowed by Serbia (n = 5) and Romania (n = 4). The transmissions between Hungary and Greece
occurred multiple times between 2010 and 2019, while the transmissions between Greece and
other countries occurred mainly in 2012-2013. We further estimated the transmissions within
Greece; between-region transmissions mainly occurred in north Greece and spread to the east
and south regions (Figs 4B and S7B).
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https://doi.org/10.1371/journal.ppat.1011880.9005

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011880 January 25, 2024 12/25


https://cran.r-project.org/web/packages/maps/
https://doi.org/10.1371/journal.ppat.1011880.g005
https://doi.org/10.1371/journal.ppat.1011880

PLOS PATHOGENS

West Nile virus spread and drivers in Europe

Continuous dispersal and impact of environmental factors on viral lineage
dispersal

By incorporating the coordinates of each sequence isolate, we utilized a continuous phylogeo-
graphic model to reconstruct the dispersal history of WNV-2a, aiming to estimate and extract
its geospatial spread pathway and further explore the correlation of this dispersal with environ-
mental and ecological factors in a grid format (S1 Text and S1 Movie and Figs 2 and 5). WNV-
2a emerged in Central Europe, specifically Hungary, around 2003-2004, and to date, no
related genetic sequences have been found in other continents prior to its emergence. One
year later, WNV-2a dispersed to the eastern part of Austria and then over the course of 15
years spread to the northwest and western regions for cluster A (including Slovakia, Serbia,
Hungary, Austria, Czech Republic, Slovenia, Germany, Netherlands, France, and Spain) and
southeastern countries for cluster B (Greece, Romania, Italy, Bulgaria, Serbia, Slovakia, and
Slovenia). We could see that WNV emerged and circulated slowly in central Europe at first,
then spread to the southeast regions, and then in a westward direction. The frequency and
velocity of dispersal was higher in 2013-14, then slowed down, and speeded up again around
2018 (Fig 3F). The periods with high dispersal velocity were consistent with the timing of
increased notifications of WNV outbreaks simultaneously in multiple areas as well as the
introduction to new geographic regions, e.g., further northwards spread of WNV-2a (Cluster
A) towards Germany and the Netherlands. Additionally, the likelihood of dispersal into new
locations increases as incidence in the host reservoir rises.

We also extracted the spatio-temporal information embedded in the tree and tested the cor-
relation of the phylodynamic dispersion with gridded predictors (S1 Fig and S2 Table).
Through this analysis, we investigated the correlation between the dispersal direction of WNV
and variations in the values of environmental variables in the landscape the virus is moving
through. Our analysis highlights that WNV-2a had a tendency to be attracted to areas with key
drivers indicating high crop and vegetation density, livestock cultivation, and urbanization
(Fig 6 and S4 Table). We found that the virus was also likely to be attracted to wetlands, pro-
tected bird and habitat areas, and migratory bird flyways (Fig 6 and S4 Table). In addition to
the directionality of spread, we observed that factors related to high farming density (defined
by high crop and vegetation density and livestock cultivation) may accelerate WNV dispersal
velocity in Europe. The reported conductance factors are significantly supported by employing
a least-cost model on four different datasets (NS3 complete, NS3 cluster A, NS3 cluster B and
NS5 complete), demonstrating a positive regression coefficient with a Bayes Factor exceeding
20. Additionally, the associated Q statistic consistently exhibits a positive value of over 90%
(Fig 7 and S5 Table and S1 Data). We validated our findings using the CIRCUITSCAPE (CS)
model, and the results were broadly consistent with those obtained through the least-cost
model, on the NS3 complete dataset. Note that the CS model is significantly more computa-
tionally demanding than the least-cost model [36], and both models have consistently identi-
fied the same top four drivers (including cropland, pastureland, livestock counts, and mammal
richness). These findings expand our understanding of the ecological drivers of WNV spread,
by adding the important association with factors related to land use.

Impact of climate/bio-diversity changes on WNV population genetic
diversity via time

As the dynamics of host populations (mosquitoes and birds) vary widely in different months
or years, it is important to understand how these variables could further affect WNV genetic
diversity or population dynamics. Therefore, we examined the relationship between the tem-
poral change of the effective population of WNV-2a lineage and climate change coefficients in

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011880 January 25, 2024 13/25


https://doi.org/10.1371/journal.ppat.1011880

PLOS PATHOGENS

West Nile virus spread and drivers in Europe

Cropland (*100%) Urban land (*100%) Urbanization of cropland (log, *100%)

Li

vestock count (thousand, counts) Mammal species richness (counts)

300
250
200
150
100
50
0

Chicken (thousand, counts)

1500

1000

Present
Absent

500

Fig 6. Explanatory factors significantly attract WNV dispersal in Europe. There are eleven factors (out of the total
37 factors being tested) that may attract WNV dispersal with strong statistical support (BF>20, as shown in S1 Table).
The first four panels represent the percentage covered by each of the land cover types (Cropland, Urban land, land area
changes from cropland to urban land, and Cultivated and Managed Vegetation) in 2015 in each grid cell. The
visualizations and full descriptions of all factors are in the (S1 Fig and S2 Table). The unit of each predictor is shown
after the predictor name above each panel. The European shapefile was created using the R package “rworldmap”
(https://cran.r-project.org/web/packages/rworldmap/).

https://doi.org/10.1371/journal.ppat.1011880.9006

alog-linear regression model. In this study, the covariates of interest included the time-varying
climate-related factors (including air temperature, precipitation, wind speed and direction,
and leaf area index) and the factors related to the trend of population changes in different
types of birds in Europe (S2 Fig and Table 1).

We found a significant positive association between the population history of WNV-2a and
changes in air temperature in Europe between 2004 and 2021. This concordance was sup-
ported by a posterior mean covariate effect size of 0.18 (95% Bayesian credibility interval (BCI)
of (0.08, 1.68) (Table 1). In contrast, wind speed in the eastward direction (rather than the
northward direction) at a height of 10 and 100 meters above the surface of the Earth, monthly

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011880 January 25, 2024 14/25


https://cran.r-project.org/web/packages/rworldmap/
https://doi.org/10.1371/journal.ppat.1011880.g006
https://doi.org/10.1371/journal.ppat.1011880

PLOS PATHOGENS

West Nile virus spread and drivers in Europe

Cropland (*100%) Pasture (*100%)
0.8 0.8
0.6 0.6
0.4 0.4
0.2 0.2
0.0 0.0
300 70
200 50
100 30
1
5 0

Fig 7. Explanatory factors have a significant impact on WNYV dispersal velocity in Europe. There are four factors
(out of the total 37 factors being tested) that may speed up WNV dispersal with strong statistical support (BF>20, as
shown in S2 Table). The first two panels represent the percentage covered by each of the land cover types (Cropland,
Pasture) in 2015 in each grid cell. The visualizations and full descriptions of all factors are in the (S1 Fig and S2 Table).
The unit of each predictor is shown after the predictor name above each panel. The European shapefile was created
using the R package “rworldmap” (https://cran.r-project.org/web/packages/rworldmap/).

https://doi.org/10.1371/journal.ppat.1011880.9007

total precipitation, and the trends of farmland bird populations (the change in the relative
abundance of 39 common bird species which are dependent on farmland for feeding and nest-
ing and are not able to thrive in other habitats) were negatively correlated. In comparison,
northward wind speed, the leaf area index of different types of vegetation and changes of bird
index in other categories did not have a significant impact on the genetic diversity changes of
WNV-2a viruses, with 95% BCI of covariate effect size containing zero (Table 1).

Discussion

In this study, we used spatially explicit phylogeographic and phylodynamic inference to recon-
struct the dispersal patterns and dynamics of WNV strains dominant in Europe in the past
twenty years. Although the evolution of WNV has previously been examined in individual
European countries in different time spans [16-18], this study has employed much more com-
prehensive and sophisticated phylodynamic models to incorporate sequence data, ecological
data and epidemiology data, and quantified the evolution and dispersal history across Europe
based on sequence data and metadata which has been updated by our European consortium
up to 2021. In line with earlier research, we also observed distinct evolutionary histories for
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Table 1. Time-varied factors with significant impacts on effective population size via time*.

Covariates

Surface air temperature at 2m
Precipitation

Leaf area index, low vegetation

Leaf area index, high vegetation

10m u-component of wind (eastward)
100m u-component of wind (eastward)
10m v-component of wind (northward)
100m v-component of wind (northward)
10m u-component of neutral wind (eastward)
10m v-component of neutral wind (northward)
10m wind speed

Instantaneous 10m wind

Bird index-farmland birds

Bird index-forest birds

Bird index-other birds

Bird index-Galliformes

Bird index-Passeriformes

Bird index-Strigiformes

Bird index-Accipitriformes

Bird index-Galliformes

Bird index-Coliformes

Bird index-Falconiformes

Time unit Coefficient mean 95% BCI lower 95% BCI upper

monthly 0.18 0.08 1.68
monthly -1.17 -1.89 -0.47
monthly 1.22 -0.62 3.11
monthly 1.15 -0.81 3.04
monthly -0.70 -1.29 -0.07
monthly -0.76 -1.74 -0.12
monthly -0.75 -1.51 0.08
monthly -0.60 -1.75 0.68
monthly -1.00 -1.72 -0.24
monthly -0.56 -1.65 0.64
monthly -1.11 -1.85 -0. 40
monthly 0.93 -0.22 1.66
yearly -0.50 -1.13 -0.12
yearly -0.16 -2.06 1.83
yearly -0.31 -0.76 0.16
yearly 0.00 -0.14 0.13
yearly -0.29 -0.88 0.25
yearly -0.04 -0.16 0.08
yearly -0.03 -0.08 0.01
yearly -0.03 -0.20 0.19
yearly -0.09 -0.40 0.24
yearly -0.19 -2.22 1.65

*The correlation between temporal factors (n = 22) and the log effective population size (Ne) of WNV-2a over time. The 95% Bayesian credibility interval (BCI) of

covariate effect size lying either entirely above or below zero indicates a statistically significant association. Positive correlations are shown in red, and negative

correlations are depicted in green.

https://doi.org/10.1371/journal.ppat.1011880.t001

lineages WNV-1 and WNV-2, as well as for sub-lineages WNV-2a and WNV-2b within the
overall spread of WNV. We further enhanced our analysis by quantifying separate complex
dynamics using comparative analyses of lineage dispersal statistics. We additionally assessed
the potential impact of predictors that influence WNV dispersal and diversity in Europe to
gain an improved understanding of risk.

The current predominant sub-lineage WNV-2a has only been found within Europe but we
cannot rule out the possibilities of cross-continent introduction due to under-sampling in
non-European regions. One hypothesis is that the ancestor of WNV-2a was initially intro-
duced to Europe (presumably coming from Africa [19]) via long-distance migratory birds, and
after spreading to and circulating in local bird populations and other hosts, the virus evolved,
diversified, and spread throughout the European continent. WNV-2a has diverged into 2 clus-
ters (Cluster A and B) and spread to the west (Cluster A) and to the south (Cluster B). We
highlighted that areas with important levels of agricultural activities may accelerate WNV dis-
persal velocity as well as attract the spread direction of WNV in Europe. Agricultural activities
cause a dramatic degradation of natural ecosystems and loss of mosquito and bird diversity,
but increase the availability of aquatic habitats, all increasing the risk of vector-borne pathogen
transmission [36]. This is supported by the observation of the correlation between WNV circu-
lation and the decline in farmland bird species in Europe in the past two decades, suggesting
the invasion of WNV might have a preferential impact on the population of common bird spe-
cies that are dependent on farmland for feeding and nesting. Meanwhile, the loss of habitat
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may force birds to change migration routes, increasing the possibility of WNV spreading to
new territories [37]. In addition, we showed that WNV is likely to spread to areas with a high
degree of urbanization, where the ecological imbalance caused by anthropogenic changes is
even worse, characterized by less balanced mosquito communities and higher abundance of
Culex pipiens (S5D Fig), which prefers urban environments due to the availability of artificial
aquatic habitats, the reduced number of predators and the presence of warmer environment
temperature [38]. It is also worth noting that Culex hybrids from the pipiens and molestus
forms have been found in Europe, which can serve as a bridge for WNV between birds and
humans, and the proportions of hybrids are differentially affected by temperature, e.g., 17% of
Culex are hybrids in Greece, and the figure is 6-15% in the Netherlands [39-42]. However, the
association between the presence of different mosquito species and the distinct dynamic histo-
ries of WNV variants (WNV-2a and WNV-2b) remains unclear and requires further
investigation.

While the presence of agricultural activity seemed most strongly associated with northward
dispersal of WNV, for central Europe we found a strong relationship between the presence
and movement of birds and WNV spread. This is further verified by the finding that WNV
was more likely to spread towards areas with the presence of wild bird species and habitats
covered in the bird directive policy (ECDC). In fact, almost all outbreaks in Greece, Romania,
Italy and other European countries started near wetlands and subsequently areas with high
numbers of migratory birds [43-46]. Our research indicated that WNV may be "attracted" to
areas with high bird habitat density and to the flyway of Passeriformes (S5C Fig), a large bird
order that includes migratory species such as the Red-backed Shrike (Lanius collurio) [20,47-
49]. Consistently, we found WNV-2a in Europe spread at a comparably high dispersal velocity
(88km/yr to 218km/yr) and, therefore, is more likely correlated to bird movement than the
travel of Culex mosquitoes (approx. 500m to 2km/yr) [50,51]. Our findings suggest that while
both infected birds and mosquitoes play a role in the risk of WNV transmission, bird move-
ments can introduce the virus into new regions and infect mosquitoes far away. However, it
seems the estimated dispersal velocity and geographic expansion of WNV are limited by the
species of susceptible birds. In contrast, long-migratory wild birds mainly belonging to Anseri-
formes have contributed to a much greater geographic expansion of highly pathogenic avian
influenza virus H5Nx of 2.3.4.4b clade, with a rate of 3000-5000 km/yr [52]—approximately
ten times higher than that of WNV-2a. The viral genomes from birds may not fully represent
all species that serve as WNV amplifying hosts, and further investigation into a wider range of
bird species will be necessary to identify key amplifying hosts for WNV.

Future surveillance should include more sustained and collaborative efforts to fill in the
gaps in WNV genomic sampling throughout Europe. Since the early 2000s, WNV circulation
has been continuously monitored in some European countries with varying numbers of
human and equine cases. Surveillance of mosquitoes and birds has proven to be useful for
early detection of WNV circulation and identification of enzootic areas [21,53-56]. The avail-
able data do reflect enhanced efforts in some countries. In Greece, active mosquito surveil-
lance, especially in the Central Macedonia Region, has been performed since 2010 when the
virus was first identified in the country [21,53,57]. In Italy, a multi-species national surveil-
lance plan was implemented in 2002, following the first WNV outbreak [15]. Since 2020, the
national surveillance plan has been enhanced and fully integrated into a “One Health”
approach, including human, wild bird, equine, and mosquito surveillance for the early detec-
tion of WNV activity [58]. In the Netherlands, the number of screened samples has steadily
increased each year since 2016, with a rise from 952 samples in 2016 to 7030 samples in 2021.
However, despite this increase in screening, no WNV sequence was detected during this
period, with the exception of 2020 [59]. Our phylogeographic analysis suggests that this
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detection in 2020 was likely due to transmission from Germany. In Germany, a nationwide
wild bird surveillance network for zoonotic arboviruses was established more than ten years,
following the first Usutu virus outbreak in this country [60], and has recently been extended to
z0o birds. By this well-functioning network with dead and live bird surveillance, it was possible
to detect the first entry of WNV in 2018, and to follow the annually spreading tendency from
the endemic area in East Germany [16,61]. On the contrary, the number of publicly accessible
whole genomes WNV genomes is insufficient to reconstruct the complete phylogeographic
spread history, e.g., from Central and Southeast Europe (such as Croatia [62], Bulgaria [54],
Slovenia [63], and Turkey [64,65]) as well as Southwest Europe (France, Spain [66] and Portu-
gal [67]) where WNV have been detected in both humans and animals [2] (S3 Fig).

In addition to the factors discussed above, climate changes over the past two decades have
been found to influence changes in viral genetic diversity over time. We found that higher
temperature is correlated with high WNV genetic diversity during the entire history of WNV-
2a spread in Europe, which is in line with previous findings [68,69]. High temperatures may
stimulate the geographical expansion of suitable arbovirus regions [70]. Other epidemiological
modelling studies have found that mild winters and drought have been associated with WNV
disease outbreaks [70,71]. We also found that precipitation and wind speed had negative corre-
lations, which could be explained by WNV infections mostly occurring during the mosquito
season in summer [1] and also the dry season in most European countries. In addition, we
found that the direction of wind also matters. The underlying mechanism remains to be fur-
ther investigated, though one study found that wind can strongly reduce mosquito catches so
that could be a practical means of protecting humans or animals from mosquitoes [72].

One important aspect of our study was to evaluate the quality of the datasets used for pre-
dicting the spread of WNV and found that the data sources were generally of high quality,
with good accuracy, reliability, and availability. However, we did identify one potential predic-
tor, the distribution of Culex pipiens, as having lower quality due to the lack of completeness in
geographical coverage. Future work could use, for example, outputs from Mosquito Alert
(http://www.mosquitoalert.com/en/access-to-mosquito-alert-data-portal/), which has started
collating reports of Culex sightings through citizen science since 2020. Similarly, forest-related
species richness and livestock density were of lower quality; livestock density was a significant
factor for WNV dispersal highlighting the need for these data sources to be regularly updated
and ensured for accuracy.

In order to maximize the sample size and geographic coverage while reconstructing the
phylogeographic spread history of WNV in Europe over the past 20 years, we opted to use the
NS3 gene dataset in the continuous model, particularly for sequences isolated around the
2010s in central and southern Europe. Although WGS would give improved phylogenetic res-
olution, the NS3 gene has sufficient variation for time-scaled phylogenetic tree inference. As
more WGS data becomes available in Europe, future studies focusing on WNV spread in more
recent times will be performed.

The risks of zoonotic diseases and their spread increase with globalisation, climate change
and changes in human behaviour, giving pathogens numerous opportunities to colonise new
territories and evolve into new forms. We used virus genomics to investigate the emergence of
WNV in Europe, as well as its rapid spread, evolution in a new environment and establishment
of endemic transmission. Most importantly, our study suggested targeted regions in central
Europe need further investigation, including areas where WNV-2a was more likely to cluster
(with a high percentage of urban land and farming activities, high coverage of wetlands, as well
as areas with the presence and movements of migrating and resident birds) and areas with
higher farming density tended to accelerate the dispersal of WNV.
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Supporting information

S1 Movie. Phylogeny-inferred dispersal history of WNV-2a in Europe between 2004 to
2021. Colors of the dots represent interpolated maximum clade credibility phylogeny positions
for clusters A (yellow) and B (purple) from NS3. The base map of the movie is displayed using
R package “maps” (https://cran.r-project.org/web/packages/maps/). This world map (within
package maps, updated in 2013) is imported from the public domain Natural Earth project
(the 1:50m resolution version), The Natural Earth data set is in the public domain and available
from https://www.naturalearthdata.com. The data from the time-scaled phylogenetic MCC
tree is overlayed using the author’s own custom R code which makes use of R package ape
(https://cran.r-project.org/web/packages/ape/index.html).
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S1 Table. Sequences and metadata of WNV lineage 2a used in this study.
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S1 Data. Full results of impact on velocity using LC and CS models.
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S$1 Fig. Distribution of predictors for dispersal of West Nile virus in Europe. The Definition
for each predictor is shown in the (S2 Table). Data were log-transformed where necessary for
better visualization. The unit of each predictor is shown after the predictor name above each
panel. The European shapefile was created using the R package “rworldmap” (https://cran.r-
project.org/web/packages/rworldmap/).

(DOCX)

S2 Fig. Distribution of predictors for viral genetic diversity over time. Data in four months
(January, April, July, and October) were shown for each predictor. Definition for each predic-
tor is shown in the (S3 Table). The unit of each predictor is shown after the predictor name
above each panel. The European shapefile was created using the R package “rworldmap”
(https://cran.r-project.org/web/packages/rworldmap/).

(DOCX)

S3 Fig. Surveillance and sequencing effort of WNV in Europe. (a) Comparison between
cumulative human cases reported by ECDC (between 2008-2021, total n = 4188) and the
number of WNV sequences (between 1971-2021, total n = 485) isolated from 22 different
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countries. (b) The sequencing effort (ratio of the number of sequences available to the number
of human cases reported) per country is shown on the map: red from light to dark indicates
the ratio from low to high; green indicates no sequence available although human cases have
been reported; grey indicated neither human cases nor sequences are available. The European
shapefile was created using the R package “raster” (https://cran.r-project.org/web/packages/
raster/).
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S5 Fig. Distributions of WNV-2a sequences from different hosts. (a) Sequences from differ-
ent hosts on maps. The colors for hosts are consistent in a-d. (b) Relative frequencies of
sequences sampled from 5 different hosts. (c) Relative frequencies of sequences sampled from
different bird orders. (d) Relative frequencies of sequences sampled from different mosquito
species. The European shapefile was created using the R package “maps” (https://cran.r-
project.org/web/packages/maps/).
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S6 Fig. Time-scaled MCC trees of WNV mapping with countries. Trees were reconstructed
using sequences of ns3 gene (a) and ns5 gene (b) mapping with countries (n = 14).
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S7 Fig. Quantified WNV transmission networks. Transmission networks inferred from the
joint analysis of ns3 and ns5 phylogenies of WNV-2a sequences. (a) between European coun-
tries. (b) between regions in Greece. The size of node indicates the number of samples; edge
weight indicates the median number of transmissions between pairs of locations; the arrow on
edge indicates transmission direction; color of the edge from light to dark indicates Bayes Fac-
tor (BF) support from low to high only transmissions with BF >5 are shown). The correlated
farms are grouped together. Nodes with no link to the others indicated no significant transmis-
sions with other areas although sequences have been sampled.
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S8 Fig. Geographic distributions of WNV-2a sequences dataset. a) ns3 gene, b) ns5 gene, c)
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created using the R package “maps” (https://cran.r-project.org/web/packages/maps/).
(DOCX)

Acknowledgments

We extend a special thanks to Dr. Simon Dellicour and Dr. Mandev S. Gill from Rega Institute
KU Leuven, for consultations of Seraphim package and skygrid GLM modelling.

Author Contributions
Conceptualization: Lu Lu, Anna Papa, Samantha Lycett, Marion P. G. Koopmans.
Data curation: Lu Lu, Feifei Zhang.

Formal analysis: Lu Lu, Feifei Zhang, Bas B. Oude Munnink, Reina S. Sikkema,
Rachel A. Taylor, Barbara B. Shih, Samantha Lycett.

Investigation: Lu Lu.

Methodology: Lu Lu.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011880 January 25, 2024 20/25


https://cran.r-project.org/web/packages/raster/
https://cran.r-project.org/web/packages/raster/
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1011880.s012
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1011880.s013
https://cran.r-project.org/web/packages/maps/
https://cran.r-project.org/web/packages/maps/
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1011880.s014
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1011880.s015
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1011880.s016
https://cran.r-project.org/web/packages/maps/
https://doi.org/10.1371/journal.ppat.1011880

PLOS PATHOGENS

West Nile virus spread and drivers in Europe

Project administration: Frank M. Aarestrup, Marion P. G. Koopmans.

Resources: Lu Lu, Feifei Zhang, Bas B. Oude Munnink, Emmanuelle Munger,
Reina S. Sikkema, Styliani Pappa, Katerina Tsioka, Alessandro Sinigaglia,
Emanuela Dal Molin, Anne Giinther, Anne Pohlmann, Ute Ziegler, Martin Beer,
Luisa Barzon, Anna Papa.

Software: Lu Lu, Feifei Zhang.

Supervision: Samantha Lycett, Marion P. G. Koopmans.
Validation: Lu Lu.

Visualization: Lu Lu, Feifei Zhang, Samantha Lycett.
Writing - original draft: Lu Lu, Feifei Zhang.

Writing - review & editing: Lu Lu, Feifei Zhang, Bas B. Oude Munnink, Reina S. Sikkema,
Martin Beer, Rachel A. Taylor, Frederic Bartumeus, Mark Woolhouse, Frank M. Aarestrup,
Luisa Barzon, Anna Papa, Marion P. G. Koopmans.

Reference

1. Colpitts TM, Conway MJ, Montgomery RR, Fikrig E. West Nile Virus: biology, transmission, and human
infection. Clin Microbiol Rev. 2012; 25(4):635—48. Epub 2012/10/05. https://doi.org/10.1128/CMR.
00045-12 PMID: 23034323; PubMed Central PMCID: PMC3485754.

2. Napp S, Petric D, Busquets N. West Nile virus and other mosquito-borne viruses present in Eastern
Europe. Pathog Glob Health. 2018; 112(5):233—48. Epub 2018/07/07. https://doi.org/10.1080/
20477724.2018.1483567 PMID: 29979950; PubMed Central PMCID: PMC6225508.

3. Kramer LD. West Nile Virus. In: Mahy BWJ, Van Regenmortel MHV, editors. Encyclopedia of Virology
(Third Edition). Oxford: Academic Press; 2008. p. 440-50.

4. Engler O, Savini G, Papa A, Figuerola J, Groschup MH, Kampen H, et al. European surveillance for
West Nile virus in mosquito populations. Int J Environ Res Public Health. 2013; 10(10):4869-95. Epub
2013/10/26. https://doi.org/10.3390/ijerph10104869 PMID: 24157510; PubMed Central PMCID:
PMC3823308.

5. Rizzoli A, Jimenez-Clavero MA, Barzon L, Cordioli P, Figuerola J, Koraka P, et al. The challenge of
West Nile virus in Europe: knowledge gaps and research priorities. Euro Surveill. 2015; 20(20). Epub
2015/06/02. https://doi.org/10.2807/1560-7917.es2015.20.20.21135 PMID: 26027485.

6. Fall G, Di Paola N, Faye M, Dia M, Freire CCM, Loucoubar C, et al. Biological and phylogenetic charac-
teristics of West African lineages of West Nile virus. PLoS Negl Trop Dis. 2017; 11(11):e0006078. Epub
2017/11/09. https://doi.org/10.1371/journal.pntd.0006078 PMID: 29117195; PubMed Central PMCID:
PMC5695850.

7. Kemenesi G, Dallos B, Oldal M, Kutas A, Foldes F, Nemeth V, et al. Putative novel lineage of West Nile
virus in Uranotaenia unguiculata mosquito, Hungary. Virusdisease. 2014; 25(4):500-3. Epub 2015/02/
13. https://doi.org/10.1007/s13337-014-0234-8 PMID: 25674630; PubMed Central PMCID:
PMC4262305.

8. BarzonL, Montarsi F, Quaranta E, Monne |, Pacenti M, Michelutti A, et al. Early start of seasonal trans-
mission and co-circulation of West Nile virus lineage 2 and a newly introduced lineage 1 strain, northern
Italy, June 2022. Euro Surveill. 2022; 27(29). Epub 2022/07/23. https://doi.org/10.2807/1560-7917.ES.
2022.27.29.2200548 PMID: 35866436; PubMed Central PMCID: PMC9306260.

9. Garcia San Miguel Rodriguez-Alarcon L, Fernandez-Martinez B, Sierra Moros MJ, Vazquez A, Julian
Paches P, Garcia Villacieros E, et al. Unprecedented increase of West Nile virus neuroinvasive disease,
Spain, summer 2020. Euro Surveill. 2021; 26(19). Epub 2021/05/15. https://doi.org/10.2807/1560-
7917.ES.2021.26.19.2002010 PMID: 33988123; PubMed Central PMCID: PMC8120797.

10. Lanciotti RS, Roehrig JT, Deubel V, Smith J, Parker M, Steele K, et al. Origin of the West Nile virus
responsible for an outbreak of encephalitis in the northeastern United States. Science. 1999; 286
(5448):2333-7. Epub 1999/12/22. https://doi.org/10.1126/science.286.5448.2333 PMID: 10600742.

11.  Filipe AR, Pinto MR. Survey for antibodies to arboviruses in serum of animals from southern Portugal.
Am J Trop Med Hyg. 1969; 18(3):423-6. Epub 1969/05/01. https://doi.org/10.4269/ajtmh.1969.18.423
PMID: 5768776.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011880 January 25, 2024 21/25


https://doi.org/10.1128/CMR.00045-12
https://doi.org/10.1128/CMR.00045-12
http://www.ncbi.nlm.nih.gov/pubmed/23034323
https://doi.org/10.1080/20477724.2018.1483567
https://doi.org/10.1080/20477724.2018.1483567
http://www.ncbi.nlm.nih.gov/pubmed/29979950
https://doi.org/10.3390/ijerph10104869
http://www.ncbi.nlm.nih.gov/pubmed/24157510
https://doi.org/10.2807/1560-7917.es2015.20.20.21135
http://www.ncbi.nlm.nih.gov/pubmed/26027485
https://doi.org/10.1371/journal.pntd.0006078
http://www.ncbi.nlm.nih.gov/pubmed/29117195
https://doi.org/10.1007/s13337-014-0234-8
http://www.ncbi.nlm.nih.gov/pubmed/25674630
https://doi.org/10.2807/1560-7917.ES.2022.27.29.2200548
https://doi.org/10.2807/1560-7917.ES.2022.27.29.2200548
http://www.ncbi.nlm.nih.gov/pubmed/35866436
https://doi.org/10.2807/1560-7917.ES.2021.26.19.2002010
https://doi.org/10.2807/1560-7917.ES.2021.26.19.2002010
http://www.ncbi.nlm.nih.gov/pubmed/33988123
https://doi.org/10.1126/science.286.5448.2333
http://www.ncbi.nlm.nih.gov/pubmed/10600742
https://doi.org/10.4269/ajtmh.1969.18.423
http://www.ncbi.nlm.nih.gov/pubmed/5768776
https://doi.org/10.1371/journal.ppat.1011880

PLOS PATHOGENS

West Nile virus spread and drivers in Europe

12

13.

14.
15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

Zannoli S, Sambri V. West Nile Virus and Usutu Virus Co-Circulation in Europe: Epidemiology and
Implications. Microorganisms. 2019; 7(7). Epub 2019/06/30. https://doi.org/10.3390/
microorganisms7070184 PMID: 31248051; PubMed Central PMCID: PMC6680635.

Bakonyi T, Haussig JM. West Nile virus keeps on moving up in Europe. Euro Surveill. 2020; 25(46).
Epub 2020/11/21. https://doi.org/10.2807/1560-7917.ES.2020.25.46.2001938 PMID: 33213684;
PubMed Central PMCID: PMC7678036.

Control ECfDPa. West Nile virus infection. ECDC Annual epidemiological report for 2018. 2019.

Vilibic-Cavlek T, Savic V, Petrovic T, Toplak I, Barbic L, Petric D, et al. Emerging Trends in the Epidemi-
ology of West Nile and Usutu Virus Infections in Southern Europe. Front Vet Sci. 2019; 6:437. Epub
2019/12/24. https://doi.org/10.3389/fvets.2019.00437 PMID: 31867347; PubMed Central PMCID:
PMC6908483.

Ziegler U, Santos PD, Groschup MH, Hattendorf C, Eiden M, Hoper D, et al. West Nile Virus Epidemic
in Germany Triggered by Epizootic Emergence, 2019. Viruses. 2020; 12(4). Epub 2020/04/25. https://
doi.org/10.3390/v12040448 PMID: 32326472; PubMed Central PMCID: PMC7232143.

Chaintoutis SC, Papa A, Pervanidou D, Dovas CI. Evolutionary dynamics of lineage 2 West Nile virus in
Europe, 2004-2018: Phylogeny, selection pressure and phylogeography. Mol Phylogenet Evol. 2019;
141:106617. Epub 2019/09/16. https://doi.org/10.1016/j.ympev.2019.106617 PMID: 31521822.

Zehender G, Veo C, Ebranati E, Carta V, Rovida F, Percivalle E, et al. Reconstructing the recent West
Nile virus lineage 2 epidemic in Europe and ltaly using discrete and continuous phylogeography. PLoS
One. 2017; 12(7):e0179679. Epub 2017/07/06. https://doi.org/10.1371/journal.pone.0179679 PMID:
28678837; PubMed Central PMCID: PMC5497961.

Srihi H, Chatti N, Ben Mhadheb M, Gharbi J, Abid N. Phylodynamic and phylogeographic analysis of
the complete genome of the West Nile virus lineage 2 (WNV-2) in the Mediterranean basin. BMC Ecol
Evol. 2021; 21(1):183. Epub 2021/09/29. https://doi.org/10.1186/s12862-021-01902-w PMID:
34579648; PubMed Central PMCID: PMC8477494.

Rappole JH, Hubalek Z. Migratory birds and West Nile virus. J Appl Microbiol. 2003; 94 Suppl:47S—
58S. Epub 2003/04/05. https://doi.org/10.1046/].1365-2672.94.s1.6.x PMID: 12675936.

Tsioka K, Gewehr S, Kalaitzopoulou S, Pappa S, Stoikou K, Mourelatos S, et al. Detection and molecu-
lar characterization of West Nile virus in Culex pipiens mosquitoes in Central Macedonia, Greece,
2019-2021. Acta Trop. 2022; 230:106391. Epub 2022/03/11. https://doi.org/10.1016/j.actatropica.
2022.106391 PMID: 35271813.

Minh BQ, Schmidt HA, Chernomor O, Schrempf D, Woodhams MD, von Haeseler A, et al. IQ-TREE 2:

New Models and Efficient Methods for Phylogenetic Inference in the Genomic Era. Mol Biol Evol. 2020;
37(5):1530—4. Epub 2020/02/06. https://doi.org/10.1093/molbev/msaa015 PMID: 32011700; PubMed

Central PMCID: PMC7182206.

Rambaut A, Lam TT, Max Carvalho L, Pybus OG. Exploring the temporal structure of heterochronous
sequences using TempEst (formerly Path-O-Gen). Virus Evol. 2016; 2(1). https://doi.org/10.1093/ve/
vew007 PMID: 27774300

Suchard MA, Lemey P, Baele G, Ayres DL, Drummond AJ, Rambaut A. Bayesian phylogenetic and
phylodynamic data integration using BEAST 1.10. Virus Evol. 2018; 4(1). https://doi.org/10.1093/ve/
vey016 PMID: 29942656

Lemey P, Rambaut A, Drummond AJ, Suchard MA. Bayesian phylogeography finds its roots. PLoS
Comput Biol. 2009; 5(9):e1000520. Epub 2009/09/26. https://doi.org/10.1371/journal.pcbi.1000520
PMID: 19779555; PubMed Central PMCID: PMC2740835.

O’Brien JD, Minin VN, Suchard MA. Learning to count: robust estimates for labeled distances between
molecular sequences. Mol Biol Evol. 2009; 26(4):801-14. Epub 2009/01/10. https://doi.org/10.1093/
molbev/msp003 PMID: 19131426; PubMed Central PMCID: PMC2734148.

Lemey P, Rambaut A, Welch JJ, Suchard MA. Phylogeography takes a relaxed random walk in continu-
ous space and time. Mol Biol Evol. 2010; 27(8):1877-85. Epub 2010/03/06. https://doi.org/10.1093/
molbev/msq067 PMID: 20203288; PubMed Central PMCID: PMC2915639.

Horigan V, Kelly L., Papa A., Koopmans M.P.G., Sikkema R.S., Koren L.G.H., Snary E.L.. Assessment
of data quality for drivers of disease emergence. WOAH Rev Sci Tech 2023; 41(2).

Dellicour S, Rose R, Faria NR, Lemey P, Pybus OG. SERAPHIM: studying environmental rasters and
phylogenetically informed movements. Bioinformatics. 2016; 32(20):3204—6. Epub 2016/06/24. https://
doi.org/10.1093/bioinformatics/btw384 PMID: 27334476.

Dellicour S, Rose R, Faria NR, Vieira LFP, Bourhy H, Gilbert M, et al. Using Viral Gene Sequences to
Compare and Explain the Heterogeneous Spatial Dynamics of Virus Epidemics. Mol Biol Evol. 2017; 34
(10):2563-71. https://doi.org/10.1093/molbev/msx176 PMID: 28651357.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011880 January 25, 2024 22/25


https://doi.org/10.3390/microorganisms7070184
https://doi.org/10.3390/microorganisms7070184
http://www.ncbi.nlm.nih.gov/pubmed/31248051
https://doi.org/10.2807/1560-7917.ES.2020.25.46.2001938
http://www.ncbi.nlm.nih.gov/pubmed/33213684
https://doi.org/10.3389/fvets.2019.00437
http://www.ncbi.nlm.nih.gov/pubmed/31867347
https://doi.org/10.3390/v12040448
https://doi.org/10.3390/v12040448
http://www.ncbi.nlm.nih.gov/pubmed/32326472
https://doi.org/10.1016/j.ympev.2019.106617
http://www.ncbi.nlm.nih.gov/pubmed/31521822
https://doi.org/10.1371/journal.pone.0179679
http://www.ncbi.nlm.nih.gov/pubmed/28678837
https://doi.org/10.1186/s12862-021-01902-w
http://www.ncbi.nlm.nih.gov/pubmed/34579648
https://doi.org/10.1046/j.1365-2672.94.s1.6.x
http://www.ncbi.nlm.nih.gov/pubmed/12675936
https://doi.org/10.1016/j.actatropica.2022.106391
https://doi.org/10.1016/j.actatropica.2022.106391
http://www.ncbi.nlm.nih.gov/pubmed/35271813
https://doi.org/10.1093/molbev/msaa015
http://www.ncbi.nlm.nih.gov/pubmed/32011700
https://doi.org/10.1093/ve/vew007
https://doi.org/10.1093/ve/vew007
http://www.ncbi.nlm.nih.gov/pubmed/27774300
https://doi.org/10.1093/ve/vey016
https://doi.org/10.1093/ve/vey016
http://www.ncbi.nlm.nih.gov/pubmed/29942656
https://doi.org/10.1371/journal.pcbi.1000520
http://www.ncbi.nlm.nih.gov/pubmed/19779555
https://doi.org/10.1093/molbev/msp003
https://doi.org/10.1093/molbev/msp003
http://www.ncbi.nlm.nih.gov/pubmed/19131426
https://doi.org/10.1093/molbev/msq067
https://doi.org/10.1093/molbev/msq067
http://www.ncbi.nlm.nih.gov/pubmed/20203288
https://doi.org/10.1093/bioinformatics/btw384
https://doi.org/10.1093/bioinformatics/btw384
http://www.ncbi.nlm.nih.gov/pubmed/27334476
https://doi.org/10.1093/molbev/msx176
http://www.ncbi.nlm.nih.gov/pubmed/28651357
https://doi.org/10.1371/journal.ppat.1011880

PLOS PATHOGENS

West Nile virus spread and drivers in Europe

31.

32.
33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

Dijkstra EW. A note on two problems in connexion with graphs. Numerische Mathematik. 1959; 1
(1):269-71. https://doi.org/10.1007/BF01386390

McRae BH. Isolation by resistance. Evolution. 2006; 60(8):1551-61. PMID: 17017056.

Baker RE, Mahmud AS, Miller IF, Rajeev M, Rasambainarivo F, Rice BL, et al. Infectious disease in an
era of global change. Nat Rev Microbiol. 2022; 20(4):193-205. Epub 2021/10/15. https://doi.org/10.
1038/s41579-021-00639-z PMID: 34646006; PubMed Central PMCID: PMC8513385.

Papa A, Papadopoulou E, Chatzixanthouliou C, Glouftsios P, Pappa S, Pervanidou D, et al. Emergence
of West Nile virus lineage 2 belonging to the Eastern European subclade, Greece. Arch Virol. 2019; 164
(6):1673-5. Epub 2019/04/07. https://doi.org/10.1007/s00705-019-04243-8 PMID: 30953205.

Casimiro-Soriguer CS, Perez-Florido J, Fernandez-Rueda JL, Pedrosa-Corral |, Guillot-Sulay V, Lor-
usso N, et al. Phylogenetic Analysis of the 2020 West Nile Virus (WNV) Outbreak in Andalusia (Spain).
Viruses. 2021; 13(5). Epub 2021/06/03. https://doi.org/10.3390/v13050836 PMID: 34063166; PubMed
Central PMCID: PMC8148183.

De Frutos A, Olea PP, Mateo-Tomas P. Responses of medium- and large-sized bird diversity to irriga-
tion in dry cereal agroecosystems across spatial scales. Agriculture, Ecosystems & Environment. 2015;
207:141-52. https://doi.org/10.1016/j.agee.2015.04.009.

Dolman PM, Sutherland WJ. The Response of Bird Populations to Habitat Loss. Ibis. 1995; 137:S38—
S46. https://doi.org/10.1111/j.1474-919X.1995.tb08456.x PubMed PMID: WOS:A1995QG44600006.

Wilke ABB, Vasquez C, Carvajal A, Moreno M, Fuller DO, Cardenas G, et al. Urbanization favors the
proliferation of Aedes aegypti and Culex quinquefasciatus in urban areas of Miami-Dade County, Flor-
ida. Sci Rep. 2021; 11(1):22989. Epub 2021/11/28. https://doi.org/10.1038/s41598-021-02061-0 PMID:
34836970; PubMed Central PMCID: PMC8626430.

Papa A, Xanthopoulou K, Tsioka A, Kalaitzopoulou S, Mourelatos S. West Nile virus in mosquitoes in
Greece. Parasitol Res. 2013; 112(4):1551-5. Epub 2013/02/02. https://doi.org/10.1007/s00436-013-
3302-x PMID: 23371497.

Gomes B, Kioulos E, Papa A, Aimeida AP, Vontas J, Pinto J. Distribution and hybridization of Culex
pipiens forms in Greece during the West Nile virus outbreak of 2010. Infect Genet Evol. 2013; 16:218—
25. Epub 2013/03/08. https://doi.org/10.1016/j.meegid.2013.02.006 PMID: 23466890.

Vogels CBF, Goertz GP, Pijlman GP, Koenraadt CJM. Vector competence of northern and southern
European Culex pipiens pipiens mosquitoes for West Nile virus across a gradient of temperatures. Med
Vet Entomol. 2017; 31(4):358—-64. Epub 2017/07/29. https://doi.org/10.1111/mve.12251 PMID:
28752627.

Vogels CB, Fros JJ, Goertz GP, Pijiman GP, Koenraadt CJ. Vector competence of northern European
Culex pipiens biotypes and hybrids for West Nile virus is differentially affected by temperature. Parasit
Vectors. 2016; 9(1):393. Epub 2016/07/09. https://doi.org/10.1186/s13071-016-1677-0 PMID:
27388451; PubMed Central PMCID: PMC4937539.

Papa A, Tsioka K, Gewehr S, Kalaitzopouou S, Pervanidou D, Vakali A, et al. West Nile fever upsurge
in a Greek regional unit, 2020. Acta Trop. 2021; 221:106010. Epub 2021/06/16. https://doi.org/10.1016/
j.actatropica.2021.106010 PMID: 34129841.

Tomazatos A, Jansen S, Pfister S, Torok E, Maranda I, Horvath C, et al. Ecology of West Nile Virus in
the Danube Delta, Romania: Phylogeography, Xenosurveillance and Mosquito Host-Feeding Patterns.
Viruses. 2019; 11(12). Epub 2019/12/19. https://doi.org/10.3390/v11121159 PMID: 31847345; PubMed
Central PMCID: PMC6950446.

Marcantonio M, Rizzoli A, Metz M, Rosa R, Marini G, Chadwick E, et al. Identifying the environmental
conditions favouring West Nile Virus outbreaks in Europe. PLoS One. 2015; 10(3):e0121158. Epub
2015/03/25. https://doi.org/10.1371/journal.pone.0121158 PMID: 25803814; PubMed Central PMCID:
PMC4372576.

Garcia-Carrasco JM, Munoz AR, Olivero J, Segura M, Real R. Predicting the spatio-temporal spread of
West Nile virus in Europe. PLoS Negl Trop Dis. 2021; 15(1):e0009022. Epub 2021/01/08. https://doi.
org/10.1371/journal.pntd.0009022 PMID: 33411739; PubMed Central PMCID: PMC7790247.

Ain-Najwa MY, Yasmin AR, Omar AR, Arshad SS, Abu J, Mohammed HO, et al. Evidence of West Nile
virus infection in migratory and resident wild birds in west coast of peninsular Malaysia. One Health.
2020; 10:100134. Epub 2020/05/15. https://doi.org/10.1016/j.onehlt.2020.100134 PMID: 32405525;
PubMed Central PMCID: PMC7210594.

Mancuso E, Cecere JG, lapaolo F, Di Gennaro A, Sacchi M, Savini G, et al. West Nile and Usutu Virus
Introduction via Migratory Birds: A Retrospective Analysis in Italy. Viruses. 2022; 14(2). Epub 2022/02/
27. hitps://doi.org/10.3390/v14020416 PMID: 35216009; PubMed Central PMCID: PMC8880244.

Lopez G, Jimenez-Clavero MA, Tejedor CG, Soriguer R, Figuerola J. Prevalence of West Nile virus
neutralizing antibodies in Spain is related to the behavior of migratory birds. Vector Borne Zoonotic Dis.
2008; 8(5):615—-21. Epub 2008/04/11. https://doi.org/10.1089/vbz.2007.0200 PMID: 18399777.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011880 January 25, 2024 23/25


https://doi.org/10.1007/BF01386390
http://www.ncbi.nlm.nih.gov/pubmed/17017056
https://doi.org/10.1038/s41579-021-00639-z
https://doi.org/10.1038/s41579-021-00639-z
http://www.ncbi.nlm.nih.gov/pubmed/34646006
https://doi.org/10.1007/s00705-019-04243-8
http://www.ncbi.nlm.nih.gov/pubmed/30953205
https://doi.org/10.3390/v13050836
http://www.ncbi.nlm.nih.gov/pubmed/34063166
https://doi.org/10.1016/j.agee.2015.04.009
https://doi.org/10.1111/j.1474-919X.1995.tb08456.x
https://doi.org/10.1038/s41598-021-02061-0
http://www.ncbi.nlm.nih.gov/pubmed/34836970
https://doi.org/10.1007/s00436-013-3302-x
https://doi.org/10.1007/s00436-013-3302-x
http://www.ncbi.nlm.nih.gov/pubmed/23371497
https://doi.org/10.1016/j.meegid.2013.02.006
http://www.ncbi.nlm.nih.gov/pubmed/23466890
https://doi.org/10.1111/mve.12251
http://www.ncbi.nlm.nih.gov/pubmed/28752627
https://doi.org/10.1186/s13071-016-1677-0
http://www.ncbi.nlm.nih.gov/pubmed/27388451
https://doi.org/10.1016/j.actatropica.2021.106010
https://doi.org/10.1016/j.actatropica.2021.106010
http://www.ncbi.nlm.nih.gov/pubmed/34129841
https://doi.org/10.3390/v11121159
http://www.ncbi.nlm.nih.gov/pubmed/31847345
https://doi.org/10.1371/journal.pone.0121158
http://www.ncbi.nlm.nih.gov/pubmed/25803814
https://doi.org/10.1371/journal.pntd.0009022
https://doi.org/10.1371/journal.pntd.0009022
http://www.ncbi.nlm.nih.gov/pubmed/33411739
https://doi.org/10.1016/j.onehlt.2020.100134
http://www.ncbi.nlm.nih.gov/pubmed/32405525
https://doi.org/10.3390/v14020416
http://www.ncbi.nlm.nih.gov/pubmed/35216009
https://doi.org/10.1089/vbz.2007.0200
http://www.ncbi.nlm.nih.gov/pubmed/18399777
https://doi.org/10.1371/journal.ppat.1011880

PLOS PATHOGENS

West Nile virus spread and drivers in Europe

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Ciota AT, Drummond CL, Ruby MA, Drobnack J, Ebel GD, Kramer LD. Dispersal of Culex mosquitoes
(Diptera: Culicidae) from a wastewater treatment facility. J Med Entomol. 2012; 49(1):35-42. Epub
2012/02/09. https://doi.org/10.1603/me11077 PMID: 22308769; PubMed Central PMCID:
PMC3278816.

Hamer GL, Anderson TK, Donovan DJ, Brawn JD, Krebs BL, Gardner AM, et al. Dispersal of adult
culex mosquitoes in an urban west nile virus hotspot: a mark-capture study incorporating stable isotope
enrichment of natural larval habitats. PLoS Negl Trop Dis. 2014; 8(3):e2768. Epub 2014/03/29. https://
doi.org/10.1371/journal.pntd.0002768 PMID: 24676212; PubMed Central PMCID: PMC3967984.

Xie R, Edwards KM, Wille M, Wei X, Wong S- S, Zanin M, et al. The episodic resurgence of highly path-
ogenic avian influenza H5 virus. bioRxiv. 2022:2022.12.18.520670. https://doi.org/10.1101/2022.12.18.
520670

Pervanidou D, Vakali A, Georgakopoulou T, Panagiotopoulos T, Patsoula E, Koliopoulos G, et al. West
Nile virus in humans, Greece, 2018: the largest seasonal number of cases, 9 years after its emergence
in the country. Euro Surveill. 2020; 25(32). Epub 2020/08/15. https://doi.org/10.2807/1560-7917.ES.
2020.25.32.1900543 PMID: 32794446; PubMed Central PMCID: PMC7427301.

Christova |, Papa A, Trifonova |, Panayotova E, Pappa S, Mikov O. West Nile virus lineage 2 in humans
and mosquitoes in Bulgaria, 2018-2019. J Clin Virol. 2020; 127:104365. Epub 2020/04/20. https://doi.
org/10.1016/j.jcv.2020.104365 PMID: 32305885.

Papa A, Papadopoulou E, Kalaitzopoulou S, Tsioka K, Mourelatos S. Detection of West Nile virus and
insect-specific flavivirus RNA in Culex mosquitoes, central Macedonia, Greece. Trans R Soc Trop Med
Hyg. 2014; 108(9):555-9. Epub 2014/07/19. https://doi.org/10.1093/trstmh/tru100 PMID: 25033823.

Sofia M, Giannakopoulos A, Giantsis |A, Touloudi A, Birtsas P, Papageorgiou K, et al. West Nile Virus
Occurrence and Ecological Niche Modeling in Wild Bird Species and Mosquito Vectors: An Active Sur-
veillance Program in the Peloponnese Region of Greece. Microorganisms. 2022; 10(7). Epub 2022/07/
28. hitps://doi.org/10.3390/microorganisms10071328 PMID: 35889046; PubMed Central PMCID:
PMC9320058.

Hadjichristodoulou C, Pournaras S, Mavrouli M, Marka A, Tserkezou P, Baka A, et al. West Nile Virus
Seroprevalence in the Greek Population in 2013: A Nationwide Cross-Sectional Survey. PLoS One.
2015; 10(11):e0143803. Epub 2015/11/26. https://doi.org/10.1371/journal.pone.0143803 PMID:
26605539; PubMed Central PMCID: PMC4659653.

Barzon L, Pacenti M, Montarsi F, Fornasiero D, Gobbo F, Quaranta E, et al. Rapid spread of a new
West Nile virus lineage 1 associated with increased risk of neuroinvasive disease during a large out-
break in northern Italy, 2022: One Health analysis. J Travel Med. 2022. Epub 2022/11/05. https://doi.
org/10.1093/jtm/taac125 PMID: 36331269.

Sikkema RS, Schrama M, van den Berg T, Morren J, Munger E, Krol L, et al. Detection of West Nile
virus in a common whitethroat (Curruca communis) and Culex mosquitoes in the Netherlands, 2020.
Euro Surveill. 2020; 25(40). Epub 2020/10/10. https://doi.org/10.2807/1560-7917.ES.2020.25.40.
2001704 PMID: 33034280; PubMed Central PMCID: PMC7545818.

Becker N, Jost H, Ziegler U, Eiden M, Hoper D, Emmerich P, et al. Epizootic emergence of Usutu virus
in wild and captive birds in Germany. PLoS One. 2012; 7(2):e32604. Epub 2012/03/06. https://doi.org/
10.1371/journal.pone.0032604 PMID: 22389712; PubMed Central PMCID: PMC3289667.

Ziegler U, Bergmann F, Fischer D, Muller K, Holicki CM, Sadeghi B, et al. Spread of West Nile Virus and
Usutu Virus in the German Bird Population, 2019-2020. Microorganisms. 2022; 10(4). Epub 2022/04/
24. hitps://doi.org/10.3390/microorganisms10040807 PMID: 35456857; PubMed Central PMCID:
PMC9030481.

Vilibic-Cavlek T, Savic V, Klobucar A, Ferenc T, llic M, Bogdanic M, et al. Emerging Trends in the West
Nile Virus Epidemiology in Croatia in the ‘One Health’ Context, 2011-2020. Trop Med Infect Dis. 2021;
6(3). Epub 2021/08/28. https://doi.org/10.3390/tropicalmed6030140 PMID: 34449731; PubMed Central
PMCID: PMC8396195.

Knap N, Korva M, Ivovic V, Kalan K, Jelovsek M, Sagadin M, et al. West Nile Virus in Slovenia. Viruses.
2020; 12(7). Epub 2020/07/09. https://doi.org/10.3390/v12070720 PMID: 32635155; PubMed Central
PMCID: PMC7411925.

Ergunay K, Bakonyi T, Nowotny N, Ozkul A. Close Relationship between West Nile Virus from Turkey
and Lineage 1 Strain from Central African Republic. Emerging Infectious Diseases. 2015; 21(2):352-5.
https://doi.org/10.3201/eid2102.141135 PubMed PMID: WOS:000348491400028. PMID: 25625703

Erdogan Bamac O, Cizmecigil UY, Mete A, Yilmaz A, Aydin O, Tali HE, et al. Emergence of West Nile
Virus Lineage-2 in Resident Corvids in Istanbul, Turkey. Vector Borne Zoonotic Dis. 2021; 21(11):892—
9. Epub 2021/11/09. https://doi.org/10.1089/vbz.2021.0010 PMID: 34748405.

Figuerola J, Jimenez-Clavero MA, Ruiz-Lopez MJ, Llorente F, Ruiz S, Hoefer A, et al. A One Health
view of the West Nile virus outbreak in Andalusia (Spain) in 2020. Emerg Microbes Infect. 2022; 11

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011880 January 25, 2024 24/25


https://doi.org/10.1603/me11077
http://www.ncbi.nlm.nih.gov/pubmed/22308769
https://doi.org/10.1371/journal.pntd.0002768
https://doi.org/10.1371/journal.pntd.0002768
http://www.ncbi.nlm.nih.gov/pubmed/24676212
https://doi.org/10.1101/2022.12.18.520670
https://doi.org/10.1101/2022.12.18.520670
https://doi.org/10.2807/1560-7917.ES.2020.25.32.1900543
https://doi.org/10.2807/1560-7917.ES.2020.25.32.1900543
http://www.ncbi.nlm.nih.gov/pubmed/32794446
https://doi.org/10.1016/j.jcv.2020.104365
https://doi.org/10.1016/j.jcv.2020.104365
http://www.ncbi.nlm.nih.gov/pubmed/32305885
https://doi.org/10.1093/trstmh/tru100
http://www.ncbi.nlm.nih.gov/pubmed/25033823
https://doi.org/10.3390/microorganisms10071328
http://www.ncbi.nlm.nih.gov/pubmed/35889046
https://doi.org/10.1371/journal.pone.0143803
http://www.ncbi.nlm.nih.gov/pubmed/26605539
https://doi.org/10.1093/jtm/taac125
https://doi.org/10.1093/jtm/taac125
http://www.ncbi.nlm.nih.gov/pubmed/36331269
https://doi.org/10.2807/1560-7917.ES.2020.25.40.2001704
https://doi.org/10.2807/1560-7917.ES.2020.25.40.2001704
http://www.ncbi.nlm.nih.gov/pubmed/33034280
https://doi.org/10.1371/journal.pone.0032604
https://doi.org/10.1371/journal.pone.0032604
http://www.ncbi.nlm.nih.gov/pubmed/22389712
https://doi.org/10.3390/microorganisms10040807
http://www.ncbi.nlm.nih.gov/pubmed/35456857
https://doi.org/10.3390/tropicalmed6030140
http://www.ncbi.nlm.nih.gov/pubmed/34449731
https://doi.org/10.3390/v12070720
http://www.ncbi.nlm.nih.gov/pubmed/32635155
https://doi.org/10.3201/eid2102.141135
http://www.ncbi.nlm.nih.gov/pubmed/25625703
https://doi.org/10.1089/vbz.2021.0010
http://www.ncbi.nlm.nih.gov/pubmed/34748405
https://doi.org/10.1371/journal.ppat.1011880

PLOS PATHOGENS

West Nile virus spread and drivers in Europe

67.

68.

69.

70.

71.

72.

(1):2570-8. Epub 2022/10/11. https://doi.org/10.1080/22221751.2022.2134055 PMID: 36214518;
PubMed Central PMCID: PMC9621199.

Lourenco J, Barros SC, Ze-Ze L, Damineli DSC, Giovanetti M, Osorio HC, et al. West Nile virus trans-
mission potential in Portugal. Commun Biol. 2022; 5(1):6. Epub 2022/01/12. https://doi.org/10.1038/
s$42003-021-02969-3 PMID: 35013546; PubMed Central PMCID: PMC8748923.

Fay RL, Ngo KA, Kuo L, Willsey GG, Kramer LD, Ciota AT. Experimental Evolution of West Nile Virus at
Higher Temperatures Facilitates Broad Adaptation and Increased Genetic Diversity. Viruses. 2021; 13
(10). Epub 2021/10/27. https://doi.org/10.3390/v13101889 PMID: 34696323; PubMed Central PMCID:
PMC8540194.

Farooq Z, Rocklov J, Wallin J, Abiri N, Sewe MO, Sjodin H, et al. Artificial intelligence to predict West
Nile virus outbreaks with eco-climatic drivers. Lancet Reg Health Eur. 2022; 17:100370. Epub 2022/04/
05. https://doi.org/10.1016/j.lanepe.2022.100370 PMID: 35373173; PubMed Central PMCID:
PMC8971633.

Di Pol G, Crotta M, Taylor RA. Modelling the temperature suitability for the risk of West Nile Virus estab-
lishment in European Culex pipiens populations. Transbound Emerg Dis. 2022. Epub 2022/03/20.
https://doi.org/10.1111/tbed.14513 PMID: 35304820.

Watts MJ, Sarto IMV, Mortyn PG, Kotsila P. The rise of West Nile Virus in Southern and Southeastern
Europe: A spatial-temporal analysis investigating the combined effects of climate, land use and eco-
nomic changes. One Health. 2021; 13:100315. Epub 2021/09/07. https://doi.org/10.1016/j.onehlt.2021.
100315 PMID: 34485672; PubMed Central PMCID: PMC8408625.

Hoffmann EJ, Miller JR. Reassessment of the role and utility of wind in suppression of mosquito (Dip-
tera: Culicidae) host finding: stimulus dilution supported over flight limitation. J Med Entomol. 2003; 40
(5):607—14. Epub 2003/11/05. https://doi.org/10.1603/0022-2585-40.5.607 PMID: 14596273.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011880 January 25, 2024 25/25


https://doi.org/10.1080/22221751.2022.2134055
http://www.ncbi.nlm.nih.gov/pubmed/36214518
https://doi.org/10.1038/s42003-021-02969-3
https://doi.org/10.1038/s42003-021-02969-3
http://www.ncbi.nlm.nih.gov/pubmed/35013546
https://doi.org/10.3390/v13101889
http://www.ncbi.nlm.nih.gov/pubmed/34696323
https://doi.org/10.1016/j.lanepe.2022.100370
http://www.ncbi.nlm.nih.gov/pubmed/35373173
https://doi.org/10.1111/tbed.14513
http://www.ncbi.nlm.nih.gov/pubmed/35304820
https://doi.org/10.1016/j.onehlt.2021.100315
https://doi.org/10.1016/j.onehlt.2021.100315
http://www.ncbi.nlm.nih.gov/pubmed/34485672
https://doi.org/10.1603/0022-2585-40.5.607
http://www.ncbi.nlm.nih.gov/pubmed/14596273
https://doi.org/10.1371/journal.ppat.1011880

