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A B S T R A C T   

West Nile virus is one of the most widespread mosquito-borne zoonotic viruses, with unique transmission dy-
namics in various parts of the world. Genomic surveillance has provided important insights in the global patterns 
of West Nile virus emergence and spread. In Europe, multiple West Nile virus lineages have been isolated, with 
lineage 1a and 2 being the main lineages responsible for human infections. In contrast to North America, where a 
single introduction of lineage 1a resulted in the virus establishing itself in a new continent, at least 13 in-
troductions of lineages 1a and 2 have occurred into Europe, which is likely a vast underestimation of the true 
number of introductions. Historically, lineage 1a was the main lineage circulating in Europe, but since the 
emergence of lineage 2 in the early 2000s, the latter has become the predominant lineage. This shift in West Nile 
virus lineage prevalence has been broadly linked to the expansion of the virus into northerly temperate regions, 
where autochthonous cases in animals and humans have been reported in Germany and The Netherlands. Here, 
we discuss how genomic analysis has increased our understanding of the epidemiology of West Nile virus in 
Europe, and we present a global Nextstrain build consisting of publicly available West Nile virus genomes (https: 
//nextstrain.org/community/grubaughlab/WNV-Global). Our results elucidate recent insights in West Nile virus 
lineage dynamics in Europe, and discuss how expanded programs can fill current genomic surveillance gaps.   

1. Introduction 

West Nile virus (Family: Flaviviridae, Genus: Flavivirus) is a globally 
dispersed mosquito-borne zoonotic virus consisting of at least 9 previ-
ously defined lineages (Fig. 1) [1–4]. Of these, lineages 1a and 2 are 
responsible for the majority of reported human cases and will be the 
main focus of this paper. An estimated 80% of human cases are thought 
to be asymptomatic, and < 1% of cases can develop a serious form of the 
disease known as West Nile neuroinvasive disease, which can lead to 
encephalitis and death [5,6]. West Nile virus is maintained in a complex 
enzootic cycle between mosquitoes and birds, with >60 mosquito spe-
cies and over 300 bird species that have been implicated as potential 
vectors and hosts [7]. West Nile virus infection can have a significant 
negative impact on avian host populations [8]. Although humans and 
other mammals, such as horses, can develop disease, which may be fatal, 

they generally do not develop sufficient viremia to contribute to the 
transmission cycle, and are therefore considered “dead-end” hosts. 

Despite recent progress in understanding the complex transmission 
dynamics and ecology of West Nile virus, prevention and control remain 
challenging. Particularly in Europe, West Nile virus continues to pose a 
threat to public health with yearly recurring outbreaks of which the 
largest outbreak to date reported in 2018, co-circulation of lineages 1 
and 2, and recent emergence outside its endemic regions into more 
northern parts of the continent [9,10]. Consequently, understanding the 
patterns of West Nile virus emergence and spread in Europe is key to 
informing animal and public health responses and could provide valu-
able insights for regions with comparable ecology and lineages. 

Virus genomic surveillance can provide additional insights by 
informing patterns of virus transmission and the role virus genetics and 
evolution may be playing in causing morbidity and mortality [11–14]. 
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Genomic surveillance of West Nile virus demonstrated its importance 
when the virus was introduced and subsequently became endemic in the 
United States [15]. Here, we discuss the complex ecology and dynamics 
of West Nile virus in Europe, where multiple lineages are circulating and 
frequent introductions happen from sub-Saharan Africa and the Middle- 
East through bird migration. To complement the review of existing 
literature on genomic surveillance, we developed a global Nextstrain 
build (https://nextstrain.org/community/grubaughlab/WNV-Global; 
Fig. 1) [16]. The Nextstrain build contains publicly available genomes 
belonging to eight different lineages, for which near-complete genomes 
(7700 base pairs or greater) were publicly available, and whose lineages 
were determined using the West Nile virus typing tool through Genome 
Detective [17]. Geographical resolution for the samples was done at the 
country level for all samples. State/province resolution was provided 
when available using the centroid of the geographical area. Samples 
without geographical information were removed from this analysis. 
Time resolution was to the day, samples that provided a year but no day 

were given June 1st of the provided year as the day. Samples without 
date information were excluded from this analysis. This build provides 
context for West Nile virus strains that are circulating in Europe and 
other parts of the world and can be used as a tool to explore West Nile 
virus genomic data discussed in the paper. 

2. History of West Nile outbreaks 

West Nile virus is believed to have originated in Africa, with its first 
discovery in Uganda in 1937 and subsequent phylogenetic analyses 
suggest it emerged in the 16th or 17th century [1,18,19]. While few 
known outbreaks have been reported in Africa since, recent studies have 
shown that it is likely underreported and an underestimated threat to 
animal and human health on the African continent [2,20–22]. Initially, 
West Nile virus was assumed to cause only rare and mild disease in 
humans until serosurveys confirmed the first widespread human out-
breaks in Israel and Egypt in 1951 (later determined to be lineage 1a) 

Fig. 1. Global phylogeny of West Nile virus lineages. A) Phylogenetic tree of all available whole genome sequences available on GenBank (USA downsampled). B) 
Geographic map of all sequences included in the phylogenetic tree. Missing metadata was supplemented from various sources please see GitHub repository for more 
details: https://github.com/grubaughlab/WNV-global. 
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[23,24]. West Nile virus was first detected in Europe during serosurveys 
conducted in Albania in 1958 and France in 1962 [25,26]. During the 
following decades, West Nile virus was not reported until 1996, when an 
unusually virulent outbreak occurred in Romania, with 393 human 
cases and an estimated case fatality rate in humans of roughly 4% 
[27,28]. Three years later an even more virulent outbreak occurred in 
Russia in 1999 with an estimated 480 human cases and a case fatality of 
nearly 10% [29]. Also in 1999, on the other side of the globe, West Nile 
virus was reported for the first time in the Americas, in New York City 
[30,31]. Once in the United States, West Nile virus rapidly spread across 
the continent reaching California by 2003 and causing a total of 55,442 
human cases and 2683 deaths in 2022 since its introduction [15,32,33]. 

The outbreaks in Romania and Russia in the 1990’s were harbingers 
of what was to come in Europe. Further outbreaks of West Nile virus 
occurred in the early 2000s due to lineage 1 circulation in southern 
Europe. A dramatic shift occurred in 2004 with the detection of lineage 2 
in Hungary in a northern goshawk (Accipiter gentilis) [34]. This lineage 
spread rapidly to other southern European countries, with a notable 
outbreak involving large numbers of human cases in Greece in 2010 
[35]. After the introduction of lineage 2 and a rise in human infections, 
the European Centre for Disease Prevention and Control began reporting 
horse, bird, and human outbreaks annually using a dedicated website 
since 2010 (Fig. 2) [36]. West Nile virus surveillance programs then 
emerged across the continent collecting and testing mosquito vectors 
and bird hosts, in addition to symptomatic human cases and horses with 
neurological signs [37]. The outbreak peaked in 2018, culminating in 
nearly 1800 human cases, more than the previous four years combined 
[36]. In 2019, West Nile virus expanded northward where the first 
locally acquired human cases were reported in Germany, followed by 
The Netherlands in 2020 [38,39]. Thus, over the past three decades the 
landscape of West Nile virus epidemiology in Europe has changed with 
continued heterogeneous transmission in southern and central regions 
as well as more favorable environmental conditions that have sustained 
transmission and enabled overwintering in Northwestern regions. 

3. State of genomic surveillance in Europe 

Compared to traditional surveillance, which constitutes detecting 
the presence of West Nile virus specific IgM antibodies for history of 
infection or viral load via qPCR for active infection from serum or 

cerebrospinal fluid [41,42]; genomic surveillance entails sequencing the 
pathogen genome from active infections to characterize genetic patterns 
[43]. For West Nile virus, genomic surveillance typically targets positive 
mosquito or bird samples, as these samples generally have sufficient 
virus concentrations needed for successful sequencing [41]. Sequences 
are available from humans and horses (blood, urine, or neurological 
tissue from fatal cases), but in non-fatal cases the virus is typically 
cleared by the time a case is diagnosed [41]. The intensity of different 
surveillance programs coupled with fluctuations in West Nile virus ac-
tivity across Europe has resulted in heterogeneous genomic surveillance 
efforts, with certain countries contributing a large proportion of the 
sequencing [16]. For example, Italy, a country with high circulation of 
West Nile virus, initiated a genomic surveillance program in 2001 (three 
years after the first recent evidence of cases in horses in 1998) [37,44]. 
The Italian program is conducted through both research universities and 
government agencies, and samples are acquired through a national 
program in residential and sentinel chickens, sentinel horses, and resi-
dent and wild birds [45]. With West Nile virus circulation in nearby 
countries, Germany also initiated a mosquito surveillance program in 
2007 and bird surveillance in 2011 [37,46,47]. Eleven years after Ger-
many’s surveillance efforts began, the first equine cases of West Nile 
virus were identified in 2018. The proactive genomic surveillance of 
West Nile virus provides health officials with better understanding of 
how and when West Nile virus was introduced into the country, confirm 
virus overwintering, and can inform targeted control strategies 
[39,48,49]. 

Different strategies for West Nile virus genomic surveillance are 
being used across Europe, depending on the purpose. The West Nile 
virus genome is typically ~11 kilobase pairs in length. For example, the 
West Nile virus lineage 2 strain Nea-Santa Greece 2010 virus consists of 
a genome of 11,028 base pairs (GenBank Accession number HQ573483). 
The vast majority of this sequence, 10,401 base pairs, encodes the virus 
polyprotein that is post-translationally cleaved into the virus structural 
(capsid, membrane, and envelope proteins) and non-structural protein 
(NS1, NS2b, NS2b, NS3, NS4a, NS4b, NS5). If lineage characterization is 
the main purpose, then sequencing specific genome regions, such as the 
coding-sequence for the envelope (E) or the non-structural protein 5 
(NS5), is adequate as these regions contain sufficient phylogenetic signal 
to delineate lineages. Consequently, the majority of publicly available 
sequences from Europe are partial genomes (~60.4%; Fig. 3). However, 

Fig. 2. Temporal trends in reported human cases of West Nile virus in Europe. Yearly West Nile cases in Europe as reported by the European Centre for Disease 
Prevention and Control (ECDC) [40]. Only confirmed human cases based on laboratory tests for case confirmation are shown. 
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these partial genomes are less reliable for more advanced phylogenetic 
analyses, as they do not provide the same level of temporal resolution as 
whole genomes [50]. Moreover, partial genome sequencing might miss 
important regions of the genome that may be associated with differences 
in virus transmissibility or virulence [35,51]. Fortunately, in recent 
years the use of whole genome sequencing for understanding disease 
epidemiology has increased in Europe (Fig. 3), likely an outcome of the 
COVID-19 pandemic where robust genomic surveillance was critical for 
detecting variants of concern. 

4. Introductions of West Nile virus in Europe 

Global spread of mosquito-borne viruses is typically driven by 
movement of infected mosquito vectors or vertebrate hosts. Travel of 
infected humans is one of the primary modes of dispersal for mosquito- 
borne viruses such as dengue virus and Zika virus for which humans 
serve as reservoir hosts [52,53]. With humans considered as dead-end 
hosts for West Nile virus, virus spread is mostly driven by dispersal of 
infected birds and mosquitoes [54]. Land cover, landscape structure, 

and bird migration routes are, therefore, important determinants of 
intercontinental movement of West Nile virus [55,56]. The emergence 
of West Nile virus lineage 1a in North America was due to a single 
introduction that was estimated to have happened in New York in 1998, 
a year before the virus was first detected in 1999 [57,58]. This intro-
duction was likely due to the importation of an infected bird or mosquito 
from the Middle East [19,58–60], as there are no major bird migration 
routes that connect North America with the Middle East. While lineage 
1a is the only West Nile virus lineage that has been detected in North 
America to date, multiple introductions of lineages 1a and 2 have been 
detected in Europe (Fig. 4). Moreover, four additional lineages (lineages 
3, 4, 8, and 9) have been detected in Europe as well [61]. The proximity 
of Europe to Africa and the Middle East along with several major bird 
migration routes create opportunities for frequent introductions be-
tween continents. Indeed, well documented avian migration routes into 
Europe from sub-Saharan Africa, that cross wetland areas where birds 
congregate and encounter abundant mosquito vectors, have been 
implicated as a main driver of West Nile virus introduction into southern 
Europe [22,62]. 
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To characterize the frequency of new and/or repeated lineage in-
troductions of West Nile virus into Europe, we used the phylogenetic 
framework of our Nextstrain build and compared our results with pre-
vious studies [19,59,63–67]. We used the West Nile virus typing tool 
developed by Genome Detective to assign lineages. Based on the 
currently available genomic dataset and lineage system, we identified at 
least thirteen distinct West Nile virus introductions of lineage 1a (8 in-
troductions) and lineage 2 (5 introductions) into Europe, with evidence 
of sustained, multi-year persistence and transmission for seven (Fig. 4). 
However, these estimates could be a significant undercount of the true 
number of introductions into Europe due to paucity of sampling, 
potentially multiple reintroduction events to and from the continent 
within the clades, and introductions whose effective population size 
never reaches detectable levels. Despite these limitations, the frequent 
introductions of multiple lineages into Europe, through natural and 
frequent events i.e. bird migration, in contrast to the single introduction 
of lineage 1a into North America, which was almost certainly mediated 
by human activity, illustrates the differences in West Nile virus inter-
continental spread that are detected by current surveillance efforts in 
different parts of the world. 

The majority of the early West Nile virus introductions into Europe 
belonged to lineage 1a, with the first sequences from France (partial 
genome from 1965) [68] and Portugal (whole genome from 1969; 
GenBank accession: AM404308; Fig. 4, introduction 1) [69]. The 
genome from Portugal was genetically related to genomes from Egypt, 
Israel, and Russia that were collected in the 1950’s and 1960’s, and 
likely originated from northwestern Africa in the early 1900s [22]. This 
revealed that West Nile virus was more widespread across Europe during 
this time period than the documented outbreaks in nearby countries 
such as Egypt and Israel. For a period of 26 years, no additional lineage 
1a genomes were sequenced from Europe until two new introductions 
occurred, which led to the outbreaks in Romania and Russia in 1996 and 
1999 (Fig. 4, introductions 5 and 6) [27,29]. Around the same time, 
lineage 1a was detected in the western Mediterranean resulting in out-
breaks in Morocco in 1996 (GenBank accession: AY701412) and in 
France in 2000 (GenBank accession: AY268132; Fig. 4, introduction 3) 
[70]. Most outbreaks within this clade have since occurred in Italy 
where viruses continued to persist through at least to 2022, but this 
clade has also spread to neighboring Spain and as far as Senegal 
[71–73]. 

The first evidence of West Nile virus lineage 2 introductions into 
Europe comes from whole genomes from Cyprus in 1968 (GenBank 
accession: GQ903680) and Ukraine in 1980 (GenBank accession: 
JX041631; Fig. 4, introductions 2 and 4). Both of these introductions 
consist of a single virus isolate and neither were associated with addi-
tional clusters [65,66]. More than two decades passed until the next 
known introduction of lineage 2 was detected in Hungary in 2004, when 
sequencing samples from sick goshawks (GenBank accession: DQ116961 
and MZ605382; Fig. 4, introduction 7). This introduction led to the 
subsequent spread of the virus that formed the predominant clades that 
are currently circulating in Europe [61,66]. Recent studies indicate that 
the Hungarian introduction of lineage 2 had likely been introduced 
sometime between 1996 and 2004 from South Africa [22,61,66]. The 
detection of lineage 2 in Hungary was not the only introduction of West 
Nile virus lineage 2 into Europe at that time, as evidenced by partial 
genomes that were sequenced from clinical specimens from two West 
Nile fever patients in the Rostov region in Russia in 2004 (introductions 
not shown because genomes are partial) [74,75]. Additional West Nile 
virus lineage 2 outbreaks have happened in the Volgograd region in 
Russia in 2007, 2010, and more recently in 2021 [76], which were 
caused by at least two separate introductions of lineage 2 viruses (Fig. 4, 
introductions 8 and 13) [77]. Based on currently available West Nile 
virus genomic surveillance data it is clear that frequent introductions of 
West Nile virus lineage 1a and 2 have happened over the past decades, 
and that both lineages are currently co-circulating in Europe. 

5. Intracontinental transmission dynamics 

Historically, West Nile virus lineage 1a was the main lineage in 
Europe causing outbreaks, but after the introduction of lineage 2, the 
dynamics shifted across Europe. Most notably, in the last decade two 
major events changed the intracontinental transmission dynamics of 
West Nile virus in Europe, with 1) a shift from lineage 1a to lineage 2 
being the predominant lineage, and 2) emergence into more northern 
regions. Since the introduction of lineage 2 starting in the early 2000s, 
cases have steadily risen across Europe, but with dramatic fluctuations 
between years [36]. Although this may be partly due to improved testing 
and mandatory reporting [78], this also coincides with the emergence of 
lineage 2 in Europe and the impact of climate change that has made 
northern regions of Europe more permissive for mosquito-borne virus 
transmission. The majority of human cases are typically not character-
ized to lineage level, but sequencing of mosquito and bird samples 
during outbreaks confirmed that lineage 2 has been responsible for most 
European outbreaks between 2010 and 2020 (Fig. 5A). 

Since the West Nile virus lineage 2 introduction in Hungary, the virus 
quickly bifurcated into two clades sometime around 2002, and 
continued to spread across Europe [61]. One virus clade spread south-
ward towards neighboring countries such as Serbia and Greece, and the 
other clade spread westward towards countries such as Austria and Italy. 
Phylogenetic analysis of the southern clade suggests that continued 
transmission was sustained in Greece with spillover into neighboring 
countries [61]. The other clade has continued to sustain in several 
countries, including Italy, where both lineage 1a and lineage 2 are 
currently co-circulating [71,79]. In Italy, a country with longitudinal 
sequencing data, the lineage shift is particularly clear with lineage 2 
largely replacing lineage 1a (Fig. 5B). However, recent surveillance 
shows that lineage 1a has re-emerged in Italy (Fig. 4 Introduction 3). 
Eight years after the last human infections with lineage 1a were reported 
in Italy, two patients were diagnosed with lineage 1a infection in 2021 in 
the Padova province, with the virus spreading to a larger geographic 
area the year after and has shown evidence of increased risk for neu-
roinvasive disease [71,80]. There are two possible explanations for the 
re-emergence of lineage 1a, the virus has either continued to circulate 
unnoticed in the Mediterranean or it may be a new introduction. The co- 
circulation of both lineages raises concerns for public health, as con-
current outbreaks of lineage 1a and 2 could happen in the future. 

With the emergence of lineage 2 in Europe, there was not only an 
increase in the number of West Nile cases, but also an expansion of its 
geographical distribution [36]. Prior to the emergence of lineage 2, West 
Nile virus was primarily circulating in southern and central Europe 
(Fig. 5). This changed in 2018, when West Nile virus was detected for the 
first time in birds and horses in Germany [39], followed by the first 
locally acquired human case in 2019 [81]. Phylogenetic reconstructions 
showed that the virus had likely been introduced in 2016 from the Czech 
Republic [82]. This clade maintained year-over-year transmission, with 
genomes being sequenced every year from 2018 to 2021, indicating that 
the virus is likely overwintering locally [39]. Following a similar pattern 
to Germany, The Netherlands first detected West Nile virus in a common 
whitethroat (Curruca communis) and two mosquito pools in 2020 [83], 
prior to the first autochthonous human cases in the same year [38]. West 
Nile virus was again detected in a grey heron (Ardea cinerea) in 2022 in 
The Netherlands [84], but no human cases have been reported since 
2020. Global warming has been implicated as one of the possible drivers 
of the northward spread of West Nile virus in Europe, with higher spring 
and summer temperatures, winter warming, and lower water avail-
ability creating suitable conditions for transmission cycles to establish 
[10,85–90]. Expanded genomic surveillance will be critical to under-
stand how West Nile virus will continue to expand its geographic dis-
tribution in Europe, and whether future outbreaks are caused by locally 
overwintering viruses or new introductions from other regions. 
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6. Need for expanded genomic surveillance 

Genomic surveillance is a powerful tool to track the emergence and 
spread of newly emerging virus variants [91]. For West Nile virus, 
genomic surveillance provided important insights in the single intro-
duction of lineage 1a into North America, and the subsequent evolution 
and spread. In contrast, genomic surveillance in other parts of the world 
is much more sparse, leaving critical gaps in our understanding of West 
Nile virus transmission dynamics. Particularly in Europe, with frequent 
introductions and a higher diversity of lineages, genomic surveillance 
can help to better understand patterns of emergence and spread, 
determine which strains are responsible for causing outbreaks, and to 
identify broader networks of transmission. With the recent shift from 
lineage 1a to 2 and emergence into more northern regions, there is a 
critical need to expand on genomic surveillance in Europe at a conti-
nental scale. This is also the case for Africa where the virus is believed to 
have originated and which appears to exchange virus lineages with 
regularity [19]. 

During the COVID-19 pandemic, laboratories around the world have 
invested in establishing whole genome sequencing workflows [11]. 
Utilizing this genomic infrastructure to sequence other viruses such as 
West Nile virus, along with a rapid decrease in cost associated with 
sequencing can help to transition from partial to whole genome 
sequencing. Expanding genomic surveillance in endemic regions as well 
as regions at risk for future expansion, would benefit from routine 
genomic surveillance. Additionally, building global genomic surveil-
lance initiatives would be powerful to better track the intercontinental 
spread of West Nile virus lineages, by not only focusing on introductions 
into Europe, but also to better characterize the frequency and patterns of 
intercontinental emergence and spread between continents that are 
connected through major bird migration routes. 

Understanding the transmission dynamics of West Nile virus lineages 
holistically is key for animal and public health agencies to respond to 
evidence of West Nile virus in their region. More whole genome 
sequencing could illuminate key lineage specific mutations that impact 
transmission potential and virulence [35,51]. Temporal information is 
also critical, as a novel introduction indicates swift action is needed to 
ramp up surveillance and mosquito control to prevent the virus from 
becoming established and leading to an outbreak of animal and human 
cases. Repeated introductions year-over-year could stymie such control 
efforts, and evidence of sustained transmission year-over-year indicates 
the need to prepare for cyclical outbreaks in the future. Integrating 
genomic data with climatic modeling and surveillance could help public 
health identify better indicators of high-risk years and the need to ensure 
hospital capacity and planning. 
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P. Eisermann, M. Keller, F. Michel, R. Klopfleisch, K. Müller, D. Werner, 
H. Kampen, M. Beer, C. Frank, R. Lachmann, B.A. Tews, C. Wylezich, M. Rinder, 
L. Lachmann, T. Grünewald, C.A. Szentiks, M. Sieg, J. Schmidt-Chanasit, D. Cadar, 
R. Lühken, West Nile virus epidemic in Germany triggered by epizootic emergence, 
2019, Viruses. 12 (2020) 448, https://doi.org/10.3390/v12040448. 

[40] Historical data by year - West Nile virus seasonal surveillance, Eur. Cent. Dis. Prev. 
Control. https://www.ecdc.europa.eu/en/west-nile-fever/surveillance-and-disease 
-data/historical, 2022 accessed April 8. 

[41] Diagnostic Testing | West Nile Virus | CDC. https://www.cdc.gov/westnile/healthc 
areproviders/healthCareProviders-Diagnostic.html, 2023 (accessed May 16, 2023). 

[42] L. Barzon, M. Pacenti, S. Ulbert, G. Palù, Latest developments and challenges in the 
diagnosis of human West Nile virus infection, Expert Rev. Anti-Infect. Ther. 13 
(2015) 327–342, https://doi.org/10.1586/14787210.2015.1007044. 

[43] J.T. Ladner, N.D. Grubaugh, O.G. Pybus, K.G. Andersen, Precision epidemiology for 
infectious disease control, Nat. Med. 25 (2019) 206–211, https://doi.org/10.1038/ 
s41591-019-0345-2. 

[44] C. Cantile, G. Di Guardo, C. Eleni, M. Arispici, Clinical and neuropathological 
features of West Nile virus equine encephalomyelitis in Italy, Equine Vet. J. 32 
(2000) 31–35, https://doi.org/10.2746/042516400777612080. 

[45] F. Monaco, G. Savini, P. Calistri, A. Polci, C. Pinoni, R. Bruno, R. Lelli, West Nile 
disease epidemic in Italy: first evidence of overwintering in Western Europe? Res. 
Vet. Sci. 91 (2011) (2009) 321–326, https://doi.org/10.1016/j.rvsc.2011.01.008. 

[46] S. Linke, M. Niedrig, A. Kaiser, H. Ellerbrok, K. Müller, T. Müller, F.J. Conraths, R.- 
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