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Abstract 30 

Spread and emergence of West Nile virus (WNV) in Europe have been very different from 31 

those observed in North America. Here, we describe key drivers by combining viral genome 32 

sequences with epidemiological data and possible factors of spread into phylodynamic models. 33 

WNV in Europe has greater lineage diversity than other regions of the world, suggesting 34 

repeated introductions and local amplification. Among the six lineages found in Europe, WNV-35 

2a is predominant, has spread to at least 14 countries and evolved into two major co-circulating 36 

clusters (A and B). Both of these seem to originate from regions of Central Europe. Viruses of 37 

Cluster A emerged earlier and have spread towards the west of Europe with higher genetic 38 

diversity. Amongst multiple drivers, high agriculture activities were associated with both 39 

spread direction and velocity. Our study suggests future surveillance activities should be 40 

strengthened in Central Europe and Southeast European countries, and enhanced monitoring 41 

should be targeted to areas with high agriculture activities. 42 

Keywords: West Nile virus; Europe; Phylodynamics; Phylogeography; Drivers of 43 

transmission; Disease ecology; Molecular epidemiology 44 
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Introduction 45 

Mosquito-borne viruses represent a considerable public health problem worldwide, causing 46 

infections in both humans and animals1. For the European region, West Nile virus (WNV) is 47 

one of the mosquito-borne viruses which can cause severe disease and death in humans and 48 

has been increasing in prevalence and geographic range over the past decade 2. WNV belongs 49 

to the family Flaviviridae (genus Flavivirus) with an enveloped, single-stranded RNA genome 50 

3. The transmission cycle of WNV involves mosquitos (mainly of the Culex species) as vectors 51 

and birds as amplifying reservoir hosts4, while humans and other mammals are considered 52 

dead-end hosts1. Dead-end hosts are not thought to contribute significantly to transmission in 53 

the natural life cycle of the virus. However, for humans, the potential for virus transmission 54 

through blood transfusion and organ transplantation has impacted blood and transplantation 55 

donor programs, with mandatory screening for regions where exposure to WNV is possible. 56 

Currently nine distinct lineages (WNV-1 to WNV-9) of WNV have been identified globally, 57 

but little is known about their phenotypic properties5. WNV-1 and WNV-2 strains have been 58 

identified most frequently in human and animal cases in multiple continents, while strains 59 

within WNV-3 to WNV-9 have been detected from mosquitos, birds and equines sporadically 60 

in parts of Europe, Asia, and Africa6 . The dominant lineage in Europe in recent years is WNV-61 

2, although cases of WNV-1 have been reported7,8.  62 

 63 

WNV circulation in Europe was first reported in the 1960s9. Since 1996, an increasing number 64 

of WNV outbreaks in humans and equines were detected in Southeast and Central Europe10. In 65 

past decades, WNV outbreaks in humans and animals have been found almost annually in 66 

previously non-endemic areas11. As surveillance and clinical testing of WNV infections are 67 

patchy, it is difficult to compare case notifications across Europe. Nevertheless, considerable 68 

differences have been observed between successive years, with for instance particularly severe 69 
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regional WNV outbreak involving both humans and equids in 201812 detected in Italy, Serbia, 70 

and Greece13. Since the beginning of the 2022 transmission season, over 60 outbreaks among 71 

birds (mainly in Italy) have been reported and over 800 human cases of WNV infections were 72 

reported in seven countries, mainly in Greece and Italy7. Unlike in the United States, where the 73 

initial WNV (WNV-1) incursion in 1999 led to rapid dispersal of the virus throughout the 74 

continent 14, patterns of spread have remained somewhat patchy in Europe and involved both 75 

WNV-1 and WNV-2. Although there have been studies on the presence and the spread of WNV 76 

in different European countries15-17, the overall dispersal history and the important drivers have 77 

yet to be determined. Therefore, we explored the possible added value of integrated analysis 78 

of different types of publicly available and newly acquired data to understand and potentially 79 

predict the trajectory of WNV dispersal across Europe. 80 

 81 

To infer the virus dispersal history from sequence and other data, it is important to model how 82 

viruses are dispersed through space, between species or host-types. For inference of 83 

transmission patterns of viruses between discrete locations, a phylogenetic discrete traits 84 

analysis can be used18. If the dispersal history of viruses is in a continuous space setting19, the 85 

coordinates of the ancestral nodes of the tree could be inferred from the sampled locations and 86 

two-dimensional diffusion rate19. The inferred transmission pattern between locations and the 87 

spreading rate can be further modelled as functions of a combination of spatial environmental 88 

factors, and the contribution of the factors modulating the transmission pattern can be 89 

determined20. In addition, the importance of factors which may affect the viral effective 90 

population size (a measure of the extend of circulation inferred from sequence diversity) over 91 

time can be estimated using a Generalized Linear Model (GLM) approach based on the 92 

temporal data (for example, seasonal or climate change signals)21. In addition, increased virus 93 
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transmission rates and dispersal are signals of changing outbreak potential, although drivers 94 

for spread during outbreaks and drivers of incursion to new regions might differ. 95 

 96 

In this study, we explored the dispersal history of WNV in Europe and the underlying drivers 97 

in regions with yearly WNV outbreaks and in regions with sporadic outbreaks. We used 98 

phylodynamic models which incorporated: (i) sequencing data (Supporting file 1), (ii) 99 

epidemiological data (host species, sampling time and coordinates, as well as travel history of 100 

humans if available) (Supporting file 1), (iii) socio-economic data (population and GDP), and 101 

(iv) environmental data (climatic, land cover, land use, biodiversity) (Supporting file 2 and 3). 102 

Updated sequencing data and epidemiology data were provided by a European collaborative 103 

consortium initiated by a group of experts across Europe (https://www.veo-europe.eu/). 104 

Specifically, we described the evolution and genetic diversity of WNV in Europe; we then 105 

explored the pattern of transmission between and within countries and the possible predictors 106 

of spread.  107 

Results 108 

Diverged WNV lineages found in Europe 109 

We found a positive correlation between cumulative human cases in EU/EEA reported by 110 

ECDC (between 2008-2021, total n=4188) and the number of WNV-2 sequences (between 111 

2004-2021, total n=485) provided from different countries (R= 0.75, p<0.005), despite the 112 

varied sequencing capacity among countries (Figure S1a). Among the 22 European countries 113 

that have human cases reported, 15 of them have sequences available, including Greece, Italy, 114 

Romania, Serbia, Hungary, Spain, Austria, France, Bulgaria, Germany, Netherlands, Slovenia, 115 

Portugal, Slovakia and Czechia; sequences are missing from six countries (Croatia, Kosovo, 116 

Albania, Bosnia and Herzegovina, North Macedonia, Montenegro, and Cyprus) in the east 117 
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region (Figure S1b). By comparing the number of sequences available versus the number of 118 

human cases reported, the sequencing effort in central and north regions are better than the 119 

south and east regions (Figure S1b). 120 

 121 

The maximum likelihood tree of all available WNV genome sequences showed that six 122 

lineages (out of the total 9 lineages globally22) were detected in Europe6 (Figure 1). Among the 123 

six lineages, WNV-2 had the largest number of sequences available, accounting for 82% of all 124 

WNV sequences detected in Europe so far, and the widest diffusion, since it has been found in 125 

15 European countries (Figure S2). The earliest WNV-2 genome (JX041631.1) was sampled 126 

from birds in Eastern Europe (Ukraine) in 1980 (Figure 1b and 1c). The dominant sub-lineage 127 

2a (WNV-2a) emerged in 2004 and became the dominant lineage in the past ten years, while 128 

the other lineages were rarely seen in the same time period. In addition, there was a separate 129 

small sub-lineage 2b (WNV-2b) composed of sequences mainly from Romania, Italy and 130 

Russia in 2011-2015, and one detection in Greece in 201823 (Figure 1b and S2). 131 

 132 

In comparison, sequences of the second largest lineage (WNV-1) have been found in seven 133 

European countries (Austria, Italy, Spain, France, Hungary, Romania and Portugal) since 1971. 134 

Most WNV-1 sequences were reported in Italy (72% of total WNV-1 sequences), including all 135 

currently available WNV-1 sequences from humans. WNV sequences belonging to lineages 3, 136 

4, 8 and 9 were only sporadically reported and all of them were collected from mosquitos: 137 

WNV-3 strains were only found in Czech Republic in 1997 and 2006; WNV- 4 in Romania in 138 

2012-13; WNV-8 were only found in Spain in 2006, while WNV-9 genomes were obtained in 139 

Austria in 2013 and Hungary in 2011 (Figure 1c,1d and Figure S2). In addition, up to 2021, 140 

these lineages (WNV-1, 3, 4, 8 and 9) were only collected from non-human hosts (mainly birds 141 
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or mosquitos, very few equines), except 9 WNV-1 genomes from humans in Italy between 142 

2009-2013. 143 

 144 

Phylodynamics of the predominant WNV-2a 145 

Considering the distinct genetic diversity, the number of sequences available, and the 146 

dominance of WNV-2 as cause of human disease, the detailed phylodynamic analyses were 147 

focused on WNV-2a. These sequences were collected from 14 countries between 2004 to 2021, 148 

with most available sequences from Greece (n=64), Italy (n=50), and Germany (n=46) 149 

(Supporting file 1). The sequences were collected from 6 host types, with 30% from bird, 30% 150 

from mosquito and 40% from humans and mammals (Figure S3 a and b). 151 

The time-scaled phylogenies of WNV-2a in Europe rooted with the first genomes found in 152 

Hungary, with the estimated time to the most recent common ancestor (TMRCA) dated back 153 

to July 2003, with a 95% highest posterior density (HPD) interval between November 2002 154 

and July 2004. The WNV-2a sequences in Europe were split into two distinct sub-clusters (A 155 

and B) on the tree composed of full genome sequences (Figure 1a), which were previously 156 

named the central eastern clade and southeastern clade, respectively (Figure 2a). We could see 157 

that the two clusters evolved independently after the incursion from central Europe. Both 158 

Cluster A and Cluster B are present in Serbia, Slovakia, Hungary, Slovenia and Italy. Cluster 159 

A has also been transmitted to Austria, Czech Republic, Germany, the Netherlands, France and 160 

Spain; while Cluster B has also been found in Greece, Romania and Bulgaria. 161 

 162 

Next, we estimated the time of emergence and rate of evolution, as well as the population 163 

dynamics and speed of diffusion for the two WNV-2a clusters A and B. WNV of Cluster A 164 

emerged in approximately July 2006 (with 95% HPD between January 2005 and March 2007; 165 
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Figure 3a). The estimated ancestor country of Cluster A was Austria, with subsequent 166 

sequences identified mainly in Germany and Italy (Figure 2). With a similar evolution rate, 167 

Cluster B emerged later in June 2007 (with 95% HPD between March 2006 and December 168 

2008) from Hungary, and most subsequent sequences were collected from Greece (Figure 2, 169 

3a and 3b).  170 

 171 

We also compared the population dynamics of the two clusters. The effective population size 172 

(Ne) of cluster A peaked around 2014, which corresponded to the expansion phase of the 173 

epidemic, and then decreased slightly till the second peak at around 2018, which was consistent 174 

with a high WNV activity in multiple regions. In comparison, there were less important 175 

changes in Ne of Cluster B (Figure 3d). The higher genetic diversity translates into a higher 176 

mean Ne of cluster A compared to Cluster B. (Figure 3d, e).  177 

 178 

WNV-2a spread at a high diffusion rate in Europe; the estimations vary between 88 km/y (full 179 

genome), 215 km/y (Ns3 gene) and 180 km/y (Ns5 gene), respectively. The dispersal velocity 180 

of Cluster B sequences was higher (mean of 249 km/y with 95% HPD between 221 and 278 181 

km/y using Ns3 data) than those of Cluster A (mean of 189 km/y with 95% HPD between 175 182 

and 203km/y using Ns3 data) (Figure 3f and 3g). This finding is consistent with the estimation 183 

of frequencies of between-countries transmissions: WNV of Cluster B tended to jump more 184 

frequently among countries, with an overall number of 39 (95% HPD between 34 and 44)—185 

almost twice more often than Cluster A (Figure 3c). 186 

 187 

Quantified transmission frequencies between European countries and within Greece 188 

We quantified frequencies of transmission among the 14 European countries where we have 189 

available WNV-2a sequences. We found transmissions were most likely to occur between 190 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted November 12, 2022. ; https://doi.org/10.1101/2022.11.10.515886doi: bioRxiv preprint 



neighboring countries. In addition, Austria and Hungary (both in Central Europe) had the most 191 

linkages with other countries (Figure 4 and Figure S5 and S6a).  192 

 193 

Greece contributed the highest number of WNV-2a sequences in Europe. The time-scaled 194 

analysis showed Cluster B WNV has transmitted from central Europe (Hungary) to Greece and 195 

kept circulating within Greece almost annually except 2015-2016. In 2017, WNV-2a re-196 

emerged in Greece and caused outbreaks in 2018 and continued to circulate during 2019–2021. 197 

Between 2017 and 2021, at least six separate introductions were observed (Figure S5). Three 198 

of them were from Greece only and fell in the same group with earlier isolates from Greece 199 

back to 2013. The other three groups included sequences from other countries, including 200 

Hungary, Romania and Bulgaria. Among them, sequences isolated from Hungary from 2018 201 

to 2019 were most closely related to sequences from Greece sampled in the same time periods. 202 

This showed the possibility of both re-introduction from other countries and silent 203 

circulation maintained within Greece. 204 

 205 

The discrete trait phylogeographic analysis estimated that approximately 19 transmission 206 

events between Greece and neighbouring countries occurred in the past decade. Countries that 207 

had the most frequent transmissions to Greece were Hungary (n=8), followed by Serbia (n=5) 208 

and Romania (n=4). The transmissions between Hungary and Greece occurred multiple times 209 

between 2010 and 2019, while the transmissions between Greece and other countries occurred 210 

mainly in 2012-2013. We further estimated the transmissions within Greece; between-region 211 

transmissions mainly occurred in north Greece and spread to the east and south regions (Figure 212 

4b and Figure S6b). 213 

   214 
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Continuous dispersal and impact of environmental factors on viral lineage dispersal 215 

We reconstructed the dispersal history of WNV-2a in a continuous space (Movie S1, Figure 2 216 

and 5) using a continuous phylogenetic model. WNV-2a was estimated to have originated from 217 

Central Europe in 2003-2004 (Hungary). One year later, WNV-2a dispersed to the eastern part 218 

of Austria and spread to the northwest and western regions (including Slovakia, Serbia, 219 

Hungary, Austria, Czech Republic, Slovenia, Germany, Netherlands, France and Spain) and 220 

southeastern countries (Greece, Romania, Italy, Bulgaria, Serbia, Slovakia, Slovenia). We 221 

could see that WNV emerged and circulated slowly in central Europe at first, and then spread 222 

to the southeast regions, and then in a westward direction. The frequency and velocity of 223 

diffusion was higher in 2013-14, then slowed down, and speeded up again around 2018 (Figure 224 

3f). The periods with high diffusion rates were consistent with the timing when the re-225 

emergence of WNV caused major outbreaks as well as the introduction to new geographic 226 

regions, e.g., further up north spreading of WNV-2a (Cluster A) towards Germany and the 227 

Netherlands.   228 

We could also extract the spatio-temporal information embedded in the tree and test the 229 

correlation of the phylodynamic dispersion with gridded predictors (Figure S7 and Supporting 230 

file 2). We tested the impacts on dispersal directions by examining the association 231 

between environmental values and tree node locations (see methods). (Figure 6 and Table S1). 232 

 233 

Our analysis found that viral lineages tended to spread towards and remained in areas with 234 

relatively high density of farming [e.g., cropland, pasture, cultivated and managed vegetation 235 

(i.e., cropland and the mixture of cropland and natural vegetation), livestock count (i.e., 236 

summed sheep, pig, horse, goat, cattle, and buffalo), and mammal richness (i.e., the number of 237 

mammal species for the entire class), Supporting file 2]. In addition, this analysis underlined 238 
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that WNV lineages were more likely to spread towards areas with high urbanization status 239 

(human population density and high coverage of urban land), high coverage of wetland, as well 240 

as areas with bird directive and habitats directive and flyways of Passeriformes and 241 

Anseriformes. In addition to these impacts on directionality of spread, we found that the factors 242 

associated with high farming density (areas with high coverage of cropland, pasture, livestock 243 

count, mammal richness) may accelerate WNV dispersal velocity in Europe with strong 244 

support (BF > 20) (Figure 7 and Table S2).  245 

 246 

Impact of climate/bio-diversity changes on WNV genetic diversity via time 247 

As the dynamics of host populations (mosquitos and birds) varies widely in different months 248 

or years, it is important to understand how these variables could further affect the WNV genetic 249 

diversity or population dynamics. Therefore, we examined the relationship between WNV and 250 

climate change coefficients in a log-linear regression model. In this study, the covariates of 251 

interest included the time-varying climate related factors (including air temperature, 252 

precipitation, wind speed and direction, leaf area index) and the factors related to the trend of 253 

population changes of different types of birds in Europe (Figure S8 and Supporting file 3). 254 

 255 

We found a significant positive association between the population history of the WNV-2a and 256 

the air temperature in Europe between 2004 and 2021. This concordance is supported by a 257 

positive, statistically significant estimate of the coefficient relating the WNV-2a effective 258 

population size to air temperature with a posterior mean of 0.18 with 95% HPD (0.08,1.68) 259 

(Figure 8 and Table S3).  In contrast, wind speed in the eastward direction (rather than the 260 

northward direction) at a height of 10 and 100 meters above the surface of the Earth, monthly 261 

total precipitation, and the trends of farmland bird populations (the change in the relative 262 

abundance of 39 common bird species which are dependent on farmland for feeding and 263 
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nesting and are not able to thrive in other habitats) were negatively correlated, which was in 264 

line with the observed data that mosquitoes were more abundant during the dry months 265 

compared to the wet months. In comparison, northward wind speed and the leaf area index of 266 

different types of vegetation did not have a significant impact on the genetic diversity changes 267 

of WNV-2a viruses (Table S3).268 
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Discussion  269 

In this study, we used spatially explicit phylogeographic and phylodynamic inference to 270 

reconstruct the dispersal patterns and dynamics of WNV dominant in Europe in the past twenty 271 

years. Using comparative analyses of lineage dispersal statistics, we detected distinct 272 

evolutionary histories of lineages WNV-1 and WNV-2 and of sublineages WNV-2a and 2b 273 

within the overall spread of WNV. Although the evolution of WNV has previously been 274 

examined in individual European countries in different time spans 15,24, this study has employed 275 

a phylodynamic model to incorporate sequence data, ecological data and epidemiology data 276 

and quantified the overall evolution and dispersal history across Europe. Moreover, the 277 

presented analysis provided insight into the potential impact of predictors that influence WNV 278 

dispersal and diversity in Europe. 279 

We described how WNV is present and spreads across Europe using viral sequence data. WNV 280 

in Europe has higher lineage diversity (six different lineages) compared to other regions in the 281 

world, e.g., only one lineage (WNV-1) has been found in North America since 199925,26. The 282 

current predominant WNV-2 (2a) sequences were only found within Europe, indicating that 283 

this lineage is more likely to have emerged and circulated within Europe rather than introduced 284 

via cross-continent transmissions. However, we cannot rule out the possibilities of repeated 285 

introductions, due to under-sampling in non-European regions. The WNV-2a has evolved into 286 

2 clusters (Cluster A and B) and spread in two directions: both originated from central Europe 287 

and then spread to the west (Cluster A) and to the south (Cluster B). In recent years, the spread 288 

patterns are becoming more complicated.  Since 2018, WNV-2a (Cluster A) has unusually 289 

spread further north even up to Germany and the Netherlands. 290 

 291 
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We highlighted that areas with high levels of agricultural activities may accelerate WNV 292 

dispersal velocity as well as attract the spread direction of WNV in Europe. Meanwhile, WNV 293 

is likely to spread to areas with high status of urbanization, in line with higher abundance of 294 

Culex pipens (Figure S3 d), which prefers urban environments. A recent study suggested that 295 

expansion in urbanization and demography has increased the risk of infectious disease 296 

outbreaks especially in the past few decades27. While other native and invasive mosquito 297 

species (e.g., Ochlerotatus caspius, Culex modestus, Aedes albopictus, Culex perexiguus) 298 

living in natural and agricultural environments may also play an important role as WNV vectors 299 

in Europe, promoting the overwintering of WNV, especially in South and Southeast Europe 300 

28,29. It is also worth noting that Culex hybrids from the pipiens and molestus forms have been 301 

found present in Europe, which can serve as a bridge for WNV between birds and humans, and 302 

the proportions of hybrids are differentially affected by temperature, e.g., 17% of Culex are 303 

hybrids in Greece, and the figure is 6-15% in the Netherlands30-33. Therefore, the different 304 

dynamic histories of WNV variants (WNV-2a and WNV-2b) might also be associated with the 305 

presence of different mosquito species, which needs further investigation. Our observations 306 

suggest that enhancing mosquito control efforts, particularly on livestock farms, may reduce 307 

the rate of WNV infections; monitoring farm operations is needed to effectively mitigate 308 

mosquito risk and WNV spread. In addition, the observation of the negative correlation 309 

between WNV population dynamics and the declines in farmland bird species in Europe in the 310 

past two decades, suggests the invasion of WNV might have an impact on the population of 311 

common bird species that are dependent on farmland for feeding and nesting. Meanwhile, the 312 

loss of habitat may force bird migration, increasing the possibility of WNV spreading to new 313 

territories. 314 

 315 
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We found a strong relationship between the presence and movement of birds and WNV spread 316 

in Europe. In terms of a natural bird reservoir, WNV sequences were obtained mainly from 317 

predatory birds (35%), songbirds (20%) and captive birds (20%) (Figure S3). WNV-2a in 318 

Europe spread at a high spread rate (88km/y to 218km/y) and, therefore, is more likely 319 

correlated with bird movement than the travel of Culex mosquitos (approx.500m to 2Km/y)34,35. 320 

We have found that WNV may be “attracted” to areas with high coverage of bird habitats and 321 

to the flyway of Passeriformes, particularly bird species such as the Red-backed Shrike (Lanius 322 

collurio), which travels at a faster rate than WNV36-39. Therefore, our work suggested that 323 

although the risk of WNV depends on both the presence of infected birds and the presence of 324 

mosquitoes transmitting the disease, bird movements seed the infections into mosquito 325 

populations occurring far away and introduce WNV into new regions. 326 

 327 

In addition, climate changes in the past twenty years predicted viral genetic diversity over time. 328 

We found that higher temperature is correlated with high WNV genetic diversity during the 329 

entire history of WNV-2a spread in Europe. High temperature may stimulate the geographical 330 

expansion of suitable arbovirus regions40. Other epidemiological modelling studies have found 331 

that mild winters and drought have been associated with WNV disease outbreaks40,41. We also 332 

found that precipitation and wind speed had negative correlations, which could be explained 333 

by WNV infections mostly occurring during the mosquito season in summer1and also the dry 334 

season in most European countries. In addition, we found that the direction of wind also matters, 335 

as the impacts on virus genetic diversity is more likely hindered by eastward wind speed rather 336 

than northward (in Europe winds coming from the south tend to be warmer). A study also found 337 

that wind can affect mosquito host finding42.  338 

 339 
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Wild animals may have played a role in onward WNV transmissions, as antibodies were 340 

detected from wild animals, such as red deer, tree squirrels and wild rodents 43,44 45. This 341 

demonstrates that enhanced surveillance and sequencing efforts in an extended host range are 342 

needed to better understand the dispersal of WNV in more diversified environments. In 343 

addition, passive surveillance should focus on a range of wild birds especially predator birds 344 

and passerine birds. The same applies to human surveillance. Since the early 2000s, WNV 345 

circulation has been continuously monitored in some European countries with varying number 346 

of human and equine cases. Surveillance of mosquitoes and birds has proven to be useful for 347 

early detection of WNV circulation and identification of enzootic areas17,46-49. The available 348 

data do reflect enhanced efforts in some countries. In Greece, active mosquito surveillance, 349 

especially in the Central Macedonia Region, is being performed since 2010 when the virus was 350 

first identified in the country17,46,50. In Italy, a multi-species national surveillance plan was 351 

implemented since 2002, following the first WNV outbreak13. Arbovirus surveillance in birds 352 

has been set up in the Netherlands since 2016 with the number of screened samples increased 353 

each year (from n=952 in 2016 to n=7030 in 2021), although no WNV sequence was detected 354 

except in 202051, which was mostly likely transmitted from Germany, according to our 355 

phylogeographic analysis.  On the contrary, there is an insufficient amount of WNV genomes 356 

from the Central and Southeast Europe (such as Croatia52, Bulgaria47, Slovenia53 as well as 357 

Turkey54,55) as well as Southwest (Spain56 and Portugal57) where WNV have been detected in 358 

both humans and animals2  (Figure S1). Therefore, surveillance should include more sustained 359 

and collaborative efforts to fill in the gaps in WNV genomic sampling throughout Europe.  360 

The risks of zoonotic diseases and their spread increase with globalisation, climate change and 361 

changes in human behaviour, giving pathogens numerous opportunities to colonise new 362 

territories and evolve into new forms. We used virus genomics to investigate the emergence of 363 

WNV in Europe, as well as its rapid spread, evolution in a new environment and establishment 364 
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of endemic transmission. Most importantly, our study suggested targeted regions could deserve 365 

further investigation, including areas where WNV-2a was more likely to cluster in (with high 366 

urbanization and farming activities, high coverage of wetlands, as well as areas with the 367 

presence and movements of migrating and resident birds) and areas with higher farming density 368 

tended to accelerate the dispersal of WNV. This analysis could also be done on a more local 369 

level, and with information that we have compiled, so that we could predict where WNV would 370 

go in the future. Putting it into a larger perspective, our work could be extended to other 371 

zoonotic pathogens and guide strategies of enhanced surveillance systems for disease 372 

prevention and control.  373 
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Methods 374 

Virus Isolation, Identification, and Genome Sequencing.  375 

In this study, we included unpublished WNV-2 genomes collected from Italy (n=8) and the 376 

Netherlands (n=6) between 2019 and 2021. Virus isolation, identification and sequencing are 377 

as previously described 7,38,46. Sequences have been submitted to GenBank with accession IDs 378 

OP561452-OP561459, OP762592-OP762597 (supporting file 1). 379 

 380 

Apart from the new WNV genomes obtained in this study, we downloaded all available 381 

nucleotide sequences of WNV isolated from Europe as of 02 June 2022 from NCBI 382 

(www.ncbi.nlm.nih.gov). To identify any cross-continent transmission, we blast our European 383 

WNV dataset against sequences database at NCBI using Geneious Prime 2021.1.1 384 

(https://www.geneious.com). We count in total 485 WNV sequences (from unique samples), 385 

including 226 full genomes sequences. Metadata of WNV sequences were updated and 386 

adjusted by this European collaborative consortium. For example, we have adjusted travel 387 

history of human cases (if known) to locate the original source of infection. The coordinates of 388 

samples were provided as well. 389 

 390 

Phylodynamic reconstructions 391 

Sequences were aligned with MAFFT 58. Phylogenetic trees were first generated using IQtree 392 

59 employing maximum likelihood (ML) under 1000 bootstraps. Sequences with >5% 393 

ambiguous nucleotide sites were excluded and for sequences 100% identical to one another, 394 

only one of the sequences was included. The nucleotide substitution model used for all 395 

phylogenetic analyses was HKY with a Gamma rate heterogeneity among sites with four rate 396 

categories. The temporal qualities of the sequence data were measured with TempEst v1.5 60. 397 

 398 
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We further reconstructed time-scaled phylogenies of WNV-2a, which is the predominant 399 

lineage found in Europe, including all WNV-2a whole genome sequences (n=208), Ns3 gene 400 

sequences (n=275), and the Ns5 gene sequences (n=232), separately (Supporting file 1). The 401 

Ns3 gene dataset has the largest amount of sequences and covers the widest range of geographic 402 

areas (Supporting file 1 and Figure S4). Therefore, we mainly reported the results of the 403 

continuous phylogeographic analysis using Ns3 dataset in the main text. We first tested the 404 

temporal signals of the ML trees generated using WNV-2a full genomes and compared these 405 

results with analysis of the trees generated using NS3 and NS5 gene, respectively. The prior 406 

for the evolutionary clock rate of WNV was specified with a lognormal distribution and a mean 407 

of 4x10-4 subst/site/year with Standard Deviation of 5x10-4 25. Phylodynamic analyses using 408 

WNV-2a sequences were conducted using time-scaled Bayesian phylogenetic methods in 409 

BEAST version 1.10.4 60. The best fitted models were determined using stepping-stone 410 

sampling61, which resulted in the selection of HKY+Gamma+4 substitution model—an 411 

uncorrelated relaxed molecular clock model which assumes each branch has its own 412 

independent rate 62 and Skygrid 63 coalescent model. For each analysis, the Monte Carlo 413 

Markov Chain (MCMC) was run for 108 steps and sampled every 104 steps.  414 

 415 

We further estimated the transmissions between countries and within countries by using linked 416 

parameters options in Beast to jointly estimate the between country transmissions using both 417 

the Ns5 gene sequences and Ns3 gene sequences (which have different phylogenies) 60. We 418 

used an asymmetric model and incorporated the Bayesian Stochastic Search Variable Selection 419 

procedure (BSSVS) to identify a sparse set of transmission rates that identify the statistically 420 

supported connectivity 64. We also estimated the expected number of transmissions (jumps) 421 

between countries and within countries using Markov rewards 65.  422 
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In addition, a continuous phylogenetic diffusion model with a Relaxed Random Walk 423 

extension 19 was further applied to explore the geographical spread of WNV in continuous 424 

space.   425 

Spatial and temporal drivers of WNV dispersal 426 

We tested the associations between a set of potential predictors and the dispersal events of 427 

WNV using R package “seraphim”20, which has been developed to study the spatio-temporal 428 

phylogenies in an environmental context; it extracts the spatio-temporal information from a set 429 

of phylogenetic trees and uses this information to calculate and plot dispersion statistics. We 430 

prepared a list of potential predictors (n=37) which were assigned into five different groups 431 

including climatic, land cover, topography, socio-economic and biodiversity (Supporting file 432 

2). The predictors used in this study were adapted from our previous analysis of the drivers of 433 

discovery of human infective RNA viruses66. We also included new drivers specifically 434 

relevant for arboviruses (e.g., wetland concentration, occurrence status of Culex pipiens) 435 

(Figure S7).  Resolution of predictors ranged from 30" to regional level, and all data were 436 

rescaled to 0.25° where necessary. Collection of data on spatial and temporal drivers of WNV 437 

dispersal and the related modelling process were performed using the R version 3.6.3 (R 438 

Foundation for Statistical Computing, Vienna, Austria, 2020). For each of the potential 439 

predictors, we assessed the quality of the data sources used in terms of their ability to represent 440 

the underlying driver. Specifically, we assessed each driver against six characteristics using the 441 

method of Horigan et al. 2022 (paper submitted) (supporting file 2). Overall, the data sources 442 

were of very good quality, scoring well for accuracy, reliability and availability, including the 443 

factors regarding land use which the model output as influential on WNV spread. The data for 444 

Culex pipiens distribution was assessed to have the lowest quality amongst the factors included, 445 

due to the lack of available complete data. Future work could use instead, for example, outputs 446 

from Mosquito Alert (http://www.mosquitoalert.com/en/access-to-mosquito-alert-data-447 
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portal/), which has started collating reports of Culex sightings through citizen science since 448 

2020. Similarly, forest-related species richness and livestock density were of lower quality; 449 

livestock density was a significant factor for WNV dispersal highlighting the need for these 450 

data sources to be regularly updated and ensured for accuracy.  451 

 452 

Using these potential predictors, we can test the association between the dispersal speeds and 453 

directions for each branch in the phylogenetic tree, from an ancestral node to its descendants, 454 

with the equivalent paths corresponding to trajectories through the predictor maps from the 455 

ancestral node locations to the descendant locations.  We tested if the virus tended to remain 456 

in areas with lower/higher environmental values, and/or the tendency of the lineages to disperse 457 

towards lower/higher values of the predictive factors, by estimating the Bayes factor (BF) 458 

comparing values explored under the inferred model with the null dispersal model simulated 459 

along the tree 20. 460 

 461 

We also tested the impact on diffusion rate (or dispersal duration) by examining the association 462 

between dispersal durations and environmental distances computed for each branch of the tree. 463 

We estimated the value Q which measures the correlation between phylogenetic branch 464 

durations and environmental distances, by using the “least-cost” path model, which uses a 465 

least-cost algorithm to determine the route taken between the start and end locations of 466 

phylogenetic branch within the predictor raster cells67. Following the methodology described 467 

by Dellicour et al67, for each of the environmental factors, we generated three scaled rasters by 468 

transforming the original raster cell values with the following formula: vt = 1 + k(vo/vmax), 469 

where vt and vo are the transformed and original cell values, respectively, and vmax is the 470 

maximum cell value recorded in the raster. Here k (k = 10, 100 and 1000) is a rescaling 471 

parameter that tests different strengths of raster cells relative to the conductance (positive 472 
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correlation) or resistance (negative correlation), with a minimum value set to "1". We 473 

considered a BF value >20 as strong support for a significant correlation between the factors 474 

and dispersal durations as well as dispersal directions. 475 

 476 

We applied the skygrid-GLM model 27 to jointly infer the WNV effective population size along 477 

with the coefficient that relates it to the covariate. This stands in contrast to post hoc approaches 478 

that ignore uncertainty by comparing point estimates of the effective population size and 479 

covariate values (e.g., using standard approaches for time-series comparisons). Here we 480 

examine the temporal relationship between the demographic history of WNV and the climate 481 

changes as well as the bio-diversity changes in Europe between 2004 to 2021 (Supporting file 482 

3 and Figure S8). The temporal factors (n=22) we tested included two parts: one group was 483 

climate related data obtained from ERA5 with a spatial resolution of 0.25° 484 

(https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5) including monthly 485 

values of 2m air temperature, total precipitation, northward wind speed (100m, 10m neutral, 486 

and 10m); eastward wind speed (100m, 10m neutral, and 1), the leaf area index of high 487 

vegetation, as well as the leaf area index of low vegetation (Supporting file 3). We also obtained 488 

the common bird population index in Europe between 2004 to 2019 from The Pan-European 489 

Common Bird Monitoring Scheme (PECBMS) (https://pecbms.info/trends-and-490 

indicators/species-trends/), and further grouped the data into 3 types (farmland, forest and 491 

others) and bird orders (extract bird species belong to 7 bird orders that matched with the bird 492 

types in our WNV sequence data: Accipitriformes, Charadriiformes, Coliformes, 493 

Falconiformes, Galliformes, Strigiformes and Passeriformes) independently (Supporting file 494 

3). 495 

 496 
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Data availability 
 
The sequence data and metdata used in these analyses are available in supporting file 1; the 

predictors source data are available in supporting file 2 and 3. Raw data and R code used for 

the analyses are available via Figshare at link https://doi.org/10.6084/m9.figshare.21444783 
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Figures

        
Figure 1 Phylogenetic analysis of WNV full and partial nucleotide sequences detected from Europe. 

The evolutionary distances were computed using the optimal GTR+I model, the phylogenetic tree was 

constructed with the Maximum likelihood method. Bootstrap values are given for 1000 replicates. (a) 

ML tree of all lineages found in Europe; the branches of the tree are colored by lineages; (b) The subtree 

of WNV- 2 sequences; (c) The WNV lineages distribution over time using the same color showing on 

the tree; (d) The geographical distribution of WNV lineages, using the same lineage color showing on 

the tree, and differentiate by shape if multiple lineages were found within the same country. 
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Figure 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 cluster A 

and B are labelled on the right. A distinct phylogeographic analysis has been based on 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% the highest posterior density (HPD) interval reflecting phylogeographic uncertainty. Nodes of 

the trees, as well as HPD regions, are colored by timescale from red (the time to the most recent 

common ancestor, TMRCA) to green (most recent sampling time), and oldest nodes (and 

corresponding HPD regions) are here plotted on top of youngest nodes. 
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Figure 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 interval for each cluster. (b) The mean clock rate and 95% 

HPD interval for each cluster. (c) Mean number of Markov jump between countries and 95%HPD 

interval for each cluster. (d) Estimation of effective population size via time and 95% HPD interval. 

The logarithmic effective number of infections (Ne) vs. viral generation time (t), representing effective 

transmissions is plotted over time. (e) Mean genetic diversity (Ne) and 95% HPD interval. (f) The 

weighted branch dispersal velocity (km/y) through time and 95% HPD interval. (g) The weighted mean 

diffusion rate (km/y) and 95% HPD interval. 
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Figure 4 Quantified transmission network of WNV-2a between European countries and within Greece 

inferred using discrete trait models. Shape of colors on map indicates number of samples; edge weight 

indicates median number of transmissions between pairs of countries/regions; arrow on edge indicates 

transmission direction; color of edge from light to dark indicates Bayes Factor (BF) support from low 

to high only transmissions with BF >3 are shown).  
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Figure 5 Dispersal history of WNV-2a in Europe between 2004 to 2021. Colors of the dots represent 

interpolated maximum clade credibility phylogeny positions for cluster A (yellow) and B (purple) 

from Ns3.  Please see Movie S1 for the full movie. 
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Figure 6 Explanatory factors significantly attracting 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 Table S1). Data were log-transformed where necessary for better visualization. 

The visualizations and full descriptions of all factors are in Figure S7 and Supporting file 2. 
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Figure 7 Explanatory factors have significant impact on WNV 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 Table S2). Data were log-transformed where necessary for 

better visualization. The visualizations and full descriptions of all factors are in Figure S7 and 

Supporting file 2.  
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Figure 8 Time-varied factors with significant impacts on population dynamics via time. These 

associations were tested with a generalized linear model (GLM) extension of the coalescent model used 

to infer the dynamics of the viral effective population size of the virus (Ne) through time. We here 

present the following time-series variables as significant associated covariates (orange curves): a) mean 

temperature, b) mean precipitation, c) eastward wind speed at 10m, and d) the trend of farmland bird 

population index(measures the rate of change in the relative abundance of common bird species) 

between 2004 and 2019. Posterior mean estimates of the viral effective population size based on both 

sequence data and covariate data are represented by dark blue curves, and the corresponding dark blue 

polygon reflects the 95% HPD region. Posterior mean estimates of the viral effective population size 

inferred strictly from sequence data are represented by light blue curves and the corresponding light 

blue polygon reflects the 95% HPD region. A significant association between the covariate and effective 

population size is inferred when the 95% HPD interval of the GLM coefficient excludes zero. See the 

skygrid-GLM results of all factors being tested in Table S3.  The visualizations and full descriptions of 

all factors being tested are in Figure S8 and Supporting file 3. 
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