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Abstract: West Nile virus lineage 2 (WNV-L2) emerged in Europe in 2004; since then, it has spread
across the continent, causing outbreaks in humans and animals. During 2017 and 2020, WNV-L2
was detected and isolated from four northern goshawks in two provinces of Catalonia (north-
eastern Spain). In order to characterise the first Spanish WNV-L2 isolates and elucidate the potential
overwintering of the virus in this Mediterranean region, complete genome sequencing, phylogenetic
analyses, and a study of phenotypic characterisation were performed. Our results showed that
these Spanish isolates belonged to the central-southern WNV-L2 clade. In more detail, they were
related to the Lombardy cluster that emerged in Italy in 2013 and has been able to spread westwards,
causing outbreaks in France (2018) and Spain (2017 and 2020). Phenotypic characterisation performed
in vitro showed that these isolates presented characteristics corresponding to strains of moderate to
high virulence. All these findings evidence that these WNV-L2 strains have been able to circulate
and overwinter in the region, and are pathogenic, at least in northern goshawks, which seem to be
very susceptible to WNV infection and may be good indicators of WNV-L2 circulation. Due to the
increasing number of human and animal cases in Europe in the last years, this zoonotic flavivirus
should be kept under extensive surveillance, following a One-Health approach.

Keywords: West Nile virus; lineage-2; Spain; phylogeny; avian host; northern goshawk; overwintering;
Europe

1. Introduction

West Nile virus (WNV) (genus Flavivirus, family Flaviviridae) is one of the most
widespread zoonotic arboviruses in the world, as it is present in Africa, Europe, the Middle
East, Asia, and the New World [1]. It circulates in an enzootic cycle where mosquitoes
(mainly Culex spp.) act as vectors and birds are the reservoir hosts. Many bird species can
act as competent hosts [2]. Humans and horses can also be infected and may develop a
neurologic disease; however, they are considered dead-end hosts, as the viraemia resulting
from the infection is insufficient to infect a new vector. In humans, WNV has also been
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transmitted in a very limited number of cases by transfusions of blood, organ transplants,
and during pregnancy, delivery, or breast-feeding. Over 80% of WNV infections in hu-
mans are asymptomatic and the most prevalent clinical manifestation is West Nile fever
(WNF) [3]. However, severe neuroinvasive illness can occur mainly in elderly and immuno-
compromised patients and about 1 out of 10 people who develop severe illness affecting
the central nervous system die. There is not specific prophylaxis or treatment for humans,
unlike horses, in which the disease can be prevented with some commercial vaccines [4]. In
horses, WNV may cause encephalitis or encephalomyelitis that may provoke clinical signs
such as ataxia, incoordination, weakness, muscle fasciculation, and cranial nerve deficits.
In addition to the consequences on public health, the impact of WNV on animal health may
be significant since the equine sector represents a valuable socio-economic resource in rural
areas in Europe, and especially in Spain.

The WNV genome consists of a single-stranded positive-sense RNA genome of approx-
imately 11,000 nt, which encodes and translates a single polyprotein of 3434 amino acids.
This polyprotein is further processed by viral and host proteases to yield three structural
proteins, –capsid (C), membrane (prM/M), and envelope (E)-, and seven non-structural
(NS) proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5), all of them playing an
essential role in the viral genome replication [5].

Currently, there are at least eight known lineages of WNV [6], showing its high genetic
diversity. Of them, lineages 1 and 2 are the most widely distributed and are responsible for
the largest outbreaks in humans and animals.

West Nile virus linage 1 (WNV-L1) was first reported in Europe in 1962, concretely
in the Camargue [7]. After that, it caused sporadic outbreaks in the following decades in
different European countries. Nevertheless, it started to be considered as a pathogen of
concern in this continent after the 1990s, and especially since the 2000s, when it re-emerged.
Since then, human and animal cases have multiplied across Europe [8].

West Nile virus lineage 2 (WNV-L2) was first detected in Europe in 2004, in a north-
ern goshawk (Accipiter gentilis) from Hungary, being the first report of this lineage out-
side Africa [9]. This strain (belonging to the defined central-southern European clade)
spread rapidly and caused important outbreaks in Hungary and Austria between 2008
and 2009 [10], in Greece in 2010 [11], in Serbia in 2012 [12], and in Italy in 2013 [13]. At the
same time, a different WNV-L2, belonging to the named Russian/Romanian clade, affected
humans in Russia (2004–2007) [14] and Romania in 2010 [15].

More recently, WNV-L2 has emerged in France [16], Germany [17], the Czech Repub-
lic [18], and the Netherlands [19], causing outbreaks in wild birds, and incidental cases
in horses and humans. Furthermore, the situation in Italy deserves special attention, as
WNV-L1 strains of the western Mediterranean subtype predominated in the region until
2011–2013, when WNV-L2 emerged for the first time in co-circulation with WNV-L1. Since
then, lineage 2 has been the most frequently identified, even replacing lineage 1 across the
country and originating important outbreaks in humans [13,20,21].

Frequently, after a first outbreak is reported, the disease re-occurs in the same area
in the following years, indicating the success of WNV in settling down under favourable
conditions.

Regarding the situation in Spain, WNV-L1 has been present in the south and central
regions of the country during the last two decades [3,22]. Indeed, it has been responsible
for the greatest human outbreak in the country during the 2020 transmission season,
causing 77 human cases and eight deaths [3]. On the other hand, although WNV-specific
antibodies in birds and horses have been detected in Catalonia (north-eastern Spain) during
2010–2019 [23], WNV-L2 was molecularly detected for the first time in 2017 in this area,
away from WNV-L1-affected regions of the country. The detection of this lineage in northern
goshawks evidenced the capacity of WNV-L2 to spread from central to western regions of
Europe [24].

Particularly, Catalonia has implemented a WNV comprehensive surveillance program
(including active and passive surveillance in wild birds and horses) and measures were
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intensified due to WNV-L2 detection in 2017 [24]. In 2020, WNV-L2 was again detected in
northern goshawks with clinical signs compatible to West Nile disease. However, there
have not been reports of human events due to WNV-L2 in the region yet, contrasting
with other European countries where this lineage has been responsible for numerous
cases [20,25].

The present study analysed the full-genome sequences, their phylogenetic relation-
ships with other WNV-L2 strains found in Europe, and the phenotypic characteristics of
the first four Spanish isolates of WNV-L2, with the aim of characterising these circulating
WNV-L2 strains and elucidating the potential overwintering of the virus in this Mediter-
ranean region. These isolates come from the outbreaks that occurred in northern goshawks
in Catalonia (north-eastern Spain) during the 2017 and 2020 seasons.

2. Materials and Methods
2.1. Sample Collection

Within the surveillance program for WNV implemented in Catalonia, birds found
dead or that died at the Wildlife Rehabilitation Centres (WRC) had their heads sent to
IRTA-CReSA to be diagnosed for WNV in encephalon samples. Between 2017 and 2020,
373 dead birds from 53 different bird species belonging to 23 families were tested (Table S1).
The carcasses of the sampled birds were frozen and, once positive results for WNV were
obtained, they were further transferred to IRTA-CReSA. Necropsy was performed at BSL-3
facilities and several organs (kidney, liver, heart and lung) were sampled, collected in
500 µL of DMEM with 6% of Penicillin, Dihydrostreptomycin, and Nystatin (PSN) and
stored at −75 ◦C until further laboratory investigation.

2.2. Initial WNV Molecular Diagnostics

Tissue samples were mechanically homogenised using polypropylene pestles and viral
RNA was extracted using NucleoSpin® RNA Virus (Macherey-Nagel, Düren, Germany)
according to the manufacturer’s protocol. RNA was eluted in a final volume of 50 µL
of RNase-free water. WNV RNA was detected by real-time reverse transcription PCR
(RT-PCR) using the primers and probe previously described [26] and AgPath-ID™ One-
Step RT-PCR reagents (Applied Biosystems, Foster City, CA, USA). The amplification was
detected using a Real-Time PCR 7500 Fast System (Applied Biosystems) with the following
thermal profile: 48 ◦C for 10 min; 95 ◦C for 10 min; and then 45 cycles at 95 ◦C for 15 s and
at 60 ◦C for 60 s. Further analysis of a partial sequence of the NS5 gene, using the primers
and RT-PCR conditions previously described by Scaramozzino et al. [27], were performed
in the encephalon samples to determine the WNV lineage.

2.3. Virus Isolation

WNV isolation from encephalon samples was performed in Vero cells (ATCC, ref.
CCL-81) at IRTA-CReSA facilities. Briefy, cells with 90% of confluence were exposed to the
supernatant of homogenised samples for 1 h, and then, post-infection media (DMEM with
2% FBS, 2% PSN and 2% Glutamine) was added to incubate the infected cells for 4 days.
Then, the supernatant was collected, centrifuged, aliquoted, and stored at −80 ◦C. Once
WNV isolation was confirmed from one aliquot of obtained isolates by using the same
RT-PCR described above and by titration (TCID50), WNV isolates were sent to CISA-INIA
facilities, where they were propagated similarly in Vero cell cultures (second passage).

2.4. Full Genome Sequencing

Total RNA was extracted from 100-µL aliquots of infected cell culture supernatants
(2nd passage) using Biosprint 15 workstation (QIAGEN, Valencia, CA, USA), according to
the manufacturer’s protocol, with a small modification (carrier RNA was added to a final
concentration of 5 µg/mL). RNA was eluted in a final volume of 100-µL RNase-free water,
aliquoted, and stored at −80 ◦C until used.
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The complete genomes of the isolates were obtained by sequencing 23 overlapping
PCR amplicons based on L. Barzon’s previous design (personal communication). From
this original design, 12 primers remained unchanged and the rest were newly designed
by M. Elizalde and J. Fernández-Pinero (personal communication) or were taken from a
previously described protocol [28] (Table S2).

One-step RT-PCR kit (Qiagen) was used to run conventional RT-PCR assays, following
the manufacturer’s instructions. Amplified DNAs were purified using ExoSAP-IT kit (GE
Healthcare), and then bidirectionally sequenced by automatic dideoxy cycle sequencing
techniques, Big Dye Terminator Cycle Sequencing Kit (v3.1), and an ABI 3730 XL DNA
Analyzer, using the same primer sets of the RT-PCR assays.

2.5. Sequence and Phylogenetic Analyses

Analysis of the sequences and assembly of the full linear genomes were performed by
using SeqMan software (DNASTAR, Madison, WI, USA). The genome sequences obtained
in this study were submitted to GenBank database under the accession nos. OM037670,
OM037671, OM037672, and OM037673. Multiple alignments were performed with the
Clustal W program and phylogenetic trees were created using the Maximum likelihood
method (both available in MEGA7 software). Bootstrap analyses were inferred from
500 replicates.

2.6. Characterisation of the Viral Plaques

For the in vitro characterisation, the four Spanish WNV-L2 isolates (AC564, AC913,
AC923, and AC924) were compared with other WNV known and characterised strains
(GenBank accession number of the respective complete genome sequences indicated in
parentheses): KUN MP502-66, a putative lineage 6 from Malaysia (GU047874); KUN-KJ359-
11 lineage 1b from Australia (JX014270); B956, an ancient lineage 2 from Uganda (AY532665);
NY-99, a lineage 1 from New York (FJ151394); and SPA07, a lineage 1 isolate from Spain
(FJ766331). Thus, these nine isolates were inoculated in Vero cells in 6-well culture plates as
previously described [29]. After staining with neutral red, plaques were visually examined
at 72 h post-infection and photographed. Plaque sizes were then measured using the ImageJ
program and statistical analyses were performed by using Student’s t-test.

3. Results

Between 2017 and 2020, 5 out of 373 wild birds found dead or that died at the WRC
tested positive by RT-PCR for WNV in encephalon samples. Further analysis of a partial
sequence of the NS5 gene indicated that all the positive samples belonged to WNV-L2. All
these WNV-L2 infected birds were northern goshawks with clinical signs compatible with
WNV infection and were transferred to WRC, where they died or were euthanised.

In detail, in September 2017, a northern goshawk was found with dehydration, apathy,
and low weight near an urban area, a municipality called Alguaire, located 15 km northern
of the city of Lleida (Catalonia, Spain), and was transferred to the WRC of Vallcalent. Five
days later it developed nervous symptoms (head-shaking, incoordination, and inability to
stand upright), and was euthanised. This specimen was further codified as AC568 goshawk
(Figure 1). Within days, another sick northern goshawk was admitted to the same WRC
and died after 2 days [24].

In September 2020, a sick juvenile northern goshawk was collected in the municipality
of Alpicat, located 6 km northwest of Lleida (Catalonia, Spain), and was transferred to
the WRC of Vallcalent. It was found with a low weight (508 g). Moreover, it showed
blepharitis in the left eye and had a corneal ulcer, possibly due to a contusion. Four days
later it was euthanised because it showed apathy, incoordination, and an inability to stand
upright. This specimen was further codified as AC913 goshawk. At the same time, in
September 2020, two sick juveniles of northern goshawks were found in the Tarragona
province (Catalonia, Spain) and were transferred to WRC of Torreferrussa. The specimens
presented mild to moderate obtundation and were unable to fly. Muscle tone was normal
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to mildly increased. They had a right head tilt and intermittent cervical dystonia with the
head and neck turned to the right. Severe ambulatory tetraparesis and ataxia affecting
the wings and the pelvic limbs were observed. Menace response was bilaterally absent.
Episodes of quick dilation and constriction of their pupils (eye pinning) were also detected,
most likely representing a strong stress or excitement. Thus, they were euthanised. These
specimens were then codified as AC923 and AC924 (Figure 1).
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Figure 1. On the left: Provinces were the study was carried out (dark grey and red). In red: location
of the affected provinces of Catalonia: Lleida, and Tarragona, within Spain. On the right: distribution
of the RT-PCR-positive and negative wild birds sampled in Catalonia between 2017 and 2020.

Virus isolation from encephalon samples could be carried out in four (AC568, AC913,
AC923, and AC924) out of five WNV-positive northern goshawks. No macroscopic lesions
were in the northern goshawks affected apart from hematoma that was observed in the
brain of AC568, which probably was as consequence of a traumatism due to head-shaking.

WNV real-time RT-PCR analysis showed positive results in all samples examined (Ct
values between 14.47 and 35.91) except for the liver, heart, and lung of the AC568 goshawk
that were negative (Table 1).

Table 1. Analysis of the collected samples from the northern goshawks by WNV real-time
RT-PCR [26].

Specimens Sample Type/Tissue (Ct)

Northern Goshawks
(Accipiter gentilis) Encephalon Kidney Liver Heart Lung

AC568 15.18 35.91 neg neg neg
AC913 14.50 28.73 34.02 31.34 31.26
AC923 14.47 25.99 29.90 30.21 29.02
AC924 18.11 20.85 30.17 27.71 27.88
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Four full genome linear sequences of 10,972, 10,957, 10,975, and 10,973 nt were obtained
from the isolates named AC568, AC913, AC923, and AC924, respectively.

Phylogenetic relationships between the new isolates and other WNV-L2 isolates with
full genome sequences available in GenBank were established. Firstly, these four isolates
were compared with 45 isolates of WNV-L2, including recent European ones from both
main defined clades [30] and representative African sequences.

Phylogenetic analysis placed the Spanish isolates within the central-southern Euro-
pean WNV lineage 2 clade, also defined as the Hungarian clade. Moreover, Spanish isolates
were closely related with the Italian (2013) and the French (2018) ones, creating a mono-
phyletic group and slightly differing from the Austrian-German group, which comprises
representatives from 2014 to 2020 (Figure 2). Then, a further phylogenetic analysis was
performed to refine the closest relationships. The Spanish representatives were analysed
with 26 selected sequences of the central-southern European clade, incorporating 14 addi-
tional sequences, mostly from Italy. The Spanish isolates specifically grouped together with
the Italian Lombardy cluster, according to Barzon et al.’s 2015 definition [31], which also
incorporates the French isolates (Figure 3).
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Figure 2. Phylogenetic analysis of complete genome nucleotide sequences of WNV-L2. The evolu-
tionary distances were computed using the optimal GTR+I model, and the phylogenetic tree was
constructed with the Maximum likelihood method. Bootstrap values are given for 500 replicates. Viral
sequences are identified by GenBank accession number, country, and year of isolation. Sequences
emphasised in bold and with a black circle (•) were generated during this study.
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Figure 3. Phylogenetic analysis of complete genome nucleotide sequences of recent WNV-L2 isolates
from western-central Europe. Italian clusters were defined by Barzon et al. 2015 [31]. The evolutionary
distances were computed using the optimal TN93+G model and the phylogenetic tree was constructed
with the Maximum likelihood method. Bootstrap values of major branches are given for 500 replicates.
Viral sequences are identified by GenBank accession number, country, and year of isolation. Sequences
emphasised in bold and with a black circle (•) were generated during this study.

The comparison of the Spanish 2017 isolate with the 2020 ones revealed a nucleotide
divergence from 0.09% to 0.27%, being isolates AC923 and AC924 (both from the Tarragona
province, 2020) the most closely related (presenting a 99.91% of nucleotide homology), and
the AC913 isolate (from Lleida 2020) the most dissimilar (99.73% nucleotide homology).

A study of the viral polyproteins was performed comparing Spanish WNV-L2 isolates
with representatives of the Lombardy (Italy 2013 KF823806 and France 2018 MT863560)
and Veneto (Italy 2013 KF647249) clusters; Hungary 2004 isolate (DQ116961) was used as
reference. This study revealed a range of amino acidic divergence from 0.03% (between
AC913 and AC568) to 0.41% (between the Hungarian isolate and AC923 and AC924).
Comparing the Spanish strains, the variation was 0.03–0.12% (Table S3).

Remarkably, WNV-L2 isolates detected in Spain were characterised by three unique
amino acids changes (i.e., NS1-I123F, NS1-H293R, and NS5-T277I) that were absent in
the representatives of the Lombardy and Veneto clusters. Additionally, Spanish isolates
from 2020 presented exclusive amino acids changes: AC913 showed one single change:
NS1-G41S; AC923 presented two single changes: C-M34V and NS1-M113I, and a change
shared with AC924: NS4B-N11S; finally, AC924 showed two unique changes: prM-A29V
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and NS5-R599I. Particularly, most of the variation in the amino acid sequences compared
in this study was concentrated in the NS1 protein (Table 2).

Table 2. Comparison of the amino acid substitutions between the Spanish isolates and representatives
of the Lombardy and Veneto clusters of WNV-L2. The isolate from Hungary 2004 was used as the
reference sequence. Black dot indicates the same amino acid as the reference sequence. Amino acids
that are unique in Spanish WNV-L2 polyproteins are highlighted in bold.

Initial
Reference

Veneto
Cluster Lombardy Cluster

Viral
Protein

Amino
Acid

Position

DQ116961
Hungary

2004
(Goshawk)

KF647249
Italy 2013

Rovigo
(Human)

KF823806
Italy 2013
Mantova
(Human)

MT863560
France 2018
(Common
Buzzard)

AC568
Spain 2017

Lleida
(Northern
Goshawk)

AC913
Spain 2020

Lleida
(Northern
Goshawk)

AC923
Spain 2020
Tarragona
(Northern
Goshawk)

AC924
Spain 2020
Tarragona
(Northern
Goshawk)

C 34 M · · · · · V ·

prM 20 T A · · · · · ·
29 A · · · · · · V

E
88 S P P P P P P P

159 I T T T T T T T

NS1

35 Y · H H H H H H
41 G · · · · S · ·
69 G E E E E E E E
92 K · · E · · · ·

113 M · · · · · I ·
123 I · · · F F F F
146 A V · · · · · ·
293 H · · · R R R R

NS2A
1 H Y Y Y Y Y Y Y

192 S C C C C C C C

NS4B 11 N · · · · · S S

NS5

26 A T T T T T T T
203 Y H · · · · · ·
277 T · · · I I I I
279 K · R · · · · ·
299 A T T T T T T T
340 N S · · · · · ·
599 R · · · · · · I
886 V A · · · · · ·

Capacity of cell infection, as a rough approach to virulence estimation of the isolates,
was measured by plaque size assays using data from previous studies [6,32,33]. Based on
previous observations [6], Malaysian (L6) and Kunjin isolates (L1b) were considered of
low virulence, B956 (L2) was of moderate virulence, and NY-99 and SPA07 (both L1) were
classified as isolates of high virulence. As expected, a correlation between virulence and
plaque size could be observed in previously known isolates examined in this study. Low
virulent strains (i.e., KUN MP502-66 and KUN-KJ359-11) formed small plaques in Vero cells
cultures (mean: 2.775 mm), high virulent (i.e., NY99 and SP’07) showed big-size plaques
(mean: 5.073 mm), and moderate virulent isolates (i.e., B956) formed plaques of medium
size (mean: 4.165 mm) (p ≤ 0.05). Considering these categories, Spanish AC568 showed
the largest plaque size among all WNV-L2 Spanish isolates examined in this study (mean:
4.89 ± 0.78 mm). This size was statistically larger than the medium-size group (moderate
virulence) and most similar to the highly virulent isolates NY-99 and SPA07. On the other
hand, AC913 plaques (mean: 4.22 ± 0.83 mm) presented non-significant differences with
medium plaque size (B956, moderate virulence), but were statistically distinguishable from
the big-size (NY-99 and SPA07) and the small-plaque size (KUN MP502-66 and KUN-KJ359-
11) representatives. Finally, AC923 and AC924 plaques (mean: 4.50 ± 0.94 mm and mean:
4.89 ± 01.17 mm, respectively) showed an intermediate phenotype, between isolates with
moderate (medium plaque size) and high virulence (big plaque size) (Figure 4).
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4. Discussion

WNV-L2 was firstly detected in Europe in Hungary in 2004 [9]; since then, it has spread
through the continent, reaching Greece (south-eastern) in 2010 [11], Spain (south-western)
in 2017 [24], and Germany (northern Europe) in 2018 [17]. This apparently fast speed of
spread, compared with the European WNV-L1, contrasts the North American scenario,
where WNV-L1 was able to reach the west coast only 4 years after its emergence in New
York in 1999 [32]. This fact reveals strong differences between both continents regarding
vector-hosts biodiversity, WNV ability to spread, susceptibility, and immunological status
of individuals, etc.

The present study focused on the first detections of WNV-L2 in the Iberian Peninsula.
The first cases appeared in 2017 in northern goshawks from Catalonia (north-eastern
Spain) [24]. Seroconversion was observed in 14 bearded vultures (Gypaetus barbatus), a near
threatened-species, at the same time in the same WRC [24]. WNV-L2 was not detected
again until 2020, when three more northern goshawks were affected in the same (Lleida)
and in an adjacent province (Tarragona). WNV-L2 was isolated from encephalon samples,
which showed the highest viral loads indicating that this tissue is suitable for diagnosis
and viral isolation from northern goshawks infected with WNV-L2. Moreover, neurological
clinical signs, which all the affected northern goshawks presented, correlate perfectly with
these high viral loads found in the central nervous system. Even though only five RT-PCR
positive birds have been detected in Catalonia, recent studies carried out in the region [23]
indicated that WNV circulation, not exclusively in birds but also in horses, is much more
widespread, although the majority of infections are subclinical.

In 2017, the first isolate of WNV-L2 in Spain was partially sequenced, specifically,
a segment of 930 nt of the NS5 gene [24]. In the present study, the full-genome of that
isolate and three more recent ones (2020) have been analysed. More in detail, these four
isolates showed a degree of nucleotide homology ranging between 99.73–99.91% and a
range of amino acid homology between 99.88–99.97%, sharing three exclusive amino acid
positions. These data evidence that this strain has remained genetically stable since its first
detection in 2017 in Lleida and has managed to overwinter in the area with some geographic
spread to another neighbouring province. In 2018 and 2019, no wild birds positive for
RT-PCR were detected even though 120 and 56 were tested, respectively. Absence of
RT-PCR positivity does not necessarily mean lack of WNV circulation. In fact, in 2018,
positivity for WNV by SNT was detected in an age-category 3 (i.e., born in 2018) Eurasian
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magpies (Pica pica) sampled in the same area where WNV had been reported in 2017 [34],
which suggested that the virus might have overwintered in the area and recirculated in the
following year. Furthermore, in 2018, a horse with symptoms compatible with WNV and
IgM positive was detected in the municipality of Vilanova i la Geltrú, in central-eastern
Catalonia [34]. In 2018, Europe experienced the largest WNV epidemic to date with 2083
human cases [35], which contrasts with the limited circulation observed in Catalonia in the
same year. High WNV transmission in Europe in 2018, mainly in south-eastern areas, was
associated with favourable climatic conditions (e.g., increased precipitation in March or
increased temperatures in May) [17,21], which did not occur in Catalonia [36].

Phylogenetic analyses showed that the Spanish isolates from 2017 and 2020 belonged
to the central-southern European WNV-L2 clade [30]. This clade also includes recent strains
from Germany, France, the Czech Republic, Greece, and Italy, where important outbreaks in
humans and animals have occurred [13,16,18,20,37–39]. Our results corroborate the spread
of this cluster to southern and western areas of the European continent, and represent
the westernmost point in Europe this WNV lineage has reached and established to date.
Furthermore, these Spanish isolates were closely related with the Italian (2013) and the
French (2018) ones, constituting a monophyletic group diverging from the Austrian-German
group, with representatives from 2014 to 2020 [37].

A subsequent phylogenetic analysis revealed that the Spanish isolates specifically
grouped to an Italian cluster, namely the Lombardy cluster [31]. This cluster, also known
as clade B, has shown more ability to spread than the Veneto cluster (also known as clade
A) [20]. Indeed, the Veneto cluster apparently became extinct in 2013–2014, as no new
sequences from this clade (neither from Italy nor from other countries) have been detected
since then and, remarkably, none were collected in Italy in 2018 during the largest epidemic
of WNV infection [16,20]. Even more, the Lombardy cluster, which has been detected in
the Veneto region since 2014 (in Verona, Vicenza, Rovigo, Venice, and Treviso regions), has
even replaced the Veneto cluster, becoming the dominant one in the area [21]. Besides, the
Lombardy cluster, which initially caused outbreaks in consecutive years in northern Italy
(2013–2014) [31], was able to spread from northern Italian regions to north-eastern Spain in
2017 and south-eastern France in 2017 or 2018 (considering that the 2017 human cases and
the WNV-L2 confirmed outbreaks in birds in 2018 reported in the same French area likely
shared the same origin) [16]. This replacement of strains in Italy, followed by a successful
spread towards Spain and France, suggests that this variant from the Lombardy cluster
might have acquired improved fitness [21]. Moreover, this variant has demonstrated to
have the ability to cause outbreaks at least in wild birds [16] and humans [21], and probably
in horses [40]. Accordingly, the phylogenetic analyses suggest one single introduction of
WNV-L2 from northern Italy into France and Spain, probably via infected birds, as has
been usually hypothesised [16].

Our phylogenetic analyses together with the seropositivity found before and after the
first detection of WNV-L2 [23,41] suggest the presence and overwintering of WNV in the
region. Furthermore, it is unknown whether the WNV seropositivity in the region was due
to WNV-L1 or WNV-L2. While only the latter has been identified in this territory, silent
WNV-L1 circulation should not be discarded. Therefore, the molecular analysis of different
samples is essential in order to characterise isolates and study the spread and evolution of
WNV over time.

In the same way, it is important to point out the close phylogenetic relationship
between certain Italian and Spanish isolates, as has been highlighted in this study of
WNV-L2 and in previous ones focused on WNV-L1 [42]. This fact could reveal a particular
dissemination route from Italy to Spain, although this hypothesis could be biased due to
the absence of sequences from other western Mediterranean countries.

Likewise, while the isolate AC568 (Lleida, 2017) displayed phenotypic characteristics
of isolates of high virulence in mouse models, according to previously described classifi-
cation in relation to plaque size in cell culture [6,32,33], the isolate AC913 (Lleida, 2020)
showed characteristics of moderate virulence (similar to B956 strain) [6]. On the other hand,
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isolates AC923 and AC924 (Tarragona, 2020) presented an intermediate phenotype between
moderate and high virulence. This presumable virulence estimated in vitro might correlate
with the virulence observed in the affected birds, although it is uncertain if it holds a link
to the horse outbreaks occurred in the region during 2020 and 2021 seasons [40,43]. In
any case, these plaque size assays must be considered only rough estimates to approach
virulence of WNV strains, and further in vivo studies of pathogenicity in vertebrate hosts
will be necessary in order to accurately evaluate the virulence of these new strains.

Wild raptors, especially northern goshawks, seem to be particularly susceptible to
WNV neuro-invasive infections since they have been repeatedly found affected due to
WNV infection in different countries in Europe [9,10,12,16,22,38,44–46]. In fact, from more
than 350 birds sampled over 2017–2020, only five individuals were WNV positive by PCR,
all of them northern goshawks that finally died or were euthanised due to the infection.
This fact could be explained either because of their predation patterns, as they mainly feed
on Passeriformes [46,47], which could be infected, and this may result in a subsequent
infection of the predator [2], or due to mosquito feeding preferences [48].

Samples tested in this study were obtained from individuals of two WRC from Catalo-
nia, highlighting the key role that these kind of centres can play in the surveillance and
detection of emerging pathogens, as has been previously observed in other instances in
Spain [41,49].

Finally, the detection of WNV-L2 in these northern goshawks in combination with
the detection of specific antibodies against WNV in birds and horses from Catalonia [23]
indicates an increased risk of WNV spillover into the human population in this area. Since
WNV-L2 has been responsible for the largest outbreak of WNV in Europe in 2018 [35], it
is necessary to reinforce WNV surveillance in Spain in order to better anticipate future
outbreaks in humans.

5. Conclusions

This study confirmed the presence and overwintering of WNV-L2 in north-eastern
Spain between 2017 and 2020. Northern goshawk was the affected species, further confirm-
ing the susceptibility of these raptors to WNV infection. In addition, this work highlighted
the spread of WNV-L2 from central regions of Europe (such as Italy) to the west, causing
outbreaks in France and Spain. Taking into account the results of this study and the situ-
ation observed in neighbouring countries (such as Italy, Germany, or Greece), the risk of
a further spillover to humans is high. Thus, it is essential to reinforce surveillance in the
country, under a One-Health approach, in order to provide an early warning and to take
the appropriate prevention and control measures.
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used as the reference sequence.
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