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ABSTRACT 
Background: West Nile Virus (WNV) is a zoonotic arbovirus worldwide spread. Seasonal WNV outbreaks occur in the 
Mediterranean basin since the late 1990’s with ever-increasing incidence. In Southern Spain WNV is endemic, as disease 
foci - caused by WNV lineage 1 (WNV-L1) strains - occur every year. On the contrary, WNV-L2 is the dominant lineage in 
Europe, so most European WNV sequences available belong to this lineage, WNV-L1 sequences being still scarce.
Methods: To fill this gap, this study reports the genetic characterisation of 27 newly described WNV-L1 strains, involved 
in outbreaks affecting wild birds and horses during the last decade in South-Western Spain.
Results: All strains except one belong to the Western Mediterranean-1 sub-cluster (WMed-1), related phylogenetically to 
Italian, French, Portuguese, Moroccan and, remarkably, Senegalese strains. This sub-cluster persisted, spread and evolved 
into three distinguishable WMed-1 phylogenetic groups that co-circulated, notably, in the same province (C�adiz). They 
displayed different behaviours: from long-term persistence and rapid spread to neighbouring regions within Spain, to 
long-distance spread to different countries, including transcontinental spread to Africa. Among the different introduc
tions of WNV in Spain revealed in this study, some of them succeeded to get established, some extinguished from the 
territory shortly afterwards. Furthermore, Spain’s southernmost province, C�adiz, constitutes a hotspot for virus incursion.
Conclusion: Southern Spain seems a likely scenario for emergence of exotic pathogens of African origin. Therefore, cir
culation of diverse WNV-L1 variants in Spain prompts for an extensive surveillance under a One Health approach.
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Introduction

West Nile virus (WNV; family Flaviviridae, genus 
Orthoflavivirus) is a mosquito-borne zoonotic, epizootic 
and epornitic virus belonging to the Japanese encephal
itis serocomplex. Its genome consists of a single- 
stranded positive-sense RNA of approximately 11,000 nt 
encoding a single polyprotein, which is excised into 
three structural proteins: capsid (C), pre m/membrane 
(PrM/M) and envelope (E), and seven non-structural (NS) 
proteins: NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5 
[1]. Under natural conditions, WNV circulates in an enzo
otic cycle between mosquitoes, mainly Culex genus (vec
tors), and birds (reservoir hosts) while mammals 
(particularly humans and horses) are considered inciden
tal, dead-end hosts [1] as they do not develop enough 
viremia titre to infect vectors.

WNV is characterised by a remarkable phenotypic 
variation and a high genetic diversity; currently, there 
are at least 8 lineages described [2], being lineages 1 
(WNV-L1) and 2 (WNV-L2) the most widely distributed 
and the ones associated with disease in animals and 
humans [3].

First described in Uganda in 1937, WNV was recog
nised as a significant emerging pathogen around the 
1990s, when the frequency, severity, and geographic 
range of outbreaks increased dramatically through 
European and Mediterranean countries and eventually 
spread through the Americas [1]. Nowadays, WNV is one 
of the most widespread arboviruses in the world, 
reported in all continents except Antarctica [4,5]. This 
makes WNV one of the most relevant examples of 
emerging infectious diseases, with considerable impact 
on public and animal health [6].

The first description of WNV in the Western 
Mediterranean dates back to 1962 in the Camargue, 
France [7]. It reappeared in the region in the mid-1990s, 
with successive sporadic outbreaks reported by neigh
bouring countries including Algeria, France, Italy, 
Morocco, Portugal, Spain and Tunisia [8]. The situation 
became more pressing since 2008, when outbreaks in 
Italy started to be more frequent and severe [9], a trend 
that has continued in Europe and Mediterranean coun
tries since then [10,11]. WNV outbreaks in Europe were 
due to lineage 1 strains until the introduction of WNV- 
L2, first described in 2004 in Hungary [12], which quickly 
dispersed across the continent [11,13–15], changing rad
ically the WNV landscape in this region. Nowadays, 
WNV-L2 is the predominant lineage circulating in Europe 
[4,11], while WNV-L1 circulation is currently restricted to 

France [2], Southern Spain [16–18], Italy [9,19], Cyprus 
[20], and neighbouring areas, North-Western African 
countries [21–23], Turkey [24] and Israel [25].

In Spain, WNV-L1 was first isolated in 2007 from 
golden eagles [26]. Since then, it has been detected 
multiple times in South-Western regions of the country, 
either in mosquitos or in vertebrate hosts (birds, horses, 
humans) [16–18,27–33]. The most intense and severe 
transmission season in Spain occurred in 2020, with 77 
human cases (including 8 deaths) and 139 outbreaks 
among equids reported, all of them due to WNV-L1 [16]. 
Meanwhile, an incursion of WNV-L2 in the farthest part 
of the country (North-East) was first detected in 2017, 
affecting wild birds (raptors), which continued in 2020, 
2021 and 2022, as reported in wild birds, mosquitoes, 
and humans, respectively [34–36]. Despite the key pos
ition of Spain, close to Africa and crossed by key bird 
migration routes between this continent and Europe, lit
tle is known regarding WNV dynamics in this country 
and its role in WNV epidemiology in the context of the 
Mediterranean region. This gap is particularly notable 
when it comes to WNV-L1, which has become a minor 
variant in Europe. The knowledge on when, how and 
from where WNV-L1 is introduced into Europe, and how 
it remains and progresses in this continent, is still very 
limited today [37], as these studies are bound to the 
availability of suitable samples for viral characterisation, 
which are scarce. Under these premises, this study pro
vides 13 complete and 14 partial genome sequences of 
WNV-L1, obtained from WNV foci occurred in wild birds 
and horses between 2010 and 2020, in diverse Spanish 
provinces. This notable contribution made possible a 
powerful phylogenetic analysis, enabling to better depict 
the relatedness among WNV-L1 strains circulating in 
South-Western Spain and their relationships with other 
strains from Mediterranean and Western African origins, 
shedding light into their evolutionary history and 
dynamics across this vast region. Moreover, polyprotein 
profiles of the different WNV-L1 variants described were 
analysed. In addition, a simple and affordable character
isation method was developed and here described, 
based on a single conventional RT-PCR followed by con
ventional sequencing, which enables the study and clas
sification of closely related WNV-L1 strains.

Materials and methods

Sample collection

Samples (n¼ 27) were collected from horses (n¼ 11; 
cerebrospinal fluid, organs) and wild birds (n¼ 16; 
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organs, feathers) with clinical suspicion of WNV infec
tion, that was later confirmed by laboratory diagnostic 
techniques. The collection encompasses a period of 
11 years (2010 to 2020) in five provinces belonging to 
three Spanish Autonomous Communities (AC): C�adiz, 
Seville and Huelva (AC: Andalusia), Toledo (AC: Castile-La 
Mancha), and C�aceres (AC: Extremadura) (Figure 1). The 
detailed information of the field samples used in this 
study (and other Spanish sequences previously pub
lished) is described in Table 1. Part of the samples 
employed in this study (n¼ 20) were initially sent to the 
Spanish National Reference Laboratory for WNV (LCV, 
Algete, Spain) for laboratory confirmation of WNV detec
tion. The remaining samples (n¼ 7) were directly sent to 
CISA, where further molecular and virological character
isations were performed on all samples. All samples 
were shipped frozen to CISA and preserved at −80 �C 
until further analysis. During the analytical phase, sam
ples were processed as previously described [38].

Viral isolation

Nineteen suitable WNV-L1 positive samples were sub
jected to virus isolation by inoculation of Vero cells as 
previously described [26]. Positive results (cytopathic 
effect observed) were confirmed by RT-PCR. Samples 

were considered negative for virus isolation if, after 3 
cell culture passages, cytopathic effect was absent.

Viral genome detection assays

Viral RNA was extracted from 100 ml of sample–homoge
nates and swabs using the BioSprint 15 workstation 
(Qiagen) and the BioSprint DNA blood kit (Qiagen), as 
previously described [36].

Samples initially sent to the LCV for confirmation of 
WNV detection, were analysed by a real-time RT-PCR 
[39]. The rest of the samples were examined at CISA by 
a real–time multiplex RT–PCR that distinguishes between 
WNV-L1, WNV-L2 and Usutu virus (USUV) [40]. For both 
PCR-based methods, samples with Ct value > 40 were 
considered negative. Ct values for WNV detection are 
shown in Table 1.

WNV genome sequencing

Nucleic acid amplification of the WNV-L1 whole genome 
was carried out by conventional RT-PCRs, using primer 
sets previously described [41]. Additionally, 26 new pri
mers were specifically designed for this study (Table S1) 
to cover the complete viral genomes.

Figure 1. Map of Spain and its provinces. The provinces where WNV-L1 positive samples have been collected during this study are col
oured in brown.
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Due to the limited amount of some samples, a simpli
fied method was designed to characterise the WNV pre
sent and to expand the further molecular studies. For 
that, specific primers were designed for analysis of a 
621 nt region of the viral genome. This fragment encodes 
the entire M protein and the N-terminal region of the E 
glycoprotein (here called ‘PrM-E’), corresponding to amino 
acids 193-399 of the whole polyprotein. The targeted 
region holds 3% of nucleotide divergence between two 
Spanish representative sequences of WMed-1 (SPA12-02, 
C�adiz 2012) and WMed-2 (GE 2o/V, Toledo 2007), being 
the most variable and informative genome portion 
between both sub-clusters.

The designed primer sequences delimiting a fragment 
of 666 nt were: WNV-639F (50-CCAGAAGACATCGACTG 
TTGGTG-30) and WNV-1305R (50-CGCATGTGTCAATGCTTC 
CTTTG-30), corresponding respectively to the 639 and 
1305 nucleotide positions of the SPA12-02 isolate 
(GenBank accession no. OM302322). One-step RT-PCR kit 
(Qiagen) was used to run conventional RT-PCR assay 
according to the manufacturer’s instructions. 
Amplifications were performed following this thermocy
cling conditions: 30 min at 50 �C, 15 min at 95 �C, 40�
(30 s at 94 �C, 45 s at 58 �C, and 1 min at 72 �C), and 7 min 
at 72 �C.

Amplified PCR products were purified using ExoSAP-IT 
kit (GE Healthcare) and then bidirectionally sequenced 
by Sanger’s method (Big Dye Terminator Cycle 
Sequencing kit (version 3.1), in an ABI 3730 XL DNA 
Analyser (Applied Biosystems).

Sequence and phylogenetic analyses

Analysis and assembly of the full linear genomes were 
performed using SeqMan software (DNASTAR. Madison, 
WI). PrM-E genome sequences were also edited by 
SeqMan. The consensus sequences obtained were com
pared with other 45 full or partial genome sequences of 
WNV-L1, respectively, belonging to the Mediterranean 
and Middle East regions, and Senegal, available in 
GenBank. Multiple sequence alignments were performed 
by ClustalW tool (available in MEGA7). Phylogenetic 
trees were generated by the maximum likelihood algo
rithm, using TN93þG as the optimal nucleotide substi
tution model provided by MEGA7 for both whole and 
PrM-E genome sequences analysis. Bootstrap values 
were inferred for 1000 replicates.

Further genetic and amino acidic homology studies 
were carried out with the support of MEGA7 software 
by estimating the evolutionary divergence between 

sequences and between the established WMed groups. 
These analyses were conducted using the maximum 
composite likelihood method.

In order to get an advanced analysis, visualisation 
and exploration of phylogenetic and genomic data 
together with geographic and temporal data (or other 
relevant metadata available), the 58 WNV complete gen
ome sequences employed in this study were analysed 
through the Nextstrain [42] generic build available at 
the online bioinformatics platform INSaFLU-TELEVIR 
(https://insaflu.insa.pt/; v.2.0.0; https://github.com/ 
INSaFLU/nextstrain_builds) [43]. Mutation annotation 
refers to the GenBank reference genome AF260968.1 
(strain Eg101, Egypt 1951). The interactive Nextstrain 
JSON file (including phylogenetic, geotemporal and 
mutation data) and metadata table are available as 
Dataset S1, for navigation in https://auspice.us/.

Finally, the algn2pheno (https://github.com/insapa
thogenomics/algn2pheno; v1.1.5) tool was applied to 
extract the whole repertoire of amino acid changes of 
the 58 WNV complete genome sequences, taking as 
input protein-specific alignments retrieved from a full 
genome alignment using nextalign (https://github.com/ 
neherlab/nextalign; v.2.11.9). The algn2pheno report 
with amino acid changes found per sample per protein, 
in comparison to the reference genome AF260968.1 
(strain Eg101, Egypt 1951), is available as Table S2.

Results

Virus isolation

Eight WNV-L1 isolates were obtained out of the nine
teen samples that were subjected to virus isolation in 
Vero cells: 2442-4, 2442-5, 2500, 3963, 101279, SPA20-01, 
SPA20-02 and SPA20-05 (Table 1).

Spanish WNV-L1 sequences

From the 27 WNV-L1 positive samples subjected to 
sequencing, 13 full genome linear sequences of 10,220 
(id. C79B), 10,926 (id. 2442-5), 10,931 (id. SPA20-02 and 
SPA20-05), 10,932 (id. 2439, 2442-4, 101279, a2153, 2500 
and 3963), 10,948 (id. 2442-5), 10,963 (id. SPA20-01) and 
10,979 (id. 2500) nucleotides were obtained. This panel 
represents 50% of all Spanish full-length WNV-L1 
sequences described up to date (n¼ 26). In addition, 14 
samples were partially sequenced obtaining a fragment 
of 621 nt of the PrM-E coding region. Table 1 compiles 
all Spanish WNV-L1 sequences obtained from 2007 to 
2022 from this and previous studies, indicating species, 
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type of specimen and province from where they were 
collected. Figure 1 shows the provinces where WNV-L1 
positive samples have been collected during this study.

The nucleotide sequences obtained in this study 
(n¼ 27) have been lodged in the GenBank sequence 
database under accession nos. OM302313-OM302321, 
OM302324-OM302338, OP713601-OP713603.

Phylogenetic analysis of the Spanish WNV complete 
genome sequences

Phylogenetic relationships between the obtained full 
genome sequences and other WNV-L1 complete sequen
ces available in GenBank were established. The new 13 
sequences were compared with 45 WNV-L1 isolates, 
including previously available Spanish isolates (n¼ 15), 
and sequences from Senegal and other Mediterranean 
and Middle East countries (n¼ 30) (Figure 2). Overall, 
the sequences included in the analysis encompass a 
time period covering from 1989 to 2022, with two 

exceptions (Egypt, 1951 and Portugal, 1971) used as 
outgroup.

Phylogenetic analyses placed the new complete 
Spanish sequences in the defined cluster 2 of WNV clade 
1a, also known as Western Mediterranean (WMed) clus
ter, and in particular within the Western Mediterranean- 
1 (WMed-1) sub-cluster [8]. This monophyletic group 
also included other related Spanish variants previously 
described, collected in 2010, 2012, 2020, 2021 and 2022, 
as well as French (2015) and Senegalese (2018) repre
sentatives, and ancient (2008-2009) and recent (2020- 
2022) Italian strains. Remarkably, the recent Spanish iso
lates differ from the earliest ones (2007-2008), which 
group in the Western Mediterranean-2 (WMed-2) sub- 
cluster [8]. Besides, all of them widely differ from the 
Spanish isolate detected in M�alaga in 2017, which 
belongs to cluster 7, within WNV-L1 clade 1a [23,31].

A closer examination of the phylogenetic tree shown 
in Figure 2 reveals that WMed-1 diverged into at least 
three main genetic groups, here denoted WMed-1.1, 
WMed-1.2 and WMed-1.3, based on chronology (earliest 

Figure 2. Phylogenetic analysis of complete genome nucleotide sequences of WNV-L1 from Western Mediterranean region. Viral sequences 
are identified by GenBank accession number, sample code, species, Spanish province, country, and year of isolation. Sequences emphasised 
in bold and with a black circle (�) were generated during this study. Sequences emphasised in bold and with a black triangle (�) are previ
ously published Spanish sequences. Percentages of successful bootstrap replicates over 60% are indicated at tree nodes.
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isolate in each group). Notably, WMed-1.2 showed a 
highly diverse composition, both temporally and spa
tially, comprising sequences of Spain, from C�adiz and 
Seville, (2012, 2020, 2022), France (2015), Italy (2021- 
2022) and Senegal (2018). Meanwhile, WMed-1.3 formed 
a well-defined clade of closely related Spanish sequen
ces from most recent cases (2016-2022), originating in 
four provinces: Seville, C�adiz, C�aceres and Toledo. These 
included isolates causing disease in wild birds, horses 
and humans, and isolates from Culex perexiguus pools 
obtained in Seville in the last seasons (2020-2022) [17]. 
Interestingly, earlier Italian isolates (2008-2009) clustered 
within this group.

Comparative genome analysis

Pairwise comparison of new Spanish full-length sequen
ces collected between 2007 and 2022 revealed nucleo
tide divergences ranging from 0.01% to 4.72%. Isolates 
101279 and a2153 (both from C�aceres, 2018) were the 
most closely related, showing 99.99% nucleotide iden
tity. On the other hand, the isolate Spain/2017/NG-b 
(M�alaga, 2017) and C79B (C�aceres, 2018) exhibited the 
highest divergence, with 95.28% nucleotide identity.

The mean nucleotide identity between WMed-1 and 
WMed-2 was estimated to be 97.81%, while dropped to 
95.46% or 95.85% between the outgrouped Spain/2017/ 
NG-b isolate and WMed-1 or WMed-2, respectively. 
Within the different Spanish WMed-1 groups, the mean 
nucleotide distance was estimated at 0.0172 between 
WMed-1.1 and WMed-1.2, 0.0175 between WMed-1.1 
and WMed-1.3, and 0.0209 between WMed-1.2 and 
WMed-1.3 groups; in all these cases, the overall identity 
surpassed 97.90%.

Analysis of partial genome sequences (PrM-E)

In this study, a practical sequencing method targeted at 
a region encoding 621 nt of the PrM-E proteins was 
developed, which was successfully applied to samples 
where full genome sequencing attempts failed. This 
strategy enabled to add 14 new samples to the phylo
genetic analysis, resulting in a total of 27 linear sequen
ces of 621 nt (nucleotide positions 662 to 1283 of 
SPA12-02), covering the period from 2010 to 2020 
(Table 1).

Overall, the phylogenetic tree obtained with these 27 
Spanish PrM-E sequences, along with those from the 45 
WNV-L1 isolates previously employed reproduced the 
same topology as in the phylogenetic analysis based on 

complete WNV-L1 sequences (Figure 3). Phylogenetic 
analysis placed all except one of the 14 new PrM-E 
sequences within the defined WMed-1 sub-cluster.

A closer examination of the PrM-E phylogenetic ana
lysis revealed further details of WMed-1. First, WMed-1.1 
group comprised only two equine samples collected in 
2010 (Spain/2010/H-1b) and 2012 (id. 2712) in the same 
province (C�adiz). In turn, WMed-1.2 revealed a more 
complex history, starting with equine and avian cases in 
C�adiz in 2010-2012, then spotting in France (2015) and 
Senegal (2018), and later re-emerging in 2020 in Spain 
(again in C�adiz) where it remained later in circulation, as 
seen in mosquito pools from C�adiz and Seville in 2022. 
Moreover, WMed-1.2 variants were also identified in Italy 
(2021-2022) for the first time, causing significant human 
outbreaks [44]. Regarding WMed-1.3, this analysis added 
up one more Spanish province (Huelva) to the already 
wide territory in Spain from which the abundant 
sequences of this group were found. In addition, the 
PrM-E study includes sequences from equine and avian 
cases occurring in 2013 in Seville and Huelva, indicating 
that this variant may have arisen in 2013 or earlier.

This phylogenetic analysis also displayed two outlier 
sequences, assigned neither to WMed-1 nor to WMed-2. 
The first one corresponds to a red-legged partridge col
lected in C�adiz in 2011 (sample id. 3011). This sequence 
fitted in the WMed cluster, but clearly differed from any 
of the monophyletic groups from the Mediterranean 
Basin. The second exception, Spain/2017/NG-b isolate 
(M�alaga, 2017), also revealed by full genome analysis, 
which is phylogenetically distant to any other known 
Mediterranean isolate [31].

Analysis of the viral polyproteins

A study of the viral polyproteins (Table 2) was per
formed comparing all the available Spanish WNV-L1 rep
resentatives (n¼ 21, 2007-2022), excluding only those 
from the 2020 human outbreak (n¼ 4), due to incom
plete polyprotein sequences in GenBank. This study 
revealed amino acidic divergence ranging from 0.03% 
among the closest isolates (representing a difference in 
one amino acidic position) to 0.88% (observed between 
the Spain/2017/NG-b isolate and HU6365/08), corre
sponding to a divergence in thirty amino acidic 
positions.

Comparing the earliest Spanish isolates (2007-2008), 
the unique belonging to the WMed-2 sub-cluster, with 
the rest of Spanish sequences, a specific signature was 
identified in these isolates, which is characterised by 
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eight unique amino acid positions: C-M34V, E-A51T, E- 
P88S, NS1-Y35H, NS1-D208H, NS1-E289G, NS4B-A115T 
and NS5-M436I (numbering of aa changes refers to the 

AF260968.1, Egypt 1951 reference genome annotation) 
(Dataset S1 and Table S2). Furthermore, these eight 
exclusive positions were not found in the rest of the 

Figure 3. Phylogenetic analysis of partial genome (621 nt) nucleotide sequences of WNV-L1 from Western Mediterranean region. Viral 
sequences are identified by GenBank accession number, sample code, species, Spanish province, country, and year of isolation. Sequences 
emphasised in bold and with a black circle (�) were generated during this study. Sequences emphasised in bold and with a black triangle 
(�) are previously published Spanish sequences. Percentages of successful bootstrap replicates over 60% are indicated at tree nodes.
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sequences analysed in this study, suggesting that this 
signature could be characteristic for these three Spanish 
WMed-2 isolates. Meaningfully, Spanish sequences 
belonging to WMed-1 sub-cluster and the dissimilar 
Spain/2017/NG-b share the same amino acid residues in 
all these eight positions (Table 2).

On the other hand, Spanish isolates from WMed-1.3 
presented three exclusive amino acid changes: C-L117M, 
NS2A-G211R and NS5-K41R. Moreover, NS5-R422K seems 
to be a position that defines WMed-1.3 group, as both 
Spanish and Italian representatives of this group share 
this amino acidic signature. Notably, WMed-1.3 isolates 
from Seville (2016) presented a distinctive amino acid 
change: NS4B-I245M. Similarly, WMed-1.2 group seems 
to be defined by the single amino acid change E-R93K, 
even though this change is also observed in the Israel 
2000 isolate. Remarkably, WMed-1.2 mosquito sequences 
from C�adiz (2022) presented three particular amino acid 
changes: NS1-G83D, NS2A-L158M and NS5-I33T. Finally, 
the dissimilar Spain/2017/NG-b isolate from M�alaga is 
characterised by seven unique amino acids, which differ 
from the rest of the 58 isolates analysed (C-I115V, NS2A- 
I187V, NS2B-I92L, NS3-N143S, NS3-N253S, NS4A-I6V and 
NS4B-T241I) (Table 2, Dataset S1 and Table S2).

Discussion

Although WNV-L1 has been reported in Spain since the 
early 2000s [28], it was not until the next decade when 
its impact grew as it spread to increasingly wider territo
ries and outbreaks became more and more frequent, a 
trend that was also observed in other Mediterranean 
countries affected. In an early study, it was found that 
all WNV-L1 strains circulating in the Western 
Mediterranean countries up to 2010 constituted a single 
monophyletic cluster (WMed), reflecting the ability of 
the virus to establish and remain circulating in the area, 
evolving into at least two different groups, named 
WMed-1 and WMed-2 [8]. The present study takes 
advantage of ten years of WNV surveillance in animals 
in Spain to gather the most complete collection of 
WNV-L1 sequences from the Western Mediterranean 
area as of today. Overall, this study provides 27 new 
WNV-L1 sequences of which 13 are full genomes. The 
other 14 sequences are partial genomes that were 
resolved using a new sequencing method, targeting 
PrM-E coding region, intended to provide high-reso
lution information about closely related WMed variants, 
which reproduced the topology observed using com
plete genomes, thereby validating this approach. This 

method was developed as a rapid WMed WNV-L1 geno
typing assay for samples reluctant to full-length 
sequencing. Other studies have used similar approaches, 
to characterise and classify close related WNV-L1 viruses, 
in diverse territories such as the USA [45], India [46], 
Australia [47] or Israel [25,48]. Hence, in this section 
both full and partial genome analyses will be discussed 
together.

Our phylogenetic analyses confirm the topology pre
viously observed [49], gathering almost all Spanish 
sequences in cluster 2 (WMed subtype) within clade 1a. 
The single exception was Spain/2017/NG-b (M�alaga 
2017), a dissimilar isolate classified in cluster 7 [31]. A 
closer examination on the tree topologies suggest that 
WNV-L1 strains are recurrently introduced into Spain. 
The first introduction is represented by two sequences 
from Toledo in 2007 [26]. This strain remained circulat
ing the following season and spread to other territories, 
since a closely related sequence was identified in Seville 
in 2008. These sequences belong to the WMed-2 sub- 
cluster and are closely connected with an Italian WNV 
strain from 1998 [26]. Interestingly, WNV from this sub- 
cluster seems to have extinguished, as no related 
sequences have appeared after 2008, despite many 
other variants have been identified. The second incur
sion debuts with an isolate obtained from the first horse 
outbreak occurred in 2010 in C�adiz, classified in the 
WMed-1 sub-cluster [8]. Remarkably, this sub-cluster 
showed to be highly successful at establishing and 
spreading; it encompasses sequences widely distributed 
in all the Spanish provinces examined, not only span
ning the whole decade (2010-2020) but also including 
sequences from preceding outbreaks in Italy in 2008 
and 2009, as well as sequences from other neighbouring 
(Portugal, France, Morocco) and non-neighbouring 
(Senegal) countries. The inclusion of partial PrM-E 
sequences allowed further discrimination within this 
sub-cluster, which divided WMed-1 into three sub
groups, WMed-1.1, WMed-1.2, and WMed-1.3, each of 
which probably arose as an independent introduction 
from other Western Mediterranean areas. Once in Spain, 
they followed different fates. WMed-1.1 seems to have 
been restricted to horse outbreaks that occurred in 
C�adiz between 2010 and 2012. Meanwhile, WMed-1.2 
might have appeared also in C�adiz causing outbreaks in 
horses in 2010, 2011 and 2012, and, after 8 years 
undetected, it reappeared in 2020, again in C�adiz. After 
that, this variant was detected in C�adiz and Seville in 
2022. In turn, WMed-1.3 might have reached the South 
of Spain around 2013, and then spread through at least 

INFECTIOUS DISEASES 753

https://doi.org/10.1080/23744235.2024.2348633
https://doi.org/10.1080/23744235.2024.2348633


five provinces (C�adiz, Huelva, Seville, Toledo and 
C�aceres), causing widespread outbreaks in avian, equine 
and human hosts, including the most severe outbreak 
occurring in humans in Spain in 2020 [16]. Interestingly, 
Spanish sequences in this WMed-1.3 group are closely 
connected to the 2008-2009 Italian isolates, indicating a 
possible origin.

Two more introductions may also be hypothesised 
based on two singular sequences; (1) the divergent 
WMed sample id. 3011 (C�adiz 2011) likely a distinct WNV- 
L1 introduction from an unknown Western Mediterranean 
region around 2011, and (2) the isolate obtained in 2017 
in M�alaga [31], which roots with an ancient isolate from 
Senegal (1996), both belonging to cluster 7 within clade 
1a, apparently extra-Mediterranean [23,31].

Overall, these results allowed to set five basic princi
ples that contribute to explain the WNV-L1 dynamics 
observed in Spain as a part of the Western 
Mediterranean, namely: (1) introduction; (2) endemization, 
spread and evolution; (3) co-circulation; (4) extinction; (5) 
re-emergence after silent circulation and alternation.

(1) Introduction. WNV-L1 is able to reach occasionally 
the South of Spain and settle down. Interestingly, 4 out 
of the 6 proposed introductions are supported by 
sequences from C�adiz, the southernmost province of 
Spain and the closest point of continental Europe to 
Africa. Indeed, the earliest representative in Spain from 
each variant of WMed-1 was found in C�adiz with the 
only exception of WMed-1.3, suggesting this province as 
a hotspot for the introduction of WNV in Spain. In fact, 
other mosquito-borne epornitic flaviviruses such as 
Bagaza [50] or Usutu [30] have emerged or have been 
detected in C�adiz, respectively. In consequence, it is 
advisable to reinforce flavivirus surveillance in the area 
in order to prevent future outbreaks.

The introduction of WNV into Europe through migra
tory birds from their African wintering grounds is a plaus
ible hypothesis [4,22,23,51]. Indeed, recently described 
close-related Tunisian (2016) and Italian (2016-2017) iso
lates belonging to WMed-1 support this idea [22]. In fact, 
billions of birds move yearly between Europe and Africa 
[23], so near countries from both continents might share 
common or close-related viral strains. In this regard, pub
lished Senegalese sequences [5] were incorporated to the 
phylogenetic analyses showing a close relationship with 
some Spanish representatives, supporting the hypothesis 
above mentioned. This situation emphasises the need of 
coordinated surveillance actions among European and 
African countries in order to early detect circulating 

strains and to prevent national and international spread 
of WNV, as has also been recently proposed [23].

On the other hand, this study shows a close relation
ship between Italian and Spanish WNV-L1 isolates from 
the two main WMed sub-clusters. Similarly, WNV-L2 
strains that are currently circulating in North-Eastern 
Spain (2017-2020) are related to an Italian cluster which 
also spread to France [36]. Both events strongly support 
the idea that WNV circulating in the Western 
Mediterranean can persist for long periods and move 
back and forth through this extensive area. Furthermore, 
the strong connection between Italian and Spanish 
strains could also be associated with common migratory 
bird routes [2,23,52]. However, the role of migratory 
birds in WNV dispersal needs to be carefully weighted 
with the evidence available. Indeed, alternative hypoth
esis such as animal trade (legal or illegal) should not be 
disregarded.

(2) Endemization, spread and evolution. Besides the 
ability of WNV-L1 strains to recurrently reach, establish 
and develop endemic cycles in Spain, some of them 
were shown to persist for long periods and spread to 
neighbouring provinces (e.g. WMed-1.3) or even coun
tries (e.g. WMed-1.2), while others vanish shortly after 
being detected (e.g. WMed-1.1). As for their evolution, 
variants from the same territory and year normally clus
ter together and diverge from those circulating else
where. In fact, the specific signatures found in the 
polyprotein, e.g. within WMed-1.3, when comparing 
strains from distant provinces (Seville, Toledo, C�aceres) 
suggest adaptive evolution to different scenarios in the 
same way as they reflect the temporal evolution in a 
same territory. Similarly, the polyproteins of the Spanish 
isolates belonging to the WMed-1.3 variant share a spe
cific amino acid signature that differs from the Italian 
representatives belonging the same WMed-1.3 group. 
Likewise, Spanish WNV-L2 isolates (2017-2020) share 
some exclusive amino acid positions within their phylo
genetic Lombardy cluster, which contains isolates from 
this Italian region (2013-2018) and France (2018) [36]. All 
the same, more studies will be necessary in order to go 
deeper in the evolutionary history of this complex virus.

(3) Co-circulation. As a consequence of divergence 
and spread, different variants can co-circulate in the 
same area, which is also supported in this study. 
Specifically, strains belonging to WMed-1.1 and WMed- 
1.2 co-circulated at least during 2010 and 2012 in C�adiz 
province, while the same occurred for WMed-1.2 and 
WMed-1.3 in C�adiz in 2020 and in Seville in 2022. On 
the other hand, more distant variants, namely Spain/ 

754 P. AGUILERA-SEPÚLVEDA ET AL.



2017/NG-b (M�alaga 2017) or 3011 (C�adiz 2011), co-circu
lated during the same seasons as WMed-1.3 (Toledo and 
C�aceres 2017) or WMed-1.2 (C�adiz 2011), respectively. In 
fact, these distant newly introduced strains were appar
ently not successful at establishing enzootic cycles, 
which may be due to competition with the locally- 
adapted variants, perhaps more fitted for the circulation 
in these ecological settings.

(4) Extinction. Evidence for extinction of specific WNV 
strains has also been provided e.g. by the WMed-2 sub- 
cluster, first detected in Italy in 1998 and then arising a 
decade later (2007-2008) in Spain. The molecular ana
lysis suggests that this sub-cluster, causing initial out
breaks in both countries, disappeared after a while, as 
no new related isolates have been reported in the last 
15 years, despite intense surveillance. Additionally, the 
study of the polyprotein also revealed eight exclusive 
amino acid positions that characterise only WMed-2 
Spanish isolates. These exclusive positions may represent 
an unsuccessful trial for adaptation to local conditions, 
leading to the extinction of this WMed-2 sub-cluster. In 
fact, other variants included in the study (belonging to 
different groups, sub-clusters and even clusters) share 
the same amino acidic substitutions in those specific 
positions, suggesting that their conservation is impor
tant for adaptation and survival in the conditions locally 
prevailing. Furthermore, as remarked above, other 
strains such as Spain/2017/NG-b (M�alaga 2017) or 3011 
(C�adiz 2011), as well as those within the WMed-1.1 
group, detected transiently in Spain, may have become 
extinct too, possibly due to similar constrains in their 
particular amino acidic substitutions along their 
polyprotein.

(5) Re-emergence after silent circulation and alternation. 
Evidence is provided that after a period of latency, a 
particular variant can re-emerge in the same territory. 
This might be explained by silent circulation during a 
period of time that may span several years, or, alterna
tively, by re-introduction of a closely similar variant in 
the territory from another geographical location. 
Interestingly, WMed-1.2 variant that circulated in C�adiz 
during three seasons (2010-2012), remained unnoticed 
during eight years, after which it re-emerged in the 
same province. Notably, this variant was detected in 
France (2015), Senegal (2018) and Italy (2021-2022) for 
the first time [2,5,9,23], evidencing a strong ability to 
spread as well as pointing out a remarkable network of 
geographical connections for this type of WNV-L1 
strains, going back and forth between Africa and 
Europe.

This exhaustive phylogenetic study on WNV-L1 from 
Spain provides a wide perspective of the epidemiology, 
evolution and ecology of this particular WNV lineage, 
involving a wider territory including Western Europe and 
Northern Africa-Sahel. By focusing sampling on diseased 
animals, the study may have biased the detection of 
strains towards those most pathogenic, therefore miss
ing less pathogenic variants. In fact the study reveals 
that some strains may be circulating silently for years, 
remaining unnoticed until a spill-over occurs under cer
tain scenarios [53]. In this regard, mosquito, human and 
animal surveillance complement each other, and there
fore, biases affecting the pathogenicity of the strains are 
expected to be avoided.

To conclude, the analysis of this important collection 
of Spanish sequences (2010-2020) from a wide range of 
vertebrate hosts demonstrates that certainly more than 
one genetic variant of WNV-L1 is still present and 
actively circulating in South-Western Spain. These WNV- 
L1 strains are shared over a wide territory involving the 
Western Mediterranean and the Sahel areas, with likely 
contribution of wild birds in the dispersal. Overall, WNV- 
L1 strains pose an increasing risk of spill-over into the 
human populations living in these territories. The high 
seroprevalence levels found in birds and horses in the 
same regions where the studied sequences originated 
corroborates this view [29,33,54–56]. Indeed, human 
cases may appear after detection in animals [57], as was 
recently observed in 2020 in the country [16]. These 
spill-overs may recur in future transmission seasons, so it 
is of utmost importance to reinforce animal and mos
quito (i.e. One Health) surveillance and to refine diag
nostic tools, especially in those areas with an increased 
risk of WNV circulation.
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