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ongoing WNV outbreaks. This includes lineage 1a, pres-
ent in Europe, Africa, and North America, and lineage 2, 
mainly circulating in Europe [1, 2]. Since its first detec-
tion in Europe, lineage 2 has become dominant, spread-
ing throughout Central and Southern Europe from 
Hungary in 2004 [1]. Phylogenetic analyses have identi-
fied four distinct clades within lineage 2, termed A, B, C, 
and F. Despite WNV’s relatively slow mutation rate, due 
to its replication cycle involving mosquitoes and birds, 
with humans and horses representing dead end hosts, 
the European clade F further subdivided into subclades D 
and E after its introduction around 25 years ago [3]. Sub-
clade D includes strains circulating in Central Europe, 
the Western Balkans, and Southern Europe, while sub-
clade E encompasses strains from Western and Central 
Europe [3].

Introduction
Mosquito borne flaviviruses represent an important 
group of emerging arboviruses posing a significant threat 
to public health. West Nile virus (WNV), species Ortho-
flavivirus nilense (Orthoflavivirus, Flaviviridae) is likely 
the most widely distributed encephalitic arbovirus, caus-
ing severe and recurrent outbreaks in North America and 
Europe over the past 25 years [1]. Of the nine proposed 
WNV lineages, only two have been associated with the 
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Abstract
West Nile Virus (WNV) has been circulating in Croatia for over a decade, as well as in numerous countries across the 
Mediterranean Basin and Central Europe. Using high-throughput Illumina sequencing, we successfully sequenced 
the WNV genome from serum and urine samples of three Croatian patients infected in 2016, 2023 and 2024. We 
employed an amplicon-based approach, with optimized primers designed using previously published WNV lineage 
2 sequences. This work represents the first report of complete WNV genome sequences from Croatia. Sequenced 
genomes from 2023 to 2024 exhibited 99% sequence identity with Hungarian genomic sequences, while the 
genome from 2016 showed 99% identity with genomic sequences from Austria and Czech Republic. Phylogenetic 
analysis supported these findings, placing the genomes from 2023 to 2024 in subclade D.2.1 and the genome from 
2016 in subclade E.2, thereby providing evidence for potential viral dissemination routes. The approach employed 
in this study performed well in whole-genome assembly of WNV and in identifying nucleotide changes specific 
for WNV subtypes circulating in Croatia. This study offers deeper genomic insights into the phylogenetic position 
of WNV in Croatia, bridging a significant knowledge gap and contributing to future studies on WNV transmission 
dynamics.

Keywords Molecular phylogenetics, West Nile virus, Whole genome sequencing, Croatia

Phylogenomic insights into West Nile virus 
lineage 2 circulating in Croatia
Barbara Anđelić Dmitrović1, Kristian Bodulić2 and Ivan-Christian Kurolt1*

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12985-025-02756-0&domain=pdf&date_stamp=2025-5-8


Page 2 of 6Anđelić Dmitrović et al. Virology Journal          (2025) 22:136 

The first cases of neuroinvasive disease in humans 
caused by WNV have been observed in Croatia in 2012, 
with new cases reported annually [4]. While previous 
molecular characterizations in Croatia identified lin-
eage 2 strains, they were limited to a 163  bp NS5 frag-
ment, hindering detailed phylogenetic analysis [5]. 
Although WNV has been circulating in Croatia for 
over a decade, the lack of complete genomic data has 
impeded clade-level characterization. Given that the 
previously published short WNV sequences from Croa-
tia are uninformative and provide limited phylogenetic 
insight, complete genomic sequences obtained in this 
study build upon prior research on West Nile Virus in 
Croatia, enabling more robust phylodynamic and phy-
logeographic analyses. In this context, the present study 
provides the first complete and near-complete WNV 
genome sequences from Croatia, derived from three 
patients infected in 2016, 2023, and 2024. Additionally, 
we conducted a detailed phylogenetic analysis of the 
obtained sequences within the WNV lineage 2, offering 
insights into the genetic relationships and evolutionary 
history of the virus within the region.

Materials and methods
Whole-genome sequencing
Viral RNA was isolated using the BioMagPure Viral 
Nucleic Acid Extraction Kit (Biosan, Riga, Latvia). Dou-
ble-stranded cDNA was synthesized with the Super-
ScriptTM III Reverse Transcriptase (Thermo Fisher 
Scientific-Invitrogen, Waltham, MA, USA). The primer 
panel for the multiplex PCR amplification of the WNV 
lineage 2 genome was designed with PrimalScheme [5], 
utilizing WNV genomes listed in Supplement Table1. 
Each of the designed primer pairs was tested in a sepa-
rate PCR reaction to confirm binding and specificity. The 
multiplex reactions were performed with two primer 
pools, ensuring that neighboring amplicons do not over-
lap within the same pool. Briefly, 25 μl multiplex reaction 
was prepared using 2.5 μL of double-stranded cDNA, 10 
μM primer pool, 5x Q5 Reaction Buffer, 10 mM dNTPs, 
and Q5® High-Fidelity DNA Polymerase (New England 
Biolabs, Ipswich, MA, USA). Reaction conditions were 
as described in Quick et al. [5]. Prior to library prepara-
tion, two multiplex reactions were combined into a sin-
gle, unique sample based on their concentrations. The 
NEBNext UltraExpress® FS DNA Library Prep Kit and 
the NEBNext® Multiplex Oligos for Illumina® (New Eng-
land Biolabs, Ipswich, MA, USA) were used in library 

preparation. The Qubit dsDNA HS Assay Kits on the 
Qubit 4 Fluorometer (Thermo Fisher Scientific, Waltham, 
MA, USA) and the Agilent High Sensitivity DNA Kit on 
the Bioanalyzer 2100 (Agilent, Santa Clara, CA, USA) 
were used to quantify DNA concentration and library 
size, respectively. Equimolar libraries were sequenced in 
a 100-bp long paired-end configuration on MiSeq (Illu-
mina, San Diego, CA, USA) using the MiSeq Reagent Kit 
v3 600-cycle.

Bioinformatic analysis and molecular phylogeny
Read quality control was performed using FastQC (ver-
sion 0.12.0.). Adapter and quality trimming were per-
formed using Trim Galore (version 0.6.4) [6] with the 
following parameters: -q 5 -e 0.1 --stringency 10 --length 
20. All reads were mapped to the reference genome 
(KM203860.1) using Bowtie2 (version 2.5.4) [7]. Mapped 
reads were extracted using samtools (version 1.20) and 
de-novo assembled into a consensus genomic sequence 
using SPades (version 3.15.4) with default parameters 
and the --rnaviral option [8]. Generated sequences were 
deposited in GenBank database (Table  1). Obtained 
sequences were compared with previously published 
WNV-2 sequences using the Basic Local Alignment 
Search Tool (BLAST) available through NCBI [9, 10]. 
Multiple DNA and protein sequence alignments were 
performed with Clustal Omega [11] and maximum-
likelihood tree was inferred using IQ-TREE [12] with an 
ultrafast bootstrap approximation approach [13, 14], con-
sidering the best substitution model determined using 
ModelFinder [15]. Tree visualization was performed 
using iTOL [16]. Pairwise distances were calculated in 
MEGA-11 [17]. Nonsynonymous amino acid substitu-
tions were analyzed and plotted using the ggmsa package 
[18] in R (version 4.4.1) [19].

Results
The complete WNV genome was sequenced from a 
urine sample collected in 2016 (11086  bp) and a serum 
sample collected in 2024 (10986  bp) (Table  1). Addi-
tionally, a urine sample collected in 2023 yielded a par-
tial genome sequence (9808 bp) (Table 1). All sequences 
were deposited to GenBank under the accession num-
bers PQ738243, PQ738244, and PQ778820. Compara-
tive analysis revealed that the 2016 genome (PQ738244) 
shared 99% sequence identity with genomic sequences 
reported from Austria and the Czech Republic, while the 
2023 (PQ778820) and 2024 (PQ738243) genomes shared 

Table 1 Molecular characteristics and additional data of viral samples from Croatia
Year Location Sample type Diagnostic Cq value Genome completeness (%) WNV-2 sublineage Accession number
2016 Zagreb Urine 31,6 99,4 E2 PQ738244
2023 Slavonski Brod Urine 25,9 87 D2.1 PQ778820
2024 Slavonski Brod Serum 30,5 99,3 D2.1 PQ738243
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Fig. 1 (See legend on next page.)
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99% sequence identity with genomic sequences previ-
ously reported in Hungary. Phylogenetic analysis shown 
in Fig. 1 further supported these findings. The sequence 
from 2016 was assigned to clade E, sublineage E2, clus-
tering with sequences from Austria and Hungary. In 
contrast, the sequences from 2023 to 2024 were placed 
within clade D, sublineage D2.1, grouping with sequences 
from Hungary and other neighboring countries.

The nucleotide differences between the prototype 
Hungary/04 strain and the Croatian WNV-2 genomes 
were 0.46% for the 2016 genome and 0.82% for the 2024 
genome (Supplement Table 2). The nucleotide divergence 
between the 2016 Croatian genome and the previously 
published E2 sublineage genome from Austria was 0.29%, 
while the divergence between the 2024 genome and the 
D2.1 sublineage genome from Serbia was 0.51%.

Analysis of the WNV-2 polyprotein revealed fixed non-
synonymous substitutions that can serve as distinctive 
markers for genome-based phylogenetic clades, includ-
ing sites such as E159, NS4B15, NS4B53, and RdRp302 
(Fig.  2). Such substitutions were observed across the 
whole polyprotein, encompassing structural and non-
structural protein genes. Two amino acid substitutions 
were present in the two Croatian sequences in clade D. 
However, the sequence from clade E exhibited eight 
amino acid substitutions compared to the 2023 Croa-
tian clade D sequence and ten substitutions compared 
to the 2024 Croatian clade D sequence. Notably, three of 
these substitutions also differed from the other analysed 
sequences within clade E-sublineage E2. We recorded 
a total of five substitutions between the Croatian E2 
sequence and the previously reported E2 sequence from 
Austria.

Discussion
The complete WNV genomes sequenced from urine and 
serum samples collected in 2016 and 2024, along with a 
partial genome from 2023 urine sample, provide insights 
into the WNV genetic diversity in Croatia. The phylo-
genetic analysis grouped the 2016 genome with clade E, 
sublineage E2 while the 2023 and 2024 genomes were 
assigned to clade D, sublineage D2.1. While these find-
ings imply at least two possible introductions of WNV 
in Croatia, a more comprehensive dataset is required to 
confirm this. Furthermore, the results presented in this 
study corroborate previous research demonstrating that 
Croatia, like other Western Balkan and Central Europe 
countries, is characterized by the intermixing of WNV 

clades, with multiple clades co-circulating in this region 
over the past decade [20, 21].

Considering that the earliest detections of clade E were 
reported in Austria in 2008 and in Serbia and Hungary 
in 2012 [20], the placement of the 2016 Croatian sample 
within this clade suggests a potential spread of clade E 
into Croatia from neighboring countries.

Lu et al. [22] highlight the importance of improving 
West Nile virus sampling in European countries identi-
fied as potential hotspots for viral spread. Additionally, 
the reconstruction of WNV’s complete phylogeographic 
transmission history remains constrained by the lim-
ited availability of publicly accessible whole genome 
sequences, which is crucial for countries like Croatia 
where WNV has been detected in both humans and ani-
mals [5, 16]. The genomic data generated in this study 
provide the first insights into WNV’s phylogenetic place-
ment and clade distribution in Croatia. This is particu-
larly significant considering Croatia’s proximity to Serbia 
and Hungary, both recognized as WNV hotspots [15]. 
Moreover, the WNV population in Europe exhibits epi-
demic cycles every three to five years, highlighting the 
importance of continuous virus surveillance combined 
with whole genome sequencing. Expanding such efforts, 
particularly in regions lacking comprehensive genomic 
data, is essential for understanding the epidemiology and 
transmission dynamics of WNV [17].

Within the WNV-2 polyprotein, we observed several 
nonsynonymous substitutions that highlight the signifi-
cance of specific amino acid changes as markers for phy-
logenetic classification and adaptation. The existence of 
these fixed substitutions points towards the possibility 
of adaptive alterations that are beneficial to viral fitness 
or virulence [23]. In clade E sequences, we identified a 
previously described substitution in the RNA-dependent 
RNA polymerase (RdRp-A302T), important for enzyme 
folding and stability [23, 24]. For clade D, the observed 
substitution NS3-H253P, associated with increased viru-
lence and pathogenicity in WNV lineage 1 [22], has also 
been previously reported [23]. Interestingly, the 2024 
genome that grouped in D2.1 sublineage showed two 
additional amino acid changes compared to the 2023 
genome and previously known sequences from this sub-
lineage (E-V324A, NS4A-V33M), suggesting ongoing 
adaptation within the sublineage. The continuous iden-
tification of new sequences in this WNV clade will shed 
more light on the key drivers of WNV adaptation and the 
possibility of further diversification within this lineage. 

(See figure on previous page.)
Fig. 1 The phylogenetic analysis of WNV lineage 2 genomic sequences. The maximum-likelihood tree was inferred using IQ-Tree [12]. The numbers 
located on the branches represent ultrafast bootstrap values (≥ 0.7) [13, 14]. The TN + F + G4 model was applied as the optimal nucleotide substitution 
model. The dataset included sequences from Croatia (generated in this study), WNV lineage 2 sequences from the BV-BRC database isolated from human 
samples from Europe and sequences from GenBank for specific lineages and clades. The tree was rooted using WNV genomes EF429198 and EF429197 as 
outgroups. WNV genome sequences are annotated with GenBank accession numbers, country of origin, clades and sublineages [20, 21].
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Furthermore, the identification of amino acid substitu-
tions is important for better understanding of the WNV 
molecular epidemiology and may become useful in the 
development of future therapies [25].

Phylogeographic analysis indicates that WNV trans-
mission is influenced by agricultural activities contribut-
ing to ecosystem degradation and biodiversity loss [22]. 
Agricultural landscapes, such as orchards and irrigated 
farmland, promote ecological conditions that are highly 
favorable for WNV vectors and reservoir hosts, poten-
tially leading to higher infection rates in birds, horses, 
and mosquitoes [26, 27]. In addition, regions with low 
human population density often feature wide-ranging 
habitats favorable for the proliferation of Culex mosquito 
larvae, which have been associated with higher WNV 
incidence [26]. The eastern part of Croatia, which has 
the highest prevalence of WNV [28] and is the origin of 
two genomes from this study (PQ778820, PQ738243), 
exhibits all of the stated characteristics. Altogether, this 
highlights the complex interplay between agricultural 
practices, land use, and WNV transmission dynamics, 
which could be particularly important for Croatia.

Continuous genomic surveillance is important to bet-
ter understand the WNV evolution and transmission 
dynamics, particularly in regions influenced by agricul-
tural practices. The capacity of tracking and potentially 
controlling the spread of WNV across Europe can be 
improved by continuous collection and analysis of whole-
genome sequencing data.
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