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Abstract

Background: The West Nile virus is a highly contagious agent for a wide range of hosts. Its spread in the Mediterra-
nean region raises several questions about its origin and the risk factors underlying the virus's dispersal.

Materials and methods: The present study aims to reconstruct the temporal and spatial phylodynamics of West

Nile virus lineage 2 in the Mediterranean region using 75 complete genome sequences from different host species
retrieved from international databases.

Results: This data set suggests that current strains of WNV-2 began spreading in South Africa or nearby regions in
the early twentieth century, and it migrated northwards via at least one route crossing the Mediterranean to reach
Hungary in the early 2000s, before spreading throughout Europe. Another introduction event, according to the data
set collected and analyses performed, is inferred to have occurred in around 1978. Migratory birds constitute, among
others, additional risk factors that enhance the geographical transmission of the infection.

Conclusion: Our data underline the importance of the spatial-temporal tracking of migratory birds and phylody-

Mediterranean region.

namic reconstruction in setting up an efficient surveillance system for emerging and reemerging zoonoses in the

Keywords: West Nile virus lineage 2, Spatio temporal phylodynamics, Bayesian phylogeography, Migratory birds

Background

The West Nile virus (WNV) was initially isolated from a
woman presenting a febrile syndrome in Uganda in 1937
[68]. The virus was not correlated with severe human dis-
ease until the 1990s, when outbreaks in the Americas,
Europe, the Middle East, and other areas were associ-
ated with higher rates of West Nile neuroinvasive disease.
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Furthermore, the unexpected emergence in the Americas
and Europe with different prevalence rates has changed
the attention paid to this virus and stressed the role of
ecological, viral, and host factors in the differential emer-
gence of WNYV in the world. In Africa, the most impor-
tant WNV outbreak occurred in 1974 in South Africa,
where WNV is considered to be endemic and maintained
through an enzootic cycle between different avian species
and Culex univittatus mosquitoes [34].

WNYV is primarily transmitted by mosquitoes. Mem-
bers of the genus Culex are the main vectors worldwide,
although other mosquito genera can also be infected
[45]. WNYV has been detected in many regions, includ-
ing Africa, Europe, Asia, the Middle East, Australia,
America, and the Caribbean [55, 61]. Currently, it has
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become the most widely distributed of the encephalitic
flaviviruses [13].

Two major lineages, lineages 1 and 2 (WNV-1 and
WNV-2), were identified in Africa [9], following the
first isolation in Uganda, they are considered endemic
in Europe (https://www.ecdc.europa.eu/en/west-nile-
fever/facts/factsheet-about-west-nile-fever).

WNV-1 occurs mainly in central and northern Africa,
Europe, Australia, and the Americas [20], whereas
WNV-2 is endemic in southern Africa and Madagas-
car; yet emerged in central Europe in 2004, where it
was isolated from the brain of a goshawk (Accipiter gen-
tilis) in Hungary [5]. A human case of WNV-2 infec-
tion was retrospectively confirmed to have occurred
in Russia in the same year [56]. Nevertheless, the first
evidence of WNV-2 in Cyprus stems from a serological
and ectoparasite survey of migratory birds in the East-
ern Mediterranean between 1966 and 1971 [77], raising
the question of its real introduction date into Europe.
Subsequent outbreaks have occurred in a number of
other European countries from 2004 to 2018, including
Austria, Greece, Romania, Serbia, Italy, Spain, and Ger-
many [10, 49, 54, 67, 82].

Less common lineages (lineage 3, known as Rabens-
burg virus; lineage 4 in Russia; lineage 5 in India;
lineage 6 in Spain), likely evolved from separate intro-
ductions into the Northern Hemisphere [61]; further
lineages are being discovered in Africa [20]. However,
lineages 1 and 2 are still the most important from a
public health standpoint, causing epidemics in North
America and Europe [29, 80]; they are under-reported
in Africa.

The phylodynamic approach may constitute a reliable
method to describe the correlations between the epi-
demiology and evolutionary processes of viruses, thus
allowing the reconstruction of the history of an infec-
tious agent on the basis of the phylogeny of sampled
sequences [76].

The aim of the present study was the dynamic analysis
of WNV-2 using the available 75 full genome sequences
collected from humans, mosquitos, and other animal
species. In particular, we focused on the viral strains
circulating in Africa and Europe. Bayesian methods
were performed for phylodynamic and phylogeographic
approaches. Additionally, we highlight the impor-
tance of the surveillance of migratory birds crossing
Africa and Europe for WNV-2 dispersal, as they con-
stitute an additional risk factor in the emergence and
spread of the virus. While this study is not meant to be
an exhaustive examination of the sequence data avail-
able for WNV-2, our analysis demonstrates the value of
phylodynamics in studies on the virus and a plausible
path of their spread.
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Materials and methods

Data sources and collection

The available complete genome sequences of WNV-2
were retrieved from GenBank (http://www.ncbi.nlm.
nih.gov/, until 17/05/2019). We included human and
animal strains collected from different geographi-
cal regions at different sampling dates. Viral sequences
were selected according to the following inclusion cri-
teria: (1) sequences had already been published in peer-
reviewed journals; (2) there was no uncertainty about the
assigned type of each sequence and they were classified
as non-recombinant (see Sect. “Recombination and sub-
stitution model analysis”); (3) when applicable, only one
sequence per infected family was randomly selected; and
(4) the city/state of origin and sampling date were known
and clearly established in the original publication. We
removed sequences with a hypermutation and an inter-
nal stop codon or an ambiguous nucleotide. Out of 247
full genome sequences prior to the filtration step, 75
sequences were retained. The sequences were obtained
from mosquitoes (n=17), birds (n=15), horses (n=5)
and humans (n=38). The sampling period spanned
60 years (from 1958 to 2018) and included South Africa
(n=4), Italy (n=14), Ukraine (n=1), Serbia (n=7),
Hungary (n=3), Greece (n=9), Austria (n=24), Sen-
egal (n=1), Czech Republic (n=4), Bulgaria (n=1),
Zambia (n=1), Belgium (n=1), Slovakia (n=2), and
Germany (n=3). The viral sequences were selected and
annotated using the Sequence Name Annotation-based
Designer (SNAD) [66]. Sequence annotation includes
accession number, country, and date of collection. The
annotations were further checked manually for errors
and the accession numbers were replaced by their appro-
priate annotations using Javascript (Additional file 1:
Table S1). Additionally, we retrieved the available sci-
entific data on the geographic distribution of several
migratory birds. The spatial data was obtained from the
International Union for Conservation of Nature (IUCN,
January 2019) and then used to reconstruct a geographic
map using Google Earth (www.google.com/earth/). Data-
wrapper (https://www.datawrapper.de/) and EMMA
(https://emma.ecdc.europa.eu) were used to visualize
the data, which are simple web-based GIS (Geographic
Information System) tools that support the creation of
maps that can be used to identify patterns in communi-
cable disease surveillance data or during outbreak inves-
tigations. The available data were collected from 2008
until October 2018 (Additional file 1: Figure S1).

Recombination and substitution model analysis

The detection of recombination before carrying out phy-
logenetic analysis constitutes a crucial step for a given set
of aligned sequences. Recombination Detection Program
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4 (RDP4) [44] was used to inspect the used sequences for
possible recombination, with a window size of 100 nucle-
otides (and default parameters),it includes seven pub-
lished recombination detection methods in a single suite
of tools.Some methods are phylogeny-based (BootScan,
RDP, and Siscan) while others are substitution-based
methods (GenConv, Maxchi, Chimera and 3SEQ). Sta-
tistical evidence of recombination was indicated by
p-values<0.05, after Bonferroni correction for multi-
ple comparisons. Putative recombination events were
considered significant if supported by at least five of the
seven algorithms.

Likelihood mapping analysis

The sequences were aligned using ClustalX software [38]
and edited manually for optimization. Though the accu-
racy of an alignment cannot be measured directly, it can
be indirectly assessed via the phylogenetic content of
the data. The phylogenetic content in our data set was
evaluated by likelihood-mapping that calculates maxi-
mum-likelihood (ML) trees for all possible quartets of
sequences and counts the frequency of trees according to
their quality. We computed quartet weights using default
parameters in the Tree-Puzzle program [69]. A total of
10,000 random quartets (groups of four randomly cho-
sen sequences) were evaluated and, for each quartet, the
three possible unrooted trees were reconstructed using
the ML approach under the selected substitution model.
Using the Hasegawa—Kishino—Yano model of substitu-
tion [27], the posterior probabilities of each tree were
then plotted on a triangular surface; fully resolved trees
fall into the corners and the unresolved quartets in the
center of the triangle. When more than 30% of the dots
fall into the center, indicating a star-like signal, the data
are considered unreliable for phylogenetic inference.

Assessing the temporal structure of WNV-2

We conducted a range of analyses to assess the extent
of temporal structure in the data and to estimate the
rate and time-scale of WNV-2 evolution. Data sets must
possess temporal structure for tip-dated analyses to be
informative [60]. Therefore, to initially verify the tem-
poral structure in the data, we conducted regressions of
root-to-tip genetic distance as a function of the sampling
time (year) using TempEst v0.1 [57] using a ‘non-clock’
ML phylogenetic tree (see section below). To further
assess the extent of temporal structure, we employed a
Bayesian date-randomization test, in which the nucleo-
tide substitution rate is estimated using the correct sam-
pling dates (Standard), and the analysis was repeated 10
times on a data set in which the sampling dates had been
randomized among the sequences [58].
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Phylogenetic analysis

The substitution model for the given data was evalu-
ated using phylogenetic analysis using the PAUP * ver 4
software [71]; the best model that fits the data best was
chosen using the Bayesian information criterion (BIC)
score [64].The ML phylogenetic tree was inferred with
the IQTree ver 1.6.12 software [51], using the general
time reversible (GTR)+G+1 nucleotide substitution
model and a combination of nearest neighbor inter-
change (NNI) [50, 62] and subtree pruning and regrafting
(SPR) [28] rearrangement strategies. ML tree reliability
was evaluated using four methods: approximate Bayes
test [3], ultrafast bootstrap (UFBoot) [30], Shimodaira—
Hasegawa-like approximate likelihood ratio test (SH-like
aLERT) [24], and local bootstrap probability (LBP) [1].

Bayesian genealogies were also inferred with the
BEAST ver 1.8.2 software package [16, 17] launched
on an online cluster (bioinfo-nas.ird.fr) using the
GTR+G+1 substitution model, an uncorrelated log-
normal relaxed clock, and the Bayesian skyline plot (see
section below). The Bayesian Markov Chain Monte Carlo
(MCMC) was run for 100 million generations with a
sampling step every 20,000 generations. The results were
evaluated and visualized using Tracer ver. 1.6 (http://tree.
bio.ed.ac.uk/software/tracer/).

The MCMC is considered resolved with an effective
sample size (ESS) value of greater than 200, indicating
sufficient mixing of the Markov chain. The maximum
clade credibility (MCC) tree was then selected from the
posterior tree distribution using TreeAnnotator ver 4.1.8,
available within the BEAST software package. The gener-
ated tree was visualized and annotated with FigTree ver
1.4.2 (http://tree.bio.ed.ac.uk/software/figtree).

Clock assumption and coalescent prior models’ selection
Different clock models (strict molecular clock and uncor-
related lognormal relaxed clock) and different coalescent
priors (constant population size, exponential growth,
Bayesian skyline plot, and Bayesian Skygrid model) were
evaluated by their Bayes factors (BF) [70], allowing us to
choose the best-fit population dynamics model. The BF
value is the ratio of the marginal likelihoods (marginal
with respect to the prior) of the two models being com-
pared [70]. We calculated approximate marginal likeli-
hood estimators (MLE) to compare path sampling (PS)
[39] and stepping-stones sampling (SS) methods [4, 78].
The strength of the evidence against H, (null hypoth-
esis) was evaluated as follows: 2 InBF <2 no evidence;
2—-6 weak evidence; 6-10 strong evidence, and > 10 very
strong evidence [35]. A negative 2 InBF indicates evi-
dence in favour of Hj. Only 2 InBF values of >6 were
considered significant.
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Phylogeographic analysis

The phylogeographic inferences of WNV complete
genomes were analyzed and visualized using Spatial
Phylogenetics Reconstruction of Evolutionary Dynam-
ics using Data-Driven Documents (D3) (SPREAD3) ver.
0.9.7.1 (https://rega.kuleuven.be/cev/ecv/software/Sprea
D3) [7]. The generated keyhole markup language (KML)
file, generated by SPREAD3, was used to visualize the
geographic migration of the virus over time using Google
Earth (www.google.com/earth/). The resulting log files
were used to calculate BF values for significant diffusion
rates between discrete locations. A Bayesian stochas-
tic search variable selection (BSSVS) approach was used
to find a minimal (parsimonious) set of rates explaining
the diffusion in the phylogeny, which allows the migra-
tion rates in the continuous-time Markov chain (CTMC)
to be zero with some prior probability [35]. A BF >3 was
considered suggestive of a significant migration pattern
between country pairs.

Results

Likelihood mapping and Temporal signal analysis

The likelihood mapping analysis showed that 85% of the
dots fell at the corners of the triangles, whereas 11% of
the dots fell in the central area, indicating that the align-
ment (the dataset) contained sufficient genetic infor-
mation for the phylogenetic analysis (Fig. 1). Tip-dated
analyses using the WNV-2 data set showed evidence of
temporal structure, with R? values of 0.76 (Fig. 2). Using
clustered permutations, the 95% higher posterior density
interval (HPD) of the rate did not overlap between the
true and randomized data. Hence, the temporal signal in
the WNV-2 data is sufficient to reliably estimate the sub-
stitution rate of the given data (Fig. 3).

Estimated rates of WNV-2 complete genome evolution
The dated tree and the evolutionary rate of 75 complete
genome sequences of WNV-2 were estimated using the
MCMC approach, the GTR+ G+1 substitution model,
and the uncorrelated lognormal relaxed clock assump-
tion (2 InBF =9.75). Under the relaxed clock assumption,
the BF analysis showed that the BSP fits better with the
given data (2 InBF >40). The estimated mean value of the
WNV-2 evolutionary rate was 3.46 x 10~* substitution/
site/year (95% HPD: 2.5 x 10™%-4.47 x 107%).

We repeated our analyses excluding the sample of Sen-
egal as a possible outlier, with nearly identical results
(Additional file 1: Figure S2).

Phylogenetics of WNV-2 complete genome
The ML tree identified two highly significant clades (A
and B). Clade A represents the majority of the European
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Fig. 1 Likelihood mapping of the complete genome WNV-2
worldwide strains used in our study. Each dot represents the
likelihood of three possible tree topologies for a group of four
sequences (quartets) chosen randomly from the dataset. The

dots localized close to the triangle vertices represent the tree-like
phylogenetic signal. Those in the centre and on the laterals represent
the star-like and network-like signals, respectively. The numbers inside
the triangles represent the percentage of dots plotted in the centre,
laterals, and the vertices

isolates (Additional file 1: Figure S3), whereas clade B
includes African isolates and one isolate from Ukraine.
Two isolates, collected from South Africa (2008) and
Zambia (2016), represent an outgroup outside the two
main clades.

Phylogeographic analysis of the full-length WNV-2 genome
to trace virus spread

The time to most recent common ancestor (tMRCA)
estimates for WNV-2 were expressed as median and
95% HPD years before the most recent sampling date,
corresponding to 2018 in this study. The Bayesian maxi-
mum clade credibility tree showed that the tMRCA of
83 years, corresponding to 1937 (95% HPD: 1916-1955).
Four clades have been identified (A, B, C, and F) (Fig. 4).
Clade A, dating back to 1945 (95% HPD: 1930-1955),
included three isolates from South Africa; clade B, dated
back to 1978 (95% HPD: 1976-1980), included two iso-
lates from Africa (Senegal) and eastern Europe (Ukraine);
clade C, dated back to 1996 (95% HPD: 1986-2005),
included two isolates from Africa (South Africa and Zam-
bia); clade F, dating back to 2000 (95% HPD: 1996-2003),
included several isolates from Europe. Clade F contains
further two subclades, D and E. Clade D, dating back to
2005 (95% HPD: 2003—-2008), included isolates from east-
ern Europe (Serbia, Greece, Hungary, and Bulgaria) and
a single isolate from western Europe (Belgium). Clade
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Fig. 3 The maximum a posteriori estimate of the tMRCA with 95%
highest posterior density intervals as inferred using BEAST. These are
compared to equivalent estimates from data sets with the sampling
sequences randomly permuted (clusters of sequences).The Y-axis
indicates the tMRCA and the X-axis shows randomization of the
data set, with the non-randomized data set (i.e, with dates correctly
assigned to sequences) shown between horizontal yellow lines. The
circles represent the mean tMRCA and the error bars show the 95%

credible intervals

E, dating back to 2004 (95% HPD: 2001-2006), included
isolates from several central/eastern European coun-
tries. We quantified patterns of WNV-2 spatial diffusion

under the BSSVS procedure. While the most probable
ancestral location of clade A was South Africa, the most
probable ancestral location of clade B was either Sen-
egal or Ukraine (state posterior probability [stpp] =1.0).
Similarly, the most probable ancestral location of clade
C was either South Africa or Zambia (stpp=1.0). The
most probable ancestral location of clades F and D was
Hungary (stpp=1.0), whereas the most probable ances-
tral location of clade E was Serbia and/or Austria (equal
stpp =1.0). The levels of support for transitions using the
BF cut-off value (BF >3) were shown (Fig. 5). The results
showed a highly supported transition from Austria to the
Czech Republic (BF>10,000); very strongly supported
transitions from Austria to Italy and Slovakia (BF range
from 100 to 200); strongly supported transitions from
Greece to Hungary (BF=11), from Senegal to Ukraine
(BF=27), from South Africa to Zambia (BF=13), from
Bulgaria to Serbia (BF=91), and from Hungary to Ser-
bia (BF =80). Nonetheless, there was significant support
for transitions from Austria to Germany (BF=4), Hun-
gary (BF=9), and Serbia (BF=3.6); the Czech Repub-
lic to Germany (BF=7); Greece to Serbia (BF=3.17);
South Africa to Ukraine (BF =8.8) and Hungary (BF = 3);
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and from Belgium to Hungary (BF=7). The transmis-
sion routes of the WNV-2 were mapped and visualized
using the SPREAD3 software (Additional file 1: Figure
S4). The Skyline plot showed that the infected popu-
lation size remained relatively constant in size until

2002, and then there was a partial decrease (Fig. 6). The
results showed an exponential growth in two episodes
(2006 and 2012). The data collected revealed two pos-
sible routes for the introduction of WNV-2 into Europe
(Fig. 7); both pathways suggested South Africa or nearby
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regions as possible sources of introduction. One path-
way showed that the isolates from South Africa spread
northward to reach Hungary, then was redirected into
neighboring countries (Additional file 2: Video S1). The
second pathway showed that the Southern African iso-
lates first reached Ukraine and then redirected south-
westward to reach Senegal (Additional file 3: Video S2),
probably through western Europe and North Africa.
In summary, our results suggest a plausible scenario of
the virus spreading from Africa to Europe. To identify
a possible association between the results obtained in
the present study and the available migratory bird data
and to estimate the risk of transmission of the infection
between Europe and Africa, we combined the distribu-
tion of the reported infected bird species with the results
obtained in the present study. More than 2 billion birds
travel between Europe and Africa, 73% of which are
accounted for by just 16 species [26]. In the present study,
we retrieved the available data for 14 migratory birds,
the distribution-range of which extends from Europe
to Africa. These are Barred Warbler (Sylvia nisoria),

European Turtle Dove (Streptopelia turtur) (18, 73, 77],
Great Reed-warbler (Acrocephalus arundinaceus) [37,
40, 74], Sedge Warbler (Acrocephalus schoenobaenus),
Common Kingfisher (Alcedo atthis) [31], Common Swift
(Apus apus) [49, 81], European Pied Flycatcher (Ficedula
hypoleuca) [41], Woodchat Shrike (Lanius senator),
Eurasian Blackcap (Sylvia atricapilla) [33], White stork
(Ciconia ciconia), Black kite (Milvus migrans) [41, 49, 65],
Common Nightingale (Luscinia megarhynchos), Willow
Warbler (Phylloscopus trochilus) [33], and Lesser Spotted
Eagle (Aquila pomarina) [65] (Additional file 1: Figure
S5).

Discussion

The present data set on a sample of 75 published com-
plete genomes of WNV allowed for a valuable re-exam-
ination of the phylogeographic progress of the virus
in recent years. The collected data showed an increase
in the total number of WNYV infections in the Medi-
terranean region and raises the question of the pos-
sible mode of transmission as well as the geographic
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distribution of the detected WNV-2 strains. A major
advantage of phylogenetic analysis is the ability to
infer the migration process at natural time scales.
The present study showed that the mean evolution-
ary rate for the WNV-2 strains used was estimated at
3.46 x 10~* substitution/site/year. Similar results were
reported in studies involving strains from different
continents (2.7 x 10™* substitution/site/year) [48] and
European strains (3.7 x 107 substitution/site/year)
[12]. Zehender et al. [79] reported a slightly higher
mean evolutionary rate (5.2 x 10~ substitution/site/
year). This difference could be attributed to the differ-
ent datasets analyzed and the applied nucleotide substi-
tutions and coalescent models.

The tMRCA estimates suggest that the European
WNV-2 entered Europe as a result of at least two intro-
duction events in 1978 (1976-1980; Ukraine) and in
2000 (1996-2003; clade F). The latter introduction date
of WNV-2 was in line with the available epidemiological
data reported previously [14, 79]. However, our results
showed another introduction date, as early as 1978, from
Africa (Senegal) to Ukraine or nearby regions. The first
evidence of WNV-2 in Cyprus stems from a serological
survey in the Eastern Mediterranean between 1966 and
1971 [77], before the detection date of WNV-2 in Hun-
gary and close to the introduction date in our study.

WNV-2 strains detected in Ukraine are not well cor-
related to the remaining European countries, whereas

the strains detected in Hungary constitute an ecologi-
cal niche and have a central role in the dissemination of
strains throughout Europe.

If we limit the WNV-2 transition to countries show-
ing the stpp greater than 70%, the analysis of the phylo-
geographical tree showed that the WNV-2 migration was
from Austria to the Czech Republic, Italy and Slovakia.
These findings are supported by a phylogenetic analysis
of WNV-2 strains collected from the Czech Republic,
demonstrating that the Czech WNV-2 strains isolated
during August 2013 were closely related to Austrian, Ital-
ian and Serbian strains reported in 2008, 2011 and 2012,
respectively [63]. Furthermore, a closer phylogenetic
relationship was observed between the Italian WNV-2
strains identified in 2013-2014 and those from Austria
and the Czech Republic [6]. In Slovakia, partial NS5 gene
analysis showed almost 100% identity of WNYV-2 strains
detected in Komarno district with strains from Germany,
Italy, and Austria [11].

Moreover, WNV-2 migration was shown from Hun-
gary and Bulgaria to Serbia. A previous study revealed
that the re-emergence of WNV-2 in Northern Greece in
2018 involved its spread from Hungary through Serbia
and, then, through Bulgaria [12].

Furthermore, the analysis showed WNV-2 migration
from South Africa to Zambia. Orba et al. [53] reported
the first WNV-2 case in Zambia, which was closely
related genetically to the WNV-2 South African strains.
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Fig. 7 The lines connecting different locations represent branches in the MCC tree on which state exchanges occur and circle areas reflect the

The last significant WNV-2 migration pathway was
from Senegal to Ukraine. A recent phylogeography and
spatio-temporal dispersal pattern analysis of WNV-2 in
the Danube Delta Biosphere Reserve, which small parts
are also located in the Ukraine, showed that Romania
has experienced a WNV-2 introduction event from
South Africa or Senegal [72].

Altogether, our phylogeographical analysis of the
migration of WNV-2 indicated Hungary and Austria
as radiation centres of European WNV-2, whereas the

remaining European countries mainly acted as receiv-
ing areas. The present study showed relationships
between WNYV-2 strains from Europe and Africa.

In South Africa, as an endemic area, wild birds are
considered the main reservoirs for WNV-2 and other
related Flaviviruses [25, 34, 46, 47]. The South Afri-
can prototype WNV-2 isolate (H 442) used in the
present study was detected in 1958 in the blood of a
person with a mild febrile disease who had been bit-
ten by mosquitoes while catching birds in mist nets for
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arbovirus studies [36]. The first most correlated isolate
to the South African one, used in the present study,
was the Ukrainian strain (LEIV-3266Ukr); the latter
strain was isolated from the blood and internal organs
of a wild bird (Rook, Corvus frugilegus) in 1980, in the
territory of the Black Sea State Preserve of the Ukrain-
ian Academy of Sciences (the Kherson region) [75].
The infection could have been introduced to Europe by
infected migratory birds as they are considered to act
as carry-over vectors and may be one mode of intro-
duction for viruses into new regions and countries [8].
However, the role of migratory birds in the transmis-
sion of WNV-2 is the subject of continuing debate and
has received considerable attention following the epi-
demics in Europe and North America [59].

The role of migratory birds in the introduction of
the virus (lineage 1 or lineage 2) into Europe and the
Mediterranean Basin is clearly assessed by numerous
studies in Spain [19, 21-23, 32, 42], Palestine [43],
Poland [31], Romania [52], and the Czech Republic
[31]. However, long-distance migratory birds are not
necessary to explain the spread of WNV-2 over large
distances; the virus could have been moved to shorter
distances sequentially by multiple individuals of short-
and long-distance migratory infected species. In the
USA, [15] developed a mathematical model for the
transmission of WN. They found that yearly seasonal
outbreaks depend primarily on the number of suscep-
tible migrant birds entering the local population each
season, yet reported that the early growth rates of sea-
sonal outbreaks are more influenced by the migratory
population than by the resident bird population.

The role of migratory birds in WNV-2 infection
needs to be further studied by more advanced tech-
niques and through joint projects between European
and African researchers. Birds’ migration routes are
not random. When traveling between their breed-
ing and wintering grounds, migratory birds follow
set routes that include suitable habitats. The African-
European flyway connects Europe’s breeding grounds
with Africa’s wintering grounds, including vital stop-
over sites in the Middle East and the Mediterranean.

Interestingly, far from the Mediterranean region,
a recent study in Malaysia reported that the WNV-2
strains detected in local wild birds have a 99% similar-
ity to the strains from South Africa [2], enhancing the
need to consider migratory birds in future epidemio-
logical analysis tracking WNV-2 infections.

Phylogeography with far greater numbers of samples
will lead to detailed insights about paths of transmis-
sion across species and geographic regions.
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Conclusion

In summary, our findings presented here indicate that
WNV-2 strains used in our case and found in Europe are
phylogenetically related to African strains. The WNV-2
might have been introduced into Europe earlier than
reported previously through multiple waves. Although
these strains are most probably dispersed by migrating
birds via the Mediterranean flyway, international sur-
veillance cooperation would be required to follow in real
time the dispersion of emergent WNV-2 strains having
the potential of causing increased mortality and morbid-
ity in human and wildlife populations. Further and more
specific studies would also be useful to fill in some exist-
ing gaps in our current knowledge of WNV-2 epidemiol-
ogy and to improve disease control.

Abbreviations

2 InBF: 2 x Log Bayes factors; BEAST: Bayesian evolutionary analysis sampling
trees; BEAUTI: Bayesian evolutionary analysis utility; BF: Bayes factors; BIC:
Bayesian information criterion; BSSVS: Bayesian stochastic search variable
selection; CTMC: Continuous-time Markov chain; ESS: Effective sample size;
G: Gamma; GTR: General time reversible; HO: Null hypothesis; HPD: Higher
posterior density interval; I: Invariable sites; IRD: Institute of Research for
Development; IUCN: International Union for Conservation of Nature; KML:
Keyhole markup language; LBP: Local bootstrap probability; MCC: Maximum
clade credibility; MCMC: Bayesian Markov Chain Monte Carlo; ML: Maximum-
likelihood; MLE: Marginal likelihood estimators; NNI: Nearest neighbor inter-
change; PAUP: Phylogenetic analysis using the PAUP; PS: Path sampling; RDP4:
Recombination detection program 4; SH-like aLERT: Shimodaira-Hasegawa-
like approximate likelihood ratio test; SPR: Subtree pruning and regrafting;
SPREAD3: Spatial phylogenetics reconstruction of evolutionary dynamics
using data-driven documents (D3); SS: Stepping-stones sampling; tMRCA
:Time to most recent common ancestor; UFBoot: Ultrafast bootstrap; WNV:
West Nile virus.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512862-021-01902-w.

Additional file 1. Table S1: List of sequences used in our study. Figure
S1: Available data of WNV-2 sequences collected from 2008 until October
2018. Figure S2: Obtained results without the Senegal sample (as a
possible outlier). Figure $3: The two highly significant clades (A and B)
identified with Maximum-likelihood tree. Figure S4: Transmission routes
of WNV-2 mapped and visualized using SPREAD3. Figure S5: Combination
of the distribution of the reported infected bird species with the results
obtained in the present study.

Additional file 2. Video S1: First pathway from South Africa to Hungary
and neighboring countries.

Additional file 3. Video S2: Second pathway from South Africa to
Ukraine and Senegal.

Acknowledgements

We gratefully thank Dr. Samuel Alizon, Dr. Nils Poulicard and Dr. Denis Fargette
(Institute of Research for Development IRD Montpellier-France) for provid-

ing support during the analysis. The authors acknowledge the IRD itrop HPC
(South Green Platform) at IRD montpellier for providing HPC resources that


https://doi.org/10.1186/s12862-021-01902-w
https://doi.org/10.1186/s12862-021-01902-w

Srihi et al. BMC Ecol Evo (2021) 21:183

have contributed to the research results reported within this paper. URL:
https:/bioinfo.irdfr/- http://www.southgreen fr

Authors’ contributions

HS: Drafting the article and conception of the work. NC: Critical revision of the
article. MBM: Draft handling. JG: Final approval of the version to be published.
NA: Conception of the work, data analysis, draft writing and correction. All
authors have read and approved the manuscript.

Funding

This work was partially supported by the Tunisian Ministry of Higher Education
and Scientific Research for the research, authorship, and/or publication of this
article.

Availability of data and materials

Data were collected from NCBI and filtered carefully. If someone want to
request the data used in this study please send an email to: srihi.haythem@
gmail.com/nabilabid@isbst.uma.tn. The GenBank accession numbers for
the sequences reported in this paper are: JN393308, JN858070, JX041631,
KC407673, KC496015, HQ537483, KF179639, KF179640, KF588365, KF647249,
DQ116961, DQ318019, EF429199, EF429200, KF647251, KF823806, KJ883343,
KJ883344, KJ883345, KJ883346, KJ883348, KJ883349, KM052152, KM203860,
KM203861, KM203862, KM203863, KM659876, KP109691, KP109692, KP780837,
KP780838, KP780839, KP780840, KP789953, KP789954, KP789955, KP789956,
KP789957, KP789958, KP789959, KP789960, KT207792, KT359349, KT757318,
KT757319,KT757320, KT757321, KT757322,KT757323, KU206781, KY594040,
LC318700, MF984337, MF984338, MF984339, MF984340, MF984341,
MF984342, MF984343, MF984344, MF984345, MF984346, MF984347,
MF984348, MF984349, MF984350, MF984351, MF984352, MH021189,
MH244512, MH244513, MH924836, MH986055, MH986056.

Declarations

Ethical approval and consent to participate

The study protocol was approved by the research ethics committee of the
Faculty of Pharmacy of Monastir (Tunisia) and was in accordance with the
1964 Helsinki declaration and its later amendments or comparable ethical
standards.

Consent for publication
Not applicable.

Competing interests
Authors declare that there are no conflicts of interest.

Author details

'Research Unit UR17ES30 “Genomics, Biotechnology and Antiviral Strategies’,
Higher Institute of Biotechnology of Monastir, University of Monastir, Tahar
Hadded Avenue, PB 74, 5000 Monastir, Tunisia. 2Laboratory of Transmissible
Diseases and Biological Active Substances LR99ES27, Faculty of Pharmacy,
University of Monastir, Ibn Sina Street, 5000 Monastir, Tunisia. *High Institute
of Biotechnology of Sidi Thabet, Department of Biotechnology, University

of Manouba, BiotechPolet Sidi Thabet, PB 66, 2020 Ariana-Tunis, Tunisia.
“Department of Biological Sciences, College of Science, King Faisal University,
PB 400, Post Code 31982 Al-Ahsa, Saudi Arabia.

Received: 10 March 2021 Accepted: 12 August 2021
Published online: 27 September 2021

References

1. Adachi J, Masami H. MOLPHY version 2.3: programs for molecular
phylogenetics based on maximum likelihood. No. 28. Tokyo: Institute of
Statistical Mathematics. 1996.

2. Ain-Najwa MY, Yasmin AR, Omar AR, Arshad SS, Abu J, Mohammed HO,
Kumar K, Loong SK, Rovie-Ryan JJ, Mohd-Kharip-Shah A-K. Evidence of
West Nile virus infection in migratory and resident wild birds in west
coast of peninsular Malaysia. One Health. 2020;10: 100134. https://doi.
org/10.1016/j.onehlt.2020.100134.

20.

21.

Page 11 of 13

Anisimova M, Gil M, Dufayard J-F, Dessimoz C, Gascuel O. Survey of
branch support methods demonstrates accuracy, power, and robustness
of fast likelihood-based approximation schemes. Syst Biol. 2011;60:685—
99. https://doi.org/10.1093/sysbio/syr041.

Baele G, Li WLS, Drummond AJ, Suchard MA, Lemey P. Accurate model
selection of relaxed molecular clocks in Bayesian phylogenetics. Mol Biol
Evol. 2012;30:239-43. https://doi.org/10.1093/molbev/mss243.

Bakonyi T, Ivanics E, Erdélyi K, Ursu K, Ferenczi E, Weissenbock H, Nowotny
N. Lineage 1 and 2 strains of encephalitic west Nile virus, central Europe.
Emerg Infect Dis. 2006;12:618-23. https://doi.org/10.3201/eid1204.
051379.

Barzon L, Papa A, Lavezzo E, Franchin E, Pacenti M, Sinigaglia A, Masi G,
Trevisan M, Squarzon L, Toppo S, Papadopoulou E, Nowotny N, Ulbert S,
Piralla A, Rovida F, Baldanti F, Percivalle E, Palu G. Phylogenetic characteri-
zation of Central/Southern European lineage 2 West Nile virus: analysis of
human outbreaks in Italy and Greece, 2013-2014. Clin Microbiol Infect.
2015;21:1122.e1-1122.e10. https://doi.org/10.1016/j.cmi.2015.07.018.
Bielejec F, Baele G, Vrancken B, Suchard MA, Rambaut A, Lemey P. Sprea
D3:interactive visualization of spatiotemporal history and trait evolution-
ary processes. Mol Biol Evol. 2016;33:2167-9. https://doi.org/10.1093/
molbev/msw082.

Brault AC. Changing patterns of West Nile virus transmission: altered vec-
tor competence and host susceptibility. Vet Res. 2009,40:43. https://doi.
org/10.1051/vetres/2009026.

Burt FJ, Grobbelaar AA, Leman PA, Anthony FS, Gibson GVF, Swanepoel

R. Phylogenetic relationships of Southern African West Nile virus isolates.
Emerg Infect Dis. 2002;8:820-6. https://doi.org/10.3201/eid0808.020027.

. Busquets N, Laranjo Gonzalez M, Soler M, Nicolas O, Rivas R, Talavera S,

Villalba R, San Miguel E, Torner N, Aranda C, Napp S. Detection of West
Nile virus lineage 2 in North Eastern Spain (Catalonia). Transbound Emerg
Dis. 2019;66:617-21. https://doi.org/10.1111/tbed.13086.

. CabanovaV, Sikutové S, Strakové P, Sebesta O, Vichova B, Zubrikova D,

Miterpakova M, Mendel J, Hurnikové Z, Hubdlek Z, Rudolf I. Co-circulation
of West Nile and Usutu Flaviviruses in mosquitoes in Slovakia, 2018.
Viruses. 2019;11:639. https://doi.org/10.3390/v11070639.

. Chaintoutis SC, Papa A, Pervanidou D, Dovas Cl. Evolutionary dynamics

of lineage 2 West Nile virus in Europe, 2004-2018: Phylogeny, selection
pressure and phylogeography. Mol Phylogenet Evol. 2019;141: 106617.
https://doi.org/10.1016/j.ympev.2019.106617.

. Chancey C, Grinev A, Volkova E, Rios M. The global ecology and epidemi-

ology of West Nile virus. Biomed Res Int. 2015;2015:1-20. https://doi.org/
10.1155/2015/376230.

. Ciccozzi M, Peletto S, Cella E, Giovanetti M, Lai A, Gabanelli E, Acutis PL,

Modesto P, Rezza G, Platonov AE, Lo Presti A, Zehender G. Epidemiologi-
cal history and phylogeography of West Nile virus lineage 2. Infect Genet
Evol. 2013;17:46-50. https://doi.org/10.1016/j.meegid.2013.03.034.

. Bergsman LD, Hyman JM, Manore CA, 1. Department of Mathematics,

Tulane University, New Orleans, LA 70118. A mathematical model for the
spread of west nile virus in migratory and resident birds. Math Biosci Eng.
2016;13:401-24. https://doi.org/10.3934/mbe.2015009.

. Drummond AJ, Rambaut A. BEAST: Bayesian evolutionary analysis by

sampling trees. BMC Evol Biol. 2007;7:214. https://doi.org/10.1186/
1471-2148-7-214.

. Drummond AJ, Suchard MA, Xie D, Rambaut A. Bayesian Phylogenetics

with BEAUti and the BEAST 1.7. Mol Biol Evol. 2012;29:1969-73. https://
doi.org/10.1093/molbev/mss075.

. Ernek E, Kozuch O, Nosek J, Teplan J, Folk C. Arboviruses in birds captured

in Slovakia. J Hyg Epidemiol Microbiol Immunol. 1977;21:353-9.

. Esteves A, Aimeida APG, Gal&o RP, Parreira R, Piedade J, Rodrigues JC,

Sousa CA, Novo MT. West Nile Virus in Southern Portugal, 2004. Vector-
Borne Zoonotic Dis. 2005;5:410-3. https://doi.org/10.1089/vbz.2005.5.
410.

Fall G, Di Paola N, Faye M, Dia M, Freire CC, Loucoubar C, Zanotto PM, Faye
O, Sall AA. Biological and phylogenetic characteristics of West African
lineages of West Nile virus. PLoS Negl Trop Dis. 2017;11:€0006078. https://
doi.org/10.1371/journal.pntd.0006078.

Figuerola J, Angel Jiménez-Clavero M, Rojo G, Gémez-Tejedor C, Soriguer
R. Prevalence of West Nile virus neutralizing antibodies in colonial aquatic
birds in southern Spain. Avian Pathol. 2007;36:209-12. https://doi.org/10.
1080/03079450701332329.


https://bioinfo.ird.fr/
http://www.southgreen.fr
https://doi.org/10.1016/j.onehlt.2020.100134
https://doi.org/10.1016/j.onehlt.2020.100134
https://doi.org/10.1093/sysbio/syr041
https://doi.org/10.1093/molbev/mss243
https://doi.org/10.3201/eid1204.051379
https://doi.org/10.3201/eid1204.051379
https://doi.org/10.1016/j.cmi.2015.07.018
https://doi.org/10.1093/molbev/msw082
https://doi.org/10.1093/molbev/msw082
https://doi.org/10.1051/vetres/2009026
https://doi.org/10.1051/vetres/2009026
https://doi.org/10.3201/eid0808.020027
https://doi.org/10.1111/tbed.13086
https://doi.org/10.3390/v11070639
https://doi.org/10.1016/j.ympev.2019.106617
https://doi.org/10.1155/2015/376230
https://doi.org/10.1155/2015/376230
https://doi.org/10.1016/j.meegid.2013.03.034
https://doi.org/10.3934/mbe.2015009
https://doi.org/10.1186/1471-2148-7-214
https://doi.org/10.1186/1471-2148-7-214
https://doi.org/10.1093/molbev/mss075
https://doi.org/10.1093/molbev/mss075
https://doi.org/10.1089/vbz.2005.5.410
https://doi.org/10.1089/vbz.2005.5.410
https://doi.org/10.1371/journal.pntd.0006078
https://doi.org/10.1371/journal.pntd.0006078
https://doi.org/10.1080/03079450701332329
https://doi.org/10.1080/03079450701332329

Srihi et al. BMC Ecol Evo

22.

23.

24.

25.

26.

27.

28.

29.

30.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

(2021) 21:183

Figuerola J, Jimenez-Clavero MA, Lopez G, et al. West Nile Virus neutral-
izing antibodies in resident and migratory birds in Spain. Vet Microbiol.
2008;132:39-46.

Figuerola J, Soriguer R, Rojo G, Gomez Tejedor C, Jimenez-Clavero MA.
Seroconversion in wild birds and local circulation of West Nile virus. Spain
Emerg Infect Dis. 2007;13:1915-7.

Guindon S, Dufayard J-F, Lefort V, Anisimova M, Hordijk W, Gascuel

O. New algorithms and methods to estimate maximum-likelihood
phylogenies: assessing the performance of PhyML 3.0. Syst Biol.
2010;59:307-21. https://doi.org/10.1093/sysbio/syq010.

Guthrie AJ, Howell PG, Gardner IA, Swanepoel RE, Nurton JP, Harper CK,
Pardini A, Groenewald D, Visage CW, Hedges JF, Balasuriya UB, Cornel
AJ, MacLACHLAN NJ. West Nile virus infection of Thoroughbred horses
in South Africa (2000-2001). Equine Vet J. 2010;35:601-5. https://doi.
0rg/10.2746/042516403775467180.

Hahn'S, Bauer S, Liechti F. The natural link between Europe and
Africa—2.1 billion birds on migration. Oikos. 2009;118:624-6. https://
doi.org/10.1111/j.1600-0706.2008.17309.x.

Hasegawa M, Kishino H, Yano T. Dating of the human-ape splitting by
a molecular clock of mitochondrial DNA. J Mol Evol. 1985;22:160-74.
https://doi.org/10.1007/BF02101694.

Hein J, Jiang T, Wang L, Zhang K. On the complexity of comparing
evolutionary trees. Discret Appl Math. 1996;71:153-69. https://doi.org/
10.1016/50166-218X(96)00062-5.

Hernandez-Triana LM, Jeffries CL, Mansfield KL, Carnell G, Fooks AR,
Johnson N. Emergence of West Nile virus lineage 2 in Europe: a review
on the introduction and spread of a mosquito-borne disease. Front
Public Health. 2014. https://doi.org/10.3389/fpubh.2014.00271.

Hoang DT, Chernomor O, von Haeseler A, Minh BQ, Vinh LS. UFBoot2:
improving the ultrafast bootstrap approximation. Mol Biol Evol.
2018;35:518-22. https://doi.org/10.1093/molbev/msx281.

. Hubdlek Z, Halouzka J, Juficovd Z, Sikutové S, Rudolf I, Honza M,

Jankova J, Chytil J, Marec F, Sitko J. Serologic survey of birds for West
Nile Flavivirus in Southern Moravia (Czech Republic). Vector-Borne
Zoonotic Dis. 2008;8:659-66. https://doi.org/10.1089/vbz.2007.0283.
Jiménez-Clavero MA, et al. West Nile virus in golden eagles, Spain,
2007. Emerg Infect Dis. 2008;14(9):1489.

Jourdain E, Zeller HG, Sabatier P, Murri S, Kayser Y, Greenland T, Lafaye
M, Gauthier-Clerc M. Prevalence of West Nile Virus neutralizing anti-
bodies in wild birds from the Camargue Area, Southern France. J Wildl
Dis. 2008;44:766-71. https://doi.org/10.7589/0090-3558-44.3.766.
Jupp PG. The ecology of West Nile virus in South Africa and the occur-
rence of outbreaks in humans. Ann N'Y Acad Sci. 2006;951:143-52.
https://doi.org/10.1111/j.1749-6632.2001.tb02692 x.

Kass RE, Raftery AE. Bayes factors. J Am Stat Assoc. 1995;90:773-95.
https://doi.org/10.1080/01621459.1995.10476572.

Kokernot RH, Mclntosh BM. Isolation of West Nile virus from a naturally
infected human being and from a bird, Sylvietta rufescens (Vieillot).
South Afr Med J. 1959;33(47):987-9.

Kolodziejek J, Marinov M, Kiss BJ, Alexe V, Nowotny N. The complete
sequence of a West Nile virus lineage 2 strain detected in a Hyalomma
marginatum marginatum tick collected from a song thrush (Turdus
philomelos) in Eastern Romania in 2013 revealed closest genetic rela-
tionship to strain Volgograd 2007. PLoS ONE. 2014;9: €109905. https://
doi.org/10.1371/journal.pone.0109905.

Larkin MA, Blackshields G, Brown NP, Chenna R, McGettigan PA, McWil-
liam H, Valentin F, Wallace IM, Wilm A, Lopez R, Thompson JD, Gibson
TJ, Higgins DG. Clustal W and Clustal X version 2.0. Bioinformatics.
2007,23:2947-8. https://doi.org/10.1093/bioinformatics/btm404.
Lartillot N, Philippe H. Computing Bayes factors using thermodynamic
integration. Syst Biol. 2006;55:195-207. https://doi.org/10.1080/10635
150500433722.

Lelli R, Calistri P, Bruno R, Monaco F, Savini G, Di Sabatino D, Corsi |,
Pascucci I. West Nile transmission in resident birds in Italy: West Nile
transmission in resident birds. Transbound Emerg Dis. 2012;59:421-8.
https://doi.org/10.1111/j.1865-1682.2011.01287 x.

Linke S, et al. Serologic evidence of West Nile virus infections in wild
birds captured in Germany. Am J Trop Med Hyg. 2007;77(2):358-64.
Lépez G, Jiménez-Clavero MA, Tejedor CG, Soriguer R, Figuerola

J. Prevalence of West Nile virus neutralizing antibodies in Spain is

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Page 12 of 13

related to the behavior of migratory birds. Vector-Borne Zoonotic Dis.
2008;8:615-22. https://doi.org/10.1089/vbz.2007.0200.

Malkinson M, et al. Introduction of West Nile virus in the Middle East by
migrating white storks. Emerg Infect Dis. 2002;8(4):392.

Martin DP, Murrell B, Golden M, Khoosal A, Muhire B. RDP4: Detection
and analysis of recombination patterns in virus genomes. Virus Evolu-
tion. 2015. https://doi.org/10.1093/ve/vev003.

Martinet J-P, Ferté H, Failloux A-B, Schaffner F, Depaquit J. Mosquitoes

of North-Western Europe as potential vectors of arboviruses: a review.
Viruses. 2019;11:1059. https://doi.org/10.3390/v11111059.

MclIntosh BM, Jupp PG. Ecological studies on West Nile virus in southern
Africa. Arbovirus Research in Australia Proceedings from the 3rd Sympo-
sium. 1982.

MclIntosh BM, Dickinson DB, McGillivray GM. Ecological studies on Sindbis
and West Nile viruses in South Africa. V. The response of birds to inocula-
tion of virus. South Afr J Med Sci. 1969;343:77-82.

McMullen AR, Albayrak H, May FJ, Davis CT, Beasley DWC, Barrett ADT.
Molecular evolution of lineage 2 West Nile virus. J Gen Virol. 2013;94:318-
25. https://doi.org/10.1099/vir.0.046888-0.

Michel F, Sieg M, Fischer D, Keller M, Eiden M, Reuschel M, Schmidt V,
Schwehn R, Rinder M, Urbaniak S, Mdiller K, Schmoock M, Lihken R,
Wysocki P, Fast C, Lierz M, Korbel R, Vahlenkamp T, Groschup M, Ziegler
U. Evidence for West Nile Virus and Usutu virus infections in wild and
resident birds in Germany, 2017 and 2018. Viruses. 2019;11:674. https.//
doi.org/10.3390/v11070674.

Moore GW, Goodman M, Barnabas J. An iterative approach from the
standpoint of the additive hypothesis to the dendrogram problem posed
by molecular data sets. J Theor Biol. 1973;38:423-57. https://doi.org/10.
1016/0022-5193(73)90251-8.

Nguyen L-T, Schmidt HA, von Haeseler A, Minh BQ. IQ-TREE: a fast and
effective stochastic algorithm for estimating maximum-likelihood phy-
logenies. Mol Biol Evol. 2015;32:268-74. https://doi.org/10.1093/molbev/
msu300.

Nicolescu G, et al. West nile virus in Romania. Report to the EDEN annual
meeting. 2009.

OrbaY, Hangombe BM, Mweene AS, Wada Y, Anindita PD, Phongphaew
W, Qiu Y, Kajihara M, Mori-Kajihara A, Eto Y, Sasaki M, Hall WW, Eshita Y,
Sawa H. First isolation of West Nile virus in Zambia from mosquitoes.
Transbound Emerg Dis. 2018;65:933-8. https://doi.org/10.1111/tbed.
12888.

Papa A, Xanthopoulou K, Gewehr S, Mourelatos S. Detection of West Nile
virus lineage 2 in mosquitoes during a human outbreak in Greece. Clin
Microbiol Infect. 2011;17:1176-80. https://doi.org/10.1111/j.1469-0691.
2010.03438x.

Petersen LR, Roehrig JT, Sejvar JJ. West Nile Virus in the Americas. In: Fong
IW, Alibeck K, editors. New and evolving infections of the 21st Century.
New York, New York: Springer; 2007. p. 3-56. https://doi.org/10.1007/
978-0-387-32830-0_1.

Platonov AE, et al. Genotyping of West Nile fever virus strains circulating
in southern Russia as an epidemiological investigation method: princi-
ples and results. Zh Mikrobiol Epidemiol Immunobiol. 2011,2:29-37.
Rambaut A, Lam TT, Max Carvalho L, Pybus OG. Exploring the temporal
structure of heterochronous sequences using TempeEst (formerly Path-O-
Gen). Virus Evol. 2016. https://doi.org/10.1093/ve/vew007.

Ramsden C, Holmes EC, Charleston MA. Hantavirus evolution in relation
to its rodent and insectivore hosts: no evidence for codivergence. Mol
Biol Evol. 2008;26:143-53. https://doi.org/10.1093/molbev/msn234.
Rappole J. Migratory birds and spread of West Nile Virus in the Western
hemisphere. Emerg Infect Dis. 2000;6:319-28. https://doi.org/10.3201/
€id0604.000401.

Rieux A, Balloux F. Inferences from tip-calibrated phylogenies: a review
and a practical guide. Mol Ecol. 2016;25:1911-24. https://doi.org/10.1111/
mec.13586.

Rizzoli A, Jiménez-Clavero MA, Barzon L, Cordioli P, Figuerola J, Koraka

P, Martina B, Moreno A, Nowotny N, Pardigon N, Sanders N, Ulbert S,
Tenorio A. The challenge of West Nile virus in Europe: knowledge gaps
and research priorities. Eurosurveillance. 2015. https://doi.org/10.2807/
1560-7917.£S2015.20.20.21135.

Robinson DF. Comparison of labeled trees with valency three. J Combin
Theory, Series B. 1971;11:105-19. https://doi.org/10.1016/0095-8956(71)
90020-7.


https://doi.org/10.1093/sysbio/syq010
https://doi.org/10.2746/042516403775467180
https://doi.org/10.2746/042516403775467180
https://doi.org/10.1111/j.1600-0706.2008.17309.x
https://doi.org/10.1111/j.1600-0706.2008.17309.x
https://doi.org/10.1007/BF02101694
https://doi.org/10.1016/S0166-218X(96)00062-5
https://doi.org/10.1016/S0166-218X(96)00062-5
https://doi.org/10.3389/fpubh.2014.00271
https://doi.org/10.1093/molbev/msx281
https://doi.org/10.1089/vbz.2007.0283
https://doi.org/10.7589/0090-3558-44.3.766
https://doi.org/10.1111/j.1749-6632.2001.tb02692.x
https://doi.org/10.1080/01621459.1995.10476572
https://doi.org/10.1371/journal.pone.0109905
https://doi.org/10.1371/journal.pone.0109905
https://doi.org/10.1093/bioinformatics/btm404
https://doi.org/10.1080/10635150500433722
https://doi.org/10.1080/10635150500433722
https://doi.org/10.1111/j.1865-1682.2011.01287.x
https://doi.org/10.1089/vbz.2007.0200
https://doi.org/10.1093/ve/vev003
https://doi.org/10.3390/v11111059
https://doi.org/10.1099/vir.0.046888-0
https://doi.org/10.3390/v11070674
https://doi.org/10.3390/v11070674
https://doi.org/10.1016/0022-5193(73)90251-8
https://doi.org/10.1016/0022-5193(73)90251-8
https://doi.org/10.1093/molbev/msu300
https://doi.org/10.1093/molbev/msu300
https://doi.org/10.1111/tbed.12888
https://doi.org/10.1111/tbed.12888
https://doi.org/10.1111/j.1469-0691.2010.03438.x
https://doi.org/10.1111/j.1469-0691.2010.03438.x
https://doi.org/10.1007/978-0-387-32830-0_1
https://doi.org/10.1007/978-0-387-32830-0_1
https://doi.org/10.1093/ve/vew007
https://doi.org/10.1093/molbev/msn234
https://doi.org/10.3201/eid0604.000401
https://doi.org/10.3201/eid0604.000401
https://doi.org/10.1111/mec.13586
https://doi.org/10.1111/mec.13586
https://doi.org/10.2807/1560-7917.ES2015.20.20.21135
https://doi.org/10.2807/1560-7917.ES2015.20.20.21135
https://doi.org/10.1016/0095-8956(71)90020-7
https://doi.org/10.1016/0095-8956(71)90020-7

Srihi et al. BMC Ecol Evo (2021) 21:183

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Rudolf I, Bakonyi T, Sebesta O, Mendel J, Pesko J, Betasova L, Blazejové H,
Venclikova K, Strakova P, Nowotny N, Hubélek Z. West Nile virus lineage 2
isolated from Culex modestus mosquitoes in the Czech Republic, 2013:
expansion of the European WNV endemic area to the North? Eurosurveil-
lance. 2014. https://doi.org/10.2807/1560-7917.ES2014.19.31.20867.
Schwarz G. Estimating the dimension of a model. The annals of statistics.
1978.461-464.

Seidowski D, Ziegler U, von Ronn JAC, Muller K, Hippop K, MllerT,
Freuling C, Mihle R-U, Nowotny N, Ulrich RG, Niedrig M, Groschup MH.
West Nile Virus monitoring of migratory and resident birds in Germany.
Vector-Borne Zoonotic Dis. 2010;10:639-47. https://doi.org/10.1089/vbz.
2009.0236.

Sidorov A, Reshetov DA, Gorbalenya AE. SNAD: sequence name
annotation-based designer. BMC Bioinformatics. 2009;10:251. https://doi.
org/10.1186/1471-2105-10-251.

Sirbu A, Ceianu CS, Panculescu-Gatej RI, Vazquez A, Tenorio A, Rebreanu
R, Niedrig M, Nicolescu G, Pistol A. Outbreak of West Nile virus infection in
humans, Romania, July to October 2010. Eurosurveillance. 2011. https://
doi.org/10.2807/ese.16.02.19762-en.

Smithburn KC, Hughes TP, Burke AW, Paul JH. A neurotropic virus isolated
from the blood of a native of Uganda 1. Am J Trop Med Hygiene. 1940.
https://doi.org/10.4269/ajtmh.1940.51-20.471.

Strimmer K, von Haeseler A. Likelihood-mapping: a simple method to
visualize phylogenetic content of a sequence alignment. Proc Natl Acad
Sci. 1997,94:6815-9. https://doi.org/10.1073/pnas.94.13.6815.

Suchard MA, Weiss RE, Sinsheimer JS. Bayesian selection of continuous-
time Markov chain evolutionary models. Mol Biol Evol. 2001;18:1001-13.
https://doi.org/10.1093/oxfordjournals.molbev.a003872.

Swofford DL. PAUP: phylogenetic analysis using parsimony. Mac Version 3.

1. 1. (Computer program and manual). 1993.

Tomazatos A, Jansen S, Pfister S, Torok E, Maranda |, Horvath C, Keresztes
L, Spinu M, Tannich E, Jost H, Schmidt-Chanasit J, Cadar D, Lihken R.
Ecology of West Nile Virus in the Danube Delta, Romania: phylogeog-
raphy xenosurveillance and mosquito host-feeding patterns. Viruses.
2019;11:1159. https://doi.org/10.3390/v11121159.

Valiakos G, Touloudi A, Athanasiou LV, Giannakopoulos A, lacovakis C,
Birtsas P, Spyrou V, Dalabiras Z, Petrovska L, Billinis C. Serological and
molecular investigation into the role of wild birds in the epidemiology
of West Nile virus in Greece. Virol J. 2012;9:266. https://doi.org/10.1186/
1743-422X-9-266.

Vasi¢ A, Oslobanu L, Marinov M, Crivei L, Ratoi |, Anitd A, Anita D,
Dorosencu A, Alexe V, Réileanu S, Simeunovi¢ P, Raileanu C, Falcuta E,

Page 13 of 13

Prioteasa F, Bojkovski J, Pavlovic I, Mathis A, Tews B, Savuta G, Veronesi E,
Silaghi C, the SCOPES AMSAR training group. Evidence of West Nile virus
(WNV) circulation in Wild Birds and WNV RNA negativity in mosquitoes
of the Danube delta biosphere reserve, Romania, 2016. TropicalMed.
2019;4:116. https://doi.org/10.3390/tropicalmed4030116.

75. Vinograd IA, et al. Isolation of West Nile virus in the southern Ukraine.
Vopr Virusol. 1982;27(5):55-7.

76. Volz EM, Koelle K, Bedford T. Viral phylodynamics. PLoS Comput Biol.
2013;9:e1002947. https://doi.org/10.1371/journal.pcbi.1002947.

77. Watson GE, Shope RE, Kaiser MN. An ectoparasite and virus survey of
migratory birds in the eastern Mediterranean. Transcontinental connec-
tions of migratory birds and their role in the distribution of arboviruses.
Novosibirsk: Nauka, 1972.176-80.

78. Xie W, Lewis PO, Fan Y, Kuo L, Chen M-H. Improving marginal likeli-
hood estimation for Bayesian phylogenetic model selection. Syst Biol.
2011;60:150-60. https://doi.org/10.1093/sysbio/syq085.

79. Zehender G, Veo C, Ebranati E, Carta V, Rovida F, Percivalle E, Moreno A,
Lelli D, Calzolari M, Lavazza A, Chiapponi C, Baioni L, Capelli G, Ravagnan
S, Da Rold G, Lavezzo E, Palu G, Baldanti F, Barzon L, Galli M. Reconstruct-
ing the recent West Nile virus lineage 2 epidemic in Europe and Italy
using discrete and continuous phylogeography. PLoS ONE. 2017;12:
e0179679. https://doi.org/10.1371/journal.pone.0179679.

80. Zeller HG, Schuffenecker I. West Nile Virus: an overview of its spread
in Europe and the Mediterranean Basin in contrast to its spread in the
Americas. Eur J Clin Microbiol Infect Dis. 2004;23:147-56. https://doi.org/
10.1007/510096-003-1085-1.

81. Ziegler U, Jost H, Miller K, Fischer D, Rinder M, Tietze DT, Danner K-J,
Becker N, Skuballa J, Hamann H-P, Bosch S, Fast C, Eiden M, Schmidt-
Chanasit J, Groschup MH. Epidemic spread of Usutu Virus in Southwest
Germany in 2011 to 2013 and monitoring of wild birds for Usutu and
West Nile Viruses. Vector-Borne Zoonotic Dis. 2015;15:481-8. https://doi.
0rg/10.1089/vbz.2014.1746.

82. Ziegler U, Lihken R, Keller M, Cadar D, van der Grinten E, Michel F, Albre-
cht K, Eiden M, Rinder M, Lachmann L, Hoper D, Vina-Rodriguez A, Gaede
W, Pohl A, Schmidt-Chanasit J, Groschup MH. West Nile virus epizootic in
Germany, 2018. Antiviral Res. 2019;162:39-43. https://doi.org/10.1016/j.
antiviral.2018.12.005.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC



https://doi.org/10.2807/1560-7917.ES2014.19.31.20867
https://doi.org/10.1089/vbz.2009.0236
https://doi.org/10.1089/vbz.2009.0236
https://doi.org/10.1186/1471-2105-10-251
https://doi.org/10.1186/1471-2105-10-251
https://doi.org/10.2807/ese.16.02.19762-en
https://doi.org/10.2807/ese.16.02.19762-en
https://doi.org/10.4269/ajtmh.1940.s1-20.471
https://doi.org/10.1073/pnas.94.13.6815
https://doi.org/10.1093/oxfordjournals.molbev.a003872
https://doi.org/10.3390/v11121159
https://doi.org/10.1186/1743-422X-9-266
https://doi.org/10.1186/1743-422X-9-266
https://doi.org/10.3390/tropicalmed4030116
https://doi.org/10.1371/journal.pcbi.1002947
https://doi.org/10.1093/sysbio/syq085
https://doi.org/10.1371/journal.pone.0179679
https://doi.org/10.1007/s10096-003-1085-1
https://doi.org/10.1007/s10096-003-1085-1
https://doi.org/10.1089/vbz.2014.1746
https://doi.org/10.1089/vbz.2014.1746
https://doi.org/10.1016/j.antiviral.2018.12.005
https://doi.org/10.1016/j.antiviral.2018.12.005

	Phylodynamic and phylogeographic analysis of the complete genome of the West Nile virus lineage 2 (WNV-2) in the Mediterranean basin
	Abstract 
	Background: 
	Materials and methods: 
	Results: 
	Conclusion: 

	Background
	Materials and methods
	Data sources and collection
	Recombination and substitution model analysis
	Likelihood mapping analysis
	Assessing the temporal structure of WNV-2
	Phylogenetic analysis
	Clock assumption and coalescent prior models’ selection
	Phylogeographic analysis

	Results
	Likelihood mapping and Temporal signal analysis
	Estimated rates of WNV-2 complete genome evolution
	Phylogenetics of WNV-2 complete genome
	Phylogeographic analysis of the full-length WNV-2 genome to trace virus spread

	Discussion
	Conclusion
	Acknowledgements
	References


