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ABSTRACT

West Nile virus (WNV) disease, a mosquito-transmitted Flavivirus infection, represents a substantial public health research
interest. This virus was unknown in the Western hemisphere until it was introduced in 1999 into an immunologically naive pop-
ulation. WNV caused an epizootic and epidemic in New York City. The infection then swept over North America, causing mass
mortality in birds and cumulatively 60,000 human cases, half of whom were hospitalised, mostly with neurological symptoms.
The virus closely resembled a goose virus isolated in Israel in 1998. Mosquitoes of the genus Culex were identified as the insect
viral vectors. WNV can infect more than 300 bird species, but in the US, the American robin (Turdus migratorius) represented
the ecologically most important bird viral reservoir. Mosquito-to-mosquito viral transmission might amplify the viral spread,
and iatrogenic WNV transmission was also observed, leading to the screening of blood products. Compared with African WNV
isolates, the New York WNYV isolate NY99 showed a mutation in the nonstructural protein NS3 that increased its virulence in
birds and was also observed in WNV outbreaks from Romania in 1996 and from Russia in 1999. During its spread across the
US, NY99 acquired a mutation in the envelope gene E that favoured viral infection in the insect vector. Europe reported 1200
annual WNYV cases in 2024, with a focus in Mediterranean countries, but a northward spread of the infection to Germany and
The Netherlands was also noted. Global warming is likely to affect the geographical distribution of vector-borne infections such
that people living in temperate climate areas might be increasingly exposed to these infections. Therefore, research on tempera-
ture effects on WNV transmission by Culex mosquitoes has become a recent focus of research. Pertinent climate aspects of WNV
infections are retraced in the present review.

West Nile Virus (WNV), an arthropod-borne (arbovirus)
Flavivirus, is not a candidate virus for a pandemic. However,
there are good reasons for interest in WNV. First, it causes neu-
rological disease in humans associated with substantial mor-
tality. Second, the natural history of WNV allows us to study
the introduction of a ‘new’ virus into an immunologically naive
population, as occurred in North America. Third, as arbovi-
ruses cycle between replication in insect and vertebrate hosts,
viral evolution is constrained by the need for replication in two

very different host systems, representing challenging genetic
trade-offs. Fourth, WNV is an important veterinary pathogen of
horses, and fifth, WNV infections are an intensively studied test
case for the impact of climate change on the geographical spread
of viral pathogens.

Within the insect-transmitted Flaviviruses, two large groups
are distinguished by phylogenetic tree analysis. One branch
is tick-borne flaviviruses; another branch is evolutionarily
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related, mosquito-borne flaviviruses (Pearson et al. 2021).
The latter can further be differentiated according to the mos-
quito vector. The Aedes mosquitoes are associated with fla-
viviruses such as Yellow Fever Virus, Dengue Virus or Zika
Virus, while the Culex mosquitoes are associated with the fla-
viviruses Japanese Encephalitis Virus and WNV. The name
of the latter refers to its isolation in the West Nile district in
Uganda in 1937. WNV cycles in nature between Culex mos-
quitoes and birds (primary transmission cycle). Strikingly,
more than 300 avian species are susceptible to WNV. WNV
also infects humans, horses and other mammals as inciden-
tal, dead-end hosts. In the past, WNV had caused sporadic
human outbreaks of a mild febrile illness in Africa, Europe,
the Middle East, Asia and Australia. In the 1990s, the epide-
miology of WNV infections changed markedly in Europe and
severe clinical courses were reported in humans. Notably,
during the 21% century, the virus has become endemic in
Europe, and although several introductions from Africa
have occurred, the virus is overwintering in its reservoirs in
southern European countries, producing recurrent outbreaks
(Aguilera-Sepulveda et al. 2024). In view of the current dis-
cussion on emerging viral diseases and One Health issues, it is
instructive to retrace the recent spread of WNV infections in
North America and Europe.

1 | The Arrival of the West Nile Virus in North
America

11 | The 1999 New York City Outbreak
1.1.1 | Symptoms and Incidence Rates

Between August and September 1999, 59 patients with
laboratory-proven WNV-associated encephalitis were hospi-
talised in New York City (NYC). The diagnosis was based on
the detection of WNV-specific [gM and neutralising serum
antibodies as well as WNV genome detection in cerebrospinal
fluid samples. In patients who died from the infection, WNV
antigen was detected in the brain by immunochemistry. The
NYC WNYV outbreak was unexpected because this virus was
neither known to circulate in the Western Hemisphere nor to
cause severe neurological symptoms. The dominant clinical
presentation was encephalitis in 60% of the patients (with a
30% case fatality rate), meningitis in 30% of the patients and
profound muscle weakness. Risk factors for severe disease
were age above 75years (Nash et al. 2001). Historical data
from Israel estimated that overt disease occurred in 1 of every
100 WNYV infections but did not include severe neurological
disease (Goldblum et al. 1956).

The infection rate in NYC was greater than indicated by the
number of patients hospitalised with the WNV disease. Cluster
serum sampling from 700 subjects living in the Queens epi-
centre of the NYC outbreak revealed a WNV seroprevalence
of 2.6%. Seropositivity was associated with the reporting of
fatigue, headache and myalgia. The seroprevalence data sug-
gest that for the 1999 NYC outbreak, there were 8000 WNV
infections, 1700 of which were associated with a febrile illness
and fewer than 1% developed a severe neurological disease
(Mostashari et al. 2001).

1.1.2 | Searching the WNV Origin

Culex mosquitoes and birds are the usual suspects for WNV
transmission. Concomitant with the 1999 human WNV out-
break, viral encephalitis was reported in crows from NYC and
several bird species from the Bronx zoo. Necropsy-recovered
material yielded, upon inoculation of embryonated chicken
eggs, an infectious virus. An 11,029 nucleotide-long RNA ge-
nome was sequenced and revealed a virus belonging to WNV
lineage 1 found in Middle Eastern, Eastern European and
Australian WNYV isolates. The closest relative to the NYC crow
WNYV isolate was a virus isolated from a lethal brain infection
of a goose in Israel in 1998. Over a sequenced 1.2-kb genome
segment, the NYC crow virus differed by only two nucleotides
from the Israeli goose isolate (Lanciotti et al. 1999). However,
there is no migratory bird flyway connecting the Eastern
Mediterranean area with NYC. The authors speculated that an
Eastern Mediterranean-like WNV could have been imported
to NYC with an infected illegal bird transport or by infected
mosquitoes travelling on airplanes. Another research group iso-
lated WNV from Culex pipiens and Aedes vexans mosquitoes, an
American crow and a hawk sampled in September/October 1999
in Connecticut. All four isolates were nearly sequence identical
and matched the crow WN-NY99 isolate (Anderson et al. 1999).
WNYV cannot develop high viremia in human blood; therefore,
mosquitoes cannot get infected by feeding on infected humans.
Consequently, the NYC outbreak could not be introduced by an
infected human traveller. Its origin could only derive from the
importation of an infected avian host or a competent vector.

1.2 | Identification of the Mosquito Viral
Reservoir

With respect to control measures, it makes a difference whether
Culex pipiens or Aedes vexans transmit WNV. Culex pipiens
lays eggs in wet containers (e.g., discarded tires, live plant com-
merce and in street drains), while A. vexans lays eggs in wet-
lands and floodwaters. To settle the question of the viral insect
reservoir, 32,000 mosquitoes representing 25 species were col-
lected in September 1999 from New York and New Jersey. The
mosquitoes were sorted in 1800 pools containing either Culex
or Aedes species. WNV was isolated from 15 pools, all of which
were represented by Culex species, and six positive pools con-
tained exclusively C. pipiens. No Aedes pool yielded WNV
(Nasci et al. 2001). Other researchers collected information on
the abundance, infection prevalence, vector competence and
biting behaviour of 10 insect species suspected as WNV vec-
tors. The Cx. pipiens species complex accounted for >80% of the
total infection risk based on its high WNV infection prevalence,
the abundance of this species and the high proportion of blood
meals on birds, which more than compensates for the smaller
fraction of mammalian blood meals (19% for Culex vs. 86% for
Aedes). According to this compound index, Aedes accounted for
<5% of human WNYV infections in New York State (Kilpatrick
et al. 2005). Further research demonstrated that the feeding pat-
tern of Cx. pipiens showed seasonal changes: In early summer
(May to June), they feed on the American robin (Turdus migra-
torius), their preferred host (Figure 1). Due to the decrease in
the American robin population from its migration to the south
after the breeding period, the risk of Cx. pipiens biting humans
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FIGURE 1 | Primary infection cycle and incidental, dead-end infections with the West Nile flavivirus. At the left side is depicted the primary

infection cycle between the major US bird viral reservoir, the American robin (Turdus migratorius) and the major insect viral vector, the mosquito

Culex spec. In the centre is an electron microscopic picture of WNV. At the right side, a male and female Culex mosquito pair is shown; the female

also transmits the WNV to two dead-end hosts, causing important epizootics in horses and epidemics in humans. Figure credit: Centers for Disease
Control and Prevention (EM and Culex photo) http://phil.cdc.gov/phil_images/10302002/8/PHIL_2290_lores.jpg in the public domain; American
robin: Rhododendrites file from Wikimedia Commons. CC BY-SA 4.0; Cx. quinquefasciatus pair from E. A. Goeldi (1905) Os Mosquitos no Para.

Memorias do Museu Goeldi. Pard, Brazil. Wikipedia, in the public domain.

increases in July, which coincides with the timing of the human
WNYV epidemic in August to September when accounting for the
incubation period between virus infections and the start of ill-
ness symptoms (Kilpatrick et al. 2006b).

1.3 | Wild Bird Decline in the US

Tens of thousands of dead birds were reported after the spread
of WNV in the US. However, distinguishing the impact of a
newly introduced viral disease from the impact of environmen-
tal changes is not easy. Therefore, the evaluation of a 26-year
breeding bird survey bracketing the WNV introduction event al-
lowed an assessment of the WNV impact on bird populations in
the US against an environmental trend. Nationwide, a marked
population decline was noted after 1999 for the bird species that
showed before WNV introduction either population increases
(American crow, chickadee, eastern bluebird) or stable popula-
tions (house wren). American crows declined by 45%, and the
decline was correlated in time with the human WNV epidemic
in the US. In addition, regional differences were observed in
American crow populations, and their decline correlated with
the number of human WNV cases. A decline of the American
robin, a suspect species for initial WNV amplification, was
noted in northeastern US (LaDeau et al. 2007).

When using a dataset for birds captured over two decades in
North America, US researchers observed that half of the bird
species were negatively affected by WNV. They distinguished

two distinct patterns: species that were negatively affected by
the arrival of WNV but subsequently recovered (e.g., field spar-
row) and species that suffered a persistent population decline
(e.g., purple finch). Compared to the human WNV epidemic,
the losses from bird WNV epizootics were enormous. Over 30
million red-eyed vireos may have died from WNV arrival, rep-
resenting a 29% population decline. The study did not detect a
correlation with land use pattern or phylogenetic relatedness of
the most affected bird species (George et al. 2015). Lasting neg-
ative population effects of WNV epizootics were seen in only a
few bird species. Lesser impact of WNV was attributed to differ-
ences in the spatial WNV transmission intensity, which allowed
species with a broad range of habitats to find refuges from infec-
tion pressure (Kilpatrick and Wheeler 2019).

1.4 | Identification of the Bird Viral Reservoir
Species

To identify epidemiologically relevant bird WNV reservoirs, US
researchers exposed 25 bird species to infectious mosquito bites.
Marked differences were found with respect to titre and dura-
tion of viremia in the infected birds. Passeriformes birds reached
serum titres of up to 10'! plaque-forming units (pfu) WNV/mL
serum, while Galliformes birds remained below 103 pfu/mL. To
qualify for competence as a reservoir species, birds must sustain
a viremia greater than 10°pfu/mL to infect Cx. pipiens. Birds
with the highest reservoir competence index were blue jay, com-
mon grackle, house finch, American crow and house sparrow.
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Most infected birds, particularly passeriform birds, shed WNV
in the faeces; some also in oral exudates. Almost all organs of
infected birds contained WNV. Notably, 15 bird species could
also be orally infected (owls and crows feeding on infected ver-
tebrate prey). Infected Corvidae could infect naive cage mates
(Komar et al. 2003).

From bird decline and experimental infection data alone, it is
not possible to determine the bird reservoir species for WNV
transmission. One must complement these observations with
the feeding preference of mosquitoes. Such data were collected
from a 1-km? urban and residential area in Washington DC.
The abundance of birds was counted; birds were trapped and
bled to determine their WNV antibody levels. Then, mosquitoes
were collected by light traps and tested for WNV RNA. Finally,
the host species of the mosquito blood meal was determined by
PCR sequencing of the vertebrate cytochrome b gene. It turned
out that mosquitoes showed a strong feeding preference for
the American robin in comparison to other species such as the
house sparrow. In most sampling sites, American robins were
up to 70% the preferred host for blood meals, while robins repre-
sented < 5% of the bird counts. The observation was confirmed
by a 40% seroconversion rate to WNV in American robins.
Numerically, a single robin infected 24 mosquitoes. American
robins represent, thus, what has been dubbed superspreaders
in human epidemics. The cytochrome b data demonstrated that
about 10% of the blood meals were from mammals, predomi-
nantly humans. Since more than 90% of the mosquitoes were
molecularly determined as Cx. pipiens, the infection chain Cx.
pipiens — American robin — Cx. pipiens — human is the plau-
sible scenario in the eastern US. While American robins are
epidemic facilitators, poor amplifier bird species such as doves
and starlings can dampen an epidemic as a dilution host. Their
removal would therefore accelerate a WNV epidemic (Kilpatrick
et al. 2006a). Data from Connecticut concurred with these ob-
servations: 40% of the Cx. pipiens blood meals were from the
American robin, <1% were derived from the American crow,
while 6% came from mammals. Blood meals from American
robins decreased from 60% in early summer to negligible levels
in September/October when most individuals had migrated to
the south (Molaei et al. 2006).

1.5 | Mosquito-To-Mosquito WNV Transmissions

In the standard model, a susceptible mosquito bites an infected
vertebrate host. The virus then multiplies within the insect vec-
tor until it infects the salivary glands, from which it is expecto-
rated into the skin of another susceptible host during subsequent
blood feeding, resulting in virus transmission. Alternative mod-
els are vertical transmission where WNV can be maintained
within mosquito populations by direct transmission from an
infected female mosquito to its offspring. Furthermore, after an
infected blood meal, mosquitoes excrete high amounts of WNV
with low infectious stability into the faeces. Mosquito pupae can
become infected when experimentally exposed to infectious
mosquito excreta, which might allow maintaining a WN'V reser-
voir in mosquitoes without cycling into vertebrate hosts (Hamel
et al. 2024). Other researchers have stressed the importance of
nonviremic transmission of WNV. Infected Cx. pipiens fed si-
multaneously with uninfected mosquitoes on uninfected mice

could transfer WNV infection to 2%-5% of naive mosquitoes
before any viremia was observed in mice. They calculated that
a single infected mosquito could infect between 2 and 40 naive
mosquitoes that fed adjacent to the infected mosquito, allowing
a substantial amplification of WNV prevalence in Cx. pipiens
populations (Higgs et al. 2005). The ecological importance of
WNV mosquito-to-mosquito transmissions for bird epizootics
and human WNYV epidemics in the US is unclear. Arthropod-
borne viruses (arboviruses) such as WNV normally perpetuate
through alternating replication in vertebrate and invertebrate
hosts. Arboviruses must thus maintain adequate replicative fit-
ness in two disparate hosts in exchange for superior fitness in
one host (trade-off hypothesis). Serial passage only in the inver-
tebrate or only in the vertebrate host or alternative vertebrate—
invertebrate passages might change WNV replication fitness.
In a serial passage experiment in chickens or mosquitoes, re-
searchers observed an increased replication fitness of chicken-
passaged WNV for chickens and Cx. pipiens compared to the
unevolved inoculum. For mosquito-passaged WNYV, replication
fitness dropped dramatically in chickens and increased slightly
in mosquitoes. From this outcome, the authors deduced strong
and weak purifying selection in chicken and mosquito hosts for
WNYV, respectively (Deardorff et al. 2011).

1.6 | Iatrogenic WNV Transmission

Mammals do not contribute to WNV infection chains: they are
considered as dead-end hosts. The reason is simple: WNV titres
achieved by viremia in mammals are below the minimal infec-
tious dose needed for a mosquito to get infected (a blood meal
represents only a few microliters). However, this does not exclude
the possibility that blood from infected humans does not play
a role in WNYV transmission. By 2002, the Centers for Disease
Control and Prevention (CDC) had counted 4200 WNYV infec-
tions in the US. CDC explored the risk of WNV transmission
with blood donations: it searched for people who donated blood
1 week before developing WNV-like symptoms and for people
who developed fever, meningitis or encephalitis after receiving
a transfusion. CDC identified 23 likely transfusion-transmitted
WNV infections. Half of them were in immunocompromised
subjects. Red cells, platelets and fresh-frozen plasma were impli-
cated. Viremia developed in the recipients 2 weeks after transfu-
sion. Thirteen blood recipients developed meningoencephalitis;
seven died. Nine of the 14 associated blood donors reported
symptoms compatible with a viral infection (fever, rash, pain-
ful eyes) around the time of blood donation. WNV titres were
< 80pfu/mL in the donors, who were all IgM negative for WNV
(Pealer et al. 2003). Alerted by these observations, donor blood
testing was initiated in 2003 in the US. When nearly 700,000
blood samples were screened in sets of 16 pooled samples, 183
(i.e., 1 out of 3700) samples were WNV positive by PCR tests.
Further positive samples were detected when individual tests
were investigated, probably indicating samples with low viral
RNA titres. The mini pools detected 66% of the infected donors.
Case investigations identified 17 recipients that were infected
with blood samples that were negative by mini pool testing, in-
dicating that iatrogenic infections can occur even with very low
viral titres. Three quarters of the WNV RNA positive blood sam-
ples also showed antibodies to WNV. The positive blood sam-
ples were detected during the summer WNV epidemic season.
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During the 2004 WNYV season, 1 million donations were tested,
and only half as many viremic blood donors were detected com-
pared to 2003 (Busch et al. 2005). A study from the American
Red Cross concurred with these observations: In 2003, 1 in
6700 blood samples was WNV RNA positive compared with
1 in 23,000 in 2004. Positive samples clustered in the summer
months, and geographically, the peak of positive samples shifted
westward across the US in parallel with the westward shift of
observed clinical cases. IgM antibody-positive samples showed
60-fold lower WNV RNA titres than IgM-negative blood sam-
ples (Stramer et al. 2005).

WNV infection can also be transmitted by organ transplan-
tation. An accident victim received a blood transfusion from
63 donors; one showed a low level of WNV viremia. The ac-
cident victim died, and her organs were transplanted to four
organ recipients. At the time of transplantation, the organs of
the donor showed a low WNV titre (< 20 pfu/mL). Nevertheless,
three organ recipients developed WNV encephalitis; one recip-
ient died with WNV antigen detected in the brain (Iwamoto
et al. 2003).

Twenty percent of patients who had chronic symptoms years
after hospitalisation with WNV encephalitis excreted WNV
RNA but no infectious virus into the urine (Murray et al. 2010).
However, other clinicians reported that urine excretion of WNV
is infrequent (Baty et al. 2012).

1.7 | Spread of WNV in North America

The ArboNET scientists merged data from avian mortality
surveillance with those of human, horse and vector surveil-
lance and observed temporally correlated WNYV infections in
mosquitoes, birds and humans at regional resolution (Marfin
et al. 2001). CDC followed the yearly development of the WNV
epidemic in North America after the 1999 NYC outbreak. In
2000, a few additional WNV cases were reported in the north-
east US. In 2001, the infection had spread along the east coast,
reaching Florida, but case numbers still remained low. In 2002,
case numbers increased substantially and the outbreak reached
Texas in the south, as well as Quebec and Ontario/Canada in
the north. In 2003, the WNV infection had geographically
spread further and case numbers peaked. In 2004, the outbreak
reached the West coast, but case numbers decreased and showed
fluctuations over the following years. Another peak was seen in
2012 with an infection focus in Texas (Murray et al. 2013). Up to
2023, the cumulative WNV case numbers in the US were 60,000,
half of whom were hospitalised, mostly with neuroinvasive dis-
ease. Neurological cases showed a case fatality rate of 10%. Over
the last 20years, the highest incidence of more than 1 case per
100,000 population was observed in the Great Plains of the USA.
No marked difference was seen between the sexes, but subjects
younger than 40years were less affected. Most cases were re-
ported between July and September, with a marked August peak
(Current Year Data (2024) | West Nile Virus | CDC). Until 2010,
over 3 million WNYV infections were estimated for the US based
on seroprevalence studies, suggesting that 140-350 WNV infec-
tions resulted in one neuroinvasive disease. The highest cumu-
lative infection incidence was observed in the Central Plains;

the top state was South Dakota with 13% of the population ex-
periencing a WNV infection, followed by Wyoming and North
Dakota. At the lower end of infections, 0.1% of the population
were infected in Washington state (Petersen et al. 2013). The
high rates in the Great Plains might be linked with large areas
of irrigated farmland, which provide breeding grounds for Culex
mosquitoes, particularly Cx. tarsalis. The Central Plains experi-
enced, in 2002, a marked WNV epizootic in horses with more
than 15,000 cases, and North Dakota reported a case fatality rate
of 22% in affected horses (Ndiva Mongoh et al. 2008).

Surprisingly, despite a few WNYV cases of introduced infections
in South America (Morales et al. 2006), no infection waves were
reported in birds, horses or humans, although these countries
provide suitable ecosystems (Komar and Clark 2006), except
that the geographical distribution of Cx. tarsalis does not extend
to South America (Shocket et al. 2020).

1.8 | Phylogenomics

Tools were developed to follow pathogen spread and evolution
using genomic epidemiology approaches (Nextstrain). This tool
was also applied to WNV infections in North America (Davis
et al. 2005; Hadfield et al. 2019; Ronca et al. 2021). WNV ge-
nomics data from mosquitoes and birds showed that the virus
from the NYC 1999 outbreak travelled with a speed of 1000km
per year from the East to the South, reaching Florida in 2001,
and then to the West, reaching Washington state in 2002 and
California in 2003. During travelling, WNV accumulated ge-
netic diversity displaying a ‘bush-like’ tree topology, meeting
only a few geographical barriers. Spread was apparently fa-
voured by migratory birds and a large trucking industry. The
requirement to maintain genetic fitness for efficient replication
in two very different animal hosts imposes constraints on the
virus evolution such that WNV shows lower rates of genome
diversification compared to RNA viruses in general. The NYC
outbreak strain NY99 still reached the Mississippi river unal-
tered. In 2001, a mutant WNO2 emerged with a single aa re-
placement in the envelope protein E (E-V159A) that became
dominant in 2003 and marked the westward spread of WNV
(Figure 2). The mutation could be adaptive since a higher pro-
portion of Cx. pipiens mosquitoes became infected and trans-
mitted WNV after feeding on WNO02 than on NY99 (Moudy
et al. 2007). In addition, peak viremia titres in experimentally
infected house sparrows were 10-fold higher with WNO02 than
with NY99, suggesting a selective advantage for the variant
virus also in birds. The researchers also noted that the peak vi-
remia titre for NY99 decreased in sparrows between 2000 and
2015, in parallel with increasing bird survival rates, indicating
resistance development in the avian host and suggesting adap-
tive evolution in both WNV and sparrows (Duggal et al. 2014).
Later, another mutant derived from WNO2 emerged, called
SWO03, showing two additional mutations in nonstructural pro-
teins NS4A and NS5 (NS4A-A85T and NS5-K314R). In the US,
both WNV strains coexisted and even co-circulated in the same
region.

Two hypotheses have been formulated to explain the more serious
clinical symptoms of human WNV infection in North America
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compared to infections in the Old World: it could reflect an in-
trinsic higher virulence of the NY99 strain introduced into North
America or its introduction into an immunologically naive popu-
lation. Data from experimental WNYV infections in the American
crow seem to favour the first hypothesis. A WNV isolate from
Africa induced a delayed and 10,000-fold lower viremia and a de-
layed and lower rate of mortality in American crows compared
to crows infected with NY99 (31% vs. 94% death, respectively).
Phylogenetic analysis of WNV genomes revealed a positive selec-
tion for aa position 249 in the nonstructural protein NS3 that cor-
related with higher virulence in crows. Specifically, NY99 showed
a T249P replacement (Figure 3). When the reciprocal mutation
P249T was introduced into NY99, its virulence in crows was at-
tenuated. The N'S3 T249P mutations have been introduced several
times and independently in lineage I WNV strains; in two cases,

M protein
E dimer

it was associated with virulent human epidemics (Romania 1996
and Russia 1999, see below) (Brault et al. 2007).

2 | WNV Infections in Europe
2.1 | Major Outbreaks

Until 1962, WNV outbreaks were unknown in Europe. Then,
France reported an epizootic in horses from the Camargue re-
gion. The affected animals showed neurological symptoms
(ataxia and weakness) and a 25% mortality (Joubert et al. 1970).
Several human cases of encephalitis and one death were also re-
ported (Panthier et al. 1968). Serosurveys indicated that WNV
continued to circulate in Europe without, however, causing

FIGURE2 | Structureofa typical Flavivirus (here a Zikavirus); the left shows a cut view of the virus with major structural proteins and viral RNA

in the core (light blue lipid membrane derived from the infected cell); the right shows the surface view. Figure credit: ViralZone, SIB Swiss Institute

of Bioinformatics, see https://viralzone.expasy.org/ CC BY 4.0.
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FIGURE3 | Genome map of West Nile Virus at the bottom, with the genome segments encoding the structural proteins C, M and E and the non-
structural proteins NS1, NS2A, NS2B, NS3, NS4A, NS4B and NS5. The genome is translated into a polyprotein and subsequently cleaved into the
indicated individual proteins. The genome map and cleavage are simplified and not to scale. *Indicates mutations with phenotypic consequences

discussed in the text. At the top is a scheme of the membrane topology for the West Nile Virus proteins as observed within the infected cell across the

ER (endoplasmic reticulum) membrane. Figure credit: Simplified redrawing from Lindenbach et al. (2021).
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clinical outbreaks. The situation changed in 1996 when a large
epidemic was reported in Romania. Between July and October,
800 patients with neurological infections were counted in
Bucharest and the Lower Danube valley. For 440 cases, diag-
nostic material was obtained and WNV infection was serologi-
cally confirmed in 80%. Meningitis (40%) and encephalitis (16%)
were the dominant neurological signs. The disease started with
abrupt fever, headache and neck stiffness. The fatality rate was
4%. Disease incidence and death risk increased substantially
with age. The disease incidence was 12 per 100,000 people in
Bucharest. WNV seroprevalence was not detected before the
outbreak and increased to 4% in Bucharest after the outbreak,
suggesting one clinical case for 140-320 subclinical infections.
WNYV was identified in Cx. pipiens mosquitoes. Houses, leaking
pipes and poultry sheds were heavily infested with Cx. pipiens.
WNYV neutralising antibodies were detected in 40% of domestic
fowl and in 8% of wild birds. The authors of the study suspected
the introduction of WNV by migratory birds from the Middle
East via the Black Sea flyway (Tsai et al. 1998). In 1998, a small
WNYV outbreak was reported among 14 horses from Tuscany/
Italy, which developed ataxia and muscle weakness with re-
cumbencys; six horses died (Cantile et al. 2000). In 1999, a me-
ningoencephalitis outbreak with 800 human cases was noted
in Volgograd/Russia; 180 cases were serologically identified as
WNYV infections, and 40 of them were fatal. Virus sequences
could be amplified by RT-PCR from brain tissues of autopsied
patients, demonstrating over the WNV E gene a sequence identi-
cal to that of the Romanian isolates (Platonov et al. 2001).

2.2 | WNV Lineages

Before 2004, WNV infections in animals and humans from
Europe displayed lineage 1 genome sequences, closely related
to the North American WNYV strains and WNYV isolates from
Africa, Asia (lineage 1a) and Australia (‘Kunjin virus’, lineage
1b). In the Czech Republic lineage 3 viruses circulated, but
they were restricted to mosquitoes. In 2004, a lineage 2 WNV,
normally circulating in sub-Saharan Africa, was detected in
Hungary, parallel to a local epizootic in geese and 14 WNV en-
cephalitic cases in humans. The researchers suspected an intro-
duction by migratory birds roaming the Hungarian wet plains
and overwintering in Central Africa (Bakonyi et al. 2006). In
2010, an epidemic with 191 serologically diagnosed neuroinva-
sive human WNYV cases was noted in northern Greece, causing
32 deaths, all in elderly patients. Mosquitoes yielded a lineage 2
virus closely related to the Hungarian isolate (Papa et al. 2011).
Lineage 2 WNV subsequently shifted northward to Germany
and The Netherlands.

2.3 | Northward March of WNV

Detailed genome sequencing efforts from birds and mosquitoes
differentiated two clusters in lineage 2 WNV that spread to the
west (Cluster A) and to the south (Cluster B) of Europe with dis-
tinct but high dispersal velocities of 90-200km per year. This
speed suggests propagation by bird movements because these
distances are too long to be explained by the dispersal of Culex
mosquitoes. Cluster A WNV showed a northward spread to
Germany and The Netherlands (Koch et al. 2024). Key attractors

to the north were areas with high crop density, livestock culti-
vation, urbanisation and wetlands with high farming density,
favouring Cx. pipiens breeding opportunities and increasing air
temperature after 2003 (Lu et al. 2024). WNV cases occurred
in 38 horses and 5 humans from East Germany. WNV sequenc-
ing in infected Cx. pipiens documented a single virus introduc-
tion event (Ziegler et al. 2020). Hibernating Cx. pipiens yielded
WNYV, demonstrating that the virus can overwinter in Germany.
The low prevalence of WNV infections in mosquitoes suggests,
however, that WNV is still a hypoendemic infection in Germany
(Kampen et al. 2021). In 2020, marked by an unusual local heat
wave, a cluster of nine human WNV cases was observed in
Leipzig/Germany; six patients showed neurological disease and
one patient died (Pietsch et al. 2020). In parallel, six WNV cases
were reported from The Netherlands; two showed neurological
disease (Vlaskamp et al. 2020).

2.4 | WNVIn Spain

WNV has been detected in Spain since 2004. A major outbreak
occurred in 2020. It started in August in Sevilla and extended
then to surrounding areas in Andalusia and Extremadura.
Overall, 77 WNV human cases were reported, 94% presented
with neurological disease and 8 died. In parallel, more than
100 outbreaks in horses were reported in the Guadalquivir river
marshes from Andalusia. The human cases showed lineage 1
WNYV, which was also detected in birds, horses and Culex vec-
tors. Cx. perexiguus vector activity was dramatically increased
in 2020 in rice-growing areas where many aquatic birds con-
centrate (Garcia San Miguel Rodriguez-Alarcén et al. 2021). The
outbreak was not produced by a new virus introduction but by a
strain that circulated in the area at least since 2013 (Ruiz-Lopez
et al. 2023). Longitudinal analyses of the incidence of WNV in
common coot birds and horses in the 2020 and 2024 outbreak
areas suggest that WNV incidence is higher after mild winters
(Magallanes et al. 2023, 2024).

The number of infections decreased in 2021 and 2022. Mild
winter conditions in 2023 extended vector virus detection until
November. A resurgence with 158 WNYV cases and 20 deaths
was observed in 2024 in the West Andalusia and Extremadura
regions (in Spanish: https://www.sanidad.gob.es/areas/alert
asEmergenciasSanitarias/preparacionRespuesta/docs/20250
131_ERR_Nilo_Occidental.pdf). These cases were linked with
lineage 1 WNYV, while lineage 2 WNV cases were reported in
East Andalusia. In 2024, the European CDC (ECDC) reported
1,436 human cases for Europe The main infection foci were
in the Mediterranean area (Italy>Greece> Spain), with 125
deaths for all of Europe. Seventy percent of the cases presented
with neurological symptoms. In addition, more than 490 WNV
outbreaks were reported in horses, mostly in Germany (https://
www.ecdc.europa.eu/en/west-nile-fever/surveillance-and-
disease-data/disease-data-ecdc).

2.5 | US-Europe WNV Outbreak Comparison

WNYV outbreaks in Europe remained localised, while the WNV
epidemic spread rapidly in a wave-like fashion across North
America. One possible reason explaining this difference is that
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birds and mammals from Eurasia were exposed to WNV in the
past and therefore display a level of immunity not seen in birds
and mammals from the Western hemisphere where animals
were immunologically naive towards WNV. In Europe, WNV is
known from 1980 in Ukraine, and serological evidence from the
1970s demonstrated its presence in Albania. We therefore can-
not anticipate an immunologically naive population for WNV
in Europe, which might explain why a continuous wave-like
spread over Europe was not observed, but isolated outbreaks,
limited in time and geographical space. American robins play an
important role in the USA in spreading WNV with their migra-
tion to the south, thus propagating the infection to further areas
(Kilpatrick et al. 2006b). In contrast, the ecologically corre-
sponding bird species in Europe, the Eurasian blackbird (Turdus
merula), is a non-migratory species resident in urban areas. The
Eurasian blackbird is in Europe, a highly preferred host for Cx.
pipiens (Rizzoli et al. 2015; Tiron et al. 2021). Correspondingly,
blackbirds showed a seroprevalence of over 90% against fla-
vivirus during recent WNV outbreaks in Spain (Figuerola
et al. 2022). Interestingly, the relationship between biodiver-
sity and WNV incidence is also different in North America and
Europe. While counties in the US hosting a higher number of
wild bird species had a reduced incidence of WNV in humans
(Swaddle and Calos 2008), the opposite relationship has been
reported in Europe, with higher WN'V seroprevalence being re-
ported in localities with a richer avian community (Ferraguti
et al. 2021), suggesting that the capacity to amplify WNV may
widely differ between avian communities on the two continents.
Other researchers have noted genetic differences between Culex
vectors in Europe and the US (Fonseca et al. 2004). An analysis
of polymorphic microsatellite markers and multi-locus genotype
analysis identified two distinct branches of European Culex
vectors. There is a European aboveground and a belowground
branch of Cx. pipiens. The latter branch is represented by a
northern European mosquito population living in underground
railway tunnels of great cities that bite humans readily. The abo-
veground branch is represented by mosquitoes from Southern
Europe, North Africa and the Middle East, which bite preferen-
tially birds. A high presence of hybrids between both bioforms
in the US could explain a high contact rate between mosquitoes
feeding on both birds and humans. However, these hybrids are
also frequent in southern Europe (Ancient origin of an urban
underground mosquito | bioRxiv). A wide range of Culex spe-
cies has been reportedly involved in the transmission of WNV
in the US, with their relative importance shifting geographically
(Rochlin et al. 2019). This contrasts with a more uniform Culex
population in Europe, which might also explain the different
WNYV epidemiology pattern observed on the two continents.

3 | Climate Change Effects
3.1 | Temperature: Entomological Studies

Several biological factors determine the transmission of arbo-
viruses. These are insect vector competence, vector population
density, feeding behaviour and flight range, as well as popula-
tion density and susceptibility of the vertebrate amplification
hosts. Physical factors also matter. In the focus of current in-
terest is ambient temperature to assess the potential effect of
global warming on disease transmission (Watts et al. 2021a).

For arbovirus infection, an important parameter is the extrinsic
incubation period, the median time from imbibing an infectious
blood meal until infected females transmit WN'V. Dissemination
of WNV within the body of Cx. pipiens after a blood meal oc-
curred quicker and in a higher number of mosquitoes and
reached higher titres when the ambient temperature increased
from 18°C to 30°C (Dohm et al. 2002). Studies with Cx. tarsalis
exposed to WNV NY99 demonstrated that donor birds need to
exceed a WNV titre of 10° pfu/mL blood to achieve a 50% infec-
tion rate of the vector. The mean titre in the vector increased as a
function of incubation time in the vector and increased gradually
with increasing temperatures up to 30°C. Only mosquitoes with
WNV titres >103 pfu could transmit infections. Transmission
efficiency increased with days after an infectious blood meal
and increasing temperature. No transmission was detected
below 18°C, and transmission was maximal at 26°C-30°C. WNV
transmission and infection epicentres during the US 2002-2004
WNV epidemic were associated with regions showing above-
average summer temperatures (Reisen et al. 2006). Another
study confirmed that the fraction of Cx. pipiens transmitting
WNYV was strongly temperature-dependent: At 32°C, half of the
mosquitoes transmitted WNV within 10days after ingestion of
an infectious blood meal; at 22°C, it took 4 weeks to reach this
level of transmission. In addition, differences between WNV
genotypes became apparent: WNO2 transmitted 2-fold more ef-
ficiently than N'Y99. At 18°C, only negligible transmission was
observed (Kilpatrick et al. 2008). Shocket et al. (2020) analysed
the temperature dependence of WNV transmission in three
mosquito species (Cx. pipiens from temperate higher latitude
areas, Cx. quinquefasciatus from temperate and tropical lower
latitude areas, and Cx. tarsalis restricted to North and Central
America covering temperate to tropical areas). Temperature had
distinct effects on different biological traits: maximal mosquito
development occurred at 30°C, bite rates peaked above 30°C,
while life span decreased dramatically above 20°C. Oviposition
was optimal at 25°C. WNV development rate within mosquitoes
was maximal near 40°C, but thermal optima for transmission
WNYV was around 25°C (minimum 12°C-17°C and maximum
32°C-35°C according to different Culex species). The research-
ers concluded that climate warming will likely shift transmis-
sion of WNYV diseases, increasing it in cooler locations while
decreasing it in warmer locations.

3.2 | Temperature: Epidemiological Studies
and Predictions

Small local epidemiological investigations supported the impor-
tance of temperature for WNV activity. When analysing data
from three counties in California, temperature and precipitation
were the strongest predictors for the incidence of human WNV
cases, followed by the proximity of WNV-positive mosquito pop-
ulations in neglected swimming pools (Hernandez et al. 2019).
Water butts in urban gardens in the UK were dominantly col-
onised by Cx. pipiens. Titres were greater than in rural garden
water butts, possibly explained by the urban heat island effect
(Townroe and Callaghan 2014). While these data present an-
ecdotal evidence for the importance of temperature on WNV
infections, large data sets also concur with this conclusion.
Epidemiologists analysed the 7-fold higher WN'V epidemic activ-
ity in Europe in 2018 compared to the preceding year. They used
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machine learning, combined with artificial intelligence trained
on datasets from 2010 to 2017. In their analysis, key drivers for
the 2018 peak epidemic activity were the mean temperature of
the warmest quarter of the year, followed by maximum spring
temperatures. Also, the preceding year's climate conditions
made significant contributions (Farooq et al. 2022). These au-
thors also tried predictions of WNV infections in Europe under
climate change conditions for the time period 2040-2060. Under
the most conservative conditions, the overall risk will increase
by 3.5-fold; Western Europe will see a marked 10-fold increase.
Lesser increases are foreseen for the Balkans and Southern
Europe since in these regions already a third of the areas are al-
ready now at risk of infection. Risk will not increase linearly, but
Europe will likely see sharp changes from year to year (Farooq
et al. 2023). Although the authors also analysed the relationship
between WNYV incidence and vectors and host abundance, the
poor quality of the original databases makes their results less re-
liable than for other climatic and environmental factors (Taheri
et al. 2024). This criticism highlights the need to obtain reliable
information on biodiversity at a European scale to improve our
knowledge and allow projections for zoonotic pathogens. Based
on data from 2010 and 2012, when major WNV outbreaks were
noted in Volgograd, Russia and North Eastern Greece, high pre-
cipitation in late winter/early spring, high summer temperatures,
summer drought, occurrence of irrigated croplands and highly
fragmented forests were key predictors of WNV fever outbreaks
(Marcantonio et al. 2015). Based on WNV outbreaks and spatial-
temporal data for Europe from 2007 to 2018, Spanish researchers
identified mean summer temperatures above 22°C, mean winter
temperatures between 2°C and 6°C and rainy days in summer
as meteorological factors, which are positively associated with
WNYV infections. These factors are known to further both the
fitness and survival of Culex vectors (Watts et al. 2021b). Belgian
researchers also analysed WN'V data for the same time period for
Europe and concurred with these observations. Air temperature
in summer, followed by air temperature in winter, relative hu-
midity in winter, precipitation in summer and relative humidity
in fall affected the rate of WNV infections. They concluded that
current hotspots of WNV circulation in Europe can largely be
explained by climate change effects (Erazo et al. 2024).

When plotting the WNV cases between 2005 and 2019 on the
US map, researchers observed a clustering along the population-
rich areas of the east and west coasts. However, when normalis-
ing for population size, a distinct pattern emerged. High WNV
incidence areas described a wedge starting with a broad basis
in the Great Plains at the Canadian border and a sharp end in
Texas. A second hotspot was in Oregon/Idaho. Climate wise,
these regions of high WNV incidence are characterised by dry
(<25mm precipitation per month) and cold (mean below 0°C)
winters. WNV incidence was low in areas with summer tem-
peratures above 24°C and higher fall precipitation. Dry agricul-
tural areas, supported by irrigation, bring birds, mosquitoes and
humans into close proximity. Cx. tarsalis is a vector for WNV
under drier conditions. American robins are present year-round
in the Great Plains. The Great Plains are a primary area for agri-
culture; people are therefore more likely outdoors for their occu-
pation (Gorris et al. 2023).

The analysis of environmental factors affecting WNV outbreaks
is complicated by the fact that infection does not only depend

on Culex mosquitoes but also depend on bird biology. However,
while 40% of the published reports investigated the infection-
related ecology of insect vectors, only 8% of the publications
investigated birds, the major WNV reservoir. The authors con-
cluded that more bird WNV ecology data are needed to achieve
reliable predictions of climate and landscape effects on future
WNV development in Europe and elsewhere (Gorris et al. 2023).

4 | Outlook

A better understanding of WNV infections and their geograph-
ical spread needs data input from many different scientific dis-
ciplines, ranging from virology, over entomology to ornithology,
veterinary and human medicine, epidemiology and climate sci-
ence. Knowledge in this wide range of disciplines is rarely found
represented in a single research department. Climate changes
affect the biological cycle of viruses, the life traits and geograph-
ical distribution of mosquitoes and birds (serving as primary
reservoirs), as well as behavioural responses of mammals and
humans (serving as dead-end hosts of medical importance).
Climate is composed of many different physical factors, and the
different biological systems will not respond in a parallel way
to changing individual physical parameters, which will result
in complex system responses with climate change, making the
analysis and, even more, the prediction of future trends a chal-
lenging task. Landscape structure affected by urbanisation and
agricultural activities also prominently influences the ecology
of insects and birds, adding an additional layer of complexity
to prediction models. WNV infections are thus a typical task
for the One Health Initiative (Giesen et al. 2023), coordinated
by four United Nations (UN) organisations: FAO (Food and
Agricultural Organisation), UNEP (UN Environment Program),
WHO (World Health Organisation) and WOAH (World
Organisation for Animal Health), treating human, animal and
environmental health as one integral objective (One Health). In
view of the limited financial resources of these UN organisa-
tions, One Health initiatives also need the support of the inter-
national scientific community conducting research work in the
field of One Health questions. As progress in this field depends
on data acquisition from time-intensive field work, the help of
citizen scientists is here absolutely needed for collecting data on
mosquitoes and birds (Ainsworth 2023). Citizen scientists could
also spread the information on climate effects on disease spread
to a wider public, which will be important to increase the accep-
tance for future control measures and motivation for changes in
individual behaviour to curtail the likely increased risk of arbo-
virus infections in the future.

The Lancet Countdown on health and climate change concluded
that climate change is affecting the distribution and risk of
many infectious diseases to humans, particularly vector-, food-
and water-borne diseases. The report expressively mentioned
infections with dengue virus, falciparum malaria parasites
and Vibrio bacteria, noting that climate suitability for disease
transmission is increasing globally (Watts et al. 2021a). A New
England Journal of Medicine review on climate change and
vector-borne diseases added Lyme disease and WNV disease
to this list (Thomson and Stanberry 2022). Since WNV disease
affects populations in the industrialised Northern hemisphere
while vaccines and curative treatments are currently lacking,
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the political and financial incentives are given to increase aca-
demic and industrial research on mosquito-vectored infectious
disease.
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