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Abstract

Background Culex theileri (Theobald, 1903) is distributed in Afrotropical, Paleartic, and Oriental regions. It is a mainly
mammophilic floodwater mosquito that is involved in the transmission of West Nile virus (WNV, renamed as Orthofla-
vivirus nilense by the International Committee on Taxonomy of Viruses [ICTV]) in Africa. This virus is a mosquito-borne
flavivirus that is kept in an enzootic cycle mainly between birds and mosquitoes of the Culex genus. Occasionally, it
affects mammals including humans and equines causing encephalopathies. The main purpose of the present study
was to evaluate the vector competence of a European field-captured Cx. theileri population for circulating WNV line-
ages (1 and 2).

Methods Field-collected Cx. theileri larvae from Sevilla province (Spain) were reared in the laboratory under sum-
mer environmental conditions. To assess the vector competence for WNV transmission, 10-12 day old Cx. theileri
females were fed with blood doped with WNV lineages 1 and 2 (7 log,, TCID5,/mL). Females were sacrificed at 14-
and 21- days post exposure (dpe), and their head, body, and saliva were extracted to assess infection, dissemination,
and transmission rates, as well as transmission efficiency.

Results A Culex theileri population was experimentally confirmed as a highly competent vector for WNV (both line-
ages 1 and 2). The virus successfully infected and disseminated within Cx. theileri mosquitoes, and infectious virus iso-
lated from their saliva indicated their potential to transmit the virus. Transmission efficiency was 50% for lineage 1 (for
both 14 and 21 dpe), while it was 24% and 37.5% for lineage 2, respectively. There was barely any effect of the midgut
infection barrier for lineage 1 and a moderate effect for lineage 2. The main barrier which limited the virus infection
within the mosquito was the midgut escape barrier.

Conclusions In the present study, the high transmission efficiency supports that Cx. theileri is competent to transmit
WNV. However, vector density and feeding patterns of Cx. theileri mosquitoes must be considered when estimating
their vectorial capacity for WNV in the field.
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Background

Culex theileri (Theobald, 1903) is a floodwater mos-
quito distributed in south, east, and north Africa, as well
as Palearctic, Middle Eastern, and east Oriental regions
[1]. It is a polycyclic species that can be found in a broad
range of elevations. The larvae occur in spring in places
with stagnant water, and usually breed in fresh or slightly
saline water. Several pathogens of medical and veterinar-
ian importance have been detected from Cx. theileri mos-
quitoes, including Sindbis virus, West Nile virus (WNV),
Rift Valley Fever virus [1, 2], Dirofilaria immitis [3], and
Plasmodium spp. [4]. Vector competence of Cx. theileri
for WNV lineage 2 (WNV-2) collected near Johannes-
burg was demonstrated by feeding on viraemic chicks,
suggesting it as a potential vector of WNV in South
Africa [5, 6]. However, to the best of our knowledge, no
other information for other Cx. theileri populations is
available for Europe [7] nor for any other continent.

West Nile virus (recently renamed as Orthoflavivirus
nilense [8]) is a mosquito-borne arbovirus belonging to
the Orthoflavivirus genus in the family Flaviviridae [9].
WNYV has a wide geographical range and today it is found
commonly in Africa, Europe, the Middle East, North
America, and West Asia. WNV is transmitted mainly
between mosquitoes of the Culex genus, that act as vec-
tors, and birds as the principal reservoir hosts [10-12].
Humans and equids are considered dead-end hosts,
which means that in infected individuals the virus is not
able to reach enough viremia to be spread to mosquitoes.
Luckily, most of WNYV infections in humans are asymp-
tomatic, although in elderly or immunocompromised
individuals, as well as in some horses, neurological dis-
orders can also result in encephalitis, meningitis, or even
death [13, 14].

Although the vector competence of Cx. theileri has
been proven for South African mosquitoes [5, 6], it
is not generally assumed to play an important role in
WNYV transmission in the field owing to its ecological
traits. Culex theileri is mainly a mammophilic mosquito
that feeds occasionally on birds, behavior that has been
described in different countries, such as Iran [15], Portu-
gal [16], and Spain [17, 18]. This makes it difficult for Cx.
theileri to enter into the transmission cycle of WNYV, as
the virus is maintained in a transmission cycle between
birds and mosquitoes [19]. WNV field surveillance data
in Europe further support the low implication of Cux.
theileri in WNV circulation in Europe [20], with no
detection of WNV-positive Cx. theileri despite extensive
testing in Italy, Spain, and Tiirkiye [21, 22].

Several lineages of the WNV have been identified in
Europe; the primary lineages that infect humans are
1 and 2. The co-circulation of WNV lineage 1 (WNV-
1) and 2 (WNV-2), the recent expansion of WNYV into
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more northern regions of Europe outside of its endemic
regions, and the yearly recurrence of outbreaks makes
WNV a public health concern in Europe [23]. At least
13 introductions of WNV-1 and WNV-2 have taken
place into Europe, compared with only one introduc-
tion of WNV-1 in North America, resulting in the spread
of the virus to a new continent [24]. In Spain, WNV
was first detected in humans in 2004 [25], birds in 2007
[26], mosquitoes in 2006 [27], and again in both humans
(two cases) and horses (36 affected herds) [28] in 2010.
Since then, WNV-1 has been considered endemic in the
southwestern region [29]. In 2017, WNV-2 was detected
for the first time in Catalonia (northeastern Spain) in a
northern goshawk [30] and has been able to persist in
this region [31].

The current climate change situation can alter both the
temporal dynamics of circulation of WNV and the abun-
dance and distribution of its vectors. A higher spring
temperature has been related with an earlier detection of
WNV [32], as well as with an earlier start of a Culex pipi-
ens season and increased season length in northern Italy
[33, 34]. In southern Spain, a long-term study revealed
the correlation between warm winters and springs and a
higher WNV detection in host birds [35] and horses [36].
In 2020, the WNV epidemiological situation in Spain
worsened, with 77 cases in humans, including seven
deaths [37], evidencing the potential impact of WNYV on
public health. This situation was related to a high density
of Culex perexiguus near the affected area, and retrospec-
tive analyses of collected mosquitoes found 33 pools of
this species and 1 pool of Cx. pipiens infected with WNV
[38]. Even Cx. theileri seemed not unrelated to 2020’s
outbreak in Sevilla; it is present in high densities in the
affected area during the spring season, that is, its peak
abundance occurs during May, June, and July [39], before
WNYV peak season, which reaches its height in the north-
ern hemisphere around July—September [40].

The main purpose of the present study was to evaluate
the vector competence of a European field-collected Cx.
theileri population for circulating WNV-1 and WNV-2,
simulating summer conditions in Sevilla, to better esti-
mate its potential role in WNYV transmission.

Methods

Mosquito rearing and characterization

A Culex theileri population was obtained by rearing lar-
vae collected in Puebla del Rio (37°16" N, 6°03" W) and
Coria del Rio (37°17" N, 6°03" W) (Sevilla province) in
June 2022. Larvae were reared in trays containing 750 mL
of dechlorinated water supplemented with food fish
(Tetra Goldfish, Melle, Germany), with each tray con-
taining 200 larvae. Mosquitoes were maintained in the
laboratory under controlled environmental conditions
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following the environmental conditions in the Sevilla
province in summer, calculated on the basis of the mean
conditions from July to September 2020 and 2021: 14:10
(L:D) photoperiod, 29-23 °C temperature ,and 70% rela-
tive humidity. These data were obtained from the EU’s
Copernicus programme (https://www.copernicus.eu/).

The colony was started from field-collected larvae.
When larvae emerged as adult individuals, all those that
had progeny after blood feeding were characterized mor-
phologically [41] and a subset of them (10 out of 66) were
molecularly confirmed by polymerase chain reaction
(PCR) and sequencing of a 710 bp fragment of the mito-
chondrial cytochrome ¢ oxidase subunit I gene of the
Cx. theileri species. Briefly, DNA from progenitors was
extracted from legs and wings following the procedure
described in Vogels et al. [42]. PCR was performed using
LCO1490 and HCO2198 primers as previously described
[43]. PCR reactions were carried out using Biotools DNA
polymerase (Biotools, Madrid, Spain) in 25 pL reaction
volumes: 2.5 pL buffer (10x), 0.25 pL MgCl,, 1.25 pL for-
ward primer (10 pM), 1.25 pL reverse primer (10 pM),
0.4 pL Taq polymerase, 0.5 pL dNTPs mix (10 pM)
(Biotools, Madrid, Spain), 18.35 pL nuclease-free water,
and 0.5 pL template DNA. PCR thermal cycling con-
ditions were as follows: 95 °C for 5 min; followed by 35
cycles of 95 °C for 1 min, 40 °C for 1 min, and 72 °C for
1 min 30 s; and 72 °C for 7 min. DNA of PCR products
were quantified by Biodrop (Fisher Scientific, Pittsburgh,
USA) and sequenced (Macrogen, Seoul, KR).

A previous study performed between 2001 and 2005
in Spain identified 50 insect-specific flavivirus posi-
tive pools of Cx. theileri [44]. Thus, a subset of the pro-
genitors (10 out of 66) was screened for flaviviruses,
and also for Wolbachia, to confirm the absence of these
infections and avoid their possible interference with the
results of vector competence assay. Briefly, viral RNA was
extracted from progenitors’ bodies using the NucleoSpin
RNA Virus kit (Macherey—Nagel, Diiren, Germany).
PCR for flavivirus detection was performed using cFD2
and MAMD primers targeting a 250 bp fragment of the
NS5 gene [45]. PCR reactions were performed using the
Qiagen One Step RT-PCR Kit (Qiagen, Hilden, Ger-
many) in 25 pL reaction volumes: 5 pL One Step buffer,
2.5 uL. Q solution, 0.5 pL. dNTPs, 0.25 pL ribonuclease
inhibitor (20U/uL) (Applied Biosystems, Massachusetts,
USA), 1 pL enzyme mix, 1.25 pL forward primer (10 pM),
1.25 pL reverse primer (10 uM), 11.25 uL nuclease-free
water, and 2 pL template RNA. PCR thermal cycling con-
ditions were as follows: 50 °C for 30 min and 95 °C for
15 min; followed by 40 cycles of 94 °C for 30 s, 55 °C for
30 s and 72 °C for 30 s; and 72 °C for 7 min. DNA was
extracted from progenitors’ bodies using the DNeasy
Blood & Tissue kit (Qiagen, Hilden, Germany) following
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the instructions of the manufacturer. PCR for Wolbachia
detection was performed using wsp 183F and wsp 691R
primers, as previously described [46]. PCR reactions were
carried out using BIOTAQ DNA Polymerase (Bioline,
London, UK) in 20 pL reaction volumes: 2.5 uL buffer
(10x), 2 uL. MgCl,, 1 pL forward primer (10 pM), 1 pL
reverse primer (10 uM), 0.5 uL. dNTPs (Bioline, London,
UK), 0.2 uL. Taq polymerase, 10.8 pL nuclease-free water,
and 2 pL template DNA. PCR thermal cycling conditions
were as follows: 94 °C for 3 min; followed by 35 cycles of
94 °C for 1 min, 55 °C for 1 min and 72 °C for 1 min; and
72 °C for 7 min.

Viruses

WNV-1 and WNV-2 were used to assess the vector com-
petence of Cx. theileri mosquitoes. WNV-1 [SPA-E-2020-
01, kindly provided by Miguel Angel Jiménez-Clavero,
INIA-CISA, and first isolated at Laboratorio Central de
Veterinaria de Algete (Madrid)] was isolated from the
brain of a cinereous vulture (Aegypius monachus), from
Cadiz in 2020, on Vero 76 CRL-1587 cells (ATCC, Vir-
ginia, USA) and propagated at the Institut de Recerca
i Tecnologia Agroalimentaries—Centre de Recerca en
Sanitat Animal (IRTA-CReSA, Barcelona) once on Vero
CCL-81 cells (ATCC, Virginia, USA). WNV-2 [AC924,
first isolated at Institut de Recerca i Tecnologia Agroali-
mentaries—Centre de Recerca en Sanitat Animal (IRTA-
CReSA, Barcelona)] was isolated from the brain of a
northern goshawk (Accipiter gentilis) from Tarragona in
2020 and was passaged one time on Vero CCL-81 cells
(ATCC, Virginia, USA).

Vector competence assay

Culex theileri females (F3) were artificially fed with
chicken blood doped with WNV from a frozen viral
stock when 10-12 days old. The final concentration for
both WNV-1 and WNV-2 was 7 log;, TCID5,/mL. This
titer was used as suggested by Vogels et al. to compare
the outcomes of different vector competence studies for
WNV [7]. Before virus exposure, sucrose starvation was
performed for 4 days, mosquito females were allowed
to drink water for the first 72 h of sucrose starvation,
and no food or water was provided the last 24 h before
blood feeding. The viral exposure was performed using a
Hemotek feeding system (Discovery Workshop, Accring-
ton, UK) set at 37.5 °C for 1 h. Blood-engorged females
were anesthetized with CO,, separated into groups of 10
in cardboard cages (Watkins & Doncaster, Leominster,
UK), and kept under the above-mentioned rearing con-
ditions. Throughout the experiment, mosquitoes were
maintained with 10% sucrose solution ad libitum. Three
females of each group were sacrificed and conserved as
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0 dpe samples to ensure the presence of the virus by RT-
qPCR as described below.

A similar number of females exposed to WNV-1 or
WNV-2 were sacrificed 14- and 21-dpe. Legs and wings
were removed and saliva was extracted using a pipette tip
with 7 uL of fetal bovine serum (FBS) (Gibco Life Tech-
nologies, Massachusetts, USA). The proboscis was intro-
duced into the tip for 30 min and saliva was stored in
193 pL of Dulbecco’s modified Eagle’s medium (DMEM)
(Gibco, Massachusetts, USA) supplemented with 1x
antibiotic—antimycotic (Gibco Life Technologies, Mas-
sachusetts, USA; 100x%, containing 10,000 units/mL of
penicillin, 10,000 pg/mL of streptomycin, and 25 pg/mL
of amphotericin B). Heads and bodies were collected in
500 pL of DMEM (Gibco, Massachusetts, USA) with 1x
antibiotic—antimycotic (Gibco Life Technologies, Mas-
sachusetts, USA; 100x) and glass beads (LabComer-
cial, Barcelona, Spain), homogenized at 30 Hz for 1 min
using TissueLyser II (Qiagen GmbH, Hilden, Germany)
and maintained at —80 °C (as with saliva samples) until
virus isolation. To assess the vector competence, sev-
eral indexes were assessed: the infection rate (IR) as the
proportion of mosquitoes with an infected body among
all the blood-feed mosquitoes; the disseminated infec-
tion rate (DIR) as the proportion of mosquitoes with an
infected head among the ones with an infected body; the
transmission rate (TR) as the proportion of mosquitoes
with infectious saliva among the ones with an infected
head; and the transmission efficiency (TE) as the propor-
tion of mosquitoes with infectious saliva among all the
mosquitoes exposed to the virus analyzed.

The experimental infections were carried out at the
Institut de Recerca i Tecnologia Agroalimentaries—Cen-
tre de Recerca en Sanitat Animal (IRTA-CReSA) BLS3
facilities.

West Nile virus detection

Virus detection in head and body samples was per-
formed by inoculation of 10-fold and 100-fold dilutions
on 96 well plates with Vero CCL-81 cells (ATCC, Vir-
ginia, USA). Inoculated Vero cells were maintained using
DMEM (Gibco, Massachusetts, USA), which was sup-
plemented with 1% L-glutamine (Gibco, Massachusetts,
USA), 2% FBS (Gibco Life Technologies, Massachusetts,
USA), and 1x antibiotic—antimycotic (Gibco Life Tech-
nologies, Massachusetts, USA; 100 x) for 7 days at 37 °C
and 5% CO,. Then, the cytopathic effect (CPE) was visu-
ally evaluated.

Virus detection in saliva samples was performed by
inoculation of 35 pL of each saliva sample on six-well
plates with Vero CCL-81 cells (ATCC, Virginia, USA).
Inoculated cells were maintained using DMEM (Gibco,
Massachusetts, USA) supplemented with 2% FBS (Gibco
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Life Technologies, Massachusetts, USA), 1% L-glutamine
(Gibco, Massachusetts, USA), 1% sodium pyruvate
(Sigma Aldrich, Missouri, USA), 2.5% sodium bicarbo-
nate (Sigma Aldrich, Missouri, USA), 1% lactalbumin
hydrolysate (Sigma Aldrich, Missouri, USA), 1% noble
agar (BD, MD, USA), and 1x antibiotic—antimycotic
(Gibco Life Technologies, Massachusetts, USA; 100x)
for 7 days at 37 °C and 5% CO,. Then, a solution of para-
formaldehyde (2%) and crystal violet (0.1%) was added
overnight to fix the cell monolayers. The following day
the agar plugs were removed to observe the CPE. Viral
titers from saliva samples were expressed as plaque form-
ing units per volume (PFUs/mL).

Real-time quantitative reverse transcription PCR (RT-
qPCR) was performed to detect WNYV viral RNA in body
and head samples. Briefly, viral RNA was extracted from
samples using the NucleoSpin RNA Virus kit (Macherey—
Nagel, Diiren, Germany) following the manufacturer’s
instructions. RT-qPCR was performed using FLI-WNF5-
F and FLI-WNF6-R primers, and the FLI-WNF probe
targeting the non-structural NS2A region of WNYV, as
previously described [47]. RT-PCR reactions were car-
ried out using AgPath-ID One-Step RT-PCR reagents
(Applied Biosystems, Massachusetts, USA) in 20 uL
reaction volumes: 10 pL buffer (2x), 0.8 pL enzyme mix
(25%), 2 pL forward primer (10 uM), 2 uL reverse primer
(10 uM), 0.25 pL probe (10 pM), 1.37 pL IPC—Riboso-
mal RNA Control Reagents (Applied Biosystems, Massa-
chusetts, USA), and 3.58 pL template RNA. PCR thermal
cycling conditions were as follows: 45 °C for 10 min and
95 °C for 10 min; followed by 40 cycles of 95 °C for 15 s
and 60 °C for 1 min. To determine the virus concentra-
tion in each sample, a calibration curve was created using
repeated tenfold dilutions of the RNA standard (oligonu-
cleotide purchased from Eurogentec and Integrated DNA
Technologies, Seraing, BEL) with a known concentration.
The number of copies of virus in each sample was then
determined.

Statistical analysis
The effects of virus lineage and days post exposure (pre-
dictors) on infection, dissemination, and transmission
rates, and transmission efficiencies (response variable)
were tested using generalized linear models (GLM) with
binomial distributed errors and the logit link function.

Saliva viral titers could not be normalized using com-
mon transformations, as evaluated by Shapiro—Wilk test,
and mean saliva viral titers were compared between the
two lineages at different time-points using the Wilcoxon
rank-sum test.

GLMs with binomial distributed errors and the logit
link function were fitted to test the relationship between
body and head viral copies (predictors) and the positivity
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of saliva samples tested by CPE in Vero cells (response
variable). Linear models (LMs) were used to describe the
association between the number of viral copies of the
body and head (predictors) and the titers of saliva sam-
ples (response variable).

All statistical analyses were carried out using R statisti-
cal software (http://cran.r-project.org/).

Results

Culex theileri mortality rate

In total, 46 and 60 engorged females were recovered after
exposure to blood doped with WNV-1 and WNV-2,
respectively. The presence of the virus was confirmed by
RT-qPCR in the females of each group sacrificed at 0 dpe.
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Mortality rates of 30.23% (13/43) and 28.07% (16/57)
were observed throughout the assay in the groups
exposed to WNV-1 and WNV-2, respectively.

Estimation of the vector competence of Cx. theileri for West
Nile virus lineages 1 and 2 after oral exposure

According to the vector competence rates assessed in
the present study, European field-captured Cx. theileri
was able to become infected, disseminated with, and
transmit both WNV-1 and WNV-2 after an oral expo-
sure of blood doped with an infectious viral dose of 7
log,, TCIDg,/mL (Fig. 1). WNV-1 was able to infect all
of the mosquitoes at 14 (18/18) and 21 (12/12) dpe. In
contrast, for WNV-2, the success in infecting mosqui-
toes was lower at both timepoints [68% (17/25) at 14

B WNV-1 O WNV-2

100

10/12

80—

1118

DIR (%)

14 DPE 21 DPE
100
80
g 60 16 6/12
|-|I_J 40- 6/16
6/25
20
o_
14 DPE 21 DPE

Fig. 1 Infection, dissemination, and transmission rates, as well as transmission efficiency of a field-collected Cx. theileri population exposed to WNV
lineages 1 (green) and 2 (orange bars). * Denotes statistically significant differences between lineages. IR, infection rate; DIR, dissemination rate; TR,

transmission rate; TE, transmission efficiency
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dpe and 56.25% (9/16) at 21 dpe]. The infection rate
for mosquitoes exposed to WNV-1 was significantly
higher (GLM, Z=-2.890, df=1, P=0.004), while days
post-exposure did not have a significant effect (GLM,
Z=-0.793, df=1, P=0.428). Moreover, the virus suc-
cessfully disseminated throughout the hemolymph
and could be detected in mosquito heads for both lin-
eages. WNV-1 was able to disseminate within 11 out
of 18 mosquitoes (61.11%) at 14 dpe, and 10 out of
12 (83.33%) at 21 dpe; and WNV-2 was disseminated
in 9 out of 17 mosquitoes (52.94%) and in 6 out of 9
(66.67%) at 14 dpe and 21 dpe, respectively. The differ-
ences in disseminated infection rates between lineages
(GLM, Z=-0.406, df=1, P=0.685) and days post-
exposure (GLM, Z=0.634, df=1, P=0.526) were not
statistically significant. Finally, WNV-1 was detected in
saliva in 9 out of 11 disseminated mosquitoes (81.82%)
at 14 dpe, and 6 out of 10 (83.33%) at 21 dpe. For WNV-
2, saliva tested positive in 6 out of 9 (66.67%) dissemi-
nated mosquitoes at 14 dpe, and 6 out of 6 (100%) at
21 dpe. The differences in transmission rates between
lineages (GLM, Z=0.220, df=1, P=0.826) and days
post-exposure (GLM, Z=0, df=1, P=1) were not sta-
tistically significant.

Regarding the main vector competence barriers
(Table 1), the present results showed that the midgut
infection barrier had a null effect, as it did not avoid the
infection of midgut epithelial cells for WNV-1 and had
a minor effect for WNV-2. Besides, the midgut escape
barrier had a minor effect on avoiding the dissemina-
tion of WNV-1 and had a moderate effect on WNV-2
dissemination. In addition, transmission rates showed
that salivary gland barriers had a low effect on avoiding
the transmission of both WNV-1 and WNV-2.

Table 1 Infection, dissemination, and transmission rates, as well
as transmission efficiency in Cx. theileri after oral exposure to WNV
lineages 1 and 2

Lineage IR (%) DIR (%) TR (%) TE (%)
MIB MEB SGB

WNV-1 30/30 (100) 21/30 (70) 15/21 (71.43)  15/30 (50)
Null + +

WNV-2 26/41 (6341) 15/26(57.69) 12/15 (80) 12/41(29.27)
+ ++ +

Number positive for WNV/number tested (prevalence), and relative rating of the
importance of the barrier

Rating of the relative importance of the barrier: null, virus crosses this barrier
in >80% of females; +, minor, virus crosses this barrier in 60-80% of females; ++,
moderate, virus crosses this barrier in 40-60% of females [81]

IR, infection rate; DIR, disseminated infection rate; TR, transmission rate; TE,
transmission efficiency; MIB, midgut infection barrier; MEB, midgut escape
barrier; SGB, salivary gland barriers
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Regarding the transmission efficiency (Fig. 1) of WNV-
1, 50% of engorged females were able to transmit the virus
at both 14 dpe and 21 dpe. For WNV-2, 24% of engorged
females could transmit the virus at 14 dpe and 37.5% at
21 dpe. These results reflect a high overall vector com-
petence of the Cx. theileri population for both WNV-1
and WNV-2. The differences in transmission efficiency
between lineages (GLM, Z=-1.759, df=1, P=0.078) and
days post-exposure (GLM, Z=0.673, df=1, P=0.501)
were not statistically significant.

Evaluation of the viral titers of saliva samples

The females exposed to WNV-1 and WNV-2 showed
similar viral titers both at 14 dpe (Wilcoxon rank sum
test, W=33.5, P=0.478) and 21 dpe (W=24.5, P=0.329)
(Fig. 2). The mean titer values at 14 dpe were 3.09 log,
PFU/mL and 2.76 log;, PFU/mL for WNV-1 and WNV-
2, respectively, and at 21 dpe were 2.77 log;, PFU/mL and
2.21 log;, PFU/mL for WNV-1 and WNV-2, respectively.

Relationship between body and head viral copies
and transmission ability
The number of viral copies in the body (log,, trans-
formed) (Additional file 1, Supplementary Table S1) was
positively correlated with the presence of viable viral par-
ticles in saliva (Table 2, model 1). Increasing one unit of
log,, viral copies in bodies was associated with 8.53 more
odds of finding infectious virus in saliva titration. No dif-
ferences were found between the lineages.

The relationship between log, viral copies in the head
(Additional file 1, Supplementary Table S1) and viable
viral particle detection in saliva was also positive, with no

14 DPE 21 DPE
ns ns

3 41 - T
g
= 34
i T
£ ole —
b 2 1 ole
- ° —_ |
m ——
o 14

0 T T T T

WNV-1 WNV-2 WNV-1 WNV-2

Fig.2 WNV loads in saliva (plaque forming units [PFU/mL])
of infected Cx. theileri females exposed to WNV lineages 1 and 2. DPE,
days post-exposure; ns, non-significant
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Table 2 Logistic regression models performed to assess the relationship between the detection of viable viral particles in saliva and

the viral copies in bodies and heads and lineage of the virus

Model Dependent variable (reference) Factors (reference) Estimate Std Error V4 OR 95% Cl P

1 Saliva (negative saliva) Log; viral copies in body 214 0.76 281 853 1.98-23.59 0.005*
Lineage (WNV-2) -0.81 057 —142 0.45 0.14-1.33 0.156

2 Saliva (negative saliva) Log, viral copies in head 4.01 1.16 344 5492 8.06-738.39 0.001*
Lineage (WNV-2) -0.6 0.7 -0.85 0.55 0.13-2.21 0.398

Std Error, standard error; Z, Z-value; OR, odds ratio; 95% Cl, 95% confidence interval; P, P-value

" Statistically significant

differences between lineages (Table 2, model 2). Increas-
ing one unit of log,, viral copies in the head was associ-
ated with 54.92 more odds of finding infectious virus in
the saliva titration.

Finally, neither log;, viral copies in the body (LM,
t=1.996, df=24, P=0.057) or log,, viral copies in the
head (LM, t=0.637, df=24, P=0.530) were correlated
with the titers of saliva samples (Additional file 1, Sup-
plementary Table S1), expressed in log;, PFUs/mL. This
was independent of the lineage (LM, t=-1.454, df=24,
P=0.159, for bodies; LM, t=—-1.248, df=24, P=0.224 for
heads).

Discussion

To the best of our knowledge, we present the first esti-
mates of WNV vector competence in European field-
captured populations of Cx. theileri [7]. According to our
results, Cx. theileri showed a potential high vector com-
petence for both lineages at the two assessed timepoints
(14 and 21 dpe). This result can be explained by the mini-
mal or even negligible impact of the different barriers the
virus must overcome to infect different mosquito tissues.
Although WNV-1 had a higher IR, no differences were
found on DIR, TR, TE, nor on the viral titers of positive
saliva samples between lineages. The lack of significance
in the comparison of ratios between WNV-1 and WNV-2
may be likely due to the small sample sizes, since most
statistical tests suffer from this problem.

Higher viral copies in the body or head were associated
with an increased likelihood of detecting infectious viral
particles in the saliva, but were not correlated with the
titers of saliva samples. The virus titers that we obtained
in saliva of Cx. theileri are in line with those found in
other Culex species and were sufficient to infect a bird
[48, 49], which might suggest Cx. theileri may infect sus-
ceptible birds, if they feed on them.

There is little evidence regarding the vector compe-
tence of Cx. theileri for WNV. Transmission studies per-
formed in the 1960s on South-African populations of Cx.
theileri exposed to WNV- 2 provide the foundation of
our current knowledge [5, 6]. In the first study, the abil-
ity of mosquitoes to transmit the virus was assessed by

exposing hen chicks to the bites of a variable number of
infected females and detecting antibodies in the chick at
20- and 22-dpe. However, this approach leads to uncer-
tainty in estimating transmission efficiency, as each chick
was exposed to between one and six mosquitoes. Thus,
reported transmission efficiency ranged between 3.125%
and 18.75%. The second study, focused on the impact of
viral dose, showed a 25% transmission efficiency at the
highest viral dose tested, with no transmission observed
at lower doses. A further limitation of both studies was
the vague definition of the viral dose used for the experi-
ments, which was only expressed in terms of logarithms
without a clear indication of the viral titration method
used. Despite these limitations, both studies succeed in
reflecting the WNV transmission process occurring in
nature. Our results are consistent with their findings, as
we observed transmission efficiencies of 24% at 14 dpe
and 37.5% at 21 dpe for WNV-2, and even higher for
WNV-1, confirming that Cx. theileri is highly competent
to transmit WNV.

The lack of studies performed on Cx. theileri with
WNV-1 should be noted. Our results demonstrate that
WNV-1 is significantly more efficient than WNV-2 in
infecting Cx. theileri at both evaluated timepoints (while
no significant differences were found in dissemination or
transmission). This contrasts with results from previous
studies on vector competence in different mosquito spe-
cies with both lineages. For instance, no significant differ-
ences in terms of infection between WNV lineages were
reported for Aedes punctor [50] or Aedes vexans [51],
while Aedes albopictus and Cx. pipiens showed higher
infection rates for WNV-2 [52].

When comparing our results on vector competence
for Cx. theileri with studies on other Culex species, vec-
tor competence for WNV after oral exposure to infec-
tious blood varies across European mosquito populations
and species. For instance, studies conducted in simi-
lar environmental conditions as our experiment, but
in Cx. pipiens populations from the Netherlands [53]
and Germany [54], showed transmission efficiencies of
33% and 6.7-52.9%, respectively. However, populations
of the same species exposed to similar environmental
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conditions from Italy and the Netherlands showed lower
transmission efficiencies, ranging from 2% to 16% [55],
while Finnish and Belgian populations showed transmis-
sion efficiencies ranging from 7% to 17% [56] and 4.3%
[57], respectively. Taken together, these results point out
that the vector competence of the Culex mosquito spe-
cies for WNV is strongly dependent on the mosquito
population and species. The effect of mosquito popula-
tion in determining vector competence was clearly high-
lighted in a study conducted in northeastern France [58].
A similar pattern was observed in other European Culex
mosquitoes under similar environmental conditions.
For instance, a Belgian Culex modestus population was
unable to transmit WNV [57], while French populations
showed high vector competence for WNYV, with trans-
mission rates of 40% [59] and 54.5% [60].

Regarding the effect of the temperature in vector com-
petence studies of the Culex mosquito species, stud-
ies performed on Culex torrentium from Germany [61]
and Finland [56] were unable to transmit WNYV at 18 °C
and 21 °C. However, when exposed to the higher tem-
peratures of 24 °C and 27 °C, they displayed significantly
greater vector competence, with transmission efficiencies
ranging from 2.9% to 33%. A similar temperature-pat-
tern has been observed in several studies on Cx. pipiens,
which show that the form pipiens was unable to transmit
WNYV at 18 °C but demonstrated WNV transmission at
23 °C and 28 °C [55, 62]. Interestingly, while the hybrid
form followed the same trend, Cx. pipiens form molestus
was able of transmitting WNYV at the three tested temper-
atures with no significant differences [62]. All in all, these
studies highlight the role of temperature as a key factor
influencing vector competence in Culex mosquitoes. This
pattern is also reflected in our results, where Cx. theileri
displayed a high transmission efficiency, ranging from
24% to 50% under high temperatures (29 °C during the
day and 23 °C at night). It should be noted that the same
assay performed at lower temperatures would probably
lead to lower transmission efficiencies. These findings
emphasize the importance of considering environmental
temperature in arbovirus vector competence studies [63]
and suggest that warmer climates may enhance the role
of Cx. theileri in WNV transmission, which in general
may explain the association between WNV human case
incidence and temperature, as reported in different stud-
ies in Europe [64].

It is known that the viral dose in the blood used for
mosquito feeding is also a key factor influencing vector
competence, as has been demonstrated in different stud-
ies on Culex quinquefasciatus [65], Cx. pipiens, and Ae.
albopictus for WNV [52]; and Ae. albopictus and Aedes
aegypti for Chikungunya virus (CHIKV) [66]. Likewise,
our results showed a relationship between the number
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of viral copies in mosquito tissues and transmission abil-
ity, that is, the higher the number of viral copies within
mosquito tissues, the greater the likelihood of detecting
infectious virus particles in saliva. Thus, this correla-
tion indicates that a high number of viral copies in mos-
quito tissues significantly increases the likelihood of an
exposed female to transmit WNV. Understanding this
relationship could be useful for developing strategies to
limit the transmission of WNYV, since the alteration of
the number of viral copies within mosquitoes could dis-
rupt the ability of a mosquito to transmit the virus. Some
strategies are being adopted in this way for other arbovi-
ruses, for example, the use of bacteria such as Wolbachia
has been shown to reduce viral copies of CHIKV, den-
gue virus, and yellow fever virus in Ae. aegypti [67, 68],
and the use of double-strand RNA has been successful in
blocking Zika virus infection in Ae. aegypti [69].

Considering all the evidence discussed, Cx. theileri
shows an overall vector competence for WNV that is
comparable to, and in some cases exceeds, that of other
Culex species (considered the main vectors of WNV in
Europe). Nevertheless, it is important to emphasize that
vector competence is not enough to define the role of a
mosquito species as a vector. The concept of vectorial
capacity provides a more comprehensive framework,
as it incorporates not only vector competence but also
other factors such as vector density, biting rate, extrin-
sic incubation period of the pathogen, and daily survival
probability [70]. Thus, despite its high vector competence
for WNV, Cux. theileri is not currently considered a key
player in WNV circulation and transmission owing to
its ecological features, especially its feeding preferences,
which are mainly mammophilic. However, field-captured
WNV-positive Cx. theileri mosquitoes have been col-
lected in South Africa [2, 71] and Iran [72], indicating
its capacity to acquire the virus under natural condi-
tions. This fact, added to the high competence for WNV,
points out the need to consider the potential role of Cx.
theileri as a vector in a context of elevated densities and
high WNYV circulation, a high overlap phenomenon that,
despite not existing currently, could be promoted by the
effects of climate change. Our results suggest the need to
reevaluate the role of Cx. theileri on WNYV transmission
under conditions of high WNV circulation, e.g., under
epidemic conditions. Indeed, several studies reported the
coexistence of high densities of Cx. theileri with other
Culex vectors of WNYV, such as Cx. perexiguus and Cx.
pipiens in Spain [18, 39] and Cx. pipiens in Tiirkiye [73],
although their population density peaks do not fully
overlap during the WNV transmission season.

WNV is the most widespread emerging arbovirus in
the world [74], threatening human and animal health.
Besides the existence of vaccines available to protect
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horses [75, 76], more prevention and treatment tools
are needed to face virus emergence and reduce poten-
tial WNV epizootics and epidemics. Host—vector—host
experimental models can be an excellent method to fill
the gaps, as they replicate the natural barriers WNV
encounters in nature, both in the vector and in the host.
In addition, these models are useful to assess pathogen-
esis (such as the level of viremia or the immune response)
or vaccine efficacy at the individual level. For instance,
similar models have been performed to study Rift Valley
fever virus with lambs and Ae. aegypti [77, 78]; dengue
virus with mice and Ae. aegypti [79, 80]; and WNV with
chicken, mice, Culex tarsalis, Cx. pipiens, Aedes japoni-
cus, and Aedes triseriatus [48]. Since Cx. theileri was
easy to rear and owing to its high vector competence for
WNYV, it may be a good model species to use in experi-
mental models.

Conclusions

The present study supports for the first time that a Euro-
pean field-captured Cx. theileri population is highly
competent to transmit WNV-1 and WNV-2 under labo-
ratory conditions, even though there is no evidence of
its involvement in the current circulation of the virus
in Europe. The insights around the competence of this
mosquito species can contribute to its use in develop-
ing mosquito transmission models for WNV preven-
tive measures. Further research is needed to elucidate
the potential role of Cx. theileri in WNV circulation and
transmission in the context of climate change and land-
scape use.

Abbreviations

CHIKV Chikungunya virus

CPE Cytopathic effect

DIR Disseminated infection rate
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R Infection rate
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PCR Polymerase chain reaction

PFU Plaque forming unit

RT-gPCR  Real-time quantitative reverse transcription PCR
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TE Transmission efficiency

TR Transmission rate

WNV West Nile virus

Page 9 of 11

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513071-025-06763-6.

Additional file 1: Table S1. Number of viral copies in the body and the head
(log,, transformed), PFUs/ml in saliva (log,, transformed), positivity of the
saliva, and lineage of WNV exposed for each sample.

Acknowledgements

We are very grateful to BSL3 personnel for its technical support in perform-
ing the assay. We also want to acknowledge Miguel Angel Jiménez-Clavero
(CISA-INIA/CSIC) and Montserrat Aglero (Laboratorio Central de Veterinaria de
Algete) for providing us the WNV lineage 1 strain.

Author contributions

N.B. conceived and designed the study. JF, CA, MV, N.B, AB, N.P, JG, and
R.R. contributed to the acquisition of the material and data. N.B. and A.B.
analyzed the data and drafted the manuscript. All authors read and approved
the final manuscript and agreed both to be personally accountable for the
author’s own contributions and to ensure that questions related to the
accuracy or integrity of any part of the work, even ones in which the author
was not personally involved, are appropriately investigated, resolved, and the
resolution documented in the literature.

Funding
This project has been supported by the Ministry of Science, Innovation and
Universities (MICINN) of the Spanish Government (PID2020-116768RR-C22).

Availability of data and materials
No datasets were generated or analyzed during the current study.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details

TIRTA, Animal Health, Centre de Recerca en Sanitat Animal (CReSA), Campus
de la Universitat Autonoma de Barcelona (UAB), 08193 Bellaterra, Catalonia,
Spain. 2Unitat Mixta d'Investigacio IRTA-UAB en Sanitat Animal, Centre de
Recerca en Sanitat Animal (CReSA), Campus de la Universitat Autonoma de
Barcelona (UAB), 08193 Bellaterra, Catalonia, Spain. 3Servei de Control de
Mosquits del Consell Comarcal del Baix Llobregat, El Prat de Llobregat, Spain.
“Department of Wetland Ecology, Estacién Bioldgica Dofiana, Seville, Spain.
>CIBER Epidemiologia y Salud Publica (CIBERESP), Madrid, Spain.

Received: 15 January 2025 Accepted: 13 March 2025
Published online: 05 April 2025

References

1. Becker N, Petric D, Zgomba M, Boase C, Madon M, Dahl C, et al. Mosqui-
toes and their control. Berlin, Heidelberg: Springer; 2010. https://doi.org/
10.1007/978-3-540-92874-4.

2. Maclntyre C, Guarido MM, Riddin MA, Johnson T, Braack L, Schrama M,
et al. Survey of West Nile and Banzi viruses in mosquitoes, South Africa,
2011-2018. Emerg Infect Dis. 2023;29:164-9.


https://doi.org/10.1186/s13071-025-06763-6
https://doi.org/10.1186/s13071-025-06763-6
https://doi.org/10.1007/978-3-540-92874-4
https://doi.org/10.1007/978-3-540-92874-4

Burgas-Pau et al. Parasites & Vectors

20.

22.

23.

24.

25.

(2025) 18:132

Santa-Ana M, Khadem M, Capela R. Natural infection of Culex theileri (Dip-
tera: Culicidae) with Dirofilaria immitis (Nematoda: Filarioidea) on Madeira
Island, Portugal. J Med Entomol. 2006;43:104-6.

Ventim R, Ramos JA, Osério H, Lopes RJ, Pérez-Tris J, Mendes L. Avian
malaria infections in western European mosquitoes. Parasitol Res.
2012;111:637-45.

Jupp PG, McIntosh BM, Brown RG. Laboratory transmission experiments
with West Nile and Sindbis viruses and Culex (culex) theileri Theobald. S Afr
J Med Sci. 1966;31:95-7.

Jupp PG, McIntosh BM, Dickinson DB. Quantitative experiments on the
vector capability of Culex (Culex) theileri Theobald with West Nile and
Sindbis viruses. J Med Entomol. 1972;9:393-5.

Vogels CB, Goéertz GP, Pijlman GP, Koenraadt CJ. Vector competence

of European mosquitoes for West Nile virus. Emerg Microbes Infect.
2017;,6:e96.

International Committee on Taxonomy of Viruses (ICTV). Current ICTV
taxonomy release. 2023. https://ictv.global/taxonomy. Accessed 8 Jan
2025.

Smithburn KC, Hughes TP, Burke AW, Paul JH. A neurotropic virus
isolated from the blood of a native of Uganda. Am J Trop Med Hyg.
1940;51-20:471-92.

. Ciota AT. West Nile virus and its vectors. Curr Opin Insect Sci.

2017,22:28-36.

. Martin-Acebes MA, Saiz JC. West Nile virus: a re-emerging pathogen

revisited. World J Virol. 2012;1:51-70.

. Simonin Y. Circulation of West Nile virus and Usutu virus in Europe:

overview and challenges. Viruses. 2024;16:599.

. ECDC. West Nile virus infection. 2010. https://www.ecdc.europa.eu/en/

west-nile-virus-infection. Accessed 21 May 2024.

. Mbonde AA, Gritsch D, Harahsheh EY, Kasule SN, Hasan S, Parsons AM,

et al. Neuroinvasive West Nile virus infection in immunosuppressed
and immunocompetent adults. JAMA Netw Open. 2024;7:€244294.

. Shahhosseini N, Friedrich J, Moosa-Kazemi SH, Sedaghat MM, Kayedi

MH, Tannich E, et al. Host-feeding patterns of Culex mosquitoes in Iran.
Parasit Vectors. 2018;11:669.

. Osorio HC, Zé-7é L, Alves MJ. Host-feeding patterns of Culex

pipiens and other potential mosquito vectors (Diptera: Culicidae) of
West Nile virus (Flaviviridae) collected in Portugal. J Med Entomol.
2012,49:717-21.

. Martinez-De la Puente J, Moreno-Indias |, Herndndez-Castellano LE,

Arglello A, Ruiz S, Soriguer R, et al. Host-feeding pattern of Culex
theileri (Diptera: Culicidae), potential vector of Dirofilaria immitis in the
Canary Islands, Spain. J Med Entomol. 2012;49:1419-23.

. Muhoz J, Ruiz S, Soriguer R, Alcaide M, Viana DS, Roiz D, et al. Feeding

patterns of potential West Nile virus vectors in south-west Spain. PLoS
ONE. 2012;7:€39549.

. Monaco F, Sturgill T. Chapter 3.1.25. West Nile fever. In: Manual of

diagnostic tests and vaccines for terrestrial animals 2023. https.//www.
woah.org/fileadmin/Home/eng/Health_standards/tahm/A_summry.
htm. Accessed 22 Mar 2024.

Engler O, Savini G, Papa A, Figuerola J, Groschup MH, Kampen H, et al.
European surveillance for West Nile virus in mosquito populations. Int J
Environ Res Public Health. 2013;10:4869-95.

. Erglinay K, Litzba N, Brinkmann A, Gunay F, Kar S, Oter K, et al. Isolation

and genomic characterization of Culex theileri flaviviruses in field-col-
lected mosquitoes from Turkey. Infect Genet Evol J Mol Epidemiol Evol
Genet Infect Dis. 2016;46:138-47.

Mancini G, Montarsi F, Calzolari M, Capelli G, Dottori M, Ravagnan S,

et al. Mosquito species involved in the circulation of West Nile and
Usutu viruses in Italy. Vet Ital. 2017;53:97-110.

European Centre for Disease Prevention and Control, European Food
Safety Authority. Surveillance, prevention and control of West Nile virus
and Usutu virus infections in the EU/EEA. EFSA Support Publ. 2023.
https://doi.org/10.2903/sp.efsa.2023.EN-8242.

Koch RT, Erazo D, Folly AJ, Johnson N, Dellicour S, Grubaugh ND, et al.
Genomic epidemiology of West Nile virus in Europe. One Health.
2024;18:100664.

Kaptoul D, Viladrich PF, Domingo C, Niub¢ J, Martinez-Yélamos S,

De Ory F, et al. West Nile virus in Spain: report of the first diagnosed
case (in Spain) in a human with aseptic meningitis. Scand J Infect Dis.
2007;39:70-1.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Page 10 of 11

Jiménez-Clavero MA, Sotelo E, Fernandez-Pinero J, Llorente F, Blanco
JM, Rodriguez-Ramos J, et al. West Nile virus in golden eagles, Spain,
2007. Emerg Infect Dis. 2008;14:1489-91.

Vazquez A, Sanchez-Seco MP, Ruiz S, Molero F, Hernandez L, Moreno J,
et al. Putative new lineage of West Nile virus, Spain. Emerg Infect Dis.
2010;16:549-52.

Garcia-Bocanegra |, Jaén-Téllez JA, Napp S, Arenas-Montes A, Fernan-
dez-Morente M, Fernandez-Molera V, et al. West Nile fever outbreak in
horses and humans, Spain, 2010. Emerg Infect Dis. 2011;17:2397-9.
Ruiz-Lopez MJ, Aguilera-Sepulveda P, Cebridn-Camison S, Figuerola J,
Magallanes S, Varona S, et al. Re-Emergence of a West Nile virus (WNV)
variant in South Spain with rapid spread capacity. Viruses. 2023;15:2372.
Busquets N, Laranjo-Gonzalez M, Soler M, Nicolas O, Rivas R, Talavera S,
et al. Detection of West Nile virus lineage 2 in North-Eastern Spain (Cata-
lonia). Transbound Emerg Dis. 2019,66:617-21.

Aguilera-Sepulveda P, Napp S, Llorente F, Solano-Manrique C, Molina-
Lopez R, Obdn E, et al. West Nile Virus lineage 2 spreads westwards in
Europe and overwinters in north-eastern Spain (2017-2020). Viruses.
2022;14:569.

Marini G, Calzolari M, Angelini P, Bellini R, Bellini S, Bolzoni L, et al. A
quantitative comparison of West Nile virus incidence from 2013 to 2018
in Emilia-Romagna, Italy. PLoS Negl Trop Dis. 2020;14:e0007953.

Marini G, Poletti P, Giacobini M, Pugliese A, Merler S, Rosa R. The role of
climatic and density dependent factors in shaping mosquito popula-
tion dynamics: the case of Culex pipiens in northwestern Italy. PLoS ONE.
2016;11:e0154018.

Rosa R, Marini G, Bolzoni L, Neteler M, Metz M, Delucchi L, et al. Early
warning of West Nile virus mosquito vector: climate and land use models
successfully explain phenology and abundance of Culex pipiens mosqui-
toes in north-western Italy. Parasit Vectors. 2014;7:269.

Magallanes S, Llorente F, Ruiz-Lépez MJ, de la Puente JM, Ferraguti M,
Gutiérrez-Lépez R, et al. Warm winters are associated to more intense
West Nile virus circulation in southern Spain. Emerg Microbes Infect.
2024;13:2348510.

Magallanes S, Llorente F, Ruiz-Lépez MJ, Martinez-de la Puente J, Soriguer
R, Calderon J, et al. Long-term serological surveillance for West Nile and
Usutu virus in horses in south-West Spain. One Health. 2023;17:100578.
Rodriguez-Alarcon LG, Fernandez-Martinez B, Moros MJ, Vazquez A,
Pachés PJ, Villacieros EG, et al. Unprecedented increase of West Nile virus
neuroinvasive disease, Spain, summer 2020. Euro Surveill Bull Eur Sur Mal
Transm Eur Commun Dis Bull. 2021;26:2002010.

Figuerola J, Jiménez-Clavero MA, Ruiz-Lépez MJ, Llorente F, Ruiz S, Hoefer
A, et al. A One Health view of the West Nile virus outbreak in Andalusia
(Spain) in 2020. Emerg Microbes Infect. 2022;11:2570-8.

Roiz D, Ruiz S, Soriguer R, Figuerola J. Landscape effects on the presence,
abundance and diversity of mosquitoes in Mediterranean wetlands. PLoS
ONE. 2015;10:20128112.

ECDC. Factsheet about West Nile virus infection. 2010. https://www.ecdc.
europa.eu/en/west-nile-fever/facts. Accessed 17 July 2024.

Schaffner F, Angel G, Geoffroy B, Hervy JP, Rhaiem A, Brunhes J. The mos-
quitoes of Europe. An identification and training programme. 2001.
Vogels CBF, van de Peppel LJJ, van Vliet AJH, Westenberg M, Ibafez-
Justicia A, Stroo A, et al. Winter activity and aboveground hybridization
between the two biotypes of the West Nile virus vector Culex pipiens.
Vector Borne Zoonotic Dis Larchmt N. 2015;15:619-26.

Folmer O, Black M, Hoeh W, Lutz R, Vrijenhoek R. DNA primers for ampli-
fication of mitochondrial cytochrome c oxidase subunit | from diverse
metazoan invertebrates. Mol Mar Biol Biotechnol. 1994;3:294-9.

Aranda C, Sdnchez-Seco MP, Céceres F, Escosa R, Galvez JC, Masia M, et al.
Detection and monitoring of mosquito flaviviruses in Spain between
2001 and 2005. Vector Borne Zoonotic Dis Larchmt N. 2009;9:171-8.
Scaramozzino N, Crance JM, Jouan A, DeBriel DA, Stoll F, Garin D. Com-
parison of flavivirus universal primer pairs and development of a rapid,
highly sensitive heminested reverse transcription-PCR assay for detection
of flaviviruses targeted to a conserved region of the NS5 gene sequences.
J Clin Microbiol. 2001;39:1922-7.

Zhou W, Rousset F, O'Neil S. Phylogeny and PCR-based classifica-

tion of Wolbachia strains using wsp gene sequences. Proc Biol Sci.
1998;265:509-15.

Eiden M, Vina-Rodriguez A, Hoffmann B, Ziegler U, Groschup MH. Two
new real-time quantitative reverse transcription polymerase chain


https://ictv.global/taxonomy
https://www.ecdc.europa.eu/en/west-nile-virus-infection
https://www.ecdc.europa.eu/en/west-nile-virus-infection
https://www.woah.org/fileadmin/Home/eng/Health_standards/tahm/A_summry.htm
https://www.woah.org/fileadmin/Home/eng/Health_standards/tahm/A_summry.htm
https://www.woah.org/fileadmin/Home/eng/Health_standards/tahm/A_summry.htm
https://doi.org/10.2903/sp.efsa.2023.EN-8242
https://www.ecdc.europa.eu/en/west-nile-fever/facts
https://www.ecdc.europa.eu/en/west-nile-fever/facts

Burgas-Pau et al. Parasites & Vectors (2025) 18:132

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

reaction assays with unique target sites for the specific and sensitive
detection of lineages 1 and 2 West Nile virus strains. J Vet Diagn Investig.
2010;22:748-53.

Styer LM, Kent KA, Albright RG, Bennett CJ, Kramer LD, Bernard KA. Mos-
quitoes inoculate high doses of West Nile virus as they probe and feed on
live hosts. PLoS Pathog. 2007;3:1262-70.

Reisen WK, Fang Y, Martinez VM. Avian host and mosquito (Diptera:
Culicidae) vector competence determine the efficiency of West Nile and
St. Louis encephalitis virus transmission. J Med Entomol. 2005;42:367-75.
Korsten C, Al-Hosary AA, Schéfer M, Tews BA, Werner D, Kampen H, et al.
Vector competence of German Aedes punctor (Kirby, 1837) for West Nile
virus lineages 1 and 2. Viruses. 2022;14:2787.

Wohnke E, Vasic A, Raileanu C, Holicki CM, Tews BA, Silaghi C. Comparison
of vector competence of Aedes vexans Green River and Culex pipiens bio-
type pipiens for West Nile virus lineages 1 and 2. Zoonoses Public Health.
2020,67:416-24.

Brustolin M, Talavera S, Santamaria C, Rivas R, Pujol N, Aranda C, et al.
Culex pipiens and Stegomyia albopicta (= Aedes albopictus) populations as
vectors for lineage 1 and 2 West Nile virus in Europe. Med Vet Entomol.
2016;30:166-73.

Fros JJ, Miesen P, Vogels CB, Gaibani P, SambriV, Martina BE, et al. Com-
parative Usutu and West Nile virus transmission potential by local Culex
pipiens mosquitoes in north-western Europe. One Health Amst Neth.
2015;1:31-6.

Holicki CM, Ziegler U, Rdileanu C, Kampen H, Werner D, Schulz J, et al.
West Nile Virus lineage 2 vector competence of indigenous Culex and
Aedes mosquitoes from Germany at temperate climate conditions.
Viruses. 2020;12:561.

Vogels CBF, Géertz GP, Pijlman GP, Koenraadt CJM. Vector competence
of northern and southern European Culex pipiens pipiens mosquitoes

for West Nile virus across a gradient of temperatures. Med Vet Entomol.
2017;31:358-64.

Jansen S, Heitmann A, Uusitalo R, Korhonen EM, Lihken R, Kliemke K,

et al. Vector competence of Northern European Culex pipiens biotype
pipiens and Culex torrentium to West Nile virus and Sindbis virus. Viruses.
2023;15:592.

Soto A, De Coninck L, Devlies AS, Van De Wiele C, Rosales Rosas AL, Wang
L, et al. Belgian Culex pipiens pipiens are competent vectors for West Nile
virus while Culex modestus are competent vectors for Usutu virus. PLoS
Negl Trop Dis. 2023;17:0011649.

Martinet JP, Bohers C, Vazeille M, Ferté H, Mousson L, Mathieu B, et al.
Assessing vector competence of mosquitoes from northeastern France
to West Nile virus and Usutu virus. PLoS Negl Trop Dis. 2023;17:e0011144.
Balenghien T, Vazeille M, Reiter P, Schaffner F, Zeller H, Bicout DJ. Evidence
of laboratory vector competence of Culex modestus for West Nile virus. J
Am Mosq Control Assoc. 2007;23:233-6.

Balenghien T, Vazeille M, Grandadam M, Schaffner F, Zeller H, Reiter P, et al.

Vector competence of some French Culex and Aedes mosquitoes for West
Nile virus. Vector Borne Zoonotic Dis Larchmt N. 2008;8:589-95.

Jansen S, Heitmann A, Lihken R, Leggewie M, Helms M, Badusche M,

et al. Culex torrentium: a potent vector for the transmission of West Nile
virus in Central Europe. Viruses. 2019;11:492.

Vogels CBF, Fros JJ, Goertz GP, Pijlman GP, Koenraadt CJM. Vector com-
petence of northern European Culex pipiens biotypes and hybrids for
West Nile virus is differentially affected by temperature. Parasit Vectors.
2016;9:393.

Gutiérrez-Lépez R, Figuerola J, Martinez-de la Puente J. Methodological
procedures explain observed differences in the competence of European
populations of Aedes albopictus for the transmission of Zika virus. Acta
Trop. 2023;237:106724.

Giesen C, Herrador Z, Fernandez-Martinez B, Figuerola J, Gangoso L,
Vazquez A, et al. A systematic review of environmental factors related to
WNV circulation in European and Mediterranean countries. One Health
Amst Neth. 2023;16:100478.

Richards SL, Mores CN, Lord CC, Tabachnick WJ. Impact of extrinsic incu-
bation temperature and virus exposure on vector competence of Culex
pipiens quinquefasciatus Say (Diptera: Culicidae) for West Nile virus. Vector
Borne Zoonotic Dis Larchmt N. 2007;7:629-36.

Pesko K, Westbrook CJ, Mores CN, Lounibos LP, Reiskind MH. Effects of
infectious virus dose and bloodmeal delivery method on susceptibility of

Page 11 of 11

Aedes aegypti and Aedes albopictus to chikungunya virus. J Med Entomol.
2009;46:395-9.

67. Hussain M, Zhang G, Leitner M, Hedges LM, Asgari S. Wolbachia RNase
HI contributes to virus blocking in the mosquito Aedes aegypti. iScience.
2023;26:105836.

68. van den Hurk AF, Hall-Mendelin S, Pyke AT, Frentiu FD, McElroy K, Day A,
et al. Impact of Wolbachia on infection with Chikungunya and Yellow
Fever viruses in the mosquito vector Aedes aegypti. PLoS Negl Trop Dis.
2012,6:21892.

69. MagalhaesT, Bergren NA, Bennett SL, Borland EM, Hartman DA, Lympero-
poulos K, et al. Induction of RNA interference to block Zika virus replica-
tion and transmission in the mosquito Aedes aegypti. Insect Biochem Mol
Biol. 2019;111:103169.

70. Cansado-Utrilla C, Zhao SY, McCall PJ, Coon KL, Hughes GL. The micro-
biome and mosquito vectorial capacity: rich potential for discovery and
translation. Microbiome. 2021;9:111.

71. Mclntosh BM, Jupp PG, Dickinson DB, McGillivray GM, Sweetnam J.
Ecological studies on Sindbis and West Nile viruses in South Africa. I. Viral
activity as revealed by infection of mosquitoes and sentinel fowls. S Afr J
Med Sci. 1967;32:1-14.

72. Shahhosseini N, Moosa-Kazemi SH, Sedaghat MM, Wong G, Chinikar S,
Hajivand Z, et al. Autochthonous transmission of West Nile virus by a
new vector in Iran, vector-host interaction modeling and virulence gene
determinants. Viruses. 2020;12:1449.

73. Erglinay K, Litzba N, Brinkmann A, Glnay F, Sarikaya Y, Kar S, et al. Co-
circulation of West Nile virus and distinct insect-specific flaviviruses in
Turkey. Parasit Vectors. 2017;10:149.

74. Rizzoli A, Jiménez-Clavero MA, Barzon L, Cordioli P, Figuerola J, Koraka P,
et al. The challenge of West Nile virus in Europe: knowledge gaps and
research priorities. Eurosurveillance. 2015;20:21135.

75. El Garch H, Minke JM, Rehder J, Richard S, Edlund Toulemonde C, Dinic
S, et al. A West Nile virus (WNV) recombinant canarypox virus vaccine
elicits WNV-specific neutralizing antibodies and cell-mediated immune
responses in the horse. Vet Immunol Immunopathol. 2008;123:230-9.

76. NgT, Hathaway D, Jennings N, Champ D, Chiang YW, Chu HJ. Equine vac-
cine for West Nile virus. Dev Biol. 2003;114:221-7.

77. Bron GM, Wichgers Schreur PJ, de Jong MCM, van Keulen L, Vioet RPM,
Koenraadt CJM, et al. Quantifying Rift Valley fever virus transmission
efficiency in a lamb-mosquito-lamb model. Front Cell Infect Microbiol.
2023;13:1206089.

78. Wichgers Schreur PJ, Vloet RPM, Kant J, van Keulen L, Gonzales JL, Visser
TM, et al. Reproducing the Rift Valley fever virus mosquito-lamb-mos-
quito transmission cycle. Sci Rep. 2021;11:1477.

79. Christofferson RC, McCracken MK, Johnson AM, Chisenhall DM, Mores
CN. Development of a transmission model for dengue virus. Virol J.
2013;10:127.

80. Cox J, Mota J, Sukupolvi-Petty S, Diamond MS, Rico-Hesse R. Mosquito
bite delivery of dengue virus enhances immunogenicity and pathogen-
esis in humanized mice. J Virol. 2012;86:7637-49.

81. Turell MJ, Britch SC, Aldridge RL, Kline DL, Boohene C, Linthicum KJ.
Potential for mosquitoes (Diptera: Culicidae) from Florida to transmit Rift
Valley fever virus. J Med Entomol. 2013;50:1111-7.

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



	Laboratory evidence on the vector competence of European field-captured Culex theileri for circulating West Nile virus lineages 1 and 2
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Mosquito rearing and characterization
	Viruses
	Vector competence assay
	West Nile virus detection
	Statistical analysis

	Results
	Culex theileri mortality rate
	Estimation of the vector competence of Cx. theileri for West Nile virus lineages 1 and 2 after oral exposure
	Evaluation of the viral titers of saliva samples
	Relationship between body and head viral copies and transmission ability

	Discussion
	Conclusions
	Acknowledgements
	References


