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Abstract

Emerging arboviruses of Orthoflavivirus genus such as West Nile virus (WNV) and Usutu virus
(USUV), primarily transmitted by Culex mosquitoes, pose significant public health threats due to their
ability to cause severe neurological diseases in humans and animals. While studies in North America
and Central Europe have shown that these viruses can persist in overwintering mosquitoes, their role
in viral maintenance during the cold season in northeastern France remains unknown. This study
aimed to assess whether overwintering female mosquitoes in this region could harbor WNV or USUV
during the cold season, potentially maintaining viral circulation until the following transmission
season. Between October 2021 and February 2024, a total of 10,617 overwintering female mosquitoes
were collected in various types of habitats, across five departments in northeastern France. The most
common species was Culex pipiens (88%). Mosquitoes were grouped into 1,121 pools (1-10 individuals
each) and tested by real-time RT-PCR for WNV, USUV, and other flaviviruses using a pan-Flavivirus
NS5-targeting assay. All pools tested negative, indicating no evidence of viral RNA in overwintering
females. These results suggest that overwintering female mosquitoes in northeastern France do not
act as reservoirs for WNV or USUV, and do not contribute to their overwintering maintenance.

Keywords: overwintering mosquitoes; West Nile virus; Usutu virus; northeastern France; Culex
pipiens; arthropod-borne; bird; diagnosis

1. Introduction

West Nile (WNV) and Usutu (USUV) viruses are two emerging arboviruses belonging to the
Orthoflavivirus genus. They are mainly transmitted through the bites of infected Culex spp.
mosquitoes [1]. Other modes of transmission have also been described in the literature, but they are
less common [2—4]. These viruses are maintained in an enzootic cycle involving passeriform (mainly
common blackbird Turdus merula) and strigiform (great grey owls - Strix nebulosa) birds as reservoirs
on one hand and ornithophilic mosquitoes, particularly Culex pipiens on the other hand. These
mosquitoes are endemic to France, and their activity period extends from June to late November,
meaning that most WNV or USUV cases occur during the summer or fall seasons. These viruses can
also be transmitted to dead-end hosts (which certainly develop a low viremia, insufficient to re-infect
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mosquitoes [5]) have been identified [6] : horses [7-10], dogs [7,8], rodents [11], squirrels [12], wild
boar [13,14] and roe deer [14]. The virus has also been detected in bats, whose epidemiological role is
as yet undetermined [15]. In humans, a wide range of symptoms are described in the literature, from
flu-like illness to severe neurological disorders as encephalitis or meningitis [16]. For several years,
WNYV has been responsible for multiple outbreaks, the most well-known being the 1999 outbreak in
New York. Following this outbreak, a study was conducted to determine whether WNV could
survive through the winter by being maintained in overwintering female mosquitoes. In New York
City, researchers tested and found multiple pools of overwintering Culex mosquitoes positive for
WNV RNA [17]. Another study conducted in California showed that several factors contribute to
WNYV persistence during the cold season [18]. It is also known that WNV can be vertically transmitted
in Aedes mosquitoes, allowing the virus to be passed to the offspring of overwintering mosquitoes in
laboratory experiments [19]. This transmission occurs during oviposition, when WNV enters in
mosquito eggs [20].

In France, avian mortality data from 2018 suggested the endemization of USUV, particularly in
certain regions such as Centre-Val de Loire, Ile-de-France and Pays de la Loire [21]. Mosquito capture
missions were carried out around birds outbreak areas that emerged during the project to assess their
transmission potential. SAGIR network which is dedicated to epidemiological surveillance, through
the collection of dead or moribund birds and mammals (opportunistic sampling method). This
participatory surveillance program aims at detecting as early as possible abnormal mortality or
morbidity signals. A total of 33 outbreaks across metropolitan France (representing 47 bird carcasses)
were analyzed and recorded in the database from 2020 to 2022. After the 2018 epizootic in blackbird
populations with high mortality [22], there was little mortality afterwards until 2022 in mainland
France. Since 2022, it appears that the mortality had increased [23].

As part of the surveillance of WNV and USUV, several mosquito collection campaigns were
conducted between 2021 and 2024 in northeastern French departments where infected birds had been
identified. These collections aimed to examine mosquito species potentially involved in the
overwintering persistence of these viruses.

The aim of our study was therefore to estimate the transmission of two arboviruses, West Nile
and Usutu viruses, by overwintering mosquitoes in northern France and to determine whether
overwintering females play a role in maintaining these viruses during the cold season within the
natural virus cycle.

2. Materials and Methods

2.1. Mosquitoes Field Collections

Between October 2021 and February 2024, five mosquito field surveys were conducted in five
departments of northeastern France: Moselle, Aisne, Marne, Haut-Rhin, and Bas-Rhin where dead
birds infected with USUV were found [24] (Figure 1). These collections allowed them to capture
10,617 overwintering female mosquitoes. Mosquitoes were collected using an insect pooter, allowing
to capture directly the mosquitoes in locations such as caves, bunkers, and hunting grounds, which
are known to serve as overwintering habitats [25] (Figure 2).
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Figure 1. Places in Grand-Est region where mosquitoes were collected.

Figure 2. Images of different mosquito collection sites. (A) Offendorf (white rows show overwintering
mosquitoes); (B) Gambsheim (hunting ground); (C) Faux-de-Verzy (World War I bunker); (D) Mulhouse Zoo
(the bear enclosure); (E) Glennes (World War 1 tunnel).

Various mosquito species were collected from these different locations: Culex pipiens, Culiseta
annulata, Anopheles maculipennis, Anopheles plumbeus, Culex territans, Culex hortensis, and
Aedes vexans.

When overwintering female mosquitoes are captured, specimens of the same species are
grouped into pools of up to ten individuals. The number of mosquitoes in each tube ranged from 1
to 10.

2.2. Total Nucleic Acid Purification

Female mosquito pools were homogenized in 1000uL of Minimum Elementary Medium (MEM)
supplemented with 3% of Amphotericin B, 1% of Kanamycin, 1% of Penicillin-Streptomycin as
previously described [26].

A 100 pL aliquot of the homogenized mosquito sample was mixed with 100 uL of PBS buffer
and 100 pL of lysis buffer.
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Viral RNA was extracted using the QlAamp Viral RNA Mini Kit (Qiagen, Hilden, Germany),
following the manufacturer’s instructions. The final elution volume was 90 pL. All collected female
specimens were tested for WNV and USUV RNA detection.

2.3. WNV and USUV RNA Detection

A combination of primers was used with two WNV-specific (WNV duo) and two USUV-specific
(USUV duo) real-time reverse transcription polymerase chain reaction (QRT-PCR) assays to screen
female mosquito pools. The WNV duo consists of two systems targeting different genome regions:
one targets the Capsid [27] and the other targets the non-coding region (3'NC) [28]. The USUV duo
system consists of two assays targeting the non-structural 5 protein (NS5) [29,30] see Tables 1 and 2.
The MS2 (internal control to ensure effective RNA extraction) qRT-PCR assay was tested on all pools.

PCR amplification was conducted using the SuperScript III Platinum One-Step qRT-PCR kit
(ThermoFisher Scientific, Waltham, MA, USA) with a reaction mix of 25 pL, including 5 uL of RNA
template. The reaction was carried out on an a CFX96 thermal cycler, software version 3.1 (Bio-Rad
Laboratories, Hercules, CA, USA), under the following conditions: reverse transcription at 50 °C for
15 minutes, initial denaturation at 95 °C for 2 minutes, followed by 45 cycles of 95 °C for 15 seconds
and 58 °C for 45 minutes.

Both assays were provided by the EVAM (European Virus Archive — Marseille) technological
platform in the form of lyophilized reagents (Lyo-P&P). These assays have been produced according
to the ISO13485 certification. The WNV DUO and USUV assays were accessed in the online catalog
through  https://www.european-virus-archive.com/evam-portal-list/field_product_type/derived-
product-10150?portal_search=West%20Nile and https://www.european-virus-
archive.com/detection-kit/lyophilized-primers-and-probe-detection-usutu-virus-tagman-0. The
reagents for detecting the two viruses are the same that are used routinely by the National Reference
Laboratory for Arboviruses (https://cnr-arbovirus.fr/public/) where they have been validated
according to the COFRAC regulations. In addition, the performances of the WNV assay were
assessed through the participation to the 2022 EVD-LabNet EQA.

Table 1. Primers and probes included in the WNV-Duo qRT-PCR assay.

Refeerenc Prlme:/Prob 5 -> 3 Sequence Target Posnltlo
ProC-F1 CCTGTGTGAGCTGACAAACTTAGT 10-33
. ProC-R GCGTTTTAG CATATTGACAGCC . 132-153
Linke et Capsi ——
al. [27] OFAM- d
’ ProC-TM CCTGGTTTCTTAGACATCGAGATCTTCGTG 89-113
C-TAMRA
WN10533- 10533-
10552 AAGTTGAGTAGACGGTGCTG y 10552
non- —————
Tang et WN10625- ) 10625-
AGA TTCTGA TTA d
al. [28] 10606 CACCGTTCTGAGGGCTTAC ‘:e’ 1125 10606
WN10560- 6FAM-CTCAACCCCAGGAGGACTGG- & 10560-
10579 TAMRA 10579

Table 2. Primers and probes included in the USUV-Duo qRT-PCR assay.

Primer/Prob Positio
Reference 5 >3’ Sequence Target
e n
10189-
. UsuFP CAAAGCTGGACAGACATCCCTTAC Non-
Nikolay et structur 10212
al- (301 UsuRP CGTAGATGTTTTCAGCCCACGT al 11%227902_
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6FAM- protein 10026~
UsuP_FAM  AAGACATATGGTGTGGAAGCCTGATAGG  5(NS5) |~
CA-TAMRA

USU-Weiss- 9721-
v GCCAATGCCCTGCACTTT o o
Weissenbic 0 Veiss: TCCCGAGGAGGGTTTCCA structur - 9777-
R al 9795

ket al. [29] Y orotein
USU_IZV 1% CGATGTCCAAGGTCAGAAAAGACGTGC- 5 (NS5) 9977472

TAMRA

2.4. Pan-Flavivirus RNA Detection

All the mosquitoes were tested by qRT-PCR with a pan-flavivirus assay using specific system
targeting the Non-structural protein 5 (NS5) of the flaviviruses (Table 3) [31]. A one-step qRT-PCR
assay using SYBR Green and melting curve analysis was performed by using 1x GoTaq qPCR Master
Mix (Promega) with a reaction mix of 20uL, including 4L of RNA template. The reaction was carried
out on a thermocycleur QuantStudio™ 12K Flex Real-Time PCR System (Thermo Fisher Scientific),
under the following conditions: reverse transcription at 50 °C for 15 minutes, initial denaturation at
95 °C for 10 minutes, followed by the PCR stages : 40 cycles of 95 °C for 10 seconds, 50°C for 30
seconds and 75°C for 1 minute. To finish the melt curve stage includes two cycles : 60°C for 1 minute
followed by 95°C for 15 seconds.

Table 3. Primers and probes used in the pan-flavivirus-specific qRT-PCR assay [31].

Pri P Positi
Reference rlme:/ rob 5" > 3" Sequence Target o‘: 10
MAMD AACATGATGGGRAARAGRGARAA NS5 9006-
. (non- 9029
Scaramozzin o
oetal. [31] GTGTCCCAGCCGGCGGTGTCATCAG ) 9232-
cFD2 1 protein
C 9258
5)
3. Results

3.1. Mosquito Collection

A total of 10,617 overwintering female mosquitoes were collected in different places in
northeastern France during the cold season between October 2021 to February 2024. The
morphological identification of mosquitoes revealed four genera: Culex spp. (9360 specimens, 963
pools), Culiseta spp. (825 specimens, 101 pools), Anopheles spp. (421 specimens, 52 pools), Aedes spp.
(11 specimens, 5 pools) (Figure S1).

3.2. Viral Screening

All'1,121 mosquito pools tested by qRT-PCR were negative for West Nile virus, Usutu virus, and
pan-Flavivirus (Tables 4 and S1).

Table 4. summary of the collection, qRT-PCR assays and the results.

. Number of females Total females tested
Collection date collected PCR assays Results in QRT-PCR
Oct - Dec 2021 2,163 (225 pools) Negative 10,617
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Jan — Feb & Nov (1,121 pools)

2022 5,838 (607 pools) Negative

Feb & Oct 2023 523 (71 pools) WNV/U,SPV’ Negative
pan-flavivirus 2

Feb 2024 2,093 (218 pools) Negative

4. Discussion

This study screened 10,617 overwintering female mosquitoes across five departments in
northeastern France using highly sensitive RT-PCR assays targeting independently WNV and USUYV,
and a broad pan-Flavivirus system. All pools tested negative, indicating no evidence of viral RNA
persistence in these mosquitoes during the cold season.

Several factors may explain the absence of WNV and USUV RNA detection in overwintering
female mosquitoes. First, the low total number of overwintering mosquitoes collected could be a
factor. Additionally, the mosquitoes collected may not be competent for the transmission of these
viruses. But a study conducted by French researchers assessed the vector competence for Culex
pipiens species present in northeastern France. The results showed that they are capable of
transmitting WNV and USUV [5].

Overwintering mosquitoes enter a state of diapause, characterized by reduced metabolic activity
and feeding cessation. While this state could theoretically allow viral persistence, our results suggest
that WNV and USUV may not survive the physiological stress of diapause in French mosquito
populations. Laboratory studies have shown that vertical transmission - critical for arbovirus
overwintering - varies significantly by mosquito species and viral strain.

Our results contrast with findings in other studies. In New York City, overwintering Culex
pipiens were tested positive for WNV RNA during the winter of 2000, suggesting localized viral
persistence in hibernating mosquitoes [17].

In South Moravia (Czech Republic), the overwintering was demonstrated by the detection of
WNYV lineage 2 in three out of 573 total pools (total mosquito population: 27,872) of Culex pipiens
collected in 2017, marking the first evidence of overwintering WNYV in Central Europe [32].

In the Netherlands, two studies were conducted to investigate the role of overwintering
mosquitoes. In the first study, none of the 4,200 mosquitoes collected during the winters of 2020 and
2021 tested positive for WNV or USUV by RT-PCR [33]. In the other study, one pool out of 504 total
pools (total mosquito population: 4,857) tested positive for an Africa 3 strain of USUV [34].

In Germany, a study provided the first evidence of West Nile virus overwintering in mosquitoes.
One pool of Culex pipiens out of 722 total pools (total mosquito population: 6,101), collected in early
March 2021 tested positive for WNV RNA [35].

There are many reasons that could explain the differences within each study and between these
studies such as sampling locations, year of collection, mosquito species composition of captures,
different overwintering capabilities of WNV and USUV. Also in these studies, the very low rates of
positivity indicate that WNV and/or USUV are rare in dormant Culex populations. While
overwintering mosquitoes likely contribute to viral persistence, their role appears limited given low
detection rates. However, even sporadic cases could seed outbreaks when conditions favor vector
activity.

The discrepancy between our results and these studies may reflect differences in regional viral
prevalence, mosquito population dynamics, or overwintering behaviors. For instance, the New York
and Czech studies were conducted in regions with well-established WNV enzootic cycles and higher
annual incidence rates. In contrast, northeastern France has experienced sporadic WNV and USUV
activity. Avian mortality cases linked to Usutu are sporadic, but the infection is enzootic. Clinical
expression, and thus mortality, is not only related to the intensity of viral circulation, but also to the
immune status of the population and probably to the circulating strains [21]. Additionally, the
mosquito species composition in France—dominated by Culex pipiens (88% of collected specimens)—

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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differs slightly from other regions where Culex subspecies with distinct overwintering behaviors (e.g.,
Culex pipiens pipiens vs. Culex pipiens molestus) may influence viral survival.

While Culex pipiens in France has demonstrated laboratory competence for WNV and USUV
transmission [22], field conditions may reduce this capacity. Viral replication in mosquitoes is
temperature-dependent, and colder winters in northeastern France (compared to Mediterranean
climates) may reduce viral replication below detectable thresholds. Furthermore, the absence of
blood-fed females in our collections (all specimens were unfed) suggests that mosquitoes had not
recently acquired the virus from avian reservoirs prior to hibernation. This contrasts with regions
where late-season blood-feeding bridges viral transmission into the overwintering period.
Laboratory experiments exposing Culex pipiens to WNV/USUV under diapause-like conditions
would clarify whether physiological stressors limit viral survival.

The absence of viral RNA in mosquitoes raises questions about how WNV and USUV persist in
France. One plausible explanation is reintroduction via migratory birds, which serve as primary
reservoirs, but there is probably a local persistence of viruses. The virus could overwinter in the bird
populations, including blackbirds. To verify this, it would be necessary to have access to hunted birds
(since hunting takes place during autumn and winter). Controlling the sampling process would allow
for prevalence estimation, and using dead birds would make it possible to test different organs by
PCR. Similarly, WNV outbreaks in Europe often correlate with avian migration patterns rather than
local overwintering. Additionally, non-mosquito pathways - such as persistent infection in reptiles
or overwintering in ticks - remain underexplored but could contribute to viral maintenance.

While this study provides robust evidence against mosquito-mediated overwintering of
WNV/USUV in northeastern France, several limitations warrant consideration. The collection
focused on artificial overwintering sites (e.g., bunkers, caves), potentially overlooking natural
habitats where mosquitoes might exhibit different behaviors.

The absence of viral persistence in overwintering mosquitoes suggests that seasonal
WNV/USUV transmission in northeastern France is likely driven by reintroduction via migratory
birds or localized enzootic cycles during warmer months. This has important implications for public
health strategies: (i) resources should focus on monitoring avian populations and active mosquito
vectors during peak transmission seasons (June-November) rather than overwintering sites; (ii)
integrating migratory bird tracking with mosquito surveillance could improve outbreak prediction;
(iii) vector control targeting Culex pipiens breeding sites (e.g., stagnant water) in late spring may
disrupt enzootic transmission before human cases emerge.

The absence of WNV and USUV RNA in overwintering female mosquitoes collected across
northeastern France between 2021 and 2024 challenges the hypothesis that these vectors play a role
in maintaining arboviral transmission during the cold season in this region. This study provides
compelling evidence that overwintering female mosquitoes in northeastern France do not serve as
reservoirs for WNV or USUV during the cold season. While this reduces concerns about wintertime
transmission, it reinforces the need for vigilant summer surveillance and interdisciplinary
approaches to arbovirus management. Our results contrast with studies from other temperate
regions, such as North America and Central Europe, where overwintering mosquitoes have been
implicated in viral persistence. They underscore the complexity of arbovirus ecology and highlight
the need to consider regional variations in vector biology, environmental conditions, and alternative
viral maintenance mechanisms when designing surveillance and control strategies. Future research
should explore the ecological drivers of viral persistence in temperate regions, particularly as climate
change alters mosquito behavior and avian migration patterns.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org, Figure S1: Repartition of mosquito species by collection places ; Table S1: Detailed
table of collection dates and locations, collected species, and results.
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Abbreviations

The following abbreviations are used in this manuscript:

WNV West Nile Virus

usuv Usutu virus

qRT-PCR real time Reverse transcriptase Polymerase Chain Reaction

PCR Polymerase Chain Reaction

NS5 Non-Structural protein 5

Spp. Species pluralis

RNA Ribonucleic Acid

SAGIR French national network for the epidemiological surveillance of wildlife diseases
MEM Minimum Essential Medium

INC 3’ Non-Coding

EQA External Quality Assessment

COFRAC French national body for laboratory and certification accreditation
EVAM European Virus Archive — Marseille

Lyo P&P Primers and Probes Lyophilized

PBS Phosphate-Buffered Saline
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