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Abstract 

Analyses of mosquito-borne virus outbreaks have revealed the presence of similar virus strains over several years. 
However, it remains unclear how mosquito-borne viruses can persist over winter, when conditions are generally 
unfavorable for virus circulation. One potential route for virus persistence is via diapausing mosquitoes. We therefore 
studied whether Usutu virus (USUV), West Nile virus (WNV) and/or Sindbis virus (SINV) can be identified in diapaus-
ing mosquitoes in The Netherlands. Mosquito collections were carried out in November 2022 in hibernacula located 
in two areas with previously observed WNV and/or USUV activity. A total of 4857 mosquitoes, belonging to four 
species (groups) (Culex pipiens/torrentium, Culiseta annulata, Anopheles maculipennis s.l. and Culex territans), were col-
lected. WNV-, USUV- and SINV-screening using a multiplex real-time RT-PCR assay was carried out on mono-specific 
mosquito pools. One Culex pipiens/torrentium pool tested positive for USUV RNA. Whole genome sequencing and sub-
sequent phylogenetic analysis revealed that the virus belongs to USUV lineage Africa 3 and clusters with other USUV 
sequences derived from The Netherlands in 2022. This finding confirms our hypothesis of the potential of local over-
wintering of USUV in diapausing mosquitoes in The Netherlands.

Background
In recent years, Europe has witnessed increased circu-
lation of mosquito-borne viruses that have an impact 
on human and animal health. These include West Nile 
(WNV) and Usutu (USUV) virus (Orthoflavivirus, Fla-
viviridae), and there is growing concern that climate 

conditions are becoming more conducive for virus trans-
mission [1, 2]. Recurring outbreaks of arboviruses 
within a specific region raise  questions about the extent 
to which these arboviruses can locally overwinter, or 
whether they are introduced annually, followed by con-
tinued spread of the virus. In case of repeated introduc-
tions, different (migratory) bird species may carry the 
virus from areas where the virus actively circulates to 
areas where it does not yet circulate but where it can be 
picked up by locally competent vector species [3]. The 
dynamics of these events are strongly driven by ecological 
traits of birds, including their flight distance, migratory 
patterns (including stop-over) and susceptibility to the 
virus. In case of local circulation across years, the virus 
may be sustained in either a vector or a host species dur-
ing unfavorable winter conditions. When temperatures 
become more favorable in spring, virus transmission may 
then resume. Which of the two scenarios occurs will be 
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relevant for assessing transmission risk and will direct 
surveillance efforts regarding vectors, hosts and viruses.

The main vector of USUV and WNV in Europe is 
Culex pipiens. The species consists of two biotypes, Cx. 
pipiens biotype pipiens and Cx. pipiens biotype moles-
tus, which have different host feeding preferences and 
therefore play a different role in arbovirus transmission 
[4, 5]. The ornithophilic pipiens biotype is likely to be 
the main enzootic vector of both arboviruses, transmit-
ting the virus among bird populations. Within The Neth-
erlands, biotype pipiens is known to bite a broad range 
of bird species, ranging from small passerines such as 
the European Robin (Erithacus rubecula) and Eurasian 
Blue Tit (Cyanistes cauruleus) to wading birds, e.g. Gray 
Heron (Ardea cinerea) and domestic chickens (Gallus 
gallus), while the molestus biotype mainly bites humans 
and other mammal species [6]. Besides host preference, 
the two biotypes markedly differ in their overwintering 
strategy, with the molestus biotype remaining active in 
winter [7]. In contrast, the pipiens biotype enters a state 
of reduced metabolic activity, arrested ovarian develop-
ment and increased fat body reserves in winter, known 
as diapause [8–10]. This diapause is induced in the larval 
stages by lower temperatures (< 10 °C) and reduced day-
length in autumn. Emerging adult mosquitoes will then 
feed on sugars to build up their fat reserves and will no 
longer blood feed. From around October onwards, they 
will seek shelter in animal burrows, cellars and other 
generally dark and climatically stable places to survive 
adverse weather conditions [11–14]. It has been esti-
mated that up to 70% of diapausing Cx. pipiens may sur-
vive winter, and those surviving will initiate biting when 
climate conditions become favorable the following spring 
(in The Netherlands this is around 4 to 6 months after 
start of diapause) [13]. If infected, this may also resume 
virus circulation.

Detecting virus in the mosquito population is notori-
ously difficult, as virus infection rates are usually very 
low [15]. Therefore, little is known about virus infection 
rates over the seasons, including what happens when 
mosquitos enter diapause. Earlier work on genomic 
sequences from bird-derived USUV demonstrated that 
annual re-occurrence of related strains takes place, sug-
gesting that it likely overwinters in The Netherlands 
[16]. Across Europe, USUV screening of diapausing 
mosquitoes has only been performed sporadically; thus 
far, USUV evidence in overwintering mosquitoes is 
limited to an anecdotal detection in Austria and a sin-
gle USUV-positive pool of Culex torrentium in Poland 
[17, 18]. The first findings of WNV RNA in diapaus-
ing mosquitoes in Europe were reported in 2017, when 
WNV RNA was detected in three pools (out of 573) of 

diapausing Culex pipiens mosquitoes collected in Feb-
ruary or March in the Czech Republic [19]. Additional 
WNV-positive pools were found in diapausing Cx. pipi-
ens mosquitoes from the same area several years later 
[20]. Also in Germany, evidence of WNV overwintering 
in diapausing Cx. pipiens mosquitoes was found in the 
winter of 2020/2021 [21]. Furthermore, Sindbis virus 
(SINV; Alphavirus, Togaviridae) has been observed 
in diapausing mosquitoes in Sweden [22]. Presence of 
this virus in mosquitoes in The Netherlands is also sus-
pected based on recent findings of SINV in birds and 
horses [23, 24] (Streng and Holicki et al. under review).

Mosquitoes that enter diapause as adults will no 
longer blood feed during the subsequent winter. There-
fore, if an arbovirus overwinters in mosquitoes, it 
needs to have been vertically transmitted from mother 
to her offspring. Only in this way do larvae become 
infected, and may emerge as infected adults. As verti-
cal transmission is thought to be a rare event and as 
virus infection rates are very low in general, it is even 
more challenging to detect arboviruses in overwinter-
ing mosquito populations than in summer populations 
[25–27]. Our previous report concluded that there 
was no evidence of arbovirus overwintering in mos-
quito populations from The Netherlands [11]. Here, we 
report the first case of an USUV-infected pool of dia-
pausing mosquitoes and further describe its phyloge-
netic relationship with known circulating virus strains 
based on the virus’s genetic sequence.

Methods
Mosquito collection and virus detection
Mosquito collection, identification and sample process-
ing were done according to protocols described in our 
earlier work [11]. In brief, mosquito collections were 
carried out once in November 2022 in the municipali-
ties of Stichtse Vecht and Utrecht (area A) and West-
Betuwe (area B), The Netherlands. Human-made 
structures, including (bat) cellars, wells, chicken pens 
and late nineteenth-century bunkers of the New Hol-
landic Waterline were sampled. These sites are known 
to host a range of mosquito species as well as other 
insects and bats [11, 13, 28]. Manual and/or automatic 
aspiration was used to collect mosquitoes. Morpho-
logical mosquito identification was performed using 
the identification key described by Becker et  al. [29]. 
Monospecific mosquito pools with a maximum of ten 
mosquitoes per pool were made in medium. Detection 
of USUV, WNV and SINV was done on these samples 
by multiplex real-time RT-PCR as previously described 
[11]. The USUV positive result was confirmed by a sec-
ond RT-PCR [30].
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Viral whole genome sequencing and sequence data 
analysis
The single USUV RT-PCR-positive RNA sample was 
submitted to whole genome sequencing using an ampli-
con-based approach on Oxford Nanopore technology as 
previously described [16, 31]. In short, random primers 
(Invitrogen) were used to perform reverse transcription 
using ProtoScript II (NEB, cat. No. E6569) after which 
USUV-specific multiplex PCR was performed in two 
reactions using Q5 Hot Start High-Fidelity DNA Poly-
merase (NEB, cat no. M0493). Nanopore sequencing 
was performed according to the manufacturer’s instruc-
tions using the Ligation sequencing kit (SQK-LSK110) 
with Native Barcoding Kit 96 V14 (SQK-NBD114.96) on 
a FLO-MIN106D R9.4.1 Flow Cell (Oxford Nanopore 
Technologies). Raw sequence data were demultiplexed, 
and reads were quality controlled to a minimum length 
of 150 and a median PHRED score of 10 using FastP [32]. 
A reference-based alignment was performed using Mini-
map2 [33]. A consensus genome was extracted, reads 
were remapped to this consensus sequence, and a new 
consensus sequence was generated. Positions with < 30 
coverage were replaced with an ‘N’. Homopolymeric 
and primer binding regions were manually checked and 
resolved by consulting reference genomes.

Phylogenetic analysis
All complete USUV genome sequences (length > 8800 bp) 
were retrieved from GenBank (https:// doi. org/https:// 
doi. org/ 10. 1093/ nar/ gkp10 24) on May 2024. The refer-
ence sequences were aligned with unpublished USUV 
genome sequences obtained from birds and mosquitoes 
in The Netherlands between 2016 and 2022 [34] as well 
as with the USUV genome from the diapausing mos-
quito pool generated in this study using MAFFT ver-
sion 7.475 [35]. The alignment was manually checked for 
discrepancies. A maximum likelihood phylogenetic tree 
was estimated using  IQ-TREE version 2.0.3 [36] under 
a GTR + F + I + G4 model. Branch supports were assessed 
using ultrafast bootstrap approximation [37] with 1000 
bootstrap replicates. The resulting phylogenetic tree was 
midpoint rooted.

Results
In November 2022, a total number of 534 mosquitoes 
(61 pools) was collected from area A: 528 Cx. pipi-
ens/torrentium (98.9%), 2 Culiseta annulata (0.4%), 3 
Anopheles maculipennis s.l. (0.6%) and 1 Culex territans 
(0.2%). From area B, a total number of 4323 mosquitoes 
(443 pools) was collected in November 2022; 3416 Cx. 
pipiens/torrentium (79.0%), 320 Cs. annulata (7.4%), 
482 An. maculipennis s.l. (11.1%) and 105 Cx. territans 

(2.4%). Arbovirus screening resulted in the detection of 
one USUV-positive pool (Ct value = 23.68) consisting of 
ten Cx. pipiens/torrentium mosquitoes collected from a 
bunker in area B in November 2022. All other 503 pools 
tested negative for USUV, WNV and SINV.

A near full-length USUV genome sequence was 
obtained from the USUV-positive Cx. pipiens/torrentium 
pool. Phylogenetic analysis showed that the virus identi-
fied in the diapausing mosquitoes belonged to the USUV 
lineage Africa 3 (Fig. 1) and was most closely related to a 
sequence obtained from a live blackbird (Turdus merula) 
collected from De Haar in the same year (30  km away 
from the mosquito sampling location).

Discussion
In this study, we aimed to assess whether mosquito-
borne viruses, which caused disease outbreaks among 
birds and humans during summer and autumn in The 
Netherlands, can overwinter in diapausing mosquitoes. 
One Cx. pipiens/torrentium pool tested positive for 
USUV lineage Africa 3, whereas other mosquito pools all 
tested negative for WNV, USUV or SINV. Lineage Africa 
3 is the most frequently detected USUV lineage in The 
Netherlands. Known to circulate in the country since 
2016 [16], it was also detected in birds and mosquitoes 
in summer and autumn of 2022, including in the region 
of Utrecht [34]. Annual re-emergence of related strains 
within this lineage suggests local persistence and there-
with establishment of the virus in the region. Our find-
ing shows that USUV lineage 3 can persist in diapausing 
mosquitoes, which can be one pathway for this virus to 
overwinter.

In our study, the minimum infection rate (MIRs 
[= number of positive pools/total number of tested speci-
mens*1000]) for USUV in diapausing mosquitoes in 2022 
was 0.21. In Poland, researchers found a similar MIR of 
0.18 for USUV in Cx. torrentium mosquitoes [18]. No 
other USUV MIRs have been reported. Low MIRs can 
either reflect actual infection rates or be the consequence 
of a low detectability of viruses. Earlier studies have 
shown that under winter conditions, virus replication in 
mosquitoes is low but may increase at higher tempera-
tures [38, 39]. Consequently, there is a possibility that 
a fraction of the mosquitoes tested in our study were 
infected, but titers remained below the detection limit.

Arbovirus persistence may be driven by other poten-
tial overwintering routes, although the evidence remains 
scarce. In general, the role of other mosquito vectors (e.g. 
Culex modestus), non-mosquito vectors (e.g. ticks feed-
ing on birds), non-avian reservoir hosts (such as mam-
mals, reptiles and amphibians) as well as long-term viral 
persistence in bird hosts remains mostly unexplored, 
and additional research may provide new insights in 

https://doi.org/
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arbovirus overwintering mechanisms [3, 40, 41]. Inter-
estingly, WNV has been identified recently in winter-
active Cx. pipiens in Greece [42]. Winter temperatures in 
Greece are, however, more favorable than in The Neth-
erlands for continued mosquito activity. The lack of dia-
pause may result in year-round transmission, which is 
not the case in The Netherlands with the current climate 
in winter.

In conclusion, we show that USUV can persist in dia-
pausing Cx. pipiens/torrentium mosquitoes, albeit at 
low frequency. For WNV, no evidence has been found 
of local overwintering in diapausing mosquitoes in The 
Netherlands. Furthermore, we show that anthropogenic 
overwintering sites, such as bunkers, provide shelter for 
arbovirus-infected mosquitoes. To improve predictions 
of mosquito-borne disease outbreaks and to under-
stand the role of mosquitoes in transmitting pathogens 
from animals to humans, it remains necessary to explore 
other potential routes of arbovirus persistence while 
also continuing research on arbovirus overwintering in 
mosquitoes.
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