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Abstract: Mosquitoes collected from mid-December 2020 to early March 2021 from hibernacula in
northeastern Germany, a region of West Nile virus (WNV) activity since 2018, were examined for
WNV-RNA. Among the 6101 mosquitoes tested in 722 pools of up to 12 specimens, one pool of
10 Culex pipiens complex mosquitoes collected in early March 2021 in the cellar of a medieval castle
in Rosslau, federal state of Saxony-Anhalt, tested positive. Subsequent mosquito DNA analysis
produced Culex pipiens biotype pipiens. The pool homogenate remaining after nucleic acid extraction
failed to grow the virus on Vero and C6/36 cells. Sequencing of the viral NS2B-NS3 coding region,
however, demonstrated high homology with virus strains previously collected in Germany, e.g., from
humans, birds, and mosquitoes, which have been designated the East German WNV clade. The
finding confirms the expectation that WNV can overwinter in mosquitoes in Germany, facilitating an
early start to the natural transmission season in the subsequent year. On the other hand, the calculated
low infection prevalence of 0.016–0.20%, depending on whether one or twelve of the mosquitoes
in the positive pool was/were infected, indicates a slow epidemic progress and mirrors the still-
hypoendemic situation in Germany. In any case, local overwintering of the virus in mosquitoes
suggests its long-term persistence and an enduring public health issue.

Keywords: Culex pipiens; first report; Germany; mosquito vectors; overwintering; transmission; West
Nile virus

1. Introduction

West Nile virus (WNV) is a flavivirus (family Flaviviridae) pathogenic to humans,
horses, and birds. While the majority of infections in humans are asymptomatic and
only a few infected people develop neurological symptoms, the virus is quite regularly
neuroinvasive in horses and certain groups of birds, causing a high degree of mortality [1].
WNV is transmitted by mosquito species of various genera, with Culex pipiens being
the most important vector species [2]. Susceptible birds not prone to developing the
disease (mainly Passeriformes) act as virus vehicles, amplifiers, and reservoirs, infecting
feeding mosquitoes, which may then transmit the virus to other groups of vertebrates [3,4].
Horses and humans are considered viral dead-end hosts, which do not develop viremias
sufficiently high to infect feeding mosquitoes [5].

During the large European West Nile virus epidemic in 2018, which affected 15 coun-
tries with 2083 human infections, including 166 fatal ones, and 285 equine outbreaks in EU
member states [6,7], the virus emerged for the first time in Germany [8]. In both 2019 and
2020, case numbers increased in Germany, with the first human case diagnosed in 2019 and
the first fatal human case occurring in 2020 [9,10]. Confirmed cases were determined in
northeastern Germany, notably in areas of Berlin and Leipzig [11].

In 2019, field-collected mosquitoes in Germany were found to be infected with WNV
for the first time. In the Berlin Game Park where birds had previously succumbed to WNV
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infection, mosquito collections and viral screening produced seven WNV-positive pools of
Cx. pipiens biotype pipiens and Cx. pipiens biotype pipiens/molestus mosquitoes [12].

The continuation of the epidemic over the years raised the question whether the virus
was regionally maintained during wintertime or was repeatedly introduced by birds during
the summer. Phylogenetic comparisons of WNV strains isolated in Germany and other
European regions in different years and from different hosts showed a close relationship
among most of the German strains, and suggested an introduction from the neighboring
Czech Republic [8,9]. Repeated seasonal reintroduction from other European countries can
therefore not be discounted. On the other hand, viral maintenance in overwintering female
mosquitoes has been demonstrated elsewhere [13–17], suggesting that reintroduction is
not necessary to start a new transmission season. To check for WNV overwintering in
mosquitoes in Germany, hibernating adult mosquitoes were collected from their resting
places during the winter of 2020/2021 in northeastern Germany, the known hotspot region
of WNV emergence.

2. Materials and Methods
2.1. Mosquito Collection and Identification

Mosquitoes were collected between mid-December 2020 and mid-March 2021 in
20 bat hibernation quarters (ice cellars, tunnels, bunkers, water regulation constructions,
and underground levels of abandoned factories) in the German federal states of Berlin,
Brandenburg, Saxony, and Saxony-Anhalt, access to which was obtained through bat
specialists counting overwintering bats. Mosquitoes were manually collected with vials
from their resting sites on walls and ceilings, put into a transportable freezing box (−20 ◦C)
to kill and fix them, and brought into the laboratory, where the vials were put into the freezer
(−20 ◦C) until further processing. Mosquito identification took place morphologically
to species or complex/group level on a chilling table under a stereomicroscope, using
determination keys by Schaffner et al. [18] and Becker et al. [19]. For RNA/DNA extraction,
mosquitoes were then pooled according to species, and collection site and date, with up to
five specimens in the case of Culiseta species and up to 12 specimens in the case of Culex
and Anopheles species.

For both viral screening and genetic mosquito identification, nucleic acid extraction
was performed following Kampen et al. [12]. Genetic identification of mosquitoes in the
Cx. pipiens complex pool was conducted according to Heym et al. [20].

2.2. Viral Screening and Characterisation

Extracts from the mosquito pools were subjected to a Flaviviridae real-time PCR
targeting the NS5 gene [21] and a Pan-Alphaviridae-PCR targeting the nsP4 gene [22]. A
pool positive for Flavivirus-RNA was cross-checked by unidirectional sequencing of the
PCR product using the forward primer and the BigDye Terminator v1.1 Cycle Sequencing
Kit (Applied Biosystems/Hitachi, Darmstadt, Germany).

2.3. Cell Culture and Virus Isolation Attempt

Vero cells (L0015, Collection of Cell Lines in Veterinary Medicine, Friedrich-Loeffler-
Institut, Greifswald, Germany) are routinely grown in MEM with Hank’s and Earle’s
salts, non-essential amino acids, and 10% fetal bovine serum (FBS) at 37 ◦C and 5% CO2.
C6/36 cells are kept in Schneider’s insect medium supplemented with 10% FBS at 28 ◦C.

Virus isolation was attempted as described in Kampen et al. [12]. Briefly, the mosquito
homogenate was applied to Vero and C6/36 cells in the presence of penicillin and strep-
tomycin (Gibco/Thermo Fisher Scientific, Dreieich, Germany) and cultivated for several
days, with daily observation to check for the appearance of a cytopathic effect.

Cells were passaged once and co-cultured with naïve cells during the cultivation
period. Cells and cell culture supernatant were tested for the presence of viral RNA by
two RT-qPCRs, using primers targeting either the 5′-untranslated region or the NS2A
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region [23]. Samples were considered positive with Ct values higher than that expected
simply through the addition of the inoculum.

2.4. RNA Extraction and Partial Sequencing of the Viral NS2B-NS3 Region

Fresh RNA was isolated for genomic sequencing of the positive sample: mosquito
homogenate supernatant (140 µL) was extracted using a QIAamp Viral RNA Mini Kit
(Qiagen, Hilden, Germany) according to the manufacturer’s instructions. The NS2B-NS3
coding region was partially amplified using a two-step RT-PCR approach. cDNA was gen-
erated using primer R11029 (GATCCTGTGTTCTCGCACCACCAG [24]) and ProtoScript
(New England Biolabs, Ipswich, MA, USA) according to the manufacturer’s instructions.
We added 2 µL of the cDNA into a PCR using KOD-DNA polymerase (Merck, Darmstadt,
Germany) and in-house primers BT1232 (TGCGGACACCGTGGACCTGC) and BT1233
(GTGGCATGGCACATGACATCAAC). The resulting 2066 bp amplicon was sequenced
with BT1233, and the sequence obtained was compared to sequences found in German
mosquitoes collected in 2019 (GenBank accession nos. LR743447 and LR743455 [9]) using
Geneious Prime Software version 2019.2.3 (Geneious Biomatters, Auckland, New Zealand).

3. Results
3.1. Mosquito Collections

A total of 6101 overwintering mosquitoes were collected, all of them females. Mor-
phologically, the mosquitoes were assigned to five taxa: An. maculipennis complex (69 spec-
imens, 21 pools), Cs. annulata (791 specimens, 162 pools), Cx. hortensis/territans (23 speci-
mens, 8 pools), Cx. pipiens complex (5217 specimens, 530 pools), and Uranotaenia unguiculata
(1 specimen, 1 pool) (Table S1).

3.2. Viral Screening

Among all the pools tested for viruses, one single pool collected on 9 March 2021 in
a dungeon of a medieval castle in Rosslau, federal state of Brandenburg (Figure 1), was
WNV-RNA-positive according to NS5 and NS2B-NS3 gene PCR and sequencing. Based on
the number of mosquitoes tested, an infection prevalence of 0.016–0.20% was calculated,
depending on the number of positive mosquitoes in the pool (1–12 positive specimens out
of 6101 tested). The minimum infection rate (MIR) would thus be 0.16, assuming that only
one mosquito included in the pool was positive [25].
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Attempts to grow the virus from the respective mosquito homogenates on Vero and
C3/36 cells remained unsuccessful, even after one blind passage, as checked by RT-qPCR.
No full-length WNV-RNA could be extracted from the cells, whereas amplification and
sequencing of the NS2B-NS3 coding region of the RNA extracted from the original mosquito
homogenate showed a complete match to the strain found in mosquitoes in 2019, which
belonged to WNV lineage 2 [9,12].

3.3. Mosquito Identification

Mosquito species identification subsequent to virus detection suggested the WNV-
RNA-positive pool comprised Cx. pipiens biotype pipiens specimens only.

4. Discussion

Mosquito taxa found in the hibernation shelters comprised species and species groups
known to overwinter as females, and were therefore mainly as expected. However, an
overwintering Ur. unguiculata female has never been encountered in Germany before, and
its finding in Ihleburg, federal state of Saxony-Anhalt, adds to the particularly short list of
only six collection sites for this species in Germany [26,27] (unpublished data).

Of the taxa collected, only members of the Cx. pipiens complex have been experimen-
tally shown to be able to transmit WNV [28,29], although An. maculipennis complex species,
Cx. territans and Ur. unguiculata have been found infected with WNV in the field [30–33]. In
addition to Cx. pipiens complex species, several other European mosquito species are vector-
competent for WNV [34], including species also overwintering in the female stage, such as
Cx. modestus [35]. WNV-RNA, however, has so far only be demonstrated in overwintering
Cx. pipiens.

In this study, WNV-RNA was found in only one mosquito pool, generating an MIR of
0.16 for all mosquitoes tested and of 0.19 for all Cx. pipiens specimens tested. The chance
of demonstrating and isolating the virus from overwintering female mosquitoes can be
increased by keeping still-living mosquitoes collected from their hibernation shelters at
temperatures higher than 20 ◦C for some time (1–20 d) prior to examination [15,36], thus
allowing the virus to restart replication. Hence, difficulties in recovering infectious virus
from overwintering mosquitoes might, in part, be attributable to a lack of viral replication
at low temperatures [36]. This implies that failure to isolate the virus directly from field-
collected specimens in wintertime does not necessarily mean that the mosquitoes were not
infected and unable to contribute to spreading the virus the following spring. For logistical
reasons, in our study, mosquitoes could not be kept alive after collection, thereby severely
limiting the chance of infectious virus isolation, and had to initially be stored at −20 ◦C
instead of −80 ◦C, which would have been better for virus preservation.

MIRs similar to or slightly higher than in this study were obtained for overwintering
Cx. pipiens in the Czech Republic (0.11 [16]) and in the U.S. (1.93 [13], 0.82 [14], and 0.04 [15],
with the latter only considering Cx. pipiens biotype pipiens). In a more recent study from
the Czech Republic, the MIR for hibernating Cx. pipiens reached an extraordinarily high
value of 5.1, but in that case, only 198 mosquitoes were tested in four pools [17].

The MIRs calculated for WNV-RNA findings during mosquito activity periods, i.e., in
the vegetative season, in areas of low to moderate endemicity, are mainly similarly low as
in mosquito collections from resting places during wintertime, such as 0.78 for Cx. pipiens
complex mosquitoes in a study carried out in Slovakia in 2018 and 2019 [37], or 1.05 in a
study conducted in northern Italy in 2018 [38]. Further studies during the mosquito activity
season did not find any mosquitoes positive for WNV-RNA at all, despite considerable
numbers of specimens examined and diagnosed local/regional WNV cases in humans,
birds and horses (e.g., [39,40]). On the other hand, MIRs for Cx. pipiens may be greater than
10 in highly endemic areas or during peak transmission periods, such as in New York state
in 2000 [41]. In the Thessaly region of Greece, one of the European countries most affected
by WNV, the MIR reached 2.6 in 2019 [42].
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The infection prevalence reported here reflects the epidemiological situation of West
Nile virus in Germany: annual case numbers are increasing, although still relatively low,
and the first annual cases tend to occur sooner in the season (late summer in 2018 and 2019,
and July in 2020) [43].

The identified positive mosquito species, Cx. pipiens, is considered the most important
vector of WNV [2]. Culex pipiens consists of two biotypes or ecoforms, pipiens and molestus,
which differ in their ecological characteristics. Among others, biotype pipiens preferentially
feeds on birds, lives aboveground during the vegetative season, and undergoes winter
diapause; biotype molestus is mainly mammalophilic, can often be found underground
during the vegetative season, and remains active during wintertime [44,45]. Based on the
overwintering behavior of the two biotypes, it is not surprising that the positive Cx. pipiens
pool consisted of biotype pipiens only. Most of the Cx. pipiens specimens collected probably
belonged to this biotype. In the only other study on WNV screening of overwintering
mosquitoes that identified the Cx. pipiens biotypes, it was also Cx. pipiens biotype pipiens
that was found to be infected [15]. Other studies demonstrating WNV in overwintering Cx.
pipiens did not distinguish the biotypes [13,14,16,17].

The WNV strain found in the mosquito pool belonged to WNV lineage 2, and the
sequence obtained from the two-step RT-PCR was identical to those found in positive
mosquito pools collected in Germany in 2019, which could be expected as this was the
predominant strain circulating in Germany in 2019 [9].

Although only WNV-RNA was detected, it is highly likely that the collected mosquito(es)
had systemically become infected before its/their withdrawal into hibernation at the end of
the 2020 mosquito season. First, Cx. pipiens biotype pipiens is a demonstrated WNV vector,
i.e., the virus is able to replicate and disseminate in the mosquito. Second, as overwintering
female mosquitoes rarely become active during wintertime to feed, virus uptake probably
took place many weeks before, so that the virus would have been digested and its RNA
completely degraded should the infection have been restricted to the mosquito midgut.
Even in the rare case of the mosquito becoming active and feeding during wintertime, WNV
infection during this occasion would be almost impossible due to a lack of infection sources
at that time of the year. Although levels of infectious virus in overwintering mosquitoes
would be low due to a lack of viral replication and slow degradation of virus particles and
genomes, even very few full-length genomes in infected cells could restart replication with
increasing temperatures and give rise to new infectious viral particles.

Although the persistence of WNV through the winter in vertebrates has been dis-
cussed, including oral infection of birds while scavenging at WNV-positive carcasses or of
raptors while feeding on WNV-positive prey and bird-to-bird transmission within avian
communities [46,47], the virus probably rather hides in overwintering mosquitoes, which
can introduce it to naïve bird populations once temperatures rise in spring. Therefore, a
region is likely to stay endemic once the virus has reached a certain level of circulation.
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