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Abstract: Snowshoe hare virus (SSHV) is a zoonotic arthropod-borne virus (arbovirus) circulating
in colder areas of the Northern Hemisphere. SSHV is maintained in an enzootic cycle between
small mammals and mosquitoes, assumably of the genera Aedes and Culiseta. Symptoms of SSHV
human infection can range from asymptomatic to severe neuroinvasive disease. Studies on SSHV
transmission are limited, and there is no information available on whether mosquitoes of the genus
Culex are able to transmit SSHV. Therefore, we investigated six mosquito species via salivation
assay for their vector competence. We demonstrated that SSHV can be transmitted by the abundant
European Culex species Cx. pipiens biotype pipiens, Cx. pipiens biotype molestus, and Cx. torrentium
with low transmission efficiency between 3.33% and 6.67%. Additionally, the invasive species
Ae. albopictus can also transmit SSHV with a low transmission efficiency of 3.33%. Our results
suggest that local transmission of SSHV after introduction to Europe seems to be possible from a
vector perspective.

Keywords: snowshoe hare virus; vector competence; Aedes; Culex

1. Introduction

Arthropod-borne viruses (arboviruses) have been an increasingly emerging global
health threat over the last decades, as the recent epidemics of dengue and chikungunya
have shown. The risk of arbovirus transmission increases due to factors such as climate
change, environmental changes, and increased traveling and trading, which contributes to
the spread of both, invasive mosquito species and the arboviruses themselves [1,2].

Snowshoe hare virus (SSHV) belongs to the Orthobunyavirus genus in the Peribun-
yaviridae family within the Bunyavirales order, which forms the largest genus of arboviruses
worldwide [3]. Orthobunyavirus virions are enveloped and have a single-stranded negative-
sense tripartite genome. All members of the Orthobunyavirus genus are transmitted by
arthropods, especially mosquitoes [3]. Based on their serological and genetical relationship,
the genus of Orthobunyavirus is subdivided into different groups/complexes. The California
serogroup (CSG) with SSHV has currently 18 members. The prototype virus of the CSG is
the California Encephalitis virus (CEV), isolated from different mosquito pools in the 1940s
in the San Joaquin Valley, California (US) [4,5]. In 1952, the first human case of encephalitis
caused by the California Encephalitis virus was described [6]. The first isolation of SSHV
took place in 1959 in Bitterroot Valley, Montana (US) from the blood of a Lepus americanus,
the snowshoe hare [7]. This was the first time a CSG member was isolated from a vertebrate
and not from mosquitoes.
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Orthobunyaviruses are found across various regions, ranging from tropic to arctic
areas on all continents, with the exception of Antarctica [8]. SSHV is distributed in colder
regions in the Northern Hemisphere, i.e., Canada, USA, and Russia [8,9]. The clinical
course of SSHV infection in humans can range from asymptomatic to mild illnesses to
severe neuroinvasive diseases. In fact, in the US, mainly three members of the CSG are
causing neuroinvasive diseases: La Crosse Virus (LACV), Jamestown Canyon Virus (JCV),
and SSHV [10]. While LACV and SSHV affect mainly children, JCV affects primarily adults,
and the reason for this is still unknown [11]. There are only a few reports of SSHV infection
in humans from the 1970s and 1980s from various Canadian provinces, one pediatric
neuroinvasive case from Novia Scotia in 2006, and one case of meningoencephalitis from
Manitoba in 2016 [12–17]. Serological studies conducted in Alaska (US), an endemic area
of SSHV, revealed antibody positivity rates of 42% in the 1980s and 6.8% in the 1990s,
indicating a significant number of undetected human cases [18,19].

SSHV circulation is sustained through an enzootic cycle involving mosquitoes and
mammals. It is assumed that the primary and amplifying hosts are small mammals. For
instance, serological studies conducted in Alaska and Wyoming (US), as well as in New-
foundland (Canada), have indicated high seroprevalences in snowshoe hares [18,20,21].
As SSHV-positive mosquitoes have been detected northwards of the distribution area of
snowshoe hares, other mammalian species must be involved in the transmission cycle [22].
In Montana (US), ground squirrels have tested positive for SSHV antibodies, while voles,
chipmunks, rats, and other small mammals in this area were negative [23]. Hares, rab-
bits, lemmings, and red-backed voles have been found SSHV-antibody-positive in Alaska
(US) [24]. Additionally, larger wild animals such as bison, dall sheep, bovines, sheep, deer,
and moose have shown positive serological results [18,20,25,26]. Laboratory studies on
small mammals revealed snowshoe hares, squirrels, rats, and voles susceptible to SSHV, but
marmots and the white-footed mouse do not develop viremia [23]. However, laboratory
studies have provided no evidence of SSHV infection in larger mammals, and the experi-
mental infection of deer, elk calves, and dogs failed [23,27]. Similar to several arboviruses,
e.g., West Nile virus, among larger mammals, horses appear uniquely susceptible to SSHV,
potentially developing encephalitis [28–30]. Serological studies in Newfoundland (Canada)
have shown a low seroprevalence in horses, suggesting SSHV infection of horses is predomi-
nantly asymptomatic; only a small number of horses develop encephalitis, but spontaneous
recovery is possible [20,29].

Field studies identified several mosquito species carrying SSHV, but this does not
necessarily confirm them as competent vectors. Various Aedes species, including Ae. fitchii,
Ae. canadensis, Ae. communis, Ae. cinereus, Ae. hexodontus complex, Ae. punctor complex, or
Ae. vexans have tested positive for SSHV [23,31–36]. Additionally, SSHV-positive Culiseta
species were also collected, e.g., Cs. impatiens and Cs. inornata [23,34]. Notably, there are no
reports of SSHV in Anopheles or Culex mosquitoes, even though these have been analyzed
in studies [34,37]. This resulted in the suggestion that SSHV is a “non-Culex” virus, and
the current distribution of SSHV aligns with the high abundance of Aedes and Culiseta
mosquitoes [38]. However, further research is needed to confirm this hypothesis.

SSHV is found in regions with long harsh winters and short summers. LeDuc et al.
proposed that the virus winter maintenance could occur through transovarial transmission,
persistence in infected vertebrates, or overwintering in mosquitoes [39]. In support of
the transovarial transmission theory, SSHV-positive Aedes larvae have been collected in
the field, indicating this as a method for SSHV overwintering [36,40]. Another plausible
mechanism is the overwintering of infected adult mosquitoes. Culiseta mosquitoes are sus-
ceptible to SSHV by intrathoracic injection and able to transmit SSHV, even after incubation
at temperatures as low as 0 ◦C or 13 ◦C [41,42]. SSHV maintenance in vertebrates is also
possible, as SSHV could be detected in the mosquito-free season in several small mammals,
like hares and voles [24]. However, there are limited laboratory studies on the vector com-
petence of different mosquito species for SSHV. Transmission of SSHV to suckling mice was
shown for Ae. Provocans, Ae. Abserratus-punctori, and Ae. triseratus at 19 ◦C/23 ◦C [43,44].
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Replication of SSHV was also detected in intrathoracic-injected Ae. Canadensis, as well as Cs.
iornata mosquitoes incubated at temperatures from 13 ◦C to 24 ◦C [45]. Aedes aegypti and Cs.
iornata showed a vector competence even at low temperatures: 13 ◦C/24 ◦C for Ae. aegypti
and 13 ◦C for Cs. iornata [45]. Further studies with Cs. iornata incubated at temperatures
around the freezing point showed positive specimens even after 194 days [45].

Three members of the CSG are distributed in Europe: Tahyna virus (TAHV) on the
whole continent, as well as Inkoo virus (INKV) and Chatanga virus (CHATV), which
both only occur in the northern areas of Europe. While it is assumed that transmission of
TAHV takes place by a broad range of mosquito species (Aedes, Culex, and Culiseta), the
transmission of INKV and CHATV probably only occurs by Aedes mosquitoes, but this
assumption is mainly based on virus detection in field-caught mosquitoes, which again
does not necessarily confirm them as competent vectors [8]. Given the recent emergence
of certain orthobunyaviruses with public and veterinary health relevance in new areas,
such as the appearance of the Cache Valley virus in New York, it is crucial to possess basic
knowledge about these viruses to prevent larger outbreaks/epidemics [46,47]. To address
the substantial knowledge gap regarding the vector competence of mosquitoes for SSHV,
we conducted this study, with a special focus on Culex species. This information will help
to estimate the risk of SSHV transmission in currently nonendemic areas such as Europe.

2. Materials and Methods

Egg rafts of Culex pipiens s.s./Culex torrentium were collected in the field during the
summer of 2023 in northern Germany (Lon: 53.467821/Lat: 9.831346). Larvae were reared
at room temperature with a 12:12 light:dark photoperiod. Species identification as Culex
pipiens biotype pipiens (Cx. pipiens pipiens) and Cx. torrentium was performed by extracting
DNA of a pool of 5 L1/L2 larvae per egg raft (DNeasy blood & tissue kit, Qiagen, Hilden,
Germany) and multiplex quantitative real-time PCR (qPCR) as described by Rudolf et al.
(HotStarTaq master mix kit, Qiagen, Hilden, Germany) [48]. Pupae were placed in an
insectary with a relative humidity of 70%, 26 ◦C, and a 12:12 light:dark photoperiod,
including 30 min twilight. To exclude natural arbovirus infections, 10 randomly selected
adult mosquitoes per species were tested by pan-Orthobunya-, pan-Flavivirus-, and pan-
Alphavirus-PCR, confirming all specimens as negative [49–51]. Lab strains of Culex pipiens
biotype molestus (Cx. pipiens molestus) (established since 2011 from egg rafts collected in
Heidelberg, Germany), Culex quinquefasciatus, Aedes aegypti (both long-established colonies
from Bayer, Leverkusen, Germany), and Aedes albopictus (established with eggs from the
field in Heidelberg in 2016/2017) were reared in the insectary likewise.

Female mosquitoes with an age of 4–14 days were starved for 24 (Aedes) or 48 (Culex)
hours. An artificial blood meal was performed at 24 ◦C for two hours, containing 50%
human blood (expired blood preservation), 30% of an 8% fructose solution, 10% filtrated
bovine serum (FBS), and 10% virus stock, final virus concentration was 2.2 × 106 FFU/mL.
SSHV stock was propagated on BHK-21 cells (Mesocricetus auratus, CCVL L 0179, Friedrich-
Loeffler-Institute, Riems, Germany), using the SSHV strain ATTC VR-711 [52]. A blood
meal was offered either via cotton stick for all Culex mosquitoes, reaching a feeding rate (FR,
number of engorged females per number of fed females) of 67.1% for Cx. pipiens pipiens,
55.7% for Cx. pipiens molestus, 50.0% for Cx. torrentium and 95.5% for Cx. quinquefasciatus or
via two 50µL drops for Aedes mosquitoes, reaching an FR of 42.6% for Ae. aegypti and 81.0%
for Ae. albopictus (Table 1). Only fully engorged females were used for the experiments.
Mosquitoes were incubated for 14 days at 70% humidity and fluctuating temperature
profiles of 18 ◦C or 24 ◦C with variations of +/−5 ◦C within 24 h. The highest temperature
was reached in the middle of the light period, and the lowest temperature was reached in
the middle of the dark period to mimic day and night fluctuation. Fructose was offered
continuously via cotton pads and refreshed every 2–3 days. The survival rate (SR, number
of alive mosquitoes 14 days post infection (dpi) per number of fed females) of all mosquito
species was in a range of 68–100% (Table 1). All experiments were performed in 2 replicates.
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Table 1. Number of mosquito specimens per experiment condition (total input), calculation of feeding
rate (FR, number of engorged females per number of fed females), and survival rate (SR, number of
alive mosquitoes 14 days post infection per number of fed females) for infection experiments with
snowshoe hare virus 14 days post infection.

Species Temperature (◦C) Total Input FR (%) SR (%)

Aedes aegypti 18◦ +/− 5 ◦C 96 60.4 (58/96) 69.0 (40/58)
24◦ +/− 5 ◦C 122 42.6 (52/122) 80.8 (42/52)

Aedes albopictus 18◦ +/− 5 ◦C 60 83.3 (50/60) 68.0 (34/50)
24◦ +/− 5 ◦C 84 81.0 (68/84) 76.5 (52/68)

Culex pipiens
biotype pipiens

18◦ +/− 5 ◦C 83 53.0 (44/83) 77.3 (34/44)
24◦ +/− 5 ◦C 97 55.7 (54/97) 87.0 (47/54)

Culex pipiens
biotype molestus

18◦ +/− 5 ◦C 115 44.4 (51/115) 96.1 (49/51)
24◦ +/− 5 ◦C 79 67.1 (53/79) 94.3 (50/53)

Culex torrentium
18◦ +/− 5 ◦C 56 96.4 (54/56) 87.0 (47/54)
24◦ +/− 5 ◦C 56 94.6 (53/56) 94.3 (50/53)

Culex
quinquefasciatus

18◦ +/− 5 ◦C 75 53.3 (40/75) 100.0 (40/40)
24◦ +/− 5 ◦C 90 46.7 (42/90) 97.6 (41/42)

Vector competence was analyzed at 14 dpi via salivation assay as previously de-
scribed [53]. Briefly, mosquitoes were anesthetized with CO2 to remove legs and wings.
The proboscis was put into a 10 µL tip containing 10 µL of phosphate-buffered saline (PBS)
and incubated for 30 min. PBS-saliva solution was pipetted onto BHK cells in a 96-well
plate to observe if the saliva contained infectious virus particles, which would induce a
cytopathic effect during the next 7 days. If CPE was observed, RNA of the supernatant was
extracted (QIAmp viral RNA mini kit, Qiagen, Hilden, Germany) and tested via qRT-PCR
(QuantiTect Reverse Transcription kit, Qiagen, Hilden, Germany) using the Primers SHL80C
(CAACAATTCTTAGCTAGGATTAA) and SHL146V (GATCGACATCTATATCTTTGGCA)
located in the L-segment [54], with an addition of the VetMAXTM XenoTM Internal Positive
Control (Applied Biosystems, Thermo Fisher Scientific Corporation, Waltham, MA, USA).
A series of 1.19 × 103, 1.19 × 104, 1.19 × 105 dilutions of a synthetic SSHV standard (5′-
ATGCAACAATTCCTAGCTAGGATTAATGCTGCAAGAGATGCATGTGTTGCCAAAGA
TATAGATGTCGATCCTA-‘3) was used as a positive control.

The transmission rate (TR, number of SSHV-positive saliva per number of SSHV-
positive bodies) and transmission efficiency (TE, number of SSHV-positive saliva per fed
females) were calculated. To estimate the amount of infectious virus particles, saliva
was titrated as described by Jansen et al. [55]. The RNA of mosquito bodies, excluding
legs and wings, was extracted (MagMAX CORE nucleic acid purification kit, Applied
Biosystems, Thermo Fisher Scientific Corporation, Waltham, MA, USA), and RT-qPCR was
performed as mentioned above. Infection rate (IR, number of SSHV-positive bodies per fed
females) and mean body titer of each specimen were calculated using a series dilution of
the above-mentioned SSHV standard.

The RT-qPCR was validated in accordance with the “Minimum Information for Pub-
lication of Quantitative Real-Time PCR Experiments” guidelines as outlined by Bustin
et al. [56]. A series of ten-fold dilutions from 1.19 to 1.19 × 109 copies/µL of the SSHV
standard were analyzed in five replicates according to the above-mentioned RT-qPCR
protocol. The limit of detection was determined to be 2.68 × 105 copies/mosquito body,
and the standard deviation of Cqs at this concentration was 1.173. The linear dynamic
range was established between 2.68 × 105 and a minimum of 2.68 × 1011 copies/mosquito
body, meaning that the concentration is in a linear proportion to the PCR signal in this
range and can therefore be considered reliable. From the calibration curves, the coefficient
of determination was calculated to be 0.9968. The slope was −3.539, while the y-intercept
was at 53.304. Finally, the PCR efficiency was 0.9184, i.e., 91.8% of the target molecules were
amplified in each step.
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3. Results

All investigated mosquito species were susceptible to SSHV and four of the six were
capable of transmitting SSHV, i.e., Ae. albopictus, Cx. pipiens pipiens, Cx. pipiens molestus,
and Cx. Torrentium (Table 2). No positive saliva was detected for Ae. Aegypti and Cx.
Quinquefasciatus.

Table 2. Calculation of infection rate (IR, number of SSHV-positive bodies per fed females), mean body
titer, transmission rate (TR, number of SSHV-positive saliva per number of SSHV-positive bodies),
and transmission efficiency (TE, number of SSHV-positive saliva per fed females) for infection
with snowshoe hare virus 14 days post infection; thirty specimens were investigated per condition
(n.a. = not applicable for the mean if there were no positive specimens or for the confidence interval
if there was only one positive body).

Species Temperature (◦C) IR (%)
Mean Body Titre log10

Copies/Mosquito Specimen
(95% Confidence Interval)

TR (%) TE (%)

Aedes aegypti
18◦ +/− 5 ◦C 0.0 (0/30) n.a. 0.0 (0/0) 0.0 (0/0)

24◦ +/− 5 ◦C 10.0 (3/30) 3.6 (1.8–5.4) 0.0 (0/0) 0.0 (0/0)

Aedes albopictus
18◦ +/− 5 ◦C 50.0 (15/30) 7.0 (6.2–7.8) 6.7 (1/15) 3.3 (1/30)

24◦ +/− 5 ◦C 96.7 (29/30) 7.0 (6.4–7.6) 3.5 (1/29) 3.3 (1/30)

Culex pipiens
biotype pipiens

18◦ +/− 5 ◦C 23.3 (7/30) 4.7 (4.1–5.2) 0.0 (0/0) 0.0 (0/0)

24◦ +/− 5 ◦C 26.7 (8/30) 5.4 (4.2–6.7) 12.5 (1/8) 3.3 (1/30)

Culex pipiens
biotype molestus

18◦ +/− 5 ◦C 16.7 (5/30) 6.0 (3.9–8.2) 20.0 (1/5) 3.3 (1/30)

24◦ +/− 5 ◦C 3.3 (1/30) 4.8 (n.a.) 0.0 (0/0) 0.0 (0/0)

Culex torrentium
18◦ +/− 5 ◦C 50.0

(15/30) 5.0 (4.7–5.4) 0.0
(0/0) 0.0 (0/0)

24◦ +/− 5 ◦C 40.0 (12/30) 5.8 (5.0–6.6) 16.7
(2/12) 6.7 (2/30)

Culex
quinquefasciatus

18◦ +/− 5 ◦C 3.3 (1/30) 6.1 (n.a.) 0.0 (0/0) 0.0 (0/0)

24◦ +/− 5 ◦C 43.3 (13/30) 5.1 (4.8–5.5) 0.0 (0/0) 0.0 (0/0)

Aedes aegypti showed the lowest IR of all species, with an IR of 0.0% at 18 ◦C +/− 5 ◦C
and 10.0% at 24 ◦C +/− 5 ◦C (Table 2). Both temperature profiles are presented as 18 ◦C and
24 ◦C, respectively, in the following results and discussion. Likewise, the mean body titer of
3.6 log10 copies per specimen was the lowest titer of all species, resulting in no transmission.
In contrast, Ae. albopictus showed the overall highest IRs of 96.7% at 24 ◦C and 50.0% at
18 ◦C. Moreover, the body titers of 7.0 log10 copies per specimen at both temperature
profiles are the highest values over all species. While the TR is higher at 18 ◦C with 6.7% in
comparison with 3.5% at 24 ◦C, the TE with 3.3% is identical for both temperatures.

For Cx. pipiens pipiens, the IR was 23.3% at 18 ◦C and 26.7% at 24 ◦C, with mean
body titers of 4.7 and 5.4 log10 copies per specimen, respectively. Transmission was only
observed at 24 ◦C with a TR of 12.5% and a TE of 3.3%. Culex pipiens molestus showed
lower IRs, with 16.7% at 18 ◦C and 3.3% at 24 ◦C. The titer was slightly lower at the higher
temperature of 24 ◦C with 4.8 log10 copies per mosquito compared with 6.0 log10 copies
per mosquito at 18 ◦C. Transmission only took place at 18 ◦C, with a TR of 20.0% and a TE
of 3.3%. Culex torrentium had the highest IR of all investigated Culex species, with 50.0%
at 18 ◦C and 40.0% at 24 ◦C. The body titer was higher at the higher temperature, with
5.8 log10 copies per specimen in comparison with 5.0 log10 copies per specimen at the
lower temperature. Transmission was only observed at the higher temperature with a TR of
16.67% and a TE of 6.67%, which is the highest measured TE for all species. No transmission
was observed for Cx. quinquefasciatus, but infection was detected at both temperatures with
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an IR of 3.3% with a body titer of 6.1 log10 copies per specimen at 18 ◦C and an IR of 43.3%,
with a body titer of 5.1 log10 copies per specimen at 24 ◦C.

In all detected saliva samples, a cytopathic effect was only present in the first well of
the saliva dilution, which resulted in a concentration of <10 infectious virus particles per
saliva sample.

4. Discussion

In this study, we found that Culex pipiens pipiens, Cx. pipiens molestus, and Cx.
torrentium are capable of transmitting SSHV. To the best of our knowledge, this is the
first demonstration of SSHV transmission by Culex mosquitoes. Moreover, this is the first
demonstration of SSHV transmission by the highly invasive mosquito species Ae. albopictus.
Although no positive saliva was detected in Ae. aegypti and Cx. quinquefasciatus, both
species were susceptible to SSHV infection. The TE of SSHV by both Aedes and Culex
genera was relatively low at around 3.3%, with a slightly higher rate of 6.7% observed
for Cx. torrentium. This contrasts with other members of the CSG, which show a clear
difference in transmission by the different mosquito genera. For example, transmission
of the closely related LACV [57] has been demonstrated in Culex, specifically Cx. restuans
and Cx. pipiens, with TE values also ranging under 10% [58]. However, vector competence
studies with LACV and Ae. triseriatus showed significantly different results, yielding high
TE values of 40% [58]. Another example of a CSG member is TAHV, for which recent
studies with a newly discovered TAHV strain from China showed infection of Ae. albopictus
and Cx. pipiens pallens, but SSHV-positive saliva was only detected in Ae. albopictus [59].
Other members of the CSG group, like CEV and JCV, are also known to be transmitted
by several Aedes species, with transmission rates ranging from high to low levels [60,61].
The transmission of JCV by Ae. albopictus was recently demonstrated with TRs ranging
from 13% to 30% (7 dpi, incubation temperature of 27 ◦C) [62]. The hypothesis that SSHV
is a “non-Culex” virus and that the current distribution of SSHV corresponds with the high
abundance of Aedes and Culiseta mosquitoes is probably not correct [38]. Risk assessment
for SSHV in endemic areas may need to be reconsidered, as Culex mosquitoes as vectors
need to be taken into account.

In this study, transmission was shown at 24 ◦C for three species (Ae. albopictus, Cx. pipi-
ens pipiens, Cx. torrentium) and at 18 ◦C for two species (Ae. albopictus, Cx. pipiens molestus).
Therefore, it seems that the transmission of SSHV is not limited by lower temperatures.
This aligns with the observations of McLean et al., who detected SSHV transmission by
Ae. aegypti and Cs. Iornata at incubation temperatures of 24 ◦C and 13 ◦C [45]. Abundant
European Culex mosquito species, as well as the invasive Ae. Albopictus, are susceptible and
able to transmit SSHV under the prevailing temperatures in Europe. Thus, travel-associated
SSHV introduction via mosquitoes/humans or introduction by infected vertebrate hosts,
migrating from Russia to Northern Europe, is a potential scenario. The theories of LeDuc
et al. for winter maintenance of SSHV are also conceivable for Europe [39]. Transovarial
transmission, a known mechanism for several CSG viruses in Aedes mosquitoes, appears
feasible for SSHV in European Aedes species [63]. The investigated Culex mosquitoes
from Germany, which overwinter as adults similar to Culiseta mosquitoes from Northern
America, could also facilitate SSHV maintenance [64–66]. Whether SSHV can establish
an enzootic cycle in Europe would also depend on the hosts. However, due to the broad
host range of different species of small mammals [23], it can be assumed that European
hares, squirrels, or other small mammals could serve as amplifying hosts. However, these
experimental studies are missing.

Another factor that should be kept in mind is the risk of reassortment of viral genome
segments, common with orthobunyaviruses [67]. If genetically and antigenic close or-
thobunyaviruses infect the same cell, an exchange of the three segments can take place,
leading to a reassortment of segments and the emergence of novel viruses. The reassortment
of orthobunyaviruses in the laboratory was first described for LACV in dually infected
mosquitoes [68]. The phenotypes of reassortment viruses can vary significantly from their
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parental strains, with either increased or decreased virulence. For example, the laboratory
reassortment of LACV and JCV shows a loss of pathogenicity in mammals [69]. An example
of the opposite effect is the natural reassortment of the Ngari virus (NRIV), containing the
L- and S-segment of the Bunyamwera virus (BUNV) and the M-segment of the Batai virus
(BATV), both belonging to the bunyamwera serogroup of the orthobunyaviruses [70]. NRIV
shows a higher pathogenicity for mammals in comparison with the parental viruses, i.e.,
BUNV and BATV infections in humans are mainly asymptomatic or associated with febrile
illness, while NRIV causes hemorrhagic fever [71]. Interestingly, laboratory studies with
an NRIV-like virus showed an increased pathogenicity in mammalian cells in comparison
with the parental viruses BUNV and BATV but a decreased growth in insect cells [72].
Therefore, the assessment of new reassortment viruses must always take the host as well
as the vector into account in order to make a risk assessment. The observations of Beaty
et al. on the reassortment viruses of LACV and SSHV revealed an important function
for the M-segment: encoding for the glycoproteins and the nonstructural proteins NSm.
Reassortment viruses containing the M-segment of LACV were efficiently transmitted by
Ae. triseratus. In contrast, reassortment viruses containing the M-segment of SSHV were
only inefficiently transmitted [73–75]. However, there are only a few states in the US where
LACV and SSHV occur together and natural reassortment could take place, but so far, there
have been no reports from the field. Two members of the CSG are distributed in Northern
Europe, INKV and CHATV, whereby CHATV is phylogenetically most closely related
to SSHV within the CSG, and the reassortment with SSHV in coinfected hosts/vectors
is quite conceivable [8,57]. In fact, SSHV occurs in Russia, where INKV, CHATV, and
TAHV co-circulate. A sequence analysis of several isolates in Russia belonging to the CSG
showed potential SSHV reassortments [9]. With expanding mosquito populations and the
presence of other CSG members in Northern Europe and Russia, the risk of novel SSHV
reassortments increases.

5. Conclusions

SSHV can be transmitted by abundant, native Culex mosquitoes in Europe with low TE:
Cx. pipiens biotype pipiens, Cx. pipiens biotype molestus, and Cx. torrentium. Additionally,
the invasive species Ae. albopictus can also transmit SSHV with low TE. Both investigated
tropical mosquito species, Ae. aegypti and Cx. quinquefasciatus, were not able to transmit
SSHV. Considering these findings, the introduction of SSHV to Europe appears feasible
from the vector as well as the climate perspective. However, further investigation of the
potential vertebrate hosts and introduction pathways is needed.

Author Contributions: Conceptualization, S.J., R.L., J.S.-C. and A.H.; methodology, S.J. and A.H.;
software, A.H.; validation, S.J., R.L. and A.H.; formal analysis, S.J. and A.H.; investigation, S.J., P.H.,
U.L., M.H. and A.H.; resources, R.L. and N.B.; data curation, S.J. and A.H.; writing—original draft
preparation, S.J., P.H. and A.H.; writing—review and editing, R.L., U.L., M.H., N.B. and J.S.-C.;
visualization, A.H.; supervision, A.H.; project administration, S.J. and A.H.; funding acquisition, S.J.,
R.L., J.S.-C. and A.H. All authors have read and agreed to the published version of the manuscript.

Funding: PH and UL are financially supported by the German Federal Ministry of Food and
Agriculture (BMEL) through the Federal Office for Agriculture and Food (BLE), with the grant
number FKZ 2819107A22. R.L. is funded by the Federal Ministry of Education and Research of
Germany (BMBF) under the project NEED (grant number 01Kl2022).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: We thank Anucha Ponyiam for his excellent support in the mosquito breeding facility.

Conflicts of Interest: The authors declare no conflicts of interest.



Viruses 2024, 16, 222 8 of 10

References
1. Ludwig, A.; Zheng, H.; Vroba, L.; Drebot, M.A.; Iranpour, M.; Lindsay, L.R. Increased Risk of Endemic Mosquito-Borne

Diseases in Canada Due to Climate Change. CCDR 2019, 45, 91–97. Available online: https://www.canada.ca/en/public-
health/services/reports-publications/canada-communicable-disease-report-ccdr/monthly-issue/2019-45/issue-4-april-4-20
19/article-3-endemic-mosquito-borne-diseases-climate-change.html (accessed on 5 October 2023). [CrossRef]

2. Lühken, R.; Brattig, N.; Becker, N. Introduction of invasive mosquito species into Europe and prospects for arbovirus transmission
and vector control in an era of globalization. Infect. Dis. Poverty 2023, 12, 109. [CrossRef] [PubMed]

3. ICTV. Available online: https://ictv.global/report/chapter/peribunyaviridae/peribunyaviridae/orthobunyavirus (accessed on
19 September 2023).

4. Hammon, W.M.; Reeves, W.C. Recent advances in the epidemiology of the Arthropod-borne virus encephalitides: Including
certain exotic types. Am. J. Public. Health Nations Health 1945, 35, 994–1004. [CrossRef]

5. Hammon, W.M. The etiology and epidemiology of the virus group of encephalitides. Calif. Med. 1947, 67, 217–220. [PubMed]
6. Hammon, W.; Reeves, W.C.; Sather, G. California virus, a newly described agent, Part I. J.Immunol. 1952, 69, 493–510. [CrossRef]

[PubMed]
7. Burgdorfer, W.; Newhouse, V.F.; Thomas, L.A. Isolation of California encephalitis virus from the blood of a snowshoe hare (Lepus

americanus) in western Montana. Am. J. Hyg. 1961, 73, 344–349. [CrossRef] [PubMed]
8. Evans, A.B.; Peterson, K.E. Throw out the map: Neuropathogenesis of the globally expanding California Serogroup of Orthobun-

yaviruses. Viruses 2019, 11, 794. [CrossRef] [PubMed]
9. Vanlandingham, D.L.; Davis, B.S.; Lvov, D.K.; Samokhvalov, E.i.; Lvov, S.D.; Black, W.C.; Higgs, S.; Beaty, B.J. Molecular

characteriszation of California serogroup viruses isolated in Russia. Am. J. Trop. Med. Hyg. 2002, 67, 306–309. [CrossRef]
[PubMed]

10. CDC. La Crosse Encephalitis. Available online: https://www.cdc.gov/lac/statistics/historic-data.html (accessed on 28 Septem-
ber 2023).

11. CDC. Jamestown Canyon Virus; Historic Data. Available online: https://www.cdc.gov/jamestown-canyon/statistics/historic-
data.html (accessed on 28 September 2023).

12. Artsob, H.; Spence, L.; Caughey, W.C.; Wherrett, J.R. Aseptic meningitis in Ontario. Can. Med. Assoc. J. 1981, 125, 958–962.
13. Artsob, H.; Spence, L.; Surgeoner, G.; Helson, B.; Thorsen, J.; Grant, L.; Th’ng, C. Snowshoe hare virus activity in Southern

Ontario. Can. J. Public. Health 1982, 73, 345–349.
14. Embil, J.A.; Camfield, P.R.; Artsob, H.; Rozee, K.R. California encephalitis in Nova Scotia. Can. Med. Assoc. J. 1982, 127, 957–958.
15. Embil, J.A.; Camfield, P.R.; Artsob, H. California encephalitis in New Brunswick. Can. Med. Assoc. J. 1985, 132, 1166.
16. Meier-Stephenson, V.; Langley, J.M.; Drebot, M.; Artsob, H. Encephalitis in the summer: A case of snowshoe hare (California

serogroup) virus infection in Nova Scotia. Can. Commun. Dis. Rep. 2007, 33, 23–26. [PubMed]
17. Lau, L.; Wudel, B.; Kadkhoda, K.; Keanan, Y. Snowshoe hare virus causing meningoencephalitis in a young adult from northern

Minitoba, Canada. Open Forum. Infect. Dis. 2017, 4, ofx150. [CrossRef] [PubMed]
18. Zarnke, R.L.; Calisher, C.H.; Kerschner, J. Serologic evidence of arbovirus infections in humans and wild animals in Alaska. J.

Wildl. Dis. 1983, 19, 175–179. [CrossRef] [PubMed]
19. Walters, L.L.; Tirrell, S.J.; Shope, R.E. Seroepidemiology of California and Bunyamwera serogroup (Bunyaviridae) virus infections

in native populations of Alaska. Am. J. Trop. Med. Hyg. 1999, 60, 806–821. [CrossRef] [PubMed]
20. Goff, G.; Whitney, H.; Drebot, M.A. Roles of host species, geographic separation, and isolation in the seroprevalence of Jamestown

Canyon and Snoshoe hare viruses in Newfoundland. Appl. Environ. Microbiol. 2012, 78, 6734–6740. [CrossRef] [PubMed]
21. Rhyan, J.; Tyers, D.; Zimmer, J.; Lewandowski, K.; Hennager, S.; Young, J.; Pappert, R.; Panella, A.; Kosoy, O. Serologic survey of

Snowshoe hares (Lepus americanus) in the greater yellowstone area for Brucellosis, Tularemia, and Snowshoe hare virus. J. Wildl.
Dis. 2015, 51, 769–773. [CrossRef] [PubMed]

22. Wagner, R.J.; DeJong, C.; Leung, M.K.; McLintock, J.; Iversen, J.O. Isolations of California encephalitis virus from tundra
mosquitoes. Can. J. Microbiol. 1975, 21, 574–576. [CrossRef] [PubMed]

23. Newhouse, V.F.; Burgdorfer, W.; Corwin, D. Field and laboratory studies on the hosts and vectors of the Snowshoe hare strain of
California virus. Mosq. News 1971, 31, 401–408.

24. Ritter, D.G.; Feltz, E.T. On the natural occurrence of California encephalitis virus and other arboviruses in Alaska. Can. J. Microbiol.
1974, 20, 1359–1366. [CrossRef]

25. McFarlane, B.L.; Embil, J.A.; Artsob, H.; Spence, L.; Rozee, K.R. Antibodies to the California group of arboviruses in the moose
(Alces alces americana Clinton) population of Nova Scotia. Can. J. Microbiol. 1981, 27, 1219–1223. [CrossRef] [PubMed]

26. McFarlane, B.L.; Embree, J.E.; Embil, J.A.; Rozee, K.R.; Artsob, H. Antibodies to the California group of arboviruses in animal
populations of New Brunswick. Can. J. Microbiol. 1982, 28, 200–204. [CrossRef] [PubMed]

27. Issel, C.J.; Trainer, D.O.; Thompson, W.H. Experimental Studies with White-Tailed Deer and Four California Group Arboviruses
(La Crosse, Trivittatus, Snowshoe Hare, and Jamestown Canyon). Am. J. Trop. Med. Hyg. 1972, 21, 979–984. [CrossRef] [PubMed]

28. Lynch, J.A.; Binnington, B.D.; Artsob, H. California serogroup virus infection in a horse with encephalitis. J. Am. Vet. Med. Assoc.
1985, 186, 389.

29. Heath, S.E.; Artsob, H.; Bell, R.J.; Harland, R.J. Equine encephalitis caused by Snowshoe hare (California serogroup) virus. Can. Vet.
J. 1989, 30, 669–671.

https://www.canada.ca/en/public-health/services/reports-publications/canada-communicable-disease-report-ccdr/monthly-issue/2019-45/issue-4-april-4-2019/article-3-endemic-mosquito-borne-diseases-climate-change.html
https://www.canada.ca/en/public-health/services/reports-publications/canada-communicable-disease-report-ccdr/monthly-issue/2019-45/issue-4-april-4-2019/article-3-endemic-mosquito-borne-diseases-climate-change.html
https://www.canada.ca/en/public-health/services/reports-publications/canada-communicable-disease-report-ccdr/monthly-issue/2019-45/issue-4-april-4-2019/article-3-endemic-mosquito-borne-diseases-climate-change.html
https://doi.org/10.14745/ccdr.v45i04a03
https://doi.org/10.1186/s40249-023-01167-z
https://www.ncbi.nlm.nih.gov/pubmed/38037192
https://ictv.global/report/chapter/peribunyaviridae/peribunyaviridae/orthobunyavirus
https://doi.org/10.2105/AJPH.35.10.994
https://www.ncbi.nlm.nih.gov/pubmed/18731297
https://doi.org/10.4049/jimmunol.69.5.493
https://www.ncbi.nlm.nih.gov/pubmed/13011307
https://doi.org/10.1093/oxfordjournals.aje.a120193
https://www.ncbi.nlm.nih.gov/pubmed/13688984
https://doi.org/10.3390/v11090794
https://www.ncbi.nlm.nih.gov/pubmed/31470541
https://doi.org/10.4269/ajtmh.2002.67.306
https://www.ncbi.nlm.nih.gov/pubmed/12408673
https://www.cdc.gov/lac/statistics/historic-data.html
https://www.cdc.gov/jamestown-canyon/statistics/historic-data.html
https://www.cdc.gov/jamestown-canyon/statistics/historic-data.html
https://www.ncbi.nlm.nih.gov/pubmed/18161204
https://doi.org/10.1093/ofid/ofx150
https://www.ncbi.nlm.nih.gov/pubmed/28948178
https://doi.org/10.7589/0090-3558-19.3.175
https://www.ncbi.nlm.nih.gov/pubmed/6644915
https://doi.org/10.4269/ajtmh.1999.60.806
https://www.ncbi.nlm.nih.gov/pubmed/10344657
https://doi.org/10.1128/AEM.01351-12
https://www.ncbi.nlm.nih.gov/pubmed/22798366
https://doi.org/10.7589/2015-01-021
https://www.ncbi.nlm.nih.gov/pubmed/26161724
https://doi.org/10.1139/m75-081
https://www.ncbi.nlm.nih.gov/pubmed/1122430
https://doi.org/10.1139/m74-210
https://doi.org/10.1139/m81-187
https://www.ncbi.nlm.nih.gov/pubmed/7317859
https://doi.org/10.1139/m82-026
https://www.ncbi.nlm.nih.gov/pubmed/7066765
https://doi.org/10.4269/ajtmh.1972.21.979
https://www.ncbi.nlm.nih.gov/pubmed/4635778


Viruses 2024, 16, 222 9 of 10

30. Campbell, G.L.; Marfin, A.A.; Lanciotti, R.S.; Gubler, D.J. West nile virus. Lancet Infect. Dis. 2002, 2, 519–529. [CrossRef]
31. Whitney, E.; Jamnback, H.; Means, R.G.; Roz, A.P.; Rayner, G.A. California virus in New York state. Isolation and characterization

of California encephalitis virus complex from Aedes cinereus. Am. J. Trop. Med. Hyg. 1969, 18, 123–131. [CrossRef]
32. Iversen, J.; Hanson, R.P.; Papadopoulos, O.; Morris, C.V.; DeFoliart, G.R. Isolation of Viruses of the California Encephalitis Virus

Group from Boreal Aedes Mosquitoes. Am. J. Trop. Med. Hyg. 1969, 18, 735–742. [CrossRef] [PubMed]
33. Sommermann, K.M. Biting fly—Arbovirus probe in interior Alaska (Culididae) (Simulidae)—(SSH: California complex) (North-

way: Bunyamwera group). Mosq. News 1977, 37, 90–103.
34. Sudia, W.D.; Newhouse, V.F.; Calisher, C.H.; Chamberlain, R.W. California group arboviruses: Isolations from mosquitoes in

North America. Mosq. News 1971, 31, 576–600.
35. Iversen, J.O.; Wagner, R.J.; DeJong, C.; McLintock, J. California encephalitis virus in Saskatchewan: Isolation from boreal Aedes

mosquitoes. Can. J. Public Health 1973, 64, 590–594.
36. McLean, D.M.; Bergman, S.K.; Gould, A.P.; Grass, P.N.; Miller, M.A.; Spratt, E.E. California encephalitis Virus Prevalence throughout

the Yukon Territory, 1971–1974. Am. J. Trop. Med. Hyg. 1975, 24, 676–684. [CrossRef] [PubMed]
37. Walker, E.D.; Yuill, T.M. Snowshoe hare virus: Discovery, distribution, vector and host associations, and medical significance. J.

Med. Entomol. 2023, 60, 1252–1261. [CrossRef] [PubMed]
38. Snyman, J.; Snyman, L.P.; Buhler, K.J.; Villeneuve, C.-A.; Leigthon, P.A.; Jenkins, E.J.; Kumar, A. California Serogroup viruses in a

changing Canadian Arctic: A review. Viruses 2023, 15, 1242. [CrossRef]
39. LeDuc, J.W. The ecology of California group viruses. J. Med. Entomol. 1979, 16, 1–17. [CrossRef]
40. McLintock, J.; Curry, P.S.; Wagner, R.J.; Leung, M.K.; Iversen, J.O. Isolation of Snowshoe Hare virus from Aedes Implicatus larvae

in Saskatchewan. Mosq. News 1976, 36, 233–237.
41. McLean, D.M.; Clarke, A.M.; Goddard, E.J.; Manes, A.S.; Montalbetti, C.A.; Pearson, R.E. California encephalitis virus endemicity

in the Yukon Territory, 1972. J. Hyg. 1973, 71, 391–402. [CrossRef]
42. McLean, D.M.; Grass, P.N.; Judd, B.D.; Ligate, L.V.; Peter, K.K. Bunyavirus isolations from mosquitoes in the western Canadian

arctic. J. Hyg. 1977, 79, 61–71. [CrossRef]
43. Heard, P.B.; Zhang, M.B.; Grimstad, P.R. Laboratory transmission of Jamestown Canyon and Snowshoe hare viruses (Bunyaviridae:

California serogroup) by several species of mosquitoes. J. Am. Mosq. Control Assoc. 1991, 7, 94–102.
44. Hewlett, M.J.; Clerx, J.P.; Clerx-van Haaster, C.M.; Chandler, L.J.; McLean, D.M.; Beaty, B.J. Genomic and biologic analyses of

snowshoe hare virus field and laboratory strains. Am. J. Trop. Med. Hyg. 1992, 46, 524–532. [CrossRef] [PubMed]
45. McLean, D.M.; Gubash, S.M.; Grass, P.N.; Miller, M.A.; Petric, M.; Walters, T.E. California encephalitis virus development in

mosquitoes as revealed by transmission studies, immunoperoxidase staining, and electron microscopy. Can. J. Microbiol. 1975, 21,
453–462. [CrossRef] [PubMed]

46. Dieme, C.; Maffei, J.G.; Diarra, M.; Koetzner, C.A.; Kuo, L.; Ngo, K.A.; Dupuis, A.P.; Zink, S.D.; Backenson, P.B.; Kramer, L.D.;
et al. Aedes Albopictus and Cache Valley virus: A new threat for virus transmission in New York State. Emerg. Microbes Infect.
2022, 11, 741–748. [CrossRef] [PubMed]

47. Hughes, H.R.; Kenney, J.L.; Calvert, A.E. Cache Valley virus: An emerging arbovirus of public and veterinary health importance.
J. Med. Entomol. 2023, 60, 1230–1241. [CrossRef] [PubMed]

48. Rudolf, M.; Czajika, C.; Börstler, J.; Melaun, C.; Jöst, H.; von Thien, H.; Badusche, M.; Becker, N.; Schmidt-Chanasit, J.; Krüger, A.;
et al. First nationwide surveillance of Culex pipiens complex and Culex torrentium mosquitoes demonstrated the presence of
Culex pipiens biotype pipiens/molestus hybrids in Germany. PLoS ONE 2013, 8, e71832. [CrossRef] [PubMed]

49. Lambert, A.J.; Lanciotti, R.S. Consensus amplification and novel multiplex sequencing method for S segment species identification
of 47 viruses of the Orthobunyavirus, Phlebovirus, and Nairovirus genera of the family Bunyaviridae. J. Clin. Microbiol. 2009, 47,
2398–2404. [CrossRef] [PubMed]

50. Chao, D.-Y.; Davis, B.S.; Chang, G.-J.J. Development of multiplex real-time reverse transcriptase PCR assays for detecting eight
medical important flaviviruses in mosquitoes. J. Clin. Microbiol. 2007, 45, 584–589. [CrossRef]

51. Eshoo, M.W.; Whitehouse, C.A.; Zoll, S.T.; Massire, C.; Pennella, T.-T.D.; Blyn, L.B.; Sampath, R.; Hall, T.A.; Ecker, J.A.; Desai, A.;
et al. Direct broad-range detection of alphaviruses in mosquito extracts. Virology 2007, 368, 286–295. [CrossRef]

52. Newhouse, V.F.; Burgdorfer, W.; McKiel, J.A.; Gregson, J.D. California encephalitis virus. Serologic survey of small wind mammals
in northern united states and southern Canada and isolation of additional strains. Am. J. Hyg. 1963, 78, 123–129.

53. Heitmann, A.; Jansen, S.; Lühken, R.; Leggewie, M.; Schmidt-Chanasit, J.; Tannich, E. Forced salivation as a method to analyze
vector competence of mosquitoes. J. Vis. Exp. 2018, 138, e57980. [CrossRef]

54. Kuno, G.; Mitchell, C.J.; Chang, G.J.; Smith, G.C. Detecting bunyaviruses of the Bunyamwera and California serogroups by a PCR
technique. J. Clin. Microbiol. 1996, 34, 1184–1188. [CrossRef] [PubMed]

55. Jansen, S.; Lühken, R.; Helms, M.; Pluskota, B.; Pfitzner, W.P.; Oerther, S.; Becker, N.; Schmidt-Chanasit, J.; Heitmann, A. Vector
competence of mosquitoes from Germany for Sindbis virus. Viruses 2022, 14, 2644. [CrossRef] [PubMed]

56. Bustin, S.A.; Benes, V.; Garson, J.A.; Hellemans, J.; Huggett, J.; Kubista, M.; Mueller, R.; Nolan, T.; Pfaffl, M.W.; Shipley, G.L.; et al.
The MIQE Guidelines: Minimum Information for Publication of Quantitative Real-Time PCR Experiments. Clin. Chem. 2009, 55,
611–622. [CrossRef]

https://doi.org/10.1016/S1473-3099(02)00368-7
https://doi.org/10.4269/ajtmh.1969.18.123
https://doi.org/10.4269/ajtmh.1969.18.735
https://www.ncbi.nlm.nih.gov/pubmed/5810801
https://doi.org/10.4269/ajtmh.1975.24.676
https://www.ncbi.nlm.nih.gov/pubmed/239604
https://doi.org/10.1093/jme/tjad128
https://www.ncbi.nlm.nih.gov/pubmed/37862052
https://doi.org/10.3390/v15061242
https://doi.org/10.1093/jmedent/16.1.1
https://doi.org/10.1017/S002217240002283X
https://doi.org/10.1017/S0022172400052852
https://doi.org/10.4269/ajtmh.1992.46.524
https://www.ncbi.nlm.nih.gov/pubmed/1599046
https://doi.org/10.1139/m75-064
https://www.ncbi.nlm.nih.gov/pubmed/235355
https://doi.org/10.1080/22221751.2022.2044733
https://www.ncbi.nlm.nih.gov/pubmed/35179429
https://doi.org/10.1093/jme/tjad058
https://www.ncbi.nlm.nih.gov/pubmed/37862064
https://doi.org/10.1371/journal.pone.0071832
https://www.ncbi.nlm.nih.gov/pubmed/24039724
https://doi.org/10.1128/JCM.00182-09
https://www.ncbi.nlm.nih.gov/pubmed/19535518
https://doi.org/10.1128/JCM.00842-06
https://doi.org/10.1016/j.virol.2007.06.016
https://doi.org/10.3791/57980
https://doi.org/10.1128/jcm.34.5.1184-1188.1996
https://www.ncbi.nlm.nih.gov/pubmed/8727900
https://doi.org/10.3390/v14122644
https://www.ncbi.nlm.nih.gov/pubmed/36560650
https://doi.org/10.1373/clinchem.2008.112797


Viruses 2024, 16, 222 10 of 10

57. Bowen, M.D.; Jackson, A.O.; Bruns, T.D.; Hacker, D.L.; Hardy, J.L. Determination and comparative analysis of the small
RNA genomic sequences of California encephalitis, Jamestown Canyon, Jerry Slough, Melao, Keystone and Trivittatus viruses
(Bunyaviridae, genus Bunyavirus, California serogroup). J. Gen. Virol. 1995, 76, 559–572. [CrossRef]

58. Harris, M.C.; Yang, F.; Jackson, D.M.; Dotseth, E.J.; Paulson, S.L.; Hawley, D.M. La Crosse Virus Field Detection and Vector
Competence of Culex Mosquitoes. Am. J. Trop. Med. Hyg. 2015, 93, 461–467. [CrossRef]

59. Cai, T.; Liu, R.; Jiang, Y.; Jia, N.; Jian, X.; Cheng, X.; Song, F.; Guo, X.; Zhao, T. Vector competence evaluation of mosquitoes for
Tahyna virus PJ01 strain, a new Orthobunyavirus in China Tong. Front. Microbiol. 2023, 20, e1159835. [CrossRef]

60. Kramer, L.D.; Reeves, W.C.; Hardy, J.L.; Presser, S.B.; Eldridge, B.F.; Bowen, M.D. Vector competence of California mosquitoes for
California encephalitis and California encephalitis-like viruses. Am. J. Trop. Med. Hyg. 1992, 47, 562–573. [CrossRef]

61. Kramer, L.D.; Bowen, M.D.; Hardy, J.L.; Reeves, W.C.; Presser, S.B.; Eldridge, B.F. Vector competence of alpine, Central Valley,
and coastal mosquitoes (Diptera: Culicidae) from California for Jamestown Canyon virus. J. Med. Entomol. 1993, 30, 398–406.
[CrossRef]

62. Dieme, C.; Kramer, L.D.; Ciota, A.T. Vector competence of Anopheles quadrimaculatus and Aedes albopictus for genetically
distinct Jamestown Canyon virus strains circulating in the Northeast United States. Parasit. Vectors 2022, 15, 226. [CrossRef]

63. Turell, M.J.; LeDuc, J.W. The role of mosquitoes in the natural history of California serogroup viruses. Prog. Clin. Biol. Res. 1983,
123, 43–55. [PubMed]

64. Denlinger, D.L.; Armbruster, P.A. Mosquito diapause. Annu. Rev. Entomol. 2014, 59, 73–93. [CrossRef] [PubMed]
65. Sauer, F.G.; Timmermann, E.; Lange, U.; Lühken, R.; Kiel, E. Effects of hibernation site, temperature, and humidity on the

abundance and survival of overwintering Culex pipiens pipiens and Anopheles messeae (Diptera: Culicidae). J. Med. Entomol. 2022,
59, 2013–2021. [CrossRef] [PubMed]

66. Sauer, F.G.; Lange, U.; Schmidt-Chanasit, J.; Kiel, E.; Wiatrowska, B.; Myczko, L.; Lühken, R. Overwintering Culex torrentium in
abandoned animal burrows as a reservoir for arboviruses in Central Europe. One Health 2023, 16, 100572. [CrossRef] [PubMed]

67. Briese, T.; Calisher, C.H.; Higgs, S. Viruses of the family Bunyaviridae: Are all available isolates reassortants? Virology 2013, 446,
207–216. [CrossRef]

68. Beaty, B.J.; Sundin, D.R.; Chandler, L.J.; Bishop, D.H. Evolution of bunyaviruses by genome reassortment in dually infected
mosquitoes (Aedes triseriatus). Science 1985, 230, 548–550. [CrossRef]

69. Bennett, R.S.; Gresko, A.K.; Nelson, J.T.; Murphy, B.R.; Whitehead, S.S. A recombinant chimeric La Crosse virus expressing the
surface glycoproteins of Jamestown Canyon virus is immunogenic and protective against challenge with either parental virus in
mice or monkeys. J. Virol. 2012, 86, 420–426. [CrossRef]

70. Gerrard, S.R.; Li, L.; Barrett, A.D.; Nichol, S.T. Ngari virus is a Bunyamwera virus reassortant that can be associated with large
outbreaks of hemorrhagic fever in Africa. J. Virol. 2004, 78, 8922–8926. [CrossRef]

71. Briese, T.; Bird, B.; Kapoor, V.; Nichol, S.T.; Lipkin, W.I. Batai and Ngari viruses: M segment reassortment and association with
severe febrile disease outbreaks in East Africa. J. Virol. 2006, 80, 5627–5630. [CrossRef] [PubMed]

72. Heitmann, A.; Gusmag, F.; Rathjens, M.G.; Maurer, M.; Franzke, K.; Schicht, S.; Jansen, S.; Schmidt-Chanasit, J.; Jung, K.; Becker,
S.C. Mammals Preferred: Reassortment of Batai and Bunyamwera orthobunyavirus Occurs in Mammalian but not Insect Cells.
Viruses 2021, 13, 1702. [CrossRef]

73. Beaty, B.J.; Holterman, M.; Tabachnick, R.E.; Shope, R.E.; Rozhon, E.J.; Bishop, D.H. Molecular basis of bunyavirus transmission
by mosquitoes: Role of the middle-sized RNA segment. Science 1981, 211, 1433–1435. [CrossRef]

74. Beaty, B.; Rozhon, E.; Gensemer, P.; Bishop, D. Formation of reassortant bunyaviruses indually infected mosquitoes. Virology 1981,
111, 662–665. [CrossRef] [PubMed]

75. Beaty, B.J.; Miller, B.R.; Shope, R.E.; Bishop, D.H. Molecular basis of bunyavirus per os infection of mosquitoes: Role of the
middle-sized RNA segment. Proc. Natl. Acad. Sci. USA 1982, 79, 1295–1297. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1099/0022-1317-76-3-559
https://doi.org/10.4269/ajtmh.14-0128
https://doi.org/10.3389/fmicb.2023.1159835
https://doi.org/10.4269/ajtmh.1992.47.562
https://doi.org/10.1093/jmedent/30.2.398
https://doi.org/10.1186/s13071-022-05342-3
https://www.ncbi.nlm.nih.gov/pubmed/6135223
https://doi.org/10.1146/annurev-ento-011613-162023
https://www.ncbi.nlm.nih.gov/pubmed/24160427
https://doi.org/10.1093/jme/tjac139
https://www.ncbi.nlm.nih.gov/pubmed/36130183
https://doi.org/10.1016/j.onehlt.2023.100572
https://www.ncbi.nlm.nih.gov/pubmed/37363228
https://doi.org/10.1016/j.virol.2013.07.030
https://doi.org/10.1126/science.4048949
https://doi.org/10.1128/JVI.02327-10
https://doi.org/10.1128/JVI.78.16.8922-8926.2004
https://doi.org/10.1128/JVI.02448-05
https://www.ncbi.nlm.nih.gov/pubmed/16699043
https://doi.org/10.3390/v13091702
https://doi.org/10.1126/science.6781068
https://doi.org/10.1016/0042-6822(81)90367-6
https://www.ncbi.nlm.nih.gov/pubmed/7245612
https://doi.org/10.1073/pnas.79.4.1295
https://www.ncbi.nlm.nih.gov/pubmed/6951175

	Introduction 
	Materials and Methods 
	Results 
	Discussion 
	Conclusions 
	References

