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List of abbreviations

WNV: West Nile Virus

WNEF: West Nile fever

WNND: West Nile neuroinvasive disease

USUV: Usutu virus

RVFEV: Rift Valley fever virus

JEV: Japanese encephalitis virus

SINV: Sindbis virus

TAHV: Tahyna virus

CHIKV: Chikungunya virus

DENV: Dengue virus

YEV: Yellow fever virus

ZIKV: Zika virus

CB: catch bag

PBS: phosphate buffered saline

PCR: polymerase chain reactions

gRT-PCR: real-time reverse transcription polymerase chain reaction
RT: reverse transcription

ECDC: European Centre for Disease Prevention and Control

MIR: Minimum Infection Rate



Introduction

As vectors of various pathogens, mosquitoes hold a significant role in human
and veterinary medicine. Their capacity to transmit a wide spectrum of
potentially deadly diseases, including viruses belonging to the Flaviviridae
family, highlights their importance concerning public health. These arboviruses
can spread when vector mosquito species feed humans, birds, and mammals.
The behaviour, feeding habits, preferred habitats, and geographical distribution
of these vector mosquito species play a critical role in understanding the
epidemiology of mosquito—borne diseases. Researchers rely on this knowledge
to gain insights into the potential spread of diseases. Moreover, it is essential
to consider the influence of various environmental factors on mosquito
populations. [1] Variables such as humidity, temperature, flooding patterns,
and the availability of shaded areas all contribute to the conditions that

influence mosquito abundance and distribution.

The global distribution of mosquito—borne arboviruses has been expanding in
recent years, and this is thought to result from the increased urbanisation, the
global mobility of populations, and environmental alterations brought by rising
temperatures and shifting precipitation patterns. Notably, their vector
mosquitoes are highly sensitive to climatic conditions, relying on temperature
and water resources within their habitats. With global surface temperatures
exceeding pre-industrial levels by 0.8-1.2°C and evidence of extreme
variations in precipitation patterns, the implications for mosquito—borne

arbovirus distribution are significant. [36]

Consequently, the diligent study and continuous monitoring of the vector
mosquito species responsible for transmitting arboviruses hold great

importance. Such efforts facilitate the prompt detection of disease outbreaks



and provide insights into the trends of the global spread of mosquito—borne
arboviruses, thereby contributing to response strategies in the field of public

health and veterinary medicine.



Literature review

Mosquito species found in traps distributed in Hungary

Culex pipiens is called “common house mosquito”’, indicating its wide
distribution shown in Figure 1, and is characterised by two distinct forms: the
Culex pipiens pipiens and Culex pipiens molestus biotypes. These two variants
possess the ability to interbreed, yielding offspring with altered habitat and
host preferences. These hybrid offspring are recognised as bridge vectors, as
they feed on both birds and mammals, consequently serving as key players in
transmitting West Nile Virus (WNV) to humans and horses during epizootic
events [1]. The pipiens biotype primarily displays ornithophilic tendencies,
though it occasionally bites humans. It tends to seek outdoor spaces for feeding
and resting and requires a blood meal for egg laying, entering a mandatory

winter diapause as adults.
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In contrast, the molestus form exhibits a stronger preference for mammals,
including humans, while occasionally targeting birds. This biotype often rests
indoors, engages in indoor and outdoor feeding, and can lay its initial batch of
eggs without a blood meal. Notably, it lacks a compulsory winter diapause [2].
Culex pipiens larvae can be found in any habitat with water ranging from clear
and fresh to organic-rich subterranean water [3]. Importantly, Culex pipiens
1s a well-recognised vector for various pathogens, including West Nile virus
(WNV), Usutu virus (USUV), Rift Valley fever virus (RVFV), Japanese
encephalitis virus (JEV), Sindbis virus (SINV), Tahyna virus (TAHV), and avian

malaria parasites [4].

Culex hortensis exhibits a strong affinity for birds and amphibians, being
ornithophilic and herpetophilic in its feeding habits. [5] While it is recognised
as a vector for West Nile virus and Usutu virus, it is important to note that it
does not play a role in transmitting these flaviviral diseases to humans [6].
This mosquito species thrives in thermophilic conditions, making it a common
sight in the Mediterranean region and widely distributed across Europe.
Regarding reproduction, Culex hortensis relies on freshwater sources, which
can be either stagnant or found in various locations like cement drinking

troughs, pond edges, small ponds, and puddles [7].
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Figure 2.: Current known djstribution of Culex modestus in Europe. Derived from European Centre for Diseas
e Prevention and Control (ECDC): Mosquito maps [2023].

Culex modestus feeds on birds and mammals, and they are considered a WNV
vector in Europe since WNV was first isolated from this species in France in
1964 [8]. It is widely spread in the Palaearctic region and is considered a
bridge vector of WNV between birds and humans in southern France. Its
distribution in Europe is shown in Figure 2. Its larvae are found in fresh to
organic-rich water in rice fields and marshes. These mosquitoes peak in early

August [9].

Aedes cinereus is widely distributed in North America and Europe. It is found
in open floodwater, wetland, wet woodland, and flooded grassland [13]. Ae.
cinereus larvae need temperature of 12°C to 13°C and 14°C to 15°C to develop,
while the optimal temperature lay between 24°C and 25°C. It is a bridge vector,
transmitting the virus from birds to humans, and is a potential vector for WNV

and SINV. It is important to note that differentiating Ae. cinereus from Ae.



geminus 1s a challenge, therefore, researchers combine data to Ae.

cinereus/geminus [14].

Aedes vexans, commonly called the “floodwater mosquito”, holds a leading
status among mosquito species in the Mediterranean and Central European
regions. Its distribution in Europe is shown in Figure 3. Its population surge
following flood events has earned it this moniker. Notably, this species is a
carrier for bunyaviruses like the RVFV in Africa and the TAHV in Europe.
Remarkably, Ae. vexans have even been identified as a vector for the WNV
despite its preference for feeding on humans and mammals over avian hosts.
When it comes to reproduction, Ae. vexans exhibits a unique behaviour of
laying its eggs above the waterline. The critical factor for successful hatching
1s water temperature, with eggs failing to hatch in excessively cold or hot
conditions. This mosquito species thrives in temperatures around 25°C, with

its peak abundance observed at approximately 26.4°C. [10,11,12]
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Aedes albopictus, aka the ,Asian tiger mosquito”, originates from the tropical
forests of Southeast Asia and has made its way to Europe through passive
transportation methods like used car tires and items like “lucky bamboo,” as
well as through public or private vehicles and tourism [7]. In Hungary, the first
specimens were detected in 2014. Its distribution in Europe is shown in Figure
4 [15]. Unlike other Aedes species, Ae. albopictus has a broad range of hosts,
including birds, mammals, and reptiles [16]. Female mosquitoes of this species
can lay eggs indoors and outdoors, and these eggs only require a small amount
of water to hatch. They attach their eggs just above the waterline, making them
highly resistant to drying out. Adult mosquitoes of this species are most active
in temperatures ranging from 22°C to 28°C [17]. Ae. albopictus is considered
a competent or potential carrier of various arboviruses, such as Chikungunya
virus (CHIKV), Dengue virus (DENV), Japanese encephalitis virus, Yellow fever
virus (YFV), Rift Valley fever virus, West Nile virus, Zika virus (ZIKV) and
Sindbis virus. [18]

&

ecdc - efsam
-

Legend

I Established
Introduced

I Absent

I No data

[0 Unknown

Countries/Regions
not viewable in the
main map extent*

.‘ Malta
'| Monaco
- San Marino
H ‘ Gibraltar
m I Liechtenstein
‘\\' o| Azores (PT)

Canary Islands
(ES)

""- 7|
l\ | Madeira (PT)
,‘ Jan Mayen (NO)

ECDC and EFSA, map produced on 25 Aug 2023. Data presented in this map are collected by the VectorNet project. Maps are validated by external experts prior to publication. Please note that the depicted data do not reflect the official views of the countries.
* Countries/Regions are displayed at different scales to facilitate their visualisation. The boundaries and names shown on this map do not imply official or accept y the European Ur boundaries © UNFAO.

Figure 4.: Current known distribution of Aedes albopictus in Europe. Derived from European Centre for Disea
se Prevention and Control (ECDC): Mosquito maps [2023].

10



Aedes koreicus, commonly known as the “Korean bush mosquito”, originated
in Korea and was first detected in Europe (in Belgium) in 2008 [19]. Then, its
first collection in Hungary was from the urban area of Pecs in 2016. However,
the route of its introduction into Hungary has not been identified [15]. Its
distribution in Europe is shown in Figure 5. The survival rate of its pupae and
adults is optimum at temperatures between 23°C and 28°C. Ae. koreicus
anthropophilic behaviour, combined with its adaptability to urban settings,
highlights the potential for transmission of diseases via human—mosquito
contact. The introduction of this invasive mosquito species raises concern in
public health, considering that it is potentially involved in the Chikungunya virus,

Dirofilaria immitis, and heartworm transmission [19,20].
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Figure 5.: Current known djstribution of Aedes koreicus in Furope. Derived from European Centre for Disease
Prevention and Control (ECDC): Mosquito maps [2023].

Aedes japonicus, called the “Asian bush mosquito” or the ,Asian rock pool

mosquito” in English, is originally native to Japan, Korea, Taiwan, and China,
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appeared in Europe with initial reports in France (2000) and Belgium (2002)
and later in Hungary in 2012 [15]. This introduction was likely facilitated
through the transportation of used car tires [21]. Its distribution is shown in
Figure 6. Notably, Ae. japonicus primarily feeds on mammals, showing a
preference for animals over humans, earning it the moniker of a “bird biter.”
Similar to its Aedes counterparts, this mosquito requires just a small volume of
water for egg-laying and hatching, and it can survive through the winter season
in both larvae and egg stages. Thriving in temperatures of up to 30°C, Ae.
japonicus has the capacity for multiple reproductive cycles throughout the year
[22]. Its role as a vector extends to the transmission of CHIKV and several

flaviviruses, including DENV, WNV, and JEV [23].

ecde efsa- Aedes japonicus, August 2023
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Figure 6.: Current known djstribution of Aedes japonicus in Europe. Derived from European Centre for Diseas
e Prevention and Control (ECDC): Mosquito maps [2023].

Ochlerotatus dorsalis is a widespread mosquito species that breeds freely in
freshwater. Temperature is the principal environmental factor in stimulating

and inhibiting diapause development in Oc. dorsalis. When the temperature
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drops below 15.5°C, it stimulates diapause. It prefers salty ground that gets
flooded periodically, and it overwinters in egg form and hatches larvae in early
spring. Eggs hatch after two to five soaking, and eggs without flooding can
survive for more than one year. Adults appear in March and feed on humans
throughout summer until November, showing zoophilic feeding habits. A wide
range of hosts was identified from Oc. dorsalis bloodmeal, including cattle,
rabbit, horse, pig, and human. Oc. dorsalis being an infrequent bird feeder, it

has a lower risk of transmitting WNV [24,25].

Ochlerotatus annulipes is a Palaearctic species commonly found in the forest.
It overwinters in the egg stage, and the larvae develop in small water bodies

like ponds and ditches. This anthropophilic mosquito is very aggressive and
attacks humans in open spaces [26]. Oc. annulipes is a potential vector of

Dirofilaria repens and WNV, but considering its infrequent bird-feeding habit,

it does not pose importance in transmitting WNV [25,27].

Ochlerotatus geniculatus, a tree—hole breeding mosquito, is distributed in
Europe, North Africa, and Southeast Asia. This species has shown vector
competence to the YFV, CHIKV, and Eastern equine encephalitis virus in the
lab. It feeds on mammals and stays outdoors. Oc. geniculatus breeds in semi—
shaded water with vegetation in slow—-flowing clay water, and the common
habitat of the larvae is tree—holes. Its most preferred temperature is 11°C to

14°C [28,29,301.

Anopheles plumbeus 1s known for its aggressive biting behaviour, feeding on
various mammals, encompassing humans, birds, and reptiles. This dietary
versatility causes it to be an efficient bridge vector, facilitating the transmission
of viruses from avian hosts to humans. This mosquito species holds significance
as a vector for diseases such as malaria and the West Nile virus [32].

Regarding reproduction, Anopheles plumbeus lays its eggs just above the
13



waterline. These breeding sites can encompass natural habitats and artificial
containers, including tree rot holes, water—filled pits, liquid manure
repositories, cemetery vases, discarded car tires, and septic tanks. Adult
mosquitoes are prevalent in European regions from late spring through the end
of September, while their eggs and larvae can endure very cold weather for a
long time, which helps them survive through the winter successfully. [33] Its

distribution in Europe is shown in Figure 7.
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Figure 7.: Current known distribution of Anopheles plumbeus in Europe. Derived from European Centre for Di
sease Prevention and Control (ECDC): Mosquito maps [2023].

Anopheles hyrcanus, a species native to the Palearctic region, is widely
distributed across Europe, the Mediterranean, and central Asia. Its population
1s notably abundant in irrigated rice—growing areas, reflecting a consistent
increase since 2000, paralleling rice production growth. This mosquito species
1s a key malaria vector and also poses a potential risk for local filarial infections.
Its impact highlights the need for targeted disease management and vector

control in affected regions. [27, 35]
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Anopheles maculipennis shows zoo—anthropophilic behaviour, and its tendency
to blood suck on humans rises in case of inadequate amount of animal source.
Its preferred habitat is freshwater. Vegetable and fruit production fields such
as rice fields and watermelon fields are suitable habitats for the larvae
development. Adult density accumulates in animal barns and chicken farms due
to its zoophilic tendency. These animal barns allow resting and blood feeding
for the adult mosquitoes. An. maculipennis is the main and potential vector of
malaria; therefore, it poses high importance in monitoring this species
regarding public health concerns. [34] Its distribution in Europe is shown in

Figure 8.

fecde efsa. Anopheles maculipennis s.I. (complex), August 2023
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Figure 8.: Current known distribution of Anopheles maculjpennis s.l. in Europe. Derived from European Centre
for Disease Prevention and Control (ECDC): Mosquito maps [2023].

Coquillettidia richiardir prefers habitats characterised by abundant permanent
water sources, such as marshlands and even urban areas. During their

immature stages, these mosquitoes are closely associated with host plants
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within nutrient-rich and oxygen-depleted aquatic environments, where they
attach themselves to the stems and roots of aquatic vegetation. This strategic
positioning below the water surface protects them against predators and human
larvicidal control efforts. Importantly, Coquillettidia mosquitoes are believed to
act as vectors for various diseases, including lymphatic filariasis, Brugia malayi,
Eastern equine encephalitis virus, RVFV, Omsk hemorrhagic fever virus, and
WNV, emphasising their significance in public health and epidemiological

contexts [17, 25, 27]. Its distribution in Europe is shown in Figure 9.

Coquillettidia richiardii, February 2023
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Figure 9.: Current known distribution of Coquillettidia richiardii in Europe. Derived from European Centre for
Disease Prevention and Control (ECDC): Mosquito maps [2023].

Ochlerotatus pulcritarsis is a species of western Palaearctic, distributed mainly
in the Mediterranean region, and it can be found in many countries in Central
Europe. Regarding reproduction, it uses small water—filled cavities in plants,
especially tree—holes, for its breeding sites. Unlike many other mosquito
species that like to breed in small water hollows, there were no records of Oc.

pulcritarsis breeding in tyres or road drains. The temperature of water at the

16



breeding sites should not exceed 21°C. It is anthropophilic and also zoophilic,

but having its breeding sites in the woodlands limits its contact with humans

[31].

Ochlerotatus caspius, as a Palaearctic species, 1s distributed in the
Mediterranean region, shores of Great Britain, freshwater and salty marshes in
the continental part of Europe, Russia, Mongolia, Northern China, Northern
Africa, and Asia. It lays eggs in mud along the edges of pools and rivers, 2 cm
under the surface and can overwinter in the egg stage. Higher temperature
stimulates embryogenesis, while flooding and anoxia stimulate hatching. Adults
appear in early April, increasing in number in the summer and decreasing in
October—-November. It survives in temperatures ranging between 11.5°C and
36°C. Oc. caspius has a zoophilic feeding habit, and in the natural population,

WNV, TAHV and Francisella tularensis were detected [24].

Viruses investigated in the study

West Nile Virus

West Nile Virus (WNV;  Orthoflavivirus nilense; Flaviviridae family,
Orthoflavivirus genus) is a member of the Japanese encephalitis group of
flaviviruses and was initially discovered in 1937 when it was isolated from
human encephalitis cases in Uganda, subsequently identified as the causative
agent behind the zoonotic illness known as West Nile fever. [37,52] It is
considered one of the most widespread flaviviruses distributed in Africa, Asia,
Europe, and Australia. In Europe, the first isolation was from ticks in Russia in
1963. In 2021, researchers have classified WNV into nine distinct genetic
lineages, with lineages 1 and 2 being pathogenic. Lineage-1 is primarily found

in regions such as Africa, Europe, the Middle East, and Australia, with its

17



emergence in the United States dating back to 1999. [38] In contrast, Lineage-
2 viruses have been detected in southern Africa and Madagascar and were
introduced in central Europe around 2004-2005. Since then, Lineage 2 strains
have spread to countries like Austria and Southern Europe, resulting in the
observation that WNV strains affecting humans, horses, birds, and mosquitoes
in Europe are largely affiliated with WNV lineage—-2. [39] Notably, Hungary

has only identified Lineage 2 viruses in samples since 2004.

Birds are the natural hosts of WNV because the virus persists in their bodies
for a long time, and they have a lot of it in their bloodstream. Some birds of
prey are very sensitive to the infection, with encephalitis as the outcome,
having a high chance of dying [40]. Other birds can carry the virus without
getting sick, and birds that migrate over long distances seem to help the virus
spread far and wide [41]. Among all the potential mosquito species that can
carry the virus, Culex pipiens (especially its pipiens and pipiens—modestus
hybrid types) and Culex modestus are thought to be the primary carriers of
WNYV in Europe because these mosquitoes feed on both birds and mammals.
While Aedes albopictus is an invasive mosquito species in Europe and can
transmit WNV in the lab, it is considered less important in real-life transmission
because it mainly bites mammals and is unlikely to get an infection from birds
[42]. WNV spreads when mosquitoes are active (usually between spring and
autumn), and the number of human and horse cases tends to be highest between

July and September.

Most WNV infections in humans and horses often go unnoticed without any
apparent symptoms. Among humans, approximately 20% of cases manifest as
West Nile fever (WNF), while less than 1% progress to a more severe condition
known as West Nile neuroinvasive disease (WNND). On occasion, the presence
of the virus may coincide with other neurological disorders, such as Guillain—
Barré syndrome. In parallel, clinical disease in the form of WNND is observed

18



in roughly 10% of WNV infections in horses [43]. The fatality rate among
humans afflicted with WNND can be as high as 17%, whereas a case fatality
ratio ranging from 30% to 44% has been documented in horses. In Europe,

vaccines for WNV are only available for horses [44,45,46].

Usutu virus

The Usutu virus (USUV; Orthoflavivirus usutuense, Flaviviridae family,
Orthoflavivirus genus), originally isolated in South Africa back in 1959, found
its way to Europe in 1996, triggering a rapid expansion in its geographic
distribution [52]. To date, researchers have identified eight distinct genetic
lineages of the virus, with three categorised as “African” and five as
“European” . Like WNV, the enzootic transmission cycle of the Usutu virus
involves Culex mosquitoes as vectors and birds as amplifying reservoir hosts,

while humans and other mammals are most likely dead—end hosts [47,48].

In Europe, the Usutu virus has notably impacted bird populations, particularly
affecting species like blackbirds (7urdus merula) and great grey owls (Strix
nebulosa). Susceptibility to the infection has been confirmed through
serological testing or virus detection in various animals, including rodents,
squirrels, wild boar, deer, dogs, horses, and bats. Although the number of
human cases remains relatively low, with most infections displaying no
symptoms, a few cases of neurological complications, such as encephalitis or
meningoencephalitis, have been reported in healthy individuals and those with

lowered immune systems [49,50,51].
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Materials and methods

In this study, the mosquito collection took place from May to November 2022.

The samples were collected in 33 settlements located in 14 out of the 19

counties of Hungary, as summarised in table 1. The locations of the hot—-spot

sampling are indicated in red.

County Settlement WNYV case
Bacs-Kiskun Dunavecse
Harta
Bekes Battonya
Kardoskut
Borsod-Abatj-Zemplén Szerencs human
Morahalom human
Csongrad-Csanad Szeged human
Szentes human
Dunatjvaros
Fejer Kisapostag
Székesfehérvar
Tatabanya horse, blackbird
Gy6r-Moson-Sopron Gyo6r . penguin, human
Janossomorja human
Hajdu-Bihar Debrecen
Heves Eger human
Koméarom-Esztergom Labatlan
Budaors
Budapest
Domonyvolgy horse
Dunakeszi human
Pest God
Szentendre
Vac human
Vacratot
Veresegyhaz
Somogy Marcali
Szabolcs—Szatmar—-Bereg I\}:’iregyhéza human
Tiszabercel human
Dunafoldvar
Tolna Paks
Szekszard
Veszprém Balatonalmadi

I Table Locations in Hungary where the samples were collected. The settlements wher hot-spot sampling wa

s conducted are indicated in red.
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Mosquito samples were collected in zoos (Gyér, Szeged, Nyiregyhaza,
Debrecen), national parks (Lajta-Hansag National Park and Korés—Maros
National Park) and urban environments. Among the locations, permanent traps
were operated continuously or intermittently in Budapest, Vac, Vacratot and
Debrecen, Kardoskut, and the Koros—Maros National Park, while in the other
premises, one sample was taken either on the basis of a public report on the
detection of the presence of invasive mosquitoes or because In cooperation
with the animal health and human epidemiology authorities, we conducted a
targeted, so—called “hot spot” survey related to the reported cases of horse or
human West Nile fever. The sampling in Kardoskut was conducted at red-
footed falcon (Falco vespertinus) and common kestrel (Falco tinnunculus)

nesting sites.
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Figure 10.: The functioning of the BG sentinel trap used in the study. Source: www.biogents.com, date of acc
ession: 01. 11. 2023.

Mosquitoes were trapped using BG-Sentinel traps that emit both CO2 gas and
human scents, the working principle of which is illustrated in Error! Reference

source not found.: the airflow maintained by the fan placed in the trap inhales
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the mosquitoes attracted by the CO2 and scents into the IF (intake funnel)
through an opening, through which they enter the collection net marked CB
(catch bag). Due to the airflow and the design of the IF inlet, mosquitoes cannot

fly out of the trap (https://eu.biogents.com/capture-method/). The net was

emptied every 24-48 hours by the handling staff. The mosquitoes were
euthanised by placing them at =20 C, and then, marking the place and time of

collection, the samples were stored frozen until taxonomic identification.

The identification was carried out by dipterologist Dr. Zoltan Soltész (ELKH
Ecological Research Center, Lendiilet Ecosystem Service Research Group)
using a microscopic examination based on morphological features
characteristic of mosquitoes. During the taxonomic identification, the collected
mosquitoes were sorted into samples (pools) according to the place and time
of trapping, as well as species, sex, and the blood content of the abdomen. A
maximum of 20 mosquitoes were placed in a pool, and female mosquitoes with

blood-filled abdomens were processed as individual samples.

After the identification, the numbered samples in the microcentrifuge tubes
were stored at =80 C until the beginning of the tests. Prior to the nucleic acid
purification, sterile PBS (phosphate buffered saline) was measured into the
microcentrifuge tubes containing the mosquitoes. In the case of female
mosquitoes with a belly containing blood forming a unique sample, and if the
tube contained for other reasons (e.g. there was only one specimen of the given
species among the mosquitoes caught in the trap at the given collection location
and time) there was only one mosquito, 300 pl, if there were more (maximum
20) individuals in the tube, 500 pl of PBS was added into the tube. The
mosquitoes were homogenised with a Qiagen TissuelLyser LT device: a sterile
metal ball was placed in the tube containing the sample, and during shaking at

a frequency of 50 Hz for 3 minutes, the mosquito bodies were destroyed to the
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extent necessary for nucleic acid purification. Afterwards, the samples were
centrifuged at 3060 X g for 10 minutes, and viral RNA was purified from the
supernatant using the QIAmp Viral RNA Mini Kit (QIAgen, cat. no.: 52906)

according to the manufacturer’s instructions.

Viruses were detected by multiplex real-time reverse transcription
polymerase chain reaction (QRT-PCR). The composition of the reaction mixture
using the Takyon™ One-Step No Rox Probe 5X MasterMix dTTP (Eurogentec,
cat. no.: UF-NP5X-RT0501) is listed in Table 2.

Takyon 1-step 5XMM 15 ul/tube
Components ul
RNase & Dnase-free water 6,675
5XMasterMix 3,000
Enzyme mix 0,150
Additive 0,150
Primer F+R (WNV) 10 pM 1.200
Primer F+ R (USUV) 10 pM 1.350
Probe (WNW L1 m3) 10 pM 0,300
Probe (WNW L2 m3) 10 pM 0,300
Probe (USUV) 10 pM 0,375
RNA 1,5

/. Table qRT-PCR reaction mixture for the multiplex detection of WNV Lineage 17, WNV Lineage 2 and USUV i

n the investigated samples.

The primers used in the reactions are based on methods published by Del Amo
et al., 2013 and Cavrini et al., 2011 [53,54]. The primers detecting WNV
lineage 1 and lineage 2 strains were slightly modified to make them more
specific for the virus strains present in Hungary. In our tests, WNV lineage 1,
WNV lineage 2, and USUYV virus strains were detected in the same reaction in

the same sample, thus, we were able to filter the collected samples in a shorter
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time and with the use of fewer reagents. The sequences of the primers and

probes are shown in Table 3.

Primer F 5-GTG ATC CAT GTA AGC CCT CAG AA-3’
Primer R 5-TTT GCC TTT GTT AAC CCA GTC C-3

WY Lineage 1 probe 5-/6FAM/AGG A+ CC + CCA + CAT + GTT/3IABKFQ/-3’
Lineage 2 probe 5'-/5HEX/AGG+ ACC C + CA CGT + GCT/3IABKFQ/-3’
Primer F 5—AAA AAT GTA CGC GGA TGA CAC A-3’

Uusuv Primer 2 5-TTT GGC CTC GTT GTC AAG ATC—3’
Probe 5-/CY5/CGG CTG GGA CAC CCG GAT AAC C/BHQ-2/-3

/. Table: Primers and probes used in the qRT-PCR reactions.

The temperature protocol of the reactions was the following: a reverse
transcription (RT) step at 48 C for 30 minutes, an activation step in which the
RT enzyme was deactivated and the polymerase enzyme was activated at 95 C
for 3 minutes, that was followed 50 cycles of dehydration (separation of DNA
strands) at 95 C for 15 seconds and a combined annealing—extension step at
60 T for 1 minute. The detection of the fluorescent emission was conducted
during the annealing—-extension step in each cycle. Based on the sensitivity
tests conducted by the workgroup, samples with Ct lower than 36 were
considered positive. For positive controls, RNA extracted from WNV Lineage
1, WNV Lineage 2 and USUV isolates were used. In the no—template negative
control, instead of RNA, RNase & DNase-free water was added to the tube.
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Results

Places
In the sampling sites all around Hungary (with the exception of the Kardoskut
sampling site), altogether 1198 pools of mosquitoes were collected, of which

1056 contained female mosquitoes.

Species Pools with | Pools with | WNV lineage 2 | USUV

no blood in | blood in positive positive

the belly the belly samples samples
Aedes albopictus 112 12 0 0
Aedes koreicus 36 2 0 0
Aedes japonicus 2 0 0 0
Aedes vexans 58 3 0 0
Aedes cinereus/geminus 1 0 0 0
Anopheles maculipennis 5 1 0 0
Anopheles plumbeus 6 0 0 0
Coquillettidia richiardil 14 2 0 0
Culex hortensis 1 0 0 0
Culex modestus 4 1 0 0
Culex pipiens 608 143 6 9
Culiseta annulata 8 0 0 0
Ochlerotatus annulipes 1 0 0 0
Ochlerotatus caspius 5) 0 0 0
Ochlerotatus dorsalis 13 0 0 0
Ochlerotatus geniculatus 15 0 0 0
Ochlerotatus pulchritarsis 2 0 0 0
Urotaenia unguiculata 1 0 0 0

V. Table Results of the mosquito sampling collected in Hungary (except Kardoskut)

The following results are summarised in Table 4. The pools contained
individuals of 18 species, i.e. Aedes albopictus, Aedes koreicus, Aedes

Japonicus, Aedes vexans, Aedes cinereus/geminus, Anopheles maculipennis,
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Anopheles plumbeus, Coquillettidia richiardii, Culex hortensis, Culex modestus,
Culex pipiens, Culiseta annulata, Ochlerotatus annulipes, Ochlerotatus caspius,
Ochlerotatus dorsalis, Ochlerotatus geniculatus, Ochlerotatus pulchritarsis and
Urotaenia unguiculata. WNV Lineage 2 (6 pools) and USUV (9 pools) positive

samples were found only among the empty-bellied Culex pipiens pools.

Among the positive samples, some were collected in 2 permanent traps in Vac
(2 samples collected in July containing USUV) and Debrecen (1 sample
collected in July and 4 samples collected in August containing USUV, 2 samples
containing WNV Lineage 2 viruses, 1 collected in July, 1 collected in August).
The other positive samples were collected in the ,hot spot” samplings, i.e. at
places where human or horse WNV infections were reported: USUV was
detected in Gyér Zoo (1 sample), WNV Lineage 2 virus was detected in Szeged
Zoo (1 sample), in Janossomorja 1 sample was positive for USUV and another
one for WNV Lineage 2, and in Morahalom, 2 WNV Lineage positive samples

were collected.
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Among the 1018 pools of mosquitoes collected in Kardoskut, 961 contained

female animals. The samples contained individuals of 10 species, i.e. Aedes

vexans, Anopheles hyrcanus, Anopheles maculipennis, Coquillettidia richiardii,

Culex modestus, Culex pipiens, Culiseta annulata, Culiseta longioreolata,

Ochlerotatus dorsalis and Phlebotomus. Viruses were detected only in Culex

pipiens: 11 samples contained WNV Lineage 2, and 9 samples contained USUV

strains. The results are summarised in Table 5, where only the female

mosquitoes are listed.

Species Pools with no Pools with WNYV lineage 2 USuv

blood in the blood in the positive positive

belly belly samples samples
Aedes vexans 4 1 0 0
Anopheles hyrcanus 1 0 0 0
Anopheles maculipennis 10 6 0 0
Coquillettidia richiardii 27 5 0 0
Culex modestus 3 0 0 0
Culex pipiens 584 241 11 9
Culiseta annulata 1 3 0 0
Culiseta longioreolata 1 0 0 0
Ochlerotatus dorsalis 49 8 0 0
Phlebotomus 7 0 0 0

IV. Table Results of the mosquitoes collected in Kardoskut.
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Discussion

Human WNYV infections in Hungary were reported between W34 (22 August) —
W42 (18 October) in 2022. Because of financial and HR reasons, for the
Mosonmagyarovar case, the mosquito collection was conducted in Gy6r, where
in the Zoo animal cases were detected and in Jdnossomorja, where we had a
cooperation with the Lajta—Hansag National Park. In Kékut and Erdékertes, the
mosquito collection was not performed. WNV was found in mosquitoes
collected in Janossomorja, Szeged and Morahalom, while, despite the human
WNYV infection, in Vac, only USUV was detected in the mosquito. This latter
result might be explained by the information that the human patient was a
refugee from Ukraine, so the infection might have been imported from abroad

and not locally acquired.

Animal cases were reported in the same period in Tatabanya, Domonyvolgy,
where horses were detected WNV positive; Gy6r, where a penguin at the Zoo
was found WNV positive; and Tata, where a dead blackbird was sent to the
laboratory that found to be USUV positive. As Tata is quite near to Tatabanya,
the mosquito collection was conducted only in Tatabanya. Mosquito collection
was conducted in Domonyvolgy despite the suspicion that the infection was
imported from abroad, as the horse which showed clinical signs was
transported from Italy about a week before. In samples collected in Gy6r Zoo,
USUV was detected; in the mosquitoes sampled in Janossomorja, WNV and
USUV  were detected. The mosquitoes collected in Tatabidnya and
Domonyvolgy flaviviruses were not detected. Altogether, we found that hot-
spot sampling is important not only to have positive samples but also for the
confirmation of the presence of the viruses in the vectors, thus providing data
on the epidemiology of the investigated flaviviruses. However, for more
detailed information, if possible, the sampling should be collected at the place

where the human or animal infections were reported, and the timing 1is
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important, i.e. within a few weeks after the report, the traps should be placed
at the sites, especially considering the incubation time and the period necessary

to the laboratory confirmation of the human or animal infection.

From the 1198 pools of mosquitoes from all around Hungary except the
Kardoskut sampling site, 6 pools of positive samples for WNV lineage 2 and 9
pools of positive samples for USUV were found in 2022. From the 1018 pools
of mosquito samples from Kardoskut, where the mosquitoes were collected
exclusively from nesting places of common kestrel and red-footed falcon, 11
samples contained WNYV lineage 2 and 9 samples contained USUV strain. Due
to the endemic presence of WNV and USUV in the European Union, numerous
European nations are prioritising the surveillance of arbovirus vector
mosquitoes as a crucial measure to investigate viral activity. The reported

WNYV case numbers are summarised in Table 6.

Disease/year 2017 2018 2019 2020 2021 2022
West Nile Fever 204 1605 463 336 164 1133
EU human
West Nile Fever 21 215 36 3 7 14
HU human
West Nile Fever 127 285 93 183 43 101
EU horse
West Nile Fever 3 91 7 1 3 3
HU horse
West Nile Fever n.d. n.d. 54 2 8 323
EU bird

V1. Table the number of West Nile Fever reported in EU/EAA countries and Hungary (HU). Data were retrieve
d from the ECDC website on 3 November 2023. (https.//www.ecdc.europa.eu/en/mosquito-borne-diseases) T

he highest reported case numbers between 2017 and 2022 are indlicated in red.
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Current distribution of human and animal WNV cases reported in Europe is

shown in Figure 11.

T

Distribution of human and animal West Nile virus
infections in NUTS 3 or GAUL 1 regions

of the EU/EEA and neighbouring countries

in 2022, as of 31 May 2023.

- Human infections, with or without outbreaks among
equids and/or birds

Outbreaks among equids and/or birds
No infections reported
Not included

Countries not visible

in the main map extent

Malta Liechtenstein

boundaries: © €
The boundaries and names shown on this map do not imply official endorsement or acceptance by the European Union. Map produced by ECDC on 5 June 2023

Figure 11.: Current distribution of human and animal West Nile Virus infections in Europe. Derived from ECD
Con 04. 71. 2023.

In Northern Italy, where human cases of USUV were reported in 2009, a
regional surveillance program for WNV was initiated in 2008. This program is
primarily centred around monitoring mosquitoes and screening wild birds.
Three polymerase chain reactions (PCR) tests were employed for Flavivirus,
WNV, and USUV. Throughout the summer of 2009, the surveillance reported
that, out of 1,789 mosquito pools tested, 56 pools (54 consisting of Culex
pipiens and 2 of Aedes albopictus) were positive for USUV, while 27 pools (all
Culex pipiens) tested positive for WNV. Furthermore, among the 1,218 wild
birds tested, 44 were found to be WNV-positive, while 11 birds were USUV-

positive [55].
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In the Emilia-Romagna Region of Italy in 2010, researchers conducted surveys
monitoring mosquito and bird samples. A total of 438,558 mosquitoes,
organised into 3,111 pools, were examined, along with 1,276 birds, including
1,130 actively sampled birds and 146 from passive surveillance. The
biomolecular analysis revealed the presence of WNV in three Culex pipiens
pools, while USUV was identified in 89 Culex pipiens pools and 2 Aedes
albopictus pools. In addition, two birds were confirmed as WNV-positive, and
12 were found to be USUV-positive. Notably, there were no reported human

WNV cases in the region in 2010 [56].

In 2018, Italy, along with several other European countries, experienced a
resurgence of viral circulation, resulting in an increased number of human
cases of WNV. During this critical period, 385,293 mosquitoes belonging to 13
different species were sampled from 4 June to 25 October. The mosquitoes,
primarily of the Culex genus, were organised into 2,337 pools for testing,
revealing that 232 of these pools were positive for lineage 2 of WNV. It is
worth noting that the majority of the tested pools, and particularly those that
tested positive, were composed of Culex pipiens. A significant relationship was
observed between the rate of infected mosquitoes collected in each province
and the incidence of West Nile Neuroinvasive Disease (WNND) cases in the

same province [57].

Within the central region of Italy, surveillance was conducted across four
municipalities in 657 equine holdings. Through a combination of direct and
indirect diagnostic methods, the investigation unveiled eight confirmed cases
of WNV in horses, each originating from distinct equine establishments. These
cases emerged from a total of 193 equids tested. Simultaneously, mosquito
surveillance played a pivotal role in these investigations, where a total of 2,367
specimens of Culex piprens mosquitoes were collected. These mosquitoes were
categorised into 56 distinct pools and tested using reverse transcription—
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polymerase chain reaction (RT-PCR) aimed at detecting the presence of WNV
and USUV. Notably, among the 56 pools subjected to analysis, 17 gave positive
test results for USUV, originating from three distinct collection sites. The
Minimum Infection Rate (MIR) across the tested mosquito pools was 0.72%.
However, WNV RNA was not detected within any of the tested mosquito pools.
Additionally, during the same year, an analysis was conducted on a total of
4,611 and 4,278 human blood donations within the provinces of Roma and
Latina, respectively. This collective analysis covered a broad region, totalling
31,970 individuals living in Lazio. The findings of this screening confirmed the
presence of two asymptomatic donors who tested positive in the West Nile

Virus Nucleic Acid Testing (NAT) screening examination [58].

Researchers conducted a serosurvey to evaluate the presence of WNV and
USUYV in captive birds and mammals within a zoo located in the southern region
of France. This geographical area has been documented as a hot spot for the
circulation of these two viruses. Over the course of 16 years, from 2003 to
2019, a dataset was put together, comprising a total of 411 samples obtained
from 70 different species. Notably, the seroprevalence of USUV in birds
exceeded that of WNV by a factor of ten, with respective rates of 14.59% and
1.46%. Within the avian population, species such as the greater rhea (Rhea
Americana) and common peafowl (Pavo cristatus) had the highest USUV
seroprevalence. The instances of infection were concentrated between the
years 2016 and 2018, correlating with a period marked by heightened viral

circulation across Europe [59].

In a parallel study, researchers evaluated WNV and USUYV prevalence through
a repeated cross—sectional investigation. This assessment incorporated
serological and molecular analyses, taking samples from humans, dogs, horses,
birds, and mosquitoes within the Camargue region, including the city of
Montpellier. The study spanned the years from 2016 to 2020. The findings
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showed active transmission of both viruses within the region, with notably
higher prevalence rates of USUV observed in humans, dogs, birds, and
mosquitoes. In contrast, WNV prevalence exhibited a greater occurrence
among the equine population. Among the 500 human samples analysed, 15 were

found to be positive for USUV, while 6 tested positive for WNV [60].

In the central region of the Netherlands, in August 2020, the first local detection
of WNV in a common whitethroat (Curruca communis) was detected. The first
human WNYV case without a recent travel abroad record followed a few months
later. Also, in July and August 2020, further investigation analysed the cases
of unknown neuroinvasive diseases, which led to the detection of more human

WNV cases in the Netherlands [61].

Analysing the previous investigations done in Italy, Southern France, and the
Netherlands, a clear positive correlation is observed between the mosquito
positivity to WNV strains with human (WNND) and horse outbreaks of WNV
infections. The WNF outbreak in horses appears to have a relatively higher

number of positive cases compared to the outbreaks in humans.

In Germany, a study collected over 600 dead birds from 2011 to 2013 to check
the presence of USUV since the occurrence of USUV in wild birds in June 2011.
Infected blackbirds (7urdus merula) were frequently found dead in southwest
Germany, and other bird species in the same region were found affected. The

study revealed 209 positive cases from the collected samples, and 88% of them

were blackbirds [62].

Between 2014 and 2016, an extensive collection of more than 1,900 wild bird
blood samples, representing 20 different orders and 136 distinct bird species,
was assembled for WNV and USUV investigation. These samples underwent

real-time PCR specific for WNV and USUV, coupled with differentiating virus
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neutralisation tests. While WNV-specific RNA remained absent, there was a
discovery of four wild bird blood samples tested positive for USUV-specific
RNA. Furthermore, the year 2016 performed a surveillance of deceased birds,
identifying 73 USUV-positive birds, while no instances of WNV-specific RNA

were detected either in wild birds or mosquitoes during this period [63].

In the year 2018, Germany experienced an exceptionally hot and dry summer,
ranking as the second hottest and driest on record. These extraordinary
climatic conditions likely catalysed the expanded range and efficient spread of
the zoonotic arthropod—-borne WNV across numerous Southern, Southeastern,
and even Central European nations. The markedly elevated temperatures in
2018 were instrumental in reducing the averaged extrinsic incubation period
values for WNV in mosquitoes. This, in turn, facilitated accelerated virus
amplification and increased the risk of transmission to vertebrate hosts within
the German landscape. The climatic conditions of the year played a pivotal role

in shaping the dynamics of this arboviral infection [64].

More than a seven-fold increase in the number of cases was observed in the
EU and EU neighbouring countries in 2018 compared to 2017; this number
exceeds the total number of WNV cases from the past seven years. Hungary
was affected by the epidemic of 2018 as well. During the transmission season
between 2014 and 2017, 80 human patient cases were reported, and 32 of them
(40%) were positive. In 2018, a total of 225 cases were reported to ECDC, and
53 patients were positive using PCR. The positive cases were further
investigated with RT-PCR and sequencing and confirmed that 46 (27.7%) cases
were positive. From this, a 1.4-fold increase in PCR-positive cases is observed
within a single transmission period compared to the total number of cases from
the previous four years. These results stay in line with the serological data

increasing by ninefold in the number of human cases [65].
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In 2019, a research study was conducted in the Republic of Korea (ROK) to
investigate the monitoring of arbovirus vector mosquitoes. The study found
that Aedes vexans nipponii was the most frequently collected mosquito species,
accounting for 56.5% of the specimens, followed by Ochlerotatus dorsalis
(23.6%), Anopheles spp. (10.9%), and Culex pipiens complex (5.9%). In rural
areas of Hwaseong, Aedes vexans nipponii had the highest population at 62.9%,
followed by Ochlerotatus dorsalis (23.9%) and Anopheles spp. (12.0%). In
another rural region in Incheon, which is a habitat for migratory birds, Culex
pipiens complex was the most prevalent species, representing 31.4% of the
population, followed by Ochlerotatus dorsalis (30.5%) and Aedes vexans
vexans (27.5%). In urban regions, the Culex pipiens complex dominated with
84.7% of the mosquito population. Additionally, three out of the 2,683 pools
tested positive for Culex flaviviruses (CxFV). These positive samples were
obtained from Culex pipiens pallens collected at the habitats for migratory birds

in Incheon [66].

Culex flavivirus (CxFV), distributed worldwide, is found in mosquitoes of the
Culex genus. In acase—control study conducted in Chicago, United States, a
notable connection was observed between CxFV and WNV infection. The
research indicated that Cu/ex mosquito pools that tested positive for WNV were
approximately four times more likely to have CxFV when compared to the pools
that were negative for WNV. In the research, 6 out of 15 (40%) individual
mosquitoes that were confirmed as WNV-positive were also identified as
CxFV-positive [67]. This observation highlights the potential for both viruses
to co-infect mosquitoes within their natural habitats and poses greater
significance in the findings of the positive cases of CxFV in 2019 in ROK,

relating to the potential presence of WNV.

In 2020, another study focused on monitoring flavivirus infection in mosquitoes.
The researchers collected a total of 67,203 mosquitoes at 36 collection sites
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within 30 urban regions and migratory bird habitats. The predominant mosquito
species were the Culex pipiens complex, Armigeres subalbatus, Aedes
albopictus, Aedes vexans, and Culex tritaeniorhynchus. These mosquitoes
were grouped into 4953 pools for the purpose of monitoring flavivirus infection.
The study revealed a minimum infection rate of 0.01%. Notably, the Japanese
encephalitis virus (JEV) was detected in seven pools of Culex orientalis from
Sangju, and JEV was isolated from two of these pools. Phylogenetic analysis
confirmed that all detected JEV belonged to genotype V, marking the first
instance of genotype V JEV isolation from Culex orientalis in the Republic of
Korea. To date, there have been no indigenous cases of other flaviviral

diseases, such as West Nile or Yellow fever [68].

In European nations, including Hungary and Italy, Culex pipiens constituted the
majority of the mosquito samples collected, with a smaller number of Ae.
albopictus pools were also gathered for examination. Conversely, in the
Republic of Korea, the composition of mosquito samples exhibited distinct
variations based on location. In rural areas, Aedes vexans emerged as the
dominant mosquito species, whereas in urban regions, Culex pipiens complex
accounted for a significant 84% of the samples. Additionally, in the habitat of
migratory birds, the Culex pipiens complex took 31% of the mosquito

population.

In Italy and Hungary, WNV and USUV strains were primarily detected from
Culex pipiens mosquitoes. Aligning with this data, in Korea, Culex flavivirus
(CxFV) was detected in Culex pipiens collected from the migratory bird habitat,
while JEV was identified in Culex orientalis mosquitoes. These findings pose
significance in the diverse mosquito species and their role in the transmission

of these arboviruses in different regions.
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In the year 2022, a significantly high number of WNV cases were reported
across several European countries, with Italy leading the count at 723 cases,
followed by Greece with 283 cases. Romania reported 47 cases, while Germany
had 16 cases, and Hungary reported 14 cases. Croatia recorded 8 cases,
Austria had 6, France reported 6, in Spain 4 cases were detected, and in

Slovakia 1 case was revealed, as reported to the European Centre for Disease

Prevention and Control (ECDC).

Notably, Italy had the highest number of outbreak cases, followed by Greece.
Hungary had a considerably low number of cases, but higher than Croatia,
Austria, France, Spain, and Slovakia. The year 2022 was remarkable, with the
highest number of WNV outbreaks reported since 2018. It is notable that in
2018, Hungary detected a substantial number of human and horse cases,
aligning with the total number of outbreaks recorded in the EU. However, in
2022, Hungary’'s count of human and horse cases was comparatively lower

despite the increased total number of outbreaks across the EU.

This study has provided valuable insights into the complex relationship
between climate, the environment, and globalisation with respect to mosquito
populations. It highlighted how alterations in temperature and humidity can
drive mosquito migration to new regions. Given their role as key vectors for
arboviruses, mosquitoes hold immense significance in the introduction, spread,
and outbreak of these arbovirus diseases. Additionally, the movement of
migratory birds and travelling humans plays an essential role in the dynamics
of virus outbreaks. I understood the necessity of closely monitoring various
factors such as global industry, trade, global warming, migrating birds, and the
distribution of mosquito species. These components are intricately connected
and collectively apply a profound influence on the outbreaks of diseases caused

by arboviruses.
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Conducting a comprehensive investigation of mosquito samples across Hungary,
including the nesting places of migratory birds, was essential for gaining crucial
data to monitor and predict WNV and USUV virus activity. Furthermore, an
intensive collection of human blood donations, horse samples, and dead bird
samples suggests a significant enhancement of the sensitivity of virus detection
within the country. Organising further research and study on actively improving
the investigation method for this subject cannot be overstated and, therefore,

should be continuously supported by the responsible parties.
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Summary

Globalization and climate change contributing to the migration of invasive
mosquitoes into Europe highlights the importance of monitoring the mosquito
borne arbovirus disease activity in the region. This study aimed to collect
mosquitoes in several places in Hungary during the 2022 mosquito season,
gathering information on the prevalence of invasive species and, by qRT-PCR,
detect mosquito—transmitted viruses that are already known to be present in

Europe.

The mosquito collection was conducted in Gydr, where in the Zoo animal cases
were detected and in Janossomorja, with the Lajta—Hansdg National Park. WNV
was found in mosquitoes collected in Janossomorja, Szeged and Moérahalom,
while in Vac, only USUV was detected in the mosquito despite the human WNV
infection. This may be explained with the information that the patient was from
abroad, so the infection might have been imported instead of acquiring locally.
From the 2216 pools of mosquito collected from Hungary, 17 pools of positive
samples for WNV lineage 2 and 18 pools of positive samples for USUV were
found in 2022.

The conclusion drawn from comparing our research results with those of other
groups suggests the need for a more organised approach to mosquito trapping.
It emphasises the importance of increasing sampling intensity. The surveillance
efforts should not only focus on vectors but also include active monitoring in
amplifying hosts and dead-end hosts. The One Health approach is
recommended, encouraging collaboration among experts from various fields
such as entomologists, ornithologists, veterinarians, medical doctors, hunters,
and members of nature conservation organisations. Furthermore, international

cooperation in conducting flavivirus mornitoring is recommended.
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ncrease awareness of Hungarian veterinary science not only in
Hungary, but also internationally

ncrease citation numbers of publications authored by Hungarian
veterinarians, thus improve the impact factor of Hungarian veterinary
Journals;

present the knowledge base of the University of Veterinary Medicine
Budapest and its partners in a focussed way in order to improve the
prestige of the Hungarian veterinary profession, and the
competitiveness of the organizations in question,

facilitate professional relations and collaboration’

support open access.
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