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Abstract

Background: The common house mosquito Culex pipiens is known to be a major vector for West Nile virus. In order
to decrease risks of West Nile virus outbreaks in Europe, insecticides and the bio-larvicide Bacillus thuringiensis israelen-
sis (Bti) are commonly used for vector control. Alarmingly, insecticide resistance has been reported in Cx. pipiens popu-
lations from Southern Europe and several countries neighbouring Europe. For Central and Northern Europe, however,
the phenotypic insecticide resistance status of Cx. pipiens has not yet been investigated.

Methods: A literature review was performed to assess the geographical distribution of insecticide resistance in
Cx. pipiens. To fill the gap of knowledge for Central and Northern Europe, WHO susceptibility tests with permethrin,
deltamethrin, malathion, bendiocarb and DDT and a larval toxicity test with Bti were performed with a Cx. pipiens
population from Belgium, a country in Central Europe.

Results: This research provides the first evidence of widespread phenotypic insecticide resistance in Cx. pipiens.

In general, Cx. pipiens developed resistance against multiple insecticides in several countries. Another Cx. pipiens
population from Belgium was tested and showed insecticide resistance against deltamethrin, permethrin, DDT and
possibly against bendiocarb. The bio-larvicide Bti caused lower mortality than reported for other Cx. pipiens popula-
tions in the literature.

Conclusions: These results indicate the urgent need for insecticide resistance monitoring against commonly used
adulticides and larvicides in Europe, for the translation of knowledge gained regarding the limited efficiency and
availability of insecticide into EU legislation and the need for innovative non-chemical vector control tools in order to
counter the widespread insecticide resistance in Culex populations.

Keywords: Culex pipiens molestus, Belgium, Vector control, WHO susceptibility test, Bacillus thuringiensis israelensis,
Bioassays, Phenotypic resistance, Permethrin, Deltamethrin, DDT

Background

The arboviruses West Nile virus (WNV) and Usutu virus
(USUV) mainly circulate between the common house
mosquito Culex pipiens (Linnaeus, 1758) as a primary
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cases, including 166 lethal cases [2]. The detection of
human infections with USUV is more sporadic, but
recent studies found multiple native and invasive mos-
quitoes in Europe that were infected with USUYV, increas-
ing the potential to have many competent vectors in the
future [3, 4]. Additionally, global warming will improve
the conditions for arboviral replication and vector popu-
lation growth [5, 6].

Insecticides against these vectors are used to locally
reduce the likelihood of potential arboviral outbreaks.
Vector species are controlled by distributing larvicides
targeting the larval life stage and adulticides targeting the
adult life stage of the mosquito. One of the most com-
monly used larvicides in Europe is Bacillus thuringiensis
israelensis (Bti) [7]. Adult-targeting insecticides belong
to the chemical classes pyrethroids, organochlorines,
organophosphates and carbamates [8].

In the European Union (EU), biocides that can be used
for mosquito control belong to the product type (PT) 18:
“Insecticides, acaricides and products to control other
arthropods” (Regulation No. 528/2012). For the success-
ful approval of a biocide, two steps are required: firstly,
active substance approval at the EU level, and secondly,
product approval at the national level [9]. Active sub-
stances are divided into “new active substances” and
“existing active substances” “Existing active substances”
are substances that were already on the market as active
substances in biocidal products as of 14 May 2000. The
EU regulation No. 1062/2014 lists all reported existing
active substances until that date. Biocidal products that
contain active substances that are not listed in the regu-
lation may no longer be marketed. The “existing active
substances” were evaluated in an EU programme with
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regard to risks to humans, animals and the environment.
For those biocidal products only containing “existing
active substances’, transitional arrangements are present,
where the “existing active substances” need to be (dis)
approved until 2024 [10]. When consulting the European
Chemicals Agency (ECHA) database on 4 October 2022,
44 active substances were allowed as PT18 products by
the European Union (Table 1; Additional file 4: Table S2)
[11]. Additionally, chemical adulticides are rarely used
for vector control in Europe, due to the risk of insecticide
resistance in local vector populations [12]. There are five
known mechanisms of insecticide resistance, namely tar-
get-site insensitivity, metabolic resistance, reduced pen-
etration resistance, excretion and behavioural resistance,
all reducing the effectiveness of insecticides. Epigenetic
resistance has recently been discussed as the sixth insec-
ticide resistance mechanism [13].

The World Health Organization (WHO) developed a
global plan to manage insecticide resistance, though the
primary focus is on vector control against anopheline
mosquitoes to combat malaria. The global plan for insec-
ticide resistance management in malaria vectors is based
on five pillars: (1) to plan and implement insecticide
resistance management strategies in malaria-endemic
countries, (2) to ensure proper, timely entomological
and resistance monitoring with effective data manage-
ment, (3) to develop new and innovative vector control
tools, (4) to fill gaps in knowledge on mechanisms of
insecticide resistance and the impact of current insecti-
cide resistance management strategies, and (5) to ensure
that enabling mechanisms (advocacy, human and finan-
cial resources) are in place [14]. It would be relevant to
broaden this plan and integrate arboviral vector species.

Table 1 Overview of the insecticides used during the WHO susceptibility tests with their approval as pesticides and insecticides
according to the EU pesticides database and the ECHA database [18, 26]

EU pesticides database  Approval end date ECHA database Approval end date

Carbamates

Bendiocarb X - v PT18° 31 January 2024
Organochlorines

DDT X - X -
Organophosphates

Malathion v 30 April 2023 X -
Pyrethroids

Deltamethrin v 31 October 2023 Vv'PT18 30 September 2023

Permethrin X - V' PT08® 30 April 2026

Vv'PT18 30 April 2026

Other

Bacillus thuringiensis v 30 April 2023 v'PT18 30 June 2026

2 PT18 = product type insecticides, acaricides and products to control other arthropods

b PT08 = product type wood preservatives
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In Belgium, a country in Central Europe, Cx. pipiens
is extremely common and widespread, with the species
being present at 698 of the 1000 monitored sites [15]. At
the moment, Belgian Cx. pipiens are not controlled, but
emerging case numbers of WNV and USUV in neigh-
bouring countries may enforce vector control in the near
future. Insecticide resistance in Belgian Cx. pipiens could
have already arisen from the larvicide Bti, used against
invasive Aedes vectors since 2014 [16]. Accidental expo-
sure of Belgian Cx. pipiens to pesticides that are used
for plant protection is also very likely (EU Regulation
No. 1107/2009). Pesticides used in agriculture in Bel-
gium with a known effect on mosquitoes are malathion,
thiophanate-methyl and lambda-cyhalothrin [17-20]. In
2019, permethrin accounted for 0.5% and Bacillus thur-
ingiensis for 4.4% of the total amount of pesticides used
by public administrations. Those percentages trans-
late into 13.5 kg of active substance for permethrin and
163.6 kg for Bacillus thuringiensis, respectively [21]. The
Belgian Cx. pipiens might have been exposed to those or
other agricultural pesticides during a sugar meal from
treated plants or pesticides used in households and gar-
dening. In addition, spraying of plants can cause direct
exposure of adults or indirect exposure of larvae/pupae
due to contamination of their breeding habitats. Because
of these multiple scenarios for insecticide exposure of
Belgian Cx. pipiens in their natural environment, we
hypothesise that Belgian Cx. pipiens developed insecti-
cide resistance against several insecticides.

The aim of this study was to assess the current status
of insecticide resistance of Cx. pipiens as available from
the literature. We further investigate whether the sus-
ceptibility status of Belgian Cx. pipiens mosquitoes is
comparable to other Cx. pipiens populations because
accidental environmental exposure to insecticides is a
common global phenomenon [22, 23]. A detailed under-
standing of insecticide resistance in Cx. pipiens will sup-
port the rapid and sustainable development of integrative
vector control strategies during arboviral outbreaks that
involve Cx. pipiens as a vector.

Methods

Systematic literature review

The insecticide resistance status of the tested Belgian
Cx. pipiens was compared to the insecticide resistance
status of other Cx. pipiens populations worldwide by a
systematic literature review. The PubMed database was
used to find publications regarding the insecticide resist-
ance status of Cx. pipiens mosquitoes, written in Eng-
lish and published up to 8 August 2022. The following
search terms were all individually searched, following the
Preferred Reporting Items for Systematic Reviews and
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Meta-Analyses (PRISMA) flow chart (Additional file 1:
Fig S1): “Insecticide resistance Culex pipiens”, “WHO
susceptibility test Culex pipiens”, “insecticide resistance
bioassay Culex pipiens”, “Phenotypic resistance Culex
pipiens”, “Malathion resistance Culex pipiens”, “Bendio-
carb resistance Culex pipiens”, “DDT resistance Culex
pipiens”, “Permethrin resistance Culex pipiens” and
“Deltamethrin resistance Culex pipiens”. A total of 749
hits were found for the search terms. Based on the titles
and key words, 263 publications were selected to read
the abstract, and based on the abstract, 68 publications
were read completely. Research papers were included
in further bibliometric analysis if the following criteria
were fulfilled: (1) use of WHO susceptibility tests with
malathion, bendiocarb, DDT, permethrin and deltame-
thrin; and (2) use of Cx. pipiens mosquitoes in the WHO
tests to detect insecticide resistance. Publications that
obtained results with methods other than WHO tests
to detect insecticide resistance and publications that
reported insecticide resistance for Culex mosquitoes
other than Cx. pipiens were excluded (Additional file 1:
Fig. S1%).

This procedure resulted in 17 publications that fulfilled
all criteria. An additional search on Google Scholar, fol-
lowing the same search method, yielded two additional
publications that were used in this research.

Mosquito collection and rearing
The Cx. pipiens molestus strain (20CPip.BE-ITMf.6) used
for the experiments originated from larval collections
in Hove (Belgium) in 2020. Larvae were collected from
a rain barrel in a private garden, where no insecticides
have been used since 2011, and the closest agricultural
activity is a cornfield 500 m away. The bioform molestus
was confirmed via multiplex polymerase chain reaction
(PCR) with three primers: CQ11F2, MOLCQI11R and
PIPCQ11R, PCR for Cx. pipiens pipiens with CQ11F2
and PIPCQ11R and PCR for Cx. pipiens molestus with
CQ11F2 and MOLCQ11R. The Belgian Cx. pipiens were
reared as a colony with overlapping generations in cli-
matic cupboards (CPS-P530 Climatic Cabinet, RUMED
Germany) at 27 °C with relative humidity of 80% and a
16:8 light/dark cycle at the Merian insectary of the Insti-
tute of Tropical Medicine (ITM), Antwerp, Belgium.
Prior to the experiments, egg rafts were collected from
the colony, placed on humid cotton wool in Eppendorf
tubes and stored at 8 °C for less than a week (until suf-
ficient eggs were collected). Approximately 20 rafts were
added to each of four plastic trays containing two litres
of soft water. First-instar larvae were fed ad libitum on
sieved TetraMin (Tetra, Germany) [24]. Second- to
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fourth-instar larvae were fed daily on Koi ministicks
ad libitum. Pupae were collected in plastic cups filled
with 80 ml of soft water, which were placed into
17 x 17 cm cages containing a sugar feeder. Adult density
varied, with a maximum of 120 adults per cage.

WHO susceptibility tests with five adulticides

A WHO test kit and insecticide-impregnated papers
from Universiti Sains [University of Science] Malaysia
(Malaysia) were used to conduct bioassays, as outlined by
the WHO Guidelines for test procedures for insecticide
resistance monitoring in malaria vector mosquitoes [25].
Following insecticides from the Universiti Sains Malaysia
were used: bendiocarb 0.1%, dichlorodiphenyltrichloro-
ethane (DDT) 4.0%, malathion 5.0%, deltamethrin 0.05%
and permethrin 0.75%. Three out of five tested insec-
ticides are currently approved in the European Union:
bendiocarb, deltamethrin and permethrin. DDT and
malathion are non-approved insecticides in the European
Union (Table 1).

Twenty females between 2 and 5 days old were placed
in every six resting tubes containing regular white paper.
Six exposure tubes, from which two control tubes con-
taining oil-treated paper and four tubes containing insec-
ticide-impregnated paper, were attached to the resting
tubes. All mosquitoes were transferred to the exposure
tubes and placed in an upright position for 1 h at 27 °C.
Afterwards, mosquitoes were transferred back to the
resting tubes for 23 h with access to soaked cotton wool
containing a 10% glucose dilution.

All mosquitoes were preserved after the WHO suscep-
tibility test at —20 °C for a protein assay and glutathione
S-transferase (GST) assay (for method and results see
Additional file 2).

WHO larvicidal susceptibility test with Bti

A Bti larvicidal bioassay was conducted as outlined in
the WHO Guidelines for laboratory and field testing of
mosquito larvicides [27]. A portion of Bti tablet (Neu-
dorff, Germany) was crushed and dissolved in lukewarm
softened water and mixed for 10-15 min. The concen-
trations of 0 mg L™ (control), 0.02 mg L™, 0.05 mg L™,
0.10 mg L1, 0.15 mg L7}, 0.20 mg L™! and 0.30 mg L™!
were tested for larval toxicity in fourfold replication at
27 °C. Twenty late third- to early fourth-instar larvae
were added to 100 ml of softened water for each concen-
tration. After 24 h, larvae were checked and moribund
and non-moving larvae were considered to be dead. Sur-
viving larvae were stored at —20 °C for a protein assay
and GST assay (for methods and results see Additional
file 2).
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Data analysis

For each insecticide and control group during the WHO
larvicidal susceptibility test with Bti and the WHO sus-
ceptibility tests with five adulticides, the mortality (%)
was calculated by dividing the total number of dead mos-
quitoes by the total sample size. If the mortality of the
control group ranged between 5 and 20%, a correction
was made using Abbot’s formula.

Total number of dead mosquitoes
*

Observed mortality = 100

Total sample size

Corrected mortality

% observed mortality — % control mortality 100
= *
100 — % control mortality

WHO susceptibility tests with five chemical adulticides
Mortality was analysed according to the WHO proto-
col [25]: A mortality of 100—98% indicates susceptibility,
97.9-90% indicates possible resistance and <90% mortal-
ity indicates resistance.

A database per insecticide was created using the mor-
tality per country obtained from the systematic literature
review. Literature data on insecticide resistance for Cx.
pipiens and additional experimental insecticide resist-
ance data for the Belgian population were plotted using
Prism® (version 9.3.1, GraphPad Software Inc., USA). A
map used to visualise the results of the systematic litera-
ture review was created with Datawrapper [28].

WHO larvicidal bioassay with Bti

Mortality was plotted against x-log-transformed Bti con-
centrations, and a lethal concentration 50% (LCg;) and
lethal concentration 95% (LC,s) were calculated. The data
were log-transformed and non-linear regression was
performed using Prism® (version 9.3.1, GraphPad Soft-
ware Inc., USA).

Results

Insecticide resistance status of adult Cx. pipiens

The systematic literature search combined with experi-
mental data for a Belgian Cx. pipiens population revealed
a broad geographic distribution of insecticide resistance
in Cx. pipiens (Figs. 1, 2; Additional file 3: Table S1).

Bendiocarb

Only a lab strain from Egypt was susceptible for bendio-
carb, with mortality of 100% [29]. Other colonies from
Egypt, Morocco and Iran have shown resistance, with
mean mortality below 90% [30-33]. In comparison, the
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Belgian population showed possible resistance, with
mean mortality of 90.1%.

Permethrin

Only two populations, both from Egypt, indicated full
susceptibility for permethrin, with mortality of 100%
[29]. Possible resistance was found for six populations:
one from Egypt (Assiut), two from Turkey (Birecik and
Hatay) and three from Italy (Strangolagalli, Torino and
San Michele) [34, 35]. Twenty-two other populations
from Italy, Turkey, Egypt, Iran and Morocco indicated
resistance towards permethrin [30-33, 36, 37]. In com-
parison, the Belgian population results in a mortality of
77.5%, indicating resistance.

Deltamethrin

Complete susceptibility towards deltamethrin was
observed in Egypt and Greece in six out of 44 popula-
tions tested [29, 38]. For 16 out of 44 populations, possi-
ble susceptibility was found, including populations from
Egypt, Greece, Iran, Turkey and Italy [31-33, 35, 39-43].
Twenty-one populations from Greece, Italy, Iran, Spain
and Turkey indicated resistance [34, 36, 37, 44]. In com-
parison, the Belgian population showed clear resistance
towards deltamethrin with mean mortality of 83.5%.

DDT

Only one population, a lab strain from Egypt, showed
possible resistance for DDT. All other populations indi-
cated resistance, including the Belgian population with
23.2% mean mortality for DDT [29-34, 37, 39-41, 44]

Malathion

WHO susceptibility tests with malathion resulted in
three fully susceptible populations: the Belgian popu-
lation, a population from Iran (Chabahar City) and a
lab strain from Egypt [29, 43]. Two populations, one
from Turkey (Birecik) and one from Iran (Ahar County)
showed possible resistance [34, 39]. Seventeen other pop-
ulations from Egypt, Turkey, Morocco and Iran indicate
resistance towards malathion [30, 32, 33, 37, 45].

WHO susceptibility test with five adulticides

The Belgian Cx. pipiens developed insecticide resistance
against at least three out of five insecticides (Table 2).
The experimental population was resistant against
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deltamethrin, permethrin and DDT, as indicated by
83.5%, 77.5% and 23.2% mean mortality, respectively,
with possible resistance against bendiocarb as indicated
by mortality of 90.1%. The Belgian Cx. pipiens popula-
tion was susceptible for malathion, as indicated by mor-
tality of 100%.

WHO larvicidal susceptibility test with Bti

No mortality was observed in the control group of Bel-
gian Cx. pipiens; hence, Abbot’s formula was not used.
The LC, of Bti for Belgian Cx. pipiens is 0.15 mg L™" and
LCys 0.56 mg L™}, respectively (Fig. 1).

Discussion

Our hypothesis on the universal distribution of insec-
ticide resistance in Cx. pipiens mosquitoes could be
confirmed by means of a combined experimental—-bib-
liometric approach. To our knowledge, this is the first
systematic literature review on phenotypic insecticide
resistance in Cx. pipiens mosquitoes, while previous
studies focused on single insecticide classes and different
insecticide detection methods [46].

Bti, deltamethrin and permethrin are allowed to be
used as insecticides against mosquitoes in the EU with
an approval until 2026, 2023 and 2026, respectively
(Table 1). Unfortunately, the Belgian Cx. pipiens mosqui-
toes revealed resistance against the EU-approved insecti-
cides permethrin, deltamethrin and the banned DDT. In
addition, Bti provoked low larvicidal activity in the tested
Belgian Cx. pipiens population.

Phenotypic insecticide resistance of Culex species

The Belgian Cx. pipiens developed insecticide resistance
against at least three out of five insecticides (Table 2).
Insecticide resistance in Cx. pipiens has also been
detected with WHO susceptibility tests in Italy, Spain,
Greece, Egypt, Morocco, Turkey and Iran [29-45]. In
Spain, the WHO susceptibility test (in compliance with
the CDC bottle test) revealed the insecticide resistance
of Cx. pipiens populations to deltamethrin, permethrin,
bendiocarb, lambda-cyhalothrin, propoxur, pirimiphos-
methyl and DDT [44]. Also Cx. pipiens pallens (four out
of five Chinese populations) revealed resistance to del-
tamethrin, with the exception of a susceptible lab strain
[47].

(See figure on next page.)

Fig. 1 Insecticide resistance status in Cx. pipiens. Resistance towards a permethrin, b deltamethrin, ¢ malathion, d bendiocarb, e DDT, f Bti. f WHO
larvicidal susceptibility test with Bti on the Belgian population. Insecticides approved by the EU are a, b, d, f; insecticides for which the Belgian
population is susceptible/possibly resistant are ¢, d; insecticides for which the Belgian population is resistant are a, b, e, f. Black indicates Belgian
population, dark grey EU, light grey neighbouring countries to EU, white outside EU
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Fig. 2 Countries coloured by insecticides resistance status of Culex pipiens for the five tested insecticides. Light red indicates possible resistance
towards tested insecticides, dark red indicates high resistance towards tested insecticides

Table 2 Insecticide susceptibility of Belgian Cx. pipiens as assessed with WHO susceptibility tests with five chemical insecticides and

WHO larvicidal bioassay with Bti

Insecticide class Insecticide Discriminating Number of Mortality (%) Status  Control Number of Mortality
concentration (%) mosquitoes (n) mosquitoes (n) (%)
1-h exposure
Pyrethroid Permethrin 075 80 775 R¢ Silicone oil 40 0
Deltamethrin  0.05 79 835 R Silicone oil 40 2.5
Organophosphate  Malathion 5 84 100 se Olive oil 42 7.1
Carbamate Bendiocarb 0.1 81 90.1 PR®  Oliveoil 40 0
Organochlorin DDT 4 82 232 R Risellaoil 42 0
Insecticide class  Insecticide ~ Number of LC50 (95% Cl)  LC95 (95% Cl) Status  Control Number of Mortality (%)
mosquitoes (n) mosquitoes (n)
Biological Bti 400 0.15(0.11-1.00) 0.56 (0.25-18.16) PR Soft water 80 0

2 S susceptible
b PR possible resistance

R resistant

The sister species Cx. quinquefasciatus from Pemba
Island, Zanzibar, is resistant to all insecticides (DDT,
permethrin, deltamethrin, lambda-cyhalothrin and ben-
diocarb) tested with the WHO susceptibility test [48]. In
line, four Cx. quinquefasciatus populations from Cam-
eroon showed insecticide resistance against DDT, per-
methrin, deltamethrin, bendiocarb and malathion (with
mortalities below 15.0%). Additionally, three out of four
populations were resistant against malathion [49]. In

Zambia, Cx. quinquefasciatus mosquitoes were used in
CDC bottle tests, another bioassay to detect phenotypic
resistance. The Cx. quinquefasciatus field mosquitoes
that were tested had a lower knockdown rate for DDT
than the susceptible mosquitoes. Even after exposure to
a higher concentration of DDT, the knockdown rate was
lower than expected, indicating the severity of the insec-
ticide resistance.
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Bti exposure (Neudorff, ground-up Bti tablet) of the
Belgian Cx. pipiens population showed a very high LC,,
result compared to the literature. The LC;, value for
the Belgian Cx. pipiens strain, 0.15 mg L™, is five times
higher than the LCy, value for a field collection from
Chico, California (VectoBac WDG, water-dispersible
granules) and 10 times higher than the LC;, value found
for a strain from Syracuse, New York (self-made pow-
der from Bti IPS-80 culture) [50, 51]. When comparing
the Belgian LC;, result with results from Cyprus, there
is even a 50-fold difference with the highest LCy, result
from Cyprus (VectoBac SL, aqueous suspension) [52].
These comparisons are remarkable, although it is impor-
tant to note that variation in formulation and toxicity of
the different Bti products can partly explain these differ-
ences in LCy, results. In addition to the low larval sus-
ceptibility to the biocide Bti, larval resistance against
chemical insecticides has been confirmed in an Italian
field population, where the RRLC;, (Resistance Ratio
Lethal Concentration 50%) for the larvicide diflubenzu-
ron increased from 32- to 128-fold over the span of 1 year
[53]. This diflubenzuron resistance in Italian Cx. pipiens
was confirmed by diflubenzuron-associated mutations
11043L and 11043M in Culex populations [54].

Operational aspects
According to our results for the Belgian Cx. pipiens
population, malathion would be the only insecticide
that should be used in case of an arboviral outbreak
that involves Culex mosquitoes (e.g., WNV) in Belgium.
However, malathion belongs to the “existing active sub-
stances” since it was not on the market before the 14th
of May 2000. A complete dossier was not submitted in
order to include malathion in the “existing active sub-
stances” list. Accordingly, malathion is not available on
the EU market anymore as a biocidal product (Table 1).
However, malathion was used in France (French Gui-
ana) against adult mosquitoes after approval by the EU
in 2009. This was possible because in Directive 98/8/
EC of the European Parliament (Regulation before No
528/2012) article 15 (1) states that it is allowed to place
biocidal products temporarily (120 days) on the market
after the approval of the commission because of unfore-
seen danger. The new EU regulation No 528/2012 even
would allow such a derogation for 180 days (Article 55).
This means that in case of a WNV outbreak, the Euro-
pean Union or Belgium may allow the use of malathion
for 180 days due to the danger to public and animal
health. We recommend that malathion should be evalu-
ated to be approved in general under the EU Regulation
No 528/2012.

Next to malathion, bendiocarb achieved the highest
mortality rates on Cx. pipiens (90.1%) in our study. As
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the approval of bendiocarb will end soon (on 31 Janu-
ary 2024), we suggest an extension of the approval to
make it possible to use bendiocarb for vector control in
the future. If the approval is not extended, bendiocarb
could potentially be used with an exceptional approval
for 180 days as described for malathion (EU regulation:
528/2012 Article 55).

Notably, all the approvals of insecticides, as stated by
the EU pesticides database and ECHA database, will
expire within the next 8 years. It is of great importance
to improve the knowledge regarding the insecticide
resistance of native and invasive mosquitoes in Europe
in order to guide the (dis)approval of certain insecticides
if needed during an arboviral outbreak. The importance
of good policy-making regarding insecticide resistance
is clearly illustrated by the example of the banned insec-
ticide DDT. The insecticide DDT (half-life=6200 days,
according to the pesticide properties database of the
University of Hertfordshire) has been banned since the
seventies, but Cx. pipiens mosquitoes from various geo-
graphic origins around the globe show strong resistance
against DDT to this day [55].

Limitations of the study

Our study provides the first overview of the phenotypic
insecticide resistance status of Cx. pipiens populations
worldwide and in particular from Belgium. However,
more WHO susceptibility tests with different Culex
populations from across Belgium and other European
countries are required to form a complete picture of
the insecticide resistance status of Cx. pipiens. Genetic
resistance assays are also used to monitor the insecticide
resistance status of mosquitoes, however, not all genetic
markers that are involved in insecticide resistance are
known yet and the genetic markers that are known are
not always fully able to explain the phenotypic resist-
ance [56]. Literature reports indicate that the resistance
status of Cx. pipiens is associated with genetic mutations
typically associated with insecticide resistance. In Cx.
pipiens from Greece, both a relatively high frequency of
the knockdown resistance (kdr) L1014F resistance muta-
tion and resistance to deltamethrin have been detected
[38]. Likewise, in different Cx. quinquefasciatus popula-
tions from Guadeloupe, insecticide resistance against
deltamethrin was observed along with the detection of a
high frequency of the L1014F kdr mutation [57]. Regard-
ing the Belgian population, our findings are supported by
a study that confirmed the presence of kdr L1014F and
ace-1 G119S resistance mutations in Cx. pipiens sam-
ples collected from four different locations in Belgium
[58]. Resistance mechanisms could not be elucidated
in this study. An initial experiment does not indicate
elevated levels of GST-specific activity after exposure
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to insecticides. Further testing is needed to find the
resistance mechanism behind the observed phenotypic
resistance.

Conclusion

This research provides the first evidence of phenotypic
insecticide resistance in Belgian Culex pipiens. As it is
clear that insecticide resistance in Culex populations
is a global phenomenon, we propose the implementa-
tion of a public repository of the insecticide resistance
status in Culex populations which would allow vector
control managers easier access and overview of insecti-
cide resistance data for Culex mosquitoes, as is already
in place for insecticide resistance in anopheline and
aedine mosquitoes on websites such as www.irmapper.
com. This information can then be used to inform (dis)
approval of insecticides to prevent a further increase
in insecticide resistance against certain insecticides in
the EU and abroad. The translation of these alarming
results on limited efficiency and availability of insecti-
cides into EU legislation and the development of new
non-chemical vector control tools are the next logical
steps to counter the widespread insecticide resistance
in Culex populations.

Abbreviations

Bti: Bacillus thuringiensis israelensis; Cx.. Culex; DDT: Dichlorodiphenyltrichloro-
ethane; EU/EEA: European Union/European Economic Area; GST: Glutathione
S-transferase; ITM: Institute of Tropical Medicine; kdr: Knockdown resistance;
LC50: Lethal concentration that kills 50% of the larvae; RR: Resistance ratio;
WHO: World Health Organization.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513071-022-05542-x.

Additional file 1: Fig. S1. PRISMA flow chart.

Additional file 2: Fig. S2. Material and method, results and conclusion of
the protein and GST assays.

Additional file 3: Table S1. Insecticide resistance tested via WHO sus-
ceptibility tests in Belgium, Egypt, Greece, Iran, Italy, Morocco, Spain and
Turkey.

Additional file 4: Table S2. Overview of all active substances that
are approved as PT18 products according to the ECHA database on
4/10/2022.

Acknowledgements

We would like to thank the laboratory and technical staff at the Institute of
Tropical Medicine Antwerp, Belgium (ITM), especially Ko De Witte and Luka
Wouters for their help with the rearing of mosquitoes. We are grateful to Leen
Denis and Erine Coolkens for helping out during the biochemical assays. We
also would like to thank Brecht Massoels and Dr Marco Brustolin for their help
during the WHO susceptibility tests.

Author contributions

SV and AV are joint first authors. Conceptualisation and design of the study:
RM, SV, AV; collection of data: SV, AV; writing and preparation of the original
draft: SV, AV, IK, RM; data analysis: SV, RM; visualisation: SV, AV, RM; writing,

Page 9 of 11

reviewing and editing: SV, AV, IK, RM; All authors read and approved the final
manuscript.

Funding

This research was funded with the support of the Flemish Government,
Science & Innovation and through the 2018-2019 BiodivERSA joint call for
research proposals, under the BiodivERsA3 ERA-Net COFUND programme
(project DiMoC—Diversity Components of Mosquito-borne Diseases under
Climate Change), and with the funding organisation FWO GOG2319N. The
research was also funded through project BIOZ by the Federal Ministry of
Health of Germany under the research network programme “Nationales
Forschungsnetz Zoonotische Infektionskrankheiten” 252 TNIK401.

Availability of data and materials
Data supporting the conclusions of this article are included within the article.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'The Unit of Entomology, Department of Biomedical Sciences, Institute

of Tropical Medicine, 2000 Antwerp, Belgium. ?Institute of Occupational, Social
and Environmental Medicine, Goethe University, Frankfurt, Germany. 3Senck-
enberg Biodiversity and Climate Research Centre, Frankfurt, Germany.

Received: 7 September 2022 Accepted: 12 October 2022
Published online: 12 November 2022

References

1. European Centre for Disease Prevention and Control: Culex pipiens—
factsheet for experts. 2020. https://www.ecdc.europa.eu/en/all-topics-z/
disease-vectors/facts/mosquito-factsheets/culex-pipiens-factsheet-exper
ts. Accessed 31 July 2022.

2. European Centre for Disease Prevention and Control: West Nile virus
infection—annual epidemiological report for 2018. European Centre for
Disease Prevention and Control; 2019.

3. Vilibic-Cavlek T, Savic V, Petrovic T, Toplak |, Barbic L, Petric D, et al. Emerg-
ing trends in the epidemiology of West Nile and Usutu virus infections in
Southern Europe. Front Vet Sci. 2019. https://doi.org/10.3389/fvets.2019.
00437.

4. Clé M, Beck C, Salinas S, Lecollinet S, Gutierrez S, Van de Perre P, et al.
Usutu virus: a new threat? Epidemiol Infect. 2019;147:2232.

5. Mellor PS. Replication of arboviruses in insect vectors. J Comp Pathol.
2000;123:231-47.

6. Sutherst RW. Global change and human vulnerability to vector-borne
diseases. Clin Microbiol Rev. 2004;17:136-73.

7. Baldacchino F, Caputo B, Chandre F, Drago A, della Torre A, Montarsi F,
et al. Control methods against invasive Aedes mosquitoes in Europe: a
review. Pest Manag Sci. 2015;71:1471-85.

8. World Health Organization. Pesticides and their application—for the
control of vectors and pests of public health importance. Geneva: World
Health Organization; 2006.

9. European Chemicals Agency. understanding BPR. https://echa.europa.
eu/regulations/biocidal-products-regulation/understanding-bpr
Accessed 3 Aug 2022.

10. European Chemicals Agency. Existing active substance. https://echa.
europa.eu/regulations/biocidal-products-regulation/approval-of-active-
substances/existing-active-substance. Accessed 3 Aug 2022.

11. Agency. EC: information on biocides. https://echa.europa.eu/information-
on-chemicals/biocidal-active-substances Accessed 4 Oct 2022.


http://www.irmapper.com
http://www.irmapper.com
https://doi.org/10.1186/s13071-022-05542-x
https://doi.org/10.1186/s13071-022-05542-x
https://www.ecdc.europa.eu/en/all-topics-z/disease-vectors/facts/mosquito-factsheets/culex-pipiens-factsheet-experts
https://www.ecdc.europa.eu/en/all-topics-z/disease-vectors/facts/mosquito-factsheets/culex-pipiens-factsheet-experts
https://www.ecdc.europa.eu/en/all-topics-z/disease-vectors/facts/mosquito-factsheets/culex-pipiens-factsheet-experts
https://doi.org/10.3389/fvets.2019.00437
https://doi.org/10.3389/fvets.2019.00437
https://echa.europa.eu/regulations/biocidal-products-regulation/understanding-bpr
https://echa.europa.eu/regulations/biocidal-products-regulation/understanding-bpr
https://echa.europa.eu/regulations/biocidal-products-regulation/approval-of-active-substances/existing-active-substance
https://echa.europa.eu/regulations/biocidal-products-regulation/approval-of-active-substances/existing-active-substance
https://echa.europa.eu/regulations/biocidal-products-regulation/approval-of-active-substances/existing-active-substance
https://echa.europa.eu/information-on-chemicals/biocidal-active-substances
https://echa.europa.eu/information-on-chemicals/biocidal-active-substances

Vereecken et al. Parasites & Vectors

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33

34.

35.

(2022) 15:423

World Health Organization. Global insecticide use for vector-borne
disease control. Geneva: World Health Organization; 2021.

Oppold A-M, Miller R. Chapter nine—epigenetics: a hidden target of
insecticides. In: Verlinden H, editor. Advances in insect physiology, vol. 53.
Cambridge: Academic Press; 2017. p. 313-24.

World Health Organization. Global plan for insecticide resistance man-
agement. Geneva: World Health Organization; 2012.

Versteirt V, Boyer S, Damiens D, De Clercq EM, Dekoninck W, Ducheyne E,
et al. Nationwide inventory of mosquito biodiversity (Diptera: Culicidae)
in Belgium. Europe Bull Entomol Res. 2013;103:193-203.

Deblauwe I, De Wolf K, De Witte J, Schneider A, Verlé |, Vanslembrouck A,
et al. From a long-distance threat to the invasion front: a review of the
invasive Aedes mosquito species in Belgium between 2007 and 2020.
Parasites Vectors. 2022;15:206.

Braverman Y, Chizov-Ginzburg A, Pener H, Wilamowski A. Susceptibility
and repellency of Culicoides imicola and Culex pipiens to lambda-cyhalo-
thrin. Vet Ital. 2004,40:336-9.

European Commision. Active substances, safeners and synergists. 2022.
https://ec.europa.eu/food/plant/pesticides/eu-pesticides-database/
active-substances/?event=search.as. Accessed 31 July 2022.

Aldehamee MHM. Effects of topsin pesticide (thiophanate-methyl) on lar-
val phases of Culex pipiens mosquitoes. Euphrates J Agric Sci. 2013;5:1-10.
European Food Safety Authority. Pesticide residue control results—
National summary report. European Food safety Authority; 2020.
Vlaamse Milieumaatschappij: Duurzaam gebruik van pesticiden—2019.
Vlaamse Milieumaatschappij; 2020.

Nkya TE, Akhouayri |, Kisinza W, David J-P. Impact of environment on mos-
quito response to pyrethroid insecticides: facts, evidences and prospects.
Insect Biochem Mol Biol. 2013;43:407-16.

Sharma A, Kumar V, Shahzad B, Tanveer M, Sidhu GPS, Handa N, et al.
Worldwide pesticide usage and its impacts on ecosystem. SN Appl Sci.
2019;1:1446.

KreB8 A, Kuch U, Oehlmann J, Miller R. Impact of temperature and nutri-
tion on the efficiency of the insecticide A-cyhalothrin in full-lifecycle tests
with the target mosquito species Aedes albopictus and Culex pipiens. J
Pest Sci. 2014,87:739-50.

World Health Organization. Test procedures for insecticide resistance
monitoring in malaria vector mosquitoes. Geneva: World Health organi-
zation; 2018.

European Chemicals Agency: Information on biocides. 2022. https://echa.
europa.eu/information-on-chemicals/biocidal-active-substances?p_p_
id=dissactivesubstances_WAR_dissactivesubstancesportlet&p_p_lifec
ycle=1&p_p_state=normal&p_p_mode=view&_dissactivesubstances_
WAR_dissactivesubstancesportlet_javax.portletaction=dissActiveSubst
ancesAction. Accessed 31 July 2022.

World Health Organization. Guidelines for laboratory and field testing of
mosquito larvicides. Geneva: World Health Organization; 2005.

Lorenz M, Aisch G, Kokkelink D. Datawrapper. Create charts and maps
[software]. 2012. https://www.datawrapper.de/.

Zayed ABB, Szumlas DE, Hanafi HA, Fryauff DJ, Mostafa AA, Allam KM,

et al. Use of bioassay and microplate assay to detect and measure insecti-
cide resistance in field populations of Culex pipiens from filariasis endemic
areas of Egypt. J Am Mosq Control Assoc. 2006;22:473-82, 10.

Tmimi FZ, Faraj C, Bkhache M, Mounaji K, Failloux AB, Sarih M. Insecticide
resistance and target site mutations (G119S ace-1 and L1014F kdr) of
Culex pipiens in Morocco. Parasit Vectors. 2018;11:51.

Ghorbani F, Vatandoost H, Hanafi-Bojd AA, Abai MR, Nikookar H, Enayati
AA. High resistance of vector of West Nile Virus, Culex pipiens Linnaeus
(Diptera: Culicidae) to different insecticides recommended by WHO in
Northern Iran. J Arthropod Borne Dis. 2018;12:24-30.

Rahimi S, Vatandoost H, Abai M, Raeisi A, Hanafi-Bojd A, Rafi F. Resistant
status of Culex pipiens complex species to different imagicides in Tehran.
Iran J Vector Borne Dis. 2020;57:47-51.

Rahimi S, Vatandoost H, Abai MR, Raeisi A, Hanafi-Bojd AA. Status of
resistant and knockdown of West Nile Vector, Culex pipiens complex to
different pesticides in Iran. J Arthropod Borne Dis. 2019;13:284-96.
Akiner MM, Simsek FM, Caglar SS. Insecticide resistance of Culex pipiens
(Diptera: Culicidae) in Turkey. Pestic Sci. 2009;34:259-64.

Pichler V, Giammarioli C, Bellini R, Veronesi R, Arnoldi D, Rizzoli A, et al. First
evidence of pyrethroid resistance in Italian populations of West Nile virus
vector Culex pipiens. Med Vet Entomol. 2022;36:390-5.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Page 10 of 11

Guntay O, Yikilmaz MS, Ozaydin H, Izzetoglu S, Suner A. Evaluation of
pyrethroid susceptibility in Culex pipiens of Northern Izmir Province.
Turkey J Arthropod Borne Dis. 2018;12:370-7.

Akiner MM, Eksi E. Evaluation of insecticide resistance and biochemical
mechanisms of Culex pipiens L. in four localities of east and middle medi-
terranean basin in Turkey. Int J Mosq Res. 2015;2:39-44.

Kioulos I, Kampouraki A, Morou E, Skavdis G, Vontas J. Insecticide resist-
ance status in the major West Nile virus vector Culex pipiens from Greece.
Pest Manag Sci. 2014;70:623-7.

Ataie A, Moosa-Kazemi SH, Vatandoost H, Yaghoobi-Ershadi MR, Bakhshi
H, Anjomruz M. Assessing the Susceptibility Status of Mosquitoes (Dip-
tera: Culicidae) in a Dirofilariasis Focus. Northwestern Iran J Arthropod
Borne Dis. 2015;9:7-21.

Salim-Abadi Y, Oshaghi MA, Enayati AA, Abai MR, Vatandoost H,
Eshraghian MR, et al. High insecticides resistance in Culex pipiens
(Diptera: Culicidae) from Tehran, Capital of Iran. J Arthropod Borne Dis.
2016;10:483-92.

Naseri-Karimi N, Vatandoost H, Bagheri M, Chavshin AR. Susceptibility
status of Culex pipiens against deltamethrin and DDT, Urmia County,
West Azerbaijan Province, northwestern Iran. Asian Pac J Trop Dis.
2015;5:577-9.

Zeidabadinezhad R, Vatandoost H, Abai MR, Dinparast Djadid N, Raz

A, Sedaghat MM, et al. Target site insensitivity detection in deltame-

thrin resistant Culex pipiens complex in Iran. Iran J Public Health.
2019:48:1091-8.

Fathian M, Vatandoost H, Moosa-Kazemi SH, Raeisi A, Yaghoobi-Ershadi
MR, Oshaghi MA, et al. Susceptibility of Culicidae mosquitoes to some
insecticides recommended by WHO in a malaria endemic area of South-
eastern Iran. J Arthropod Borne Dis. 2015;9:22-34.

Paaijmans K, Brustollin M, Aranda C, Eritja R, Talavera S, Pagés N, et al. Phe-
notypic insecticide resistance in arbovirus mosquito vectors in Catalonia
and its capital Barcelona (Spain). PLoS ONE. 2019;14:e0217860.

Bkhache M, Tmimi F-Z, Charafeddine O, Filali OB, Lemrani M, Labbé P, et al.
G119S ace-1 mutation conferring insecticide resistance detected in the
Culex pipiens complex in Morocco. Pest Manag Sci. 2019;75:286-91.

Scott JG, Yoshimizu MH, Kasai S. Pyrethroid resistance in Culex pipiens
mosquitoes. Pestic Biochem Phys. 2015;120:68-76.

Liu H, Xie L, Cheng P, Xu J, Huang X, Wang H, et al. Trends in insecticide
resistance in Culex pipiens pallens over 20 years in Shandong, China.
Parasites Vectors. 2019;12:167.

Jones CM, Machin C, Mohammed K, Majambere S, Ali AS, Khatib BO, et al.
Insecticide resistance in Culex quinquefasciatus from Zanzibar: implica-
tions for vector control programmes. Parasit Vectors. 2012;5:78.

Talipouo A, Mavridis K, Nchoutpouen E, Djiappi-Tchamen B, Fotakis EA,
Kopya E, et al. High insecticide resistance mediated by different mecha-
nisms in Culex quinquefasciatus populations from the city of Yaoundé,
Cameroon. Sci Rep. 2021;11:7322.

SuT, Thieme J, Ocegueda C, Ball M, Cheng M-L. Resistance to Lysiniba-
cillus sphaericus and other commonly used pesticides in Culex pipiens
(Diptera: Culicidae) from Chico, California. J Med Entomol. 2017;55:423-8.
Paul A, Harrington LC, Zhang L, Scott JG. Insecticide resistance in Culex
pipiens from New York. J Am Mosq Control Assoc. 2005;21:305-9, 5.
Vasquez M|, Violaris M, Hadjivassilis A, Wirth MC. Susceptibility of Culex
pipiens (Diptera: Culicidae) Field Populations in Cyprus to Conventional
Organic Insecticides, Bacillus thuringiensis subsp. israelensis, and Metho-
prene. J Med Entomol. 2009;46:881-7.

Grigoraki L, Puggioli A, Mavridis K, Douris V, Montanari M, Bellini R, et al.
Striking diflubenzuron resistance in Culex pipiens, the prime vector of
West Nile Virus. Sci Rep. 2017;7:11699.

Porretta D, Fotakis EA, Mastrantonio V, Chaskopoulou A, Michaelakis A,
Kioulos |, et al. Focal distribution of diflubenzuron resistance mutations in
Culex pipiens mosquitoes from Northern Italy. Acta Trop. 2019;193:106-12.
Curtis CF, Lines JD. Should DDT be banned by International treaty? Parasi-
tol Today. 2000;16:119-21.

Namias A, Jobe NB, Paaijmans KP, Huijben S. The need for practical
insecticide-resistance guidelines to effectively inform mosquito-borne
disease control programs. Elife. 2021;10:e65655.

Delannay C, Goindin D, Kellaou K, Ramdini C, Gustave J, Vega-Rua A.
Multiple insecticide resistance in Culex quinquefasciatus populations from
Guadeloupe (French West Indies) and associated mechanisms. PLoS ONE.
2018;13:e0199615.


https://ec.europa.eu/food/plant/pesticides/eu-pesticides-database/active-substances/?event=search.as
https://ec.europa.eu/food/plant/pesticides/eu-pesticides-database/active-substances/?event=search.as
https://echa.europa.eu/information-on-chemicals/biocidal-active-substances?p_p_id=dissactivesubstances_WAR_dissactivesubstancesportlet&p_p_lifecycle=1&p_p_state=normal&p_p_mode=view&_dissactivesubstances_WAR_dissactivesubstancesportlet_javax.portlet.action=dissActiveSubstancesAction
https://echa.europa.eu/information-on-chemicals/biocidal-active-substances?p_p_id=dissactivesubstances_WAR_dissactivesubstancesportlet&p_p_lifecycle=1&p_p_state=normal&p_p_mode=view&_dissactivesubstances_WAR_dissactivesubstancesportlet_javax.portlet.action=dissActiveSubstancesAction
https://echa.europa.eu/information-on-chemicals/biocidal-active-substances?p_p_id=dissactivesubstances_WAR_dissactivesubstancesportlet&p_p_lifecycle=1&p_p_state=normal&p_p_mode=view&_dissactivesubstances_WAR_dissactivesubstancesportlet_javax.portlet.action=dissActiveSubstancesAction
https://echa.europa.eu/information-on-chemicals/biocidal-active-substances?p_p_id=dissactivesubstances_WAR_dissactivesubstancesportlet&p_p_lifecycle=1&p_p_state=normal&p_p_mode=view&_dissactivesubstances_WAR_dissactivesubstancesportlet_javax.portlet.action=dissActiveSubstancesAction
https://echa.europa.eu/information-on-chemicals/biocidal-active-substances?p_p_id=dissactivesubstances_WAR_dissactivesubstancesportlet&p_p_lifecycle=1&p_p_state=normal&p_p_mode=view&_dissactivesubstances_WAR_dissactivesubstancesportlet_javax.portlet.action=dissActiveSubstancesAction
https://echa.europa.eu/information-on-chemicals/biocidal-active-substances?p_p_id=dissactivesubstances_WAR_dissactivesubstancesportlet&p_p_lifecycle=1&p_p_state=normal&p_p_mode=view&_dissactivesubstances_WAR_dissactivesubstancesportlet_javax.portlet.action=dissActiveSubstancesAction
https://www.datawrapper.de/

Vereecken et al. Parasites & Vectors (2022) 15:423

58. Wang L, Soto A, Remue L, Rosas ALR, De Coninck L, Verwimp S, et al. First
report of mutations associated with pyrethroid (L1014F) and organo-
phosphate (G1195S) resistance in Belgian Culex (Diptera: Culicidae)
mosquitoes. J Med Entomol. 2022. https://doi.org/10.1093/jme/tjac138.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 11 of 11

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

e rapid publication on acceptance

e support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations

e maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC



https://doi.org/10.1093/jme/tjac138

	Phenotypic insecticide resistance status of the Culex pipiens complex: a European perspective
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Systematic literature review
	Mosquito collection and rearing
	WHO susceptibility tests with five adulticides
	WHO larvicidal susceptibility test with Bti
	Data analysis
	WHO susceptibility tests with five chemical adulticides
	WHO larvicidal bioassay with Bti

	Results
	Insecticide resistance status of adult Cx. pipiens
	Bendiocarb
	Permethrin
	Deltamethrin
	DDT
	Malathion
	WHO susceptibility test with five adulticides
	WHO larvicidal susceptibility test with Bti

	Discussion
	Phenotypic insecticide resistance of Culex species
	Operational aspects
	Limitations of the study

	Conclusion
	Acknowledgements
	References




