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Graphical abstract 

 

Frequency of the diflubenzuron (DFB) susceptible and resistant alleles found in the 

Emilia-Romagna provinces (Italy) associated with DFB pressures from mosquito and 

orchard pest controls. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

ACCEPTEDHighlights 
 
 
 

 

 Diflubenzuron resistant mutations occur in Italian populations of Culex pipiens, 

reaching over 70% 

 

 Resistant allele frequencies increased from West to East of Emilia-Romagna 

region 

 

 he intense insecticide pressure due to past agricultural applications, along with 

current mosquito control, can account for the observed pattern of focal 

resistance 

 

 Ongoing Cx. pipiens resistance surveillance is of utmost importance to prevent 

its diffusion 
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Abstract 

 

Insecticide resistance is a major threat for vector control and prevention of mosquito 

borne diseases. In the Culex pipiens mosquitoes, resistance against diflubenzuron 

(DFB) was firstly detected in Ravenna (Emilia-Romagna region, Northern Italy), in 

2015. The resistant phenotypes were associated with two mutations, I1043M and 

I1043L, at the amino acid 1043 of the chitin synthase gene. In this study, we 

monitored the presence, frequency and geographical distribution of the DFB resistant 

mutations in Cx. pipiens populations from Northern Italy, and in populations from 

Greece and France. In the Emilia-Romagna region, the resistant mutations were 

detected in 20 out of the 30 populations analysed, reaching allelic frequencies over 

70%. The presence and distribution of the resistance mutations was highly focal, with 

a clear pattern of increasing resistant allelic frequencies moving from the Western 

towards the Eastern provinces of Emilia-Romagna. Contrary to Italy, DFB resistant 

alleles were not detected in the Cx. pipiens mosquitoes sampled from Greece and 

France. Following statistical, literature and bibliographical database analyses on the 

history of DFB insecticide use in the study areas, we suggest that the selection 

pressures from the intense agricultural DFB applications occurring throughout the 

’80-‘90s against orchard pests, followed, from 2000s onwards by mosquito control 

DFB applications, may account for the high mutation frequencies observed in the Cx. 

pipiens populations of the Eastern provinces of Emilia-Romagna. The findings are of 

major concern for public health in Italy and Europe, as DFB remains a very important 

insecticide used for controlling arbovirus mosquito vectors, where alternative 

larvicides are extremely limited. 
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Keywords: insecticide resistance; vector control; agriculture pest control; insect 

growth regulators; chitin synthase. 

 
1. Introduction 

 

Over the last decade, Southern European countries have witnessed a resurgence of 

vector borne diseases with Italy and Greece reporting a series of West Nile Virus 

(WNV) outbreaks (Chaskopoulou et al. 2011; Paz and Semenza 2013; WHO 2014; 

Mavridis et al. 2018). 

 
In the summer of 2018, a WNV outbreak unraveled in both countries with 

reported 569 cases in Italy, 309 cases in Greece, and a total of 45 and 42 deaths 

respectively (until 8
th

 November, 2018). France, a country least affected by previous 

human WNV outbreaks, in 2018 reported a total of 24 cases (until 8
th

 November, 

2018) compared to 1 case in 2017 (ECDC 2017, 2018). 

 
Cx. pipiens mosquitoes are among the most abundant mosquito species in 

Southern Europe, displaying a widespread distribution in natural, agricultural and 

urban settings, and they are the main vectors of WNV (Gomes et al. 2013; WHO 

2014; Fotakis et al. 2017; Möhlmann et al. 2017). Further, WNV strains associated 

with previous WNV outbreaks and human clinical cases have been detected in Cx. 

pipiens mosquitoes collected from disease transmission areas in Greece and Italy, 

prior to, during and following the outbreaks (Chaskopoulou et al. 2013; Rizzo et al. 

2016; Mavridis et al. 2018). In France, members of the Cx. pipiens complex have 

been associated with WNV outbreaks in horses (Balenghien et al. 2008; 

 
haskopoulou et al. 2016). 

 

Prevention of mosquito borne diseases and the nuisance caused by mosquitoes 

largely relies on chemical control (Becker et al. 2010). Larviciding, although reliant 

on a very limited number of public health insecticides, is an indispensable tool for Cx. 

pipiens control. In Europe, under the current EU Biocide policy, larval control relies 
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on Bacilus thuringiensis israelensis (B.t.i.), Lysinibacillus sphaericus (L.s.), 

Methoprene, Pyriproxyfen and Diflubenzuron (DFB) (Bellini et al. 2014; Becker and 

Lüthy 2017). 

 
DFB is abenzoylurea (BFU) insecticide that interferes with the synthesis of 

chitin, causing abortive molting and other alterations in the physiology of the insect 

(Merzendofer 2013). Its mechanism of action has been recently clarified and involves 

the interaction of the insecticide with the chitin synthase 1 (CHS1) enzyme, 

responsible for chitin synthesis in the insect cuticle (Douris et al. 2016). DFB has 

been used extensively in agriculture and forestry against insect pest larvae, in public 

health against mosquitoe larvae and as a veterinary drug for the treatment of sea lice 

infestations in Atlantic salmon (Rath et al. 2016). 

 
A major problem associated with the limited selection of available insecticides 

and their extensive use in mosquito and agricultural pest control is the development of 

insecticide resistance (Nkya et al. 2013; Feyereisen et al. 2015; Liu 2015). In insect 

crop pests, resistance to DFB was detected in the 1990s in the codling moth Cydia 

pomonella L. in northern Italy (Trentino Alto Adige region and Bologna province in 

the Emilia-Romagna Region), France, Switzerland and Spain (Waldner 1993; Ioratti 

et al. 2000; Reyes et al. 2007). Likewise, in the leaf miner Leucoptera malifoliella, a 

loss of efficacy of DFB was reported in apple orchards in the province of Bologna, 

Italy, in 1986-1988 (Faccioli et al. 1990). Mixed-function oxidase (MFO) activities 

were positively correlated with resistance to DFB in C. pomonella, whereas the use of 

pyperonylbutoxide improved the efficacy of DFB in L. malifoliella, suggesting a 

major role of detoxification systems in the resistant phenotypes (Faccioli et al. 1990; 

Ioratti et al. 2000). 

 
In mosquitoes, DFB resistance was detected for the first time in Cx. pipiens 

sampled from Ravenna (Italy), in 2015. The resistant phenotypes were associated with 
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two mutations, I1043M and I1043L, at the amino acid 1043 of the chitin synthase 

gene (chs) (Grigoraki et al. 2017). Functional characterization of the mutations in the 

Drosophila melanogaster chs gene with the genome editing method CRISPR/Cas9, 

showed that both mutations confer significant levels of resistance: the I to M mutation 

results in a Resistance Ratio >2,900 folds and the I to L mutation >20 folds 

(operational significant levels of resistance) (Douris et al. 2016; Grigoraki et al. 

2017). 

 
The presence, frequency and geographical distribution of DFB resistance 

mutations in Cx. pipiens populations from Northern Italy, where DFB is used 

intensively and resistance was first detected (Grigoraki et al. 2017) and in populations 

from other regions such as Greece and France remain largely unknown, albeit they 

have important implications in mosquito control strategies (Grigoraki et al. 2017). 

 
In this study, we monitored the geographic distribution and frequency of the chitin synthase 

mutations in Northern Italy(in the Emilia-Romagna region, where the resistance was firstly 

detected), and in populations from Greece and  France, and 

ACCEPTEDassessedthepotentialcorrelationsbetween  presence  and  frequency  of  resistance 

mutations with the history of FB applications. 
 
 
 

 

2. Materials and Methods 

 

2.1 Study regions, field sample collections and mosquito handling 

 

x. pipiens collections were conducted in selected sites in Italy, Greece and France, 

based on the presence of prolific Cx. pipiens breeding sites, recent history of WNV 

transmission, diflubenzuron applications for vector and pest control and, for Italy, on 

the previous detection of DFB resistance. 

 
In Northern Italy, Cx. pipiens samples were collected, during the summer of 

2017, from thirty localities (treated as thirty populations) in urban and peri-urban 
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areas of all nine Emilia-Romagna provinces: Piacenza, Parma, Reggio-Emilia, 

Modena (Western provinces), Bologna, Ferrara, Ravenna, Forli-Cesena, Rimini 

(Eastern provinces) (Supplementary Table 1). Larval samples were collected from at 

least five breeding sites in each locality, so as to reduce the probability of including 

isofemale mosquitoes in the resistance analysis. Mosquito larvae were identified 

morphologically to species (Schaffner et al. 2001) and stored in ethanol 90%. 

 
In Greece, Cx. pipiens samples were collected from eight localities in three 

different regions: Thessaloniki, Evros (Northern Greece) and Attica (Central Greece). 

Adult samples were collected from four agricultural sites (rice fields) in Northern 

Greece; two in Thessaloniki and two in Evros, in 2014, with CDC light traps baited 

with dry ice. The Thessaloniki sites were surveyed again in 2017 with larvae dipping 

collections. In Attica, larvae dipping collections were conducted in four urban sites 

(two sites in 2015 and two sites in 2017). The 3
rd

-4
th

 instar larvae and adult 

mosquitoes were identified morphologically to species (Schaffner et al. 2001) and 

stored in ethanol 90%. A subset of larval samples collected from Thessaloniki and 

Attica in 2017 were included in WHO larvae susceptibility bioassays against DFB. 

 
In France, larval samples were collected from Montpellier, identified to species 

(Schaffner et al. 2001) and stored in ethanol 90%. 

 

 

2.2 WHO bioassays 
 

Standard WHO larval bioassays (WHO 2005) were performed using 3
rd

-4
th

 instar Cx. 

pipiens larvae sampled from Greece. Diflubenzuron (DEVICE SC-15, diflubenzuron 

13.9%, Arysta LifeScience, UK) doses tested ranged from 0.00015 to 1 ppm (dilutions 

made in water) (Grigoraki et al. 2017). 
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2.3 Detection of Diflubenzuron resistance mutations 

 

2.3.1 DNA extraction 

 

Genomic DNA was extracted from single larvae and adults of Cx. pipiens mosquitoes 

using the CethylTrymethyl Ammonium Bromide (CTAB) method (Navajas et al. 

1999) and the DNAzol method (according to the manufacturer’s instructions - 

 

Invitrogen) respectively. MANUSCRIPT 
 

 
 
 
 

 

 

An allele specific PCR was used to identify individuals carrying the I1043L mutation 

(Grigoraki et al. 2017). The primers External F (5’-GCAGTCCTTCGGCGATCTT- 

 
3’),External_R(5’-GAACAGTCCGGCGATGGATA-3’),CTC  F (5’- 

GGCTTGATCTACCTGCTGTCTC-3’) and ATC  R (5’-  
 

AACAGCAAGTACATAGACGGGAT-3’) were combined in one reaction to amplify 
 
 
 
 

a control band (External_F/External 352 bp band), the susceptible 

allele(ExternalF/ATCR135bpband)andtheresistantallele(CTCF/ExternalR60bp  
 
 
 
 
 

 

band) respectively if present. The PCR conditions were initial denaturation for 5 min 

at 95°C followed by 28 cycles of 30 sec at 95°C, 30 sec at 68°C, 1 min at 72°C and a 

final extension of 5 min at 72°C. PCR products were analyzed by electrophoresis on a 

2% agarose gel. Samples of known genotype were included in the analysis as positive 

controls and reactions without DNA were included as negative controls. 

 

 

2.3.3 Detection of mutation I1043M 

 

2.3.2. Detection of mutation I1043L 



The presence of the I1043M mutation was monitored with a PCR-RFLP diagnostic 

assay described in Grigoraki et al. (2017). A 124 bp fragment flanking the I1043 site 

was amplified using the primers I1043M_F (5’-GCCTGTCTCCATCCGCAAG-3’) 
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and I1043M_R (5’-CCCAGGAGACGACGTTCAG-3’). The PCR conditions were 

initial denaturation for 5 min at 95°C followed by 30 cycles of 30 sec at 95°C, 30 sec 

at 60°C, 30 sec at 72°C and a final extension of 5 min at 72°C. From the resulting 

PCR products (25μl), 5μl were run on a 3% agarose gel to validate successful 

amplification. The remaining product was digested as described in Grigoraki et al. 

 
(2017) with 5 U of the restriction enzyme NlaIII (Thermoscientific, Milan, Italy) for 

two hours at 37°C. NlaIII selectively MANUSCRIPTcleavestheresistantallele1043Mproducing two 

diagnostic bands of 60 and 64 bp. The digestion products were fractionated on a 

3% agarose gel. Samples of known genotype were included as positive controls. 

 

Negative controls (i.e. reactions without PCR products) were also included. 
 
 
 
 

2.4 History of agricultural land use and Diflubenzuron applications 

 

Data for the agricultural land use and DFB applications in the study areas from ‘80s to 

date was collected in order to assess potential correlations between presence and 

frequency of resistance mutations with the history of DFB applications. The data was 

obtained from the databases of the Statistical National Institute of Italy, (ISTAT, 

https://www.istat.it/), the database of the European Union EUROSTAT 

(https://ec.europa.eu/eurostat), and the bibliographic database Google Scholar 

(www.scholar.com) that allowed us to search for peer reviewed literature as well as 

other documents (i.e. articles, theses, books, reports). Search was done using the 

keywords: “diflubenzuron AND Emilia-Romagna” (i.e. the region name for Italy); 

“benzoylurea AND Emilia-Romagna”; Attica, Evros and Thessaloniki were used as 

region names for Greece, and Languedoc-Roussillon for France. The search was 

updated to the 20
th

 November 2018. The title and abstract of each document was 

scanned and, if relevant, the full text and bibliographic section of the document was 

studied. 
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3. Results 

 

3.1 Detection of Diflubenzuron resistance mutations 

 

A total of 1605 Culex pipiens mosquitoes (1460 collected in Italy, 121 in Greece and 

 

24 in France) were analysed individually for detection of the DFB resistant mutations 

 

I1043L and I1043M (Table 1, Supplementary Table 2). 
 
 
 

 

populations. Within these sites, the mutation was detected at an allele frequency 
ranging from 4 to 60% with higher mutation frequencies recorded in populations from 
the Eastern provinces. The I1043M mutation was detected in 10 out of the 30 

In Italy, the mutated allele I1043LMANUSCRIPTwasdetectedin20outofthe30Cx.pipiens 

Western Provinces of the Emilia–Romagna region. 

 
populations at an allele frequency ranging from 8 to 77.1% ( able 1). As depicted in 

Figure 1, this mutation was detected only in the Eastern provinces. Heterozygotes 

harbouring both mutations (I1043L/I1043M) were detected in 5 out the 30 

populations with a genotype frequency ranging from 4 to 37.5%. DFB resistant 

mutations were not detected in eight populations, all of which were sampled from the 

 

 

Cx. pipiens populations from Thessaloniki and Attica (Greece) were tested 

with WHO larvae bioassays for their susceptibility to DFB. No adults emerged, 

indicating susceptibility to the insecticide. Twenty four 3
rd

-4
th

 instar mosquito larvae 

(from a total of 280 larvae exposed to insecticide) survived the DFB bioassay 

diagnostic resistance dose for 10 days albeit not reaching the adult stage, by which 

time all control larvae (not exposed to insecticide) had emerged to adults. These 

survivors were included in the molecular analysis in order to test for possible incipient 

resistance (i.e. presence of mutations in an heterozygous form, at a very low 



frequency in the populations). All mosquitoes (n=121) analyzed from Greece with the 

molecular diagnostic assays (including larvae survived the bioassay) were 
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homozygous for the susceptible allele I1043 (Table 1). Similarly to Greece, no 

resistance mutations were detected in the Cx. pipiens mosquitoes analysed from 

France (all samples were homozygous for the susceptible allele I1043) (Table 1). 

 

3.2 History of agricultural land use and Diflubenzuron applications 

 

A total of 292 documents were found in the statistical and bibliographic databases, 62 

relevant to the history of agricultural land use and DFB applications in the study areas 

(Supplementary Table 3). 

 
Differences between the Western and Eastern provinces of the Emilia-

Romagna region (Italy), and between Italy, Greece and France were revealed in terms 

of the land use and DFB applications against agricultural pests and mosquitoes. In the 

Emilia-Romagna region, fruit production (i.e. apples, peaches, and apricots) represents 

one of the principal agricultural activities with approximately 100.000 hectares of 

orchards, mostly distributed in the Eastern provinces (Table 2) 

(https://www4.istat.it/it/censimento-agricoltura/agricoltura-2000). Chemical control 

has been the major strategy to control orchard pests and chitin inhibitors were largely 

used in orchards from the ‘80s to 2000s (benzylourea was one of the top-5 insecticide 

classes applied to fruit tree crops in Italy in the years 1992-2003) (Muthmann and 

Nardin 2007). DFB was largely employed in the Emilia-Romagna orchards, against 

leaf miners and leafroller moths (Baronio and Pasqualini 1984; Ioratti et al. 2000; 

Ioriatti et al. 2003), particularly in the Eastern provinces, where orchards were more 

extended than in the Western provinces (Table 2). After the detection of DFB 

resistance in orchard pests, its use in orchards was ceased in the early 2000s (Faccioli 

et al. 1990; Reyes et al. 2007; Ioratti et al. 2000; Butturini et al. 2006; Civolani 2012). 

 
Regarding mosquito control, in the last 10-15 years DFB based products have 

been used intensively in urban areas of both Eastern and Western Emilia-Romagna 

 
provinces to control the mosquito Aedes albopictus in road drains, a larval habitat also 

11 



exploited by Cx. pipiens (Bellini et al. 2009; Talbalaghi et al. 2010). More 

specifically, from 2005 onwards an average of 4-6 DFB based treatments have been 

conducted per season for Ae. albopictus control throughout the Emilia-Romagna 

region (Emilia-Romagna Region, 2008). 

 
Contrary to Italy, DFB may have been used to a lesser extend in Greece against 

agriculture pests. Rice and cotton are the major crops of the Thessaloniki and Evros 

regions, and crop pest control has been mainly implemented using pyrethroid 

insecticides (Sürek, 2001; Chaudhry, 1996; Lemonakis and Chatzioglou, 2002; 

Chaskopoulou et al., 2016). Mosquito control programs have been implemented in 

these regions since 1996 using Bacillus thuringiensis var. israelensis (Vectobac SL) in 

the natural environment, temephos (from 1996-2008) and diflubenzuron (from 2008-to 

the present) in rice fields and in urban and peri-urban breeding sites (Iatrou and 

Mourelatos 2007; Mourelatos et al. 2007; Piakis et al. 2007; Chaskopoulou et al. 

2011; Kioulos et al. 2014). In the urban areas of Attica, mosquito control is 

implemented via household and outdoor pyrethroid spraying (Fotakis et al. 2017). 

 

ACCEPTEDFinally,intheLanguedoc-Roussillon region (France), grapevine is the major 

crop, and DFB has never been used against crop pests and vector control (Abrantes et 
 

al. 2010). number of studies note the use of DFB against C. pomonella in apple 

orchards in some other regions in the ‘90s, and following the detection of DFB 

resistance, its use was abandoned (Leonard 2003; Reyes et al. 2007; Damos et al. 

2015). 

 
 

 

4. Discussion 

 

The chitin synthase mutations  I1043L and I1043M, associated with striking DFB 

resistance  (Grigoraki  et  al.  2017),  were  detected  in  Cx.  pipiens  populations  in 

Northern Italy, reaching very high allelic frequencies, over 70% in certain populations 
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(Figure 1, Table 1). On the contrary, no mutations were detected in the Cx. pipiens 

samples from Greece and France. 

 
The presence and distribution of DFB resistance mutations appear to be highly 

focal. Our results show that there is a clear pattern of increasing resistant allele 

frequencies moving from the Western Emilia-Romagna provinces, appearing largely 

susceptible to DFB, towards the Eastern provinces, appearing largely resistant to DFB 

(Figure 1, Table 1). Variation in the resistant allele frequencies is also evident between 

the Eastern provinces and within the different populations sampled from the same 

province. Furthermore, the mutation I1043M conferring >15,000-fold diflubenzuron 

resistance (compared to I1043L > 20 fold) (Douris et al. 2016) was detected only in 

the Eastern provinces (Figure 1, Table 1). 

 
Focal distribution of insecticide resistance has been associated with the 

different selection regimes imposed on the mosquito populations (Nkya et al. 2013 

and reference therein). The observed pattern of focal resistance can be resulted from 

the combination of intense DFB selection pressures, in the form of agricultural pest 

and mosquito control DFB applications. Given that nucleotide mutations are rare 

events (Ffrench-Constant 2013), it is unlike that the two mutations, first detected in 

Cx. pipiens mosquitoes in milia–Romagna (Grigoraki et al. 2017), originated in this 

region in the last 15 years (i.e. since the 2000s, when the mosquito control 

programmes started). On the contrary, it is highly likely that they were present long 

before the beginning of the mosquito control applications and persisted in the 

populations under a selective pressure (French-Constant 2013). The history of 

agriculture land use and DFB applications in the Emilia-Romagna provinces allow us 

to hypothesize that the orchard DFB applications could have acted as the initial 

selective pressure favouring the selection of the resistant alleles. 
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More specifically, the DFB based agricultural pest control applications taking 

place in the Eastern provinces could have resulted in an initial selection for DFB 

resistance mutations in local Cx. pipiens mosquitoes. DFB was used in the orchards of 

Western provinces with the same intensity than in the Eastern provinces, in terms of 

DFB dose/hectare and application frequency (Pasqualini and Civolani, 2002; 

Rodrigues et al. 2013). However, the significant higher orchard extension in the 

Eastern provinces most likely led to an increased DFB exposure and subsequent 

resistance selection pressure imposed on the Cx. pipiens individuals/populations of the 

Eastern provinces, resulting in the selection for DFB resistant alleles and their 

persistence within the local populations. This initial selection was most probably 

further boosted by the selection pressure imposed by the mosquito control 

applications, resulting in the high mutation frequencies detected. Within one year 

(from 2015 to 2016) of approximately five DFB mosquito control applications, DFB 

resistance evolved in Cx. pipiens mosquitoes from RRLC50 = 32 fold (in 2015) to 

RRLC50 = 128-fold (in 2016) in Ravenna, Italy (Grigoraki et al. 2017). In the following 

year (2016-2017), under similar selection pressure overall mutation allelic frequency 

(including both mutations) in the Ravenna and Marina di Ravenna localities (sites 21, 

22, Figure 1, Table 2) reached a frequency of 70 and 95.8%, respectively. 

 
In the Western provinces, low to moderate initial selection pressure (less 

orchard extension and, therefore, less individuals/populations of Cx. pipiens exposed 

to DFB), didn’t allow resistant mutations, if present, to persist within the populations. 

In these provinces only the I1043L resistant allele was found in 2017. Gene flow 

and/or long distance human-driven transport from Eastern provinces could account for 

its presence and diffusion among Western localities (i.e. sites 1, 4, 8-10) (Figure 1, 

Table 1). Likewise, gene flow from neighbouring localities, where only susceptible 

alleles are present (i.e. sites 2, 3, 5-7) (Figure 1, Table 1), would dilute the I1043L 
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allele which, despite the selection pressure generated from mosquito control 

applications, ranges from 0.0 to 12.8 %. Future genetic population studies aiming to 

investigate the patterns of gene flow among Cx. pipiens populations could allow us to 

shed light on the diffusion of the resistant alleles across the Emilia-Romagna region. 

Likewise, future studies about possible fitness costs of the resistant alleles could help 

to assess the relative role of the selective advantage and gene flow in shaping their 

current frequency and distribution in the region. 

 
Contrary to Italy, DFB resistance was not detected in the Cx. pipiens 

mosquitoes sampled from Greece and France (Table 1). This may be attributed to the 

different selection pressures imposed on these populations; DFB may have been used 

to a lesser extent in agricultural pest in both countries compared to Italy thus resulting 

in a possibly reduced selection for DFB resistance (Piakis et al. 2007; Kioulos et al. 

2014; Lundström 2017; Muthmann and Nardin 2007). onetheless, further monitoring 

over space and time is required in order to gain a clear picture of the Cx. pipiens DFB 

resistance status in Greece and France and support evidence based control. 

 
In all, it can be hypothesized that the combination of both DFB selection 

pressures (intense agricultural FB applications followed by mosquito control DFB 

applications) resulted in the high mutation frequencies recorded in the Cx. pipiens 

populations of the Eastern provinces in Emilia-Romagna. However, where the former 

pressure (agricultural applications) is low to moderate (Western provinces, Italy) DFB 

resistant mutation frequencies are low despite mosquito control. Among possible 

reasons why agricultural spraying may have an important impact in vector control, are 

the very high insecticide dosages used in agricultural applications compared to vector 

control: for example, the recommended dose of an agricultural formulation of 

diflubenzuron is up to 739 g of DFB/hectare, whereas the recommended dose for 

mosquito control does not exceed the 99 g of DFB/hectare. 
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Our results are of major concern for public health in Italy and Europe. DFB 

remains indeed a very important insecticide used for controlling arbovirus mosquito 

vectors, where alternative larvicides are extremely limited. The insurgence of DFB 

resistance in Cx. pipiens populations in the Eastern Emilia-Romagna provinces, the 

high mutation frequencies recorded, the high potential for augmentation of the 

resistant allele frequencies in the Western provinces upon the current insecticide 

 

regime (DFB based mosquito control) MANUSCRIPTandthelimitednumberofavailablelarvicides 

highlight the necessity for the development of appropriate Insecticide Resistance 

 
Management (IRM) programs in these settings, to ensure the sustainability of current 

control interventions and safeguard public health. Although the fitness costs of the 

DFB resistant mutations I1043L and 1043M in the chs gene remain unknown, rotating 

between other available larviciding active ingredients as well as incorporating other 

vector control methodologies in parallel to larviciding could help in managing the 

current situation. However the potential development of multiple resistance should not 

be left un-adressed and requires investigation. In the Emilia-Romagna region, 

resistance to organophosphate insecticides was documented in Cx. pipiens populations 

from Ravenna (resistance esterases A4/B4 and A5/B5) (Toma et al. 2011), There are 

no documented cases of resistance against pyrethroids in Cx. pipiens mosquitoes in 

Northern Italy yet (Scott et al. 2015) A recent study on Aedes albopictus mosquitoes 

detected pyrethroid resistance mutations (Pichler et al. 2018) in populations from the 

Emilia-Romagna region raising concerns regarding the development of pyrethroid 

resistance in other mosquito species including Culex pipiens. Finally, ongoing Cx. 

pipiens resistance surveillance in Northern Italy and other regions of the country 

where DFB applications take place, including the monitoring of other vector species 

such as Aedes albopictus for DFB resistance mutations are prerequisites for the 
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development and execution of IRM strategies resulting in efficient and effective 

arbovirus vector control. 

 

 

5. Conclusions 

 

An understanding of the environmental factors affecting the response of insect pests to 

insecticides is pivotal to better manage resistance. Here we showed that the selection 

pressures from intense agricultural DFB applications, followed by mosquito control 

DFB applications, can account for the high mutation frequencies observed in the Cx. 

pipiens populations of the Eastern provinces in the Emilia-Romagna region in Italy. 

Monitoring of mosquito vectors for possible insecticide resistant alleles in multiple 

geographical regions and environmental settings is needed for the development of 

appropriate IRM strategies and public health protection. 
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Figure Legend 
 
 

 

Figure 1. Chitin Synthase - 1043 genotype relative frequencies recorded in Culex 

pipiens populations from the Emilia-Romagna provinces, Italy. II = I1043/I1043 

homozygous susceptible (in grey); IL = I1043/I1043L heterozygote (in yellow); LL = 

I1043L/I1043L homozygous mutant (in brown); IM = I1043/I1043M heterozygote (in 

orange); MM = I1043M/I1043M homozygous mutant (in red); LM = I1043L/I1043M 

heterozygous mutant (in pink). Numbers (1-30): codes corresponding to the different 

populations analyzed (see Table 1). 
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Table 1. Chitin Synthase - 1043 genotype and allele frequency in Culex pipiens 

populations from Italy, Greece and France. Codes (1-30) correspond to the samples 

analyzed from Italy; (31-35): samples from Greece. (36): France. For Italian samples, 

the provinces of the Emilia-Romagna region are shown in brackets: PC, Piacenza; PR, 

Parma; RE, Reggio-Emilia; MO, Modena; BO, Bologna; FE, Ferrara; RA, Ravenna; 

FC, Forlì-Cesena; RN, Rimini. For Greek samples, samples from the same region are 

9. Guastalla (RE) 50  92.0 MANUSCRIPT8.0--------96.04.0-- 

grouped together, population break down in supplementary able 2. GR: Greece; FR: 

France.               

            

Code Population N   1043 Genotype (%)   1043 Allele (%) 

               

    (II) (IL) (IM) (LL) (MM) (LM)  (I) (L) (M) 

                

1. Piacenza (PC) 50  90.0 10.0 -- -- -- -- 95.0 5.0 --   

2. Cortemaggiore (PC) 50  100.0 -- -- -- -- -- 100.0 -- --   

3. Fiorenzuola (PC) 50  100.0 -- -- -- -- -- 100.0 -- --   

4. Fidenza (PR) 47  76.6 21.3 -- 2.1 -- -- 87.2 12.8 --   

5. Colorno (PR) 50  100.0 -- -- -- -- -- 100.0 -- --   

6. Parma (PR) 48  100.0 -- -- -- -- -- 100.0 -- --   

7. Castellarano di Reggio (RE) 48  100.0 -- -- -- -- -- 100.0 -- --   

8. Rolo (RE) 49  89.8 10.2 -- -- -- -- 94.9 5.1 --   

10. Modena (MO) 47  91.5 8.5 -- -- -- -- 95.7 4.3 --   

11. Carpi (MO) 50  100.0 -- -- -- -- -- 100.0 -- --   

12. Concordia (MO) 45  100.0 -- -- -- -- -- 100.0 -- --   

13. Crevalcore (BO) 50  100.0 -- -- -- -- -- 100.0 -- --   

14. Bologna (BO) 48  54.2 14.6 14.6 -- -- 16.7 68.8 15.6 15.6   

15. S. Pietro in Casale (BO) 49  87.7 12.3 -- -- -- -- 93.9 6.1 --   

16. San Lazzaro (BO) 50  6.0 40.0 4.0 30.0 -- 20.0 28.0 60.0 12.0   

17. Poggio Renatico (FE) 47  76.6 23.4 -- -- -- -- 88.3 11.7 --   

18. Casumaro, Cento (FE) 49  77.5 22.5 -- -- -- -- 88.8 11.2 --   

19. Mizzana (FE) 50  34.0 50.0 -- 16.0 -- -- 59.0 41.0 --   

20. Faenza (RA) 47  87.2 12.8 -- -- -- -- 93.6 6.4 --   

21. Ravenna (RA) 50  10.0 -- 40.0 -- 50.0 -- 30.0 -- 70.0   

22. Marina di Ravenna (RA) 48  -- -- 8.3 -- 54.2 37.5 4.2 18.7 77.1   

23. Cervia (RA) 50  44.0 12.0 28.0 -- 4.0 12.0 64.0 18.0 18.0   
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24. Pievequinta (FC) 50 46.0 44.0 -- 10.0 -- -- 68.0 32.0 -- 

25. Forlimpopoli (FC) 48 68.5 31.5 -- -- -- -- 84.4 15.6 -- 

26. Cesenatico (FC) 50 36.0 44.0 16.0 4.0 -- -- 66.0 26.0 8.0 

27. Rimini, Viale Avisio (RN) 48 14.6 -- 29.2 -- 56.3 -- 29.2 -- 70.8 

28. Rimini (RN) 45 28.9 31.1 17.8 15.5 6.7 -- 52.2 30.4 17.4 

29. Riccione (RN) 47 42.6 25.5 21.2 4.3 6.4 -- 66.0 17.0 17.0 

30. Santarcangelo (RN) 50 36.0 30.0 10.0 10.0 10.0 4.0 56.0 27.0 17.0 

31. Evros (GR) 25 100.0 -- -- -- -- -- 100.0 -- -- 

32. Thessaloniki (GR) 31 100.0 -- -- -- -- -- 100.0 -- -- 

33. Thessaloniki* (GR) 9 100.0 -- -- -- -- -- 100.0 -- -- 

34. Attica (GR) 41 100.0 -- -- -- -- -- 100.0 -- -- 

35. Attica* (GR) 15 100.0 -- -- -- -- -- 100.0 -- -- 

36. Montpellier (FR) 24 100.0 -- -- -- -- -- 100.0 -- -- 

            
 

 

(II)=I1043/I1043 homozygous susceptible; (IL)=I1043/I1043L heterozygote; 

(LL)=I1043L/I1043L homozygous mutant; (IM)=I1043/I1043M heterozygote; 

(MM)=I1043M/I1043M homozygous mutant; (LM)=I1043L/I1043M heterozygous 

mutant, (I)=I1043 susceptible allele, (L)=1043L mutant allele, (M)=1043M mutant 

allele, N= number of individuals analyzed per population, (%)= frequency. *WHO 

Bioassay survivors. 
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Table 2. Extension of orchards and Diflubenzuron use against orchard pests and 

 

mosquitoes in the study areas.  
 
 
 

 Orchard extensions   Selection for Diflubenzuron resistance  

Study areas (hectares, mean ± sd)       

 1982-2000  ‘80s-‘90s  since 2000s 
         

    pressure from pressure from  pressure from pressure from 

    orchard pest mosquito  orchard pest mosquito control^ 

    control* control^  control*  
         

Emilia-Romagna         
(Italy)         

Piacenza (w) 703 (±172) + - - + 

Parma (w) 581 (±323) + - - + 

Reggio-Emilia (w) 1681 (±373) + - - + 

Modena (w) 11329 (±327) ++ - - + 

Bologna (e) 18038 (±3206) +++ - - + 

Ferrara (e) 22976 (±3870) +++ - - + 

Ravenna (e) 26164 (±3359) +++ - - + 

Forlì-Cesena (e) 15828 (±1516) +++ - - + 

Rimini (e) 947 (±248) + - - +  
 

(w) stands for western provinces, (e) for eastern provinces. The symbols “-” and “+” refer to the 

different relative selection for Diflubenzuron resistance among the localities. 

 
*^ Two distinctive relative pressure classifications (not comparable between them): * columns 

 
referring to relative pressure from orchard pest control: “-” no selective pressure; “+” light; “++” 

 

moderate; “+++” heavy. 

 

^ referring to relative pressure from mosquito control: “-” no treatments; “+” refers to an average 

of 4-6 DFB based treatments per season (Emilia-Romagna Region, 2008). 
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