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First evidence of resistance to pyrethroid insecticides in Italian Aedes albopictus populations after 

26 years since invasion 
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ABSTRACT  
 
BACKGROUND. Aedes albopictus has spread during the last decades all over the world. This has 
increased significantly the risk of exotic arbovirus transmission (e.g. Chikungunya, Dengue, and Zika) 
also in temperate areas, as testified by the Chikungunya 2007- and 2017-outbreaks in north-east and 
central Italy. Insecticides represent a main tool for limiting the circulation of these mosquito-borne 
viruses. The aim of the present study is to start filling the current gap of knowledge on pyrethroid 
insecticide resistance of European Ae. albopictus populations focusing on populations from Italy, 
Albania and Greece.  
 
RESULTS. Bioassays for resistance to permethrin (0.75%), α-cypermethrin (0.05%) or deltamethrin 
(0.05%) were performed according to WHO protocols and showed reduced susceptibility (<90% 
mortality) of some Italian populations to permethrin and α-cypermethrin, but not to deltamethrin.  
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CONCLUSION. This study reports the first evidence of resistance to pyrethroids in adult Italian Ae. 
albopictus populations. Results refer to the season preceding the Chikungunya 2017-outbreak in central 
Italy and highlight the need to increase efforts to monitor insecticide resistance spreading and the need 
to develop strategies limiting the spread of insecticide resistance, particularly in areas where extensive 
treatments have been carried out to contain disease outbreaks. 
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1. INTRODUCTION  

More than half of human population is at risk of contracting Aedes borne-viruses (e.g Dengue, yellow 
fever, Chikungunya and Zika virus), which cause thousands of deaths/year and potentially millions of 
debilitating and economically damaging illnesses (1). Although these arboviral diseases are mostly 
endemic in the tropics, outbreaks have already occurred in temperate regions in the past, mainly 
mediated by Aedes aegypti, a major tropical vector species, which was reported repeatedly in 
Mediterranean countries before 1950 and only sporadically afterwards (e.g. in northern coast of the 
Black Sea since 2008; (2,3).  
 
The risk for exotic arbovirus transmission in Europe, however, has significantly increased during the 
last decades due to the rapid spread of the Asian tiger mosquito Aedes albopictus (4–6). This species is 
classified as one of the 100 most invasive species (Global Invasive Species 
Database, http://www.issg.org/database/) and, during the last 40 years, has spread from its native range 
in Southeast Asia all over the world including temperate regions, thanks to the production of cold-
hardy and long-lived eggs, as well as to the capacity to exploit anthropogenic water containers (e.g. 
tires, flowerpot saucer, and water storage containers) as breeding sites (7,8). Even though Ae. 
albopictus is a less efficient vector for most arboviruses than the more anthropophilic Ae. aegypti, in 
2005-06 it has been responsible for large Chikungunya epidemics in Indian Ocean islands and has also 
been recognized as competent vector for Dengue and several other arboviruses, including Zika (9,10). 
In Europe autochthonous cases of Dengue, vectored by Ae. albopictus have been  recorded in France 
(11) and in Croatia (12) during the last decade. Moreover two autochthonous Chikungunya outbreaks 
occurred in Italy (in 2007 in north-east Italy (13,14) and in in 2017 in central-Italy (15)). In addition , 
due to its opportunistic feeding behaviour (16,17) Ae. albopictus has the potential to act as ‘‘bridge 
vector’’ of zoonotic pathogens (e.g. canine dirofilariosis by Dirofilaria spp.) to humans (18–20). 
 
In Europe, Ae. albopictus was first reported in 1979 in Albania (21), in 1990 in Italy (22) and 
nowadays it has established in 12 countries. In Italy, where in the last 30 years urban and peri-urban 
areas have been widely colonized by Ae. albopictus (22,23), national guidelines (24), in agreement with 
ECDC ones (4) recommend to prioritize larval over adult control, because of the higher expected 
impact and the lower environmental costs of larvicidal interventions. Adulticide interventions instead, 
are recommended only when infected human travellers coming from endemic countries are detected, in 
order to prevent autochthonous disease transmission, or in the case of extremely intense nuisance. 
Nevertheless, private citizens and some public administrations implement adulticidal control measures 
in order to achieve  immediate and tangible, even though short-termed, effects on mosquito nuisance 
(25–27).  
 
Pyrethroids are the only chemicals allowed for mosquito adulticiding in Europe (28–30). The most 
commonly used pyrethroids are α-cypermethrin, permethrin and deltamethrin, sometimes in 
combination with the synergist piperonyl butoxide (PBO). These compounds are also extensively used 
to control adult abundance of major tropical vector species (as Ae. aegypti, Culex quinquefasciatus and 
Anopheles vectors of malaria) and are the only ones recommended by the World Health Organisation 
for the treatments of bed-nets. In regions where these species represent major public health problems 
and are thus target of extensive control activities, the high selective pressure exerted by the pyrethroid-
based interventions in public health and/or agriculture has led to increasing levels of insecticide 
resistance (IR) with the risk to reduce efficacy of these major vector control tools (31,32). To prevent 
this, WHO has drafted guidelines to monitor IR in major vector species and to avoid its insurgence and 
spread (33–35).  
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In contrast with the extensive knowledge on IR in major tropical mosquito vector species, knowledge 
on IR in Ae. albopictus is still fragmented, as pointed out by Moyes et al. (32) and Vontas et al (36). 
Available data documenting IR is highly clustered, making comparisons difficult, since different 
methods were used to generate results. So far, resistance to pyrethroids has been reported in the last 
years in adult populations from South-East Asia, the native range of Ae. albopictus, (37–40), as well as 
from the Indian subcontinent (41–43) and Africa (44,45). Almost no reports came instead from 
temperate areas, with the exception of those from Richards et al. (46), who recorded reduced 
susceptibility to permethrin in the USA, and Bengoa et al. (47) who revealed first signs of resistance of 
Spanish Ae. albopictus populations to cypermethrin and possible resistance to deltamethrin and 
permethrin. In Italy, no resistance to pyrethroids was found in early 2000 in adult Ae. albopictus 
populations from Rome and other sites across the country (48). Later on, in 2009, also Vontas et al. 
(36) observed full susceptibility in one population from Rome (Italy) and one from Athens (Greece).  
 
The need of a better understanding of IR in invasive mosquito species and of coordinated strategies for 
early detection and management of IR was recognized during the first International Workshop on 
“Insecticide resistance in vectors of emerging arboviruses: Challenge and prospects for vector control” 
(Rio de Janeiro, Brazil, December 2016) organized by the Worldwide Insecticide Resistance Network 
(32,49). Herein, we report the first evidence of resistance to permethrin and α-cypermethrin in adult Ae. 
albopictus populations primarily from Italy, which should serve as a warning for all Europe and 
encourage further efforts in monitoring this phenomenon.   

 

 

2. MATERIALS & METHODS  
2.1.Mosquito collections and rearing 

Ovitrap collections of Ae. albopictus eggs were carried out by local entomology teams from May to 
October 2016 (except for the untreated population from Rome, RM-NT, which has been sampled and 
tested in September 2015) in 16 sites across Italy, as well as in two sites from Albania and one from 
Greece (Table S1, Figure 1). Collections at each sampling site were conducted with ≥ 5 ovitraps to 
avoid oversampling of siblings, and, whenever possible, in a site where adulticide treatments using 
pyrethroids were known to have been performed during the sampling season (labelled with TR in site 
acronyms), as well as in a second untreated site in the same area (labelled with NT) (Table S1). Besides 
field-collected populations, also a lab-colony from Athens, Greece, selected for resistance to temephos, 
was included in the study to evaluate a possible cross-resistance between organophosphates and 
pyrethroids. The carboxyl esterase amplifications found in this colony enhances resistance to temephos 
(50) and has been detected also in field-collected specimens from Greece, coherent with reduced 
susceptibility to this organophosphate detected in Greek populations in previous studies (36). Egg 
samples sealed in plastic bags were sent by express courier to the Department of Public Health and 
Infectious Diseases (DPHID) at Sapienza University of Rome.  
 
Larvae were reared at larval density of 0.05 larvae/ml in the insectary of DPHID at T=26 ±1 °C, 
RH=60 ± 5% and at 14:10h light:dark photoperiod and fed with artificial dry cat-food. Pupae were 
collected daily and transferred into 40 cm-cubic cages. Emerged adults were identified as Ae. 
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albopictus using morphological keys (51) and kept at the same temperature and humidity as larvae until 
used for the bioassays. When samples from field collected eggs were not sufficient to complete the 
experiments, adults were blood-fed and the progeny (F1) was used for bioassays (Table 1). 
 
 

2.2. Insecticide susceptibility bioassays 
Bioassays were performed according to WHO protocols (33,34) in WHO test tubes lined with filter 
papers impregnated with one of the following insecticides: Permethrin (0.75%), α-cypermethrin 
(0.05%) or deltamethrin (0.05%) (Vector Control Research Unit, School of Biological Sciences, 11800 
Minden, Penang, Malaysia). Insecticide concentrations were selected based on the dosages most 
frequently used for Ae. albopictus in order to allow comparison of results with previous studies (40–
43,45,52,53). The 0.05% concentration for deltamethrin was chosen based on data available on a 
candidate Ae. albopictus susceptible reference strain (54). Insecticide impregnated (and control) papers 
were discarded after being used in 6 bioassays.  
Bioassays were performed in the insectary at the same conditions of mosquito rearing (see above) by 
using ~25 unfed Ae. albopictus females (3 to 5-day old), either directly emerged from field collected 
eggs/larvae (F0), or from their progenies (F1) (Table 1). Mosquitoes were exposed to insecticides for 1 
hour and the number of knocked down mosquitoes (i.e. mosquitoes unable to stand or fly in a 
coordinated way; (34)) was recorded every 10 minutes during exposure time; after 1 hour of exposure, 
the mosquitoes were transferred into tubes with untreated papers and allowed a 24 h recovery period 
after which mortality was recorded. Depending on mosquito availability, 3-4 
replicates/population/insecticide were performed and for each population/insecticide also a control tube 
(i.e. lined with filter papers impregnated only with the insecticide excipient but without the active 
ingredient) was set up and manipulated as the test tubes. 
 
Mean values of mortality were computed for each population. When mortality in control cages 
exceeded 5%, Abbott’s correction for natural mortality was applied.  According to WHO guidelines 
(34) populations were considered “susceptible” if mortality at 24 hours after exposure was ≥ 98%, 
“possibly resistant” if mortality ranged between 90% and 97% and “resistant” if mortality was ≤ 90%. 
For knock-down assessment, a log time-probit statistical model was applied to compute KD-curves for 
each population and to calculate 50% (KDT50) and 95% (KDT95) knockdown times. A binomial 
Generalized Linear Model (GLM) was carried out to test the effect of insecticide control activities on 
mosquitoes and to evaluate if there is any significant difference between KD-curves of populations 
from treated and untreated sites. Pearson’s correlation coefficient was computed to evaluate correlation 
between KDT values and percentage mortality. All analysis were carried out using R software version 
3.3.3 (55). The R-script used for computation can be provided by the authors upon request. 
 
 
 

3. RESULTS  
Susceptibility to permethrin, α-cypermethrin and deltamethrin as well as KDTs were assessed in 20, 14 
and 10 Ae. albopictus populations respectively (Figures 1 and 2, Table 1). Mortality in control tubes 
was always <5%, except for the permethrin bioassay of the Greek field-population from Athens 
(mortality = 8%), for which Abbott-corrected values are reported. No knock-down was observed in 
control tubes during the one-hour exposure to insecticides.  
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3.1.  Permethrin. Bioassays suggested resistance to permethrin only in the treated populations (i.e.  
populations for which insecticide applications have been reported during the sampling season) from 
Ferrara province in Emilia-Romagna (mortality: FE-TR1 =81.3%, FE-TR2 =68.9%) and from Bari 
province in Puglia (BA-TR mortality=89.6%), while the field-population from Athens (Greece) 
appeared to be possibly resistant (GR-NT, mortality= 93.5). Correlation between KDT50, KDT95 and 
percentage mortality was significant (r KDT50/mortality -0.71; r KDT95/mortality = -0.85) with populations from 
Ferrara and Bari province showing the highest KDT50 and KDT95 values. A large variability of 
KDT50 and KDT95 values was observed across Italy (KDT50: 13’-43’; KDT95: 23’-154’; see Figure 
2), with significantly higher values in populations from treated sites in Veneto and Puglia, when 
compared to populations from neighboring untreated sites (p<0.05; Figure S1).  
 
3.2. α-cypermethrin. resistance to α-cypermethrin was suggested for the treated populations from 
Ferrara province (FE-TR1, mortality = 64.8%) Venezia province (VE-TR, mortality = 85.3%) and 
Rome (RM-TR1, mortality = 89.2%). These populations showed also the highest KDT50 and KDT95 
values. 
Results, suggestive of possible resistance were obtained for several other tested populations, (see 
Figure 1), while full susceptibility was observed only for 4 Italian populations (mortality: TN-
NT1=98.7%; TN-NT2 =100%; AN-NT=100%; RM-TR2=100%), and one population from Vlore-
county in Albania (AL-TR, mortality =98.6%). Correlation between KDT50, KDT95 and percentage 
mortality was significant (r KDT50/mortality -0.96; r KDT95/mortality = -0.96) and large variability for 
knockdown times was observed across Italy (KDT50: 22’-62’; KDT95: 40’-186’). Anyway, no 
significant differences were detected among populations in neighboring treated vs untreated sites.  
 
3.3. Deltamethrin. All the 8 Italian populations tested, as well as the Albanian one, were fully 
susceptible to deltamethrin while resistance was observed only in the Greek laboratory colony 
(mortality = 89.0%). KDT50 and KDT95 were highest in RM-TR1, but no significant differences were 
observed among treated and untreated sites and no strong correlation between KDT values and 
mortality was detected (r KDT50/mortality -0.62; r KDT95/mortality = -0.62).  
 
 

4. DISCUSSION 

We report the first evidence of resistance to permethrin and α-cypermethrin in adult Ae. albopictus 
populations from Italy. The lowest mortality rates (<70%) were detected in populations from two sites 
along the Adriatic coast in Comacchio area (Emilia-Romagna region, North-East-Italy). No detailed 
data on adulticide usage in Italy are available, but it is relevant to note that the two sites are highly 
touristic and insecticide spraying is extensively conducted since 1991 during the summer seasons to 
reduce nuisance mostly due to Aedes caspius and Culex pipiens (56). In fact, preliminary results on 
sympatric Cx. pipiens showed mortality rates <20% after exposure to 0.75% permethrin (FE-TR2, data 
not shown), confirming that mosquito populations in that area are likely to be exposed to high selective 
pressure by adulticides. It would be interesting to test the susceptibility to pyrethroids of Ae. albopictus 
populations collected in neighbouring localities where no or scattered adulticide treatments are 
conducted.  

Mortality rates suggestive for resistance (<90%) were obtained also for populations from Puglia (BA-
TR) when exposed to permethrin, and Veneto (VE-TR) and Lazio (RM-TR1) when exposed to α-
cypermethrin. Four additional populations from Italy (from treated as well as untreated sites) showed 
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mortality rates indicative of possible resistance to α-cypermethrin (mortality <98%). Further tests on 
larger sample sizes are needed to confirm these preliminary results. 

Evidence of lower susceptibility to both pyrethroids is also provided from the significant increase in the 
time to knockdown observed in some populations. The large variability observed across Italy for 
KDT50 and KDT95 values likely reflects differential adulticide usage. Nevertheless, both values 
showed a good correlation with mortality and confirm the presence of some populations with strongly 
reduced susceptibility to permethrin and α-cypermethrin. In the case of permethrin, also significant 
differences between treated and untreated sites were found: Populations collected in treated sites in 
Veneto and Puglia showed higher KDT50 and KDT95 values than populations collected in the same 
region in neighboring but untreated sites, suggesting that adulticide spraying carried out at high 
frequency during the whole season in these sites lowered the species’ susceptibility. This appeared not 
to be the case in Lazio and Sicilia possibly due to less effective or more recent adulticide treatments. 

Differently from what observed for permethrin and α-cypermethrin, all Italian populations were 
susceptible to deltamethrin. Similar results were obtained in Greece (36), Spain (47) and the US (54). 
This result is consistent with the hypothesis of a lower usage of this insecticide in Italy but could also 
indicate that the deltamethrin dosage used was inappropriate (too high) for Ae. albopictus. 

Mechanisms producing the permethrin/α-cypermethrin resistance phenotype in Italian populations will 
be evaluated in future studies. While target-site-resistance mechanisms, which typically induce cross-
resistance between pyrethroids (57–60), are widespread and well-known in anophelines (31), far less 
information is available for Ae. albopictus. Several target site mutations have been identified in this 
species but their association with IR is still unclear (32,60) and appears to be less strong compared to 
other mosquito species. Also, the lack of cross-resistance to different pyrethroids in the Comacchio 
population suggests that multiple/other resistance mechanisms, possibly including detoxification 
pathways (61,62) may be involved.  

Aedes albopictus populations from Albania were found fully susceptible to all pyrethroids tested, with 
relatively low KDTs, despite being sampled in insecticide treated sites. On the other hand, the field 
population from Athens (which was shown to be susceptible to deltamethrin in 2009, (36)) did not 
show full susceptibility to permethrin and exhibited KDT95 values higher than all other tested 
populations, except those from Comacchio. Surprisingly, however, no public pyrethroid space-spraying 
has been carried out in Athens since 2007, although a selective pressure by intensive treatments 
performed by private citizens cannot be excluded. The lower susceptibility of the field-collected 
population from Greece to permethrin could be explained by a different origin of the Greek population 
compared to the Italian and Albanian ones, as supported by population genetic data (63,64), but also by 
cross-resistance between organophosphates and pyrethroids, as already reported for other mosquito 
species (65,66). In fact the same amplified carboxyl esterase genes (CCEs) responsible for the 
temephos-resistance of the laboratory colony have been observed, as explained above, also in Greek 
field-populations (50) and could be associated with a reduced susceptibility to permethrin which can be 
hydrolysed by CCEs as shown in other insect species (67). 
 

Data herein presented need to be interpreted with caution considering some limitations inherent to the 
study design and sampling efforts. First, WHO provides specific diagnostic dosages based on data 
available only for Ae. aegypti, Cx. quinquefasciatus and anopheline mosquitoes. The dosages used in 
this study were higher than those recently recommended as tentative for Aedes mosquitoes (68), and 
this choice was made in order to obtain comparable results with previous studies (see Materials and 
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Methods). This implies that our results certainly do not overestimate resistance levels, but may 
underestimate them.  Further studies on a susceptible reference colony are needed to more precisely 
assess diagnostic dosages, the lack of which strongly limits the possibility to compare and interpret 
results across studies (36). It should also be noted that, although the use of a reference colony is also 
recommended to ensure the quality of insecticide impregnated filter papers, the presence in our 
experiments of field populations showing 100% mortality to all the 3 insecticides confirms the 
effectiveness of the WHO filter papers used. Second, we chose to perform bioassays with F0 females 
or, when not possible, F1 progenies, in order to avoid loss of selective pressure and inbreeding under 
laboratory conditions. This choice, however, implied that in some cases we did not have the possibility 
to have a minimum of 100 females tested per insecticide, as recommended by WHO (34) to confirm 
resistance. Third, the classification of “treated site” in the study is heterogeneous as it reflects different 
mosquito control activities carried out in Italy, Albania and Greece, including differences in the used 
pyrethroid compounds, dosages, spraying methods, protocols and time-schedules as well as different 
histories of pyrethroid applications in agriculture. Nevertheless, it is notable that only the populations 
from Trentino subjected to occasional adulticide spraying (Rizzoli A.P., personal communication), 
together with populations from Marche (Ancona province; AN-NT), showed complete susceptibility to 
all the tested insecticides, while highest resistance was observed in Comacchio sites, where very 
intensive control activities following a well-defined monitoring plan have been implemented even 
before the Ae. albopictus invasion to reduce nuisance due to Ae. caspius (a very aggressive 
autochthonous species). In most other sites adulticide treatments were adopted only after the 
colonization of the areas by invasive Ae. albopictus.  

Overall, this first assessment of resistance to permethrin and α-cypermethrin in adult Ae. albopictus 
populations from Italy represents a first step to fill a gap of knowledge on resistance to pyrethroids in 
invasive populations now fully established in Europe, where the species is becoming an increasing 
health threat.  The results show that resistance to the most commonly used pyrethroids (i.e. permethrin 
and α-cypermethrin in Italy) is arising in areas where the species has been well established for several 
years, reaches high densities and has been cause of high nuisance. Coupled with possible resistance 
observed recently in Spain (47) and the high levels of resistance found in the only west European Ae. 
aegypti population from Madeira island (69), the results should serve as a warning for Europe and 
encourage further efforts in monitoring this phenomenon and in standardizing protocols for IR 
detection and guidelines for IR management in temperate areas. Studies of this typology are in fact 
highly needed to support local public health authorities in managing and planning effective control 
measures and to maintain insecticide-based vector control options effective. The large Chikungunya 
outbreak (15) that occurred in central Italy in summer 2017 clearly highlights the urgency of more 
extensive studies to better understand and monitor the spread of resistance phenotypes with a larger 
spatial and temporal coverage particularly in areas at risk of autochthonous arbovirus transmission 
(32,70–72), as well as the implementation of synergic and coordinated actions aimed at controlling the 
mosquito population abundance at the larval stage . 

 

Acknowledgments 

We are grateful to Rossella Lauro and Titta Lubrano who helped us to retrieve information on 
insecticide usage on Procida Island (Campania-Italy), Perparim Kadriaj and Elton Rogozi as well as 
AMIU Puglia S.p.A for field collections of mosquitoes, and Luke d’Addiego for English revision of the 
manuscript. 

This article is protected by copyright. All rights reserved.



A
cc

ep
te

d 
A

rti
cl

e
 

References 

1. WHO, A global brief on vector-borne diseases. 2014. p. 1–56.  

2. Schaffner F, Mathis A, Dengue and Dengue vectors in the WHO European region: Past, 

present, and scenarios for the future. Lancet Infect Dis. 2014;14(12):1271–80.  

3. Akiner MM, Demirci B, Babuadze G, Robert V, Schaffner F, Spread of the invasive mosquitoes 

Aedes aegypti and Aedes albopictus in the black sea region increases risk of Chikungunya, 

Dengue, and Zika outbreaks in Europe. PLoS Negl Trop Dis. 2016;10(4):1–5.  

4. ECDC, Guidelines for the surveillance of invasive mosquitoes in Europe. 2012.  

5. Medlock JM, Hansford KM, Schaffner F, Versteirt V, Hendrickx G, Zeller H, et al., A review 

of the invasive mosquitoes in Europe: Ecology, Public Health risks, and control options. Vol. 

12, Vector-Borne and Zoonotic Diseases. 2012. p. 435–47.  

6. Medlock JM, Hansford KM, Versteirt V, Cull B, Kampen H, Fontenille D, et al., An 

entomological review of invasive mosquitoes in Europe. Bull Entomol Res. 2015;1–27.  

7. Reiter P, Sprenger D, The used tire trade: a mechanism for the worldwide dispersal of container 

breeding mosquitoes. J. Am. Mosq. Control. Assoc. 1987;3(3):494–501.  

8. Hawley WA, The biology of Aedes albopictus. J. Am. Mosq. Control. Assoc. 1988; 1:1–39.  

9. Gratz NG, Critical review of the vector status of Aedes albopictus. Vol. 18, Medical and 

Veterinary Entomology. 2004. p. 215–27.  

10. Grard G, Caron M, Mombo IM, Nkoghe D, Mboui Ondo S, Jiolle D, et al., Zika Virus in Gabon 

(Central Africa) - 2007: A New Threat from Aedes albopictus? PLoS Negl Trop Dis. 

2014;8(2):1–6.  

11. Succo T, Leparc-Goffart I, Ferré J, Roiz D, Broche B, Maquart M, et al., Autochthonous 

Dengue outbreak in Nimes, South of France, July to September 2015. Euro Surveill. 

2016;21(21):1–7.  

12. Gjenero-Margan I, Aleraj B, Krajcar D, Lesnikar V, Klobučar A, Pem-Novosel I, et al., 

Autochthonous Dengue fever in Croatia, August-September 2010. Euro Surveill. 

2011;16(9):19805.  

13. Angelini R, Finarelli AC, Angelini P, Po C, Petropulacos K, Macini P, et al., Un’epidemia di 

febbre chikungunya nella provincia di Ravenna. Euro Surveill. 2007;12(9).  

14. Rezza G, Nicoletti L, Angelini R, Romi R, Finarelli A, Panning M, et al., Infection with 

chikungunya virus in Italy: an outbreak in a temperate region. Lancet. 2007;370(9602):1840–6.  

This article is protected by copyright. All rights reserved.



A
cc

ep
te

d 
A

rti
cl

e
15. ECDC, Communicable disease threats report. 2017.  

16. Valerio L, Marini F, Bongiorno G, Facchinelli L, Pombi M, Caputo B, et al., Host-Feeding 

Patterns of Aedes albopictus (Diptera: Culicidae) in Urban and Rural Contexts within Rome 

Province, Italy. 2009;0(0):291–4.  

17. Scholte EJ, Schaffner F, Waiting for the tiger: Establishment and spread of the Asian tiger 

mosquito in Europe. Emerg Pests Vector-Borne Dis Eur. 2007;14(January 2007):241–61.  

18. Benedict MQ, Levine RS, Hawley WA, Lounibos LP, Spread of the tiger: global risk of 

invasion by the mosquito Aedes albopictus. Vector Borne Zoonotic Dis. 2007;7(1):76–85.  

19. Paupy C, Delatte H, Bagny L, Corbel V, Fontenille D, Aedes albopictus, an arbovirus vector: 

From the darkness to the light. Microbes Infect. 2009;11(14–15):1177–85.  

20. Faraji A, Egizi A, Fonseca DM, Unlu I, Crepeau T, Healy SP, et al., Comparative host feeding 

patterns of the Asian tiger mosquito, Aedes albopictus, in urban and suburban northeastern USA 

and implications for disease transmission. PLoS Negl Trop Dis. 2014;8(8).  

21. Adhami J, Reiter P, Introduction and establishment of Aedes (Stegomyia) albopictus Skuse 

(Diptera:Culicidae) in Albania. J Am Mosq Control Assoc. 1998;14(3):340–3.  

22. Sabatini A, Raineri V, Trovato G, Coluzzi M, Aedes albopictus in Italy and possible diffusion 

of the species into the Mediterranean area. Parassitologia. 1990 Dec;32(3):301–4.  

23. Di Luca M, Toma L, Severini F, D’Ancona F, Romi R, Aedes albopictus a Roma: Monitoraggio 

nel triennio 1998-2000. Ann Ist Super Sanita. 2001;37(2):249–54.  

24. Romi R, Toma L, Severini F, Luca M Di, Boccolini D, Ciufolini MG, et al., Linee guida per il 

controllo di Culicidi potenziali vettori di arbovirus in Italia. Roma, Istituto Super di Sanità 

(Rapporti Istisan). 2011;9.  

25. Farajollahi A, Healy SP, Unlu I, Gaugler R, Fonseca DM., Effectiveness of ultra-low volume 

nighttime applications of an adulticide against diurnal Aedes albopictus, a critical vector of 

Dengue and Chikungunya viruses. PLoS One. 2012;7(11).  

26. Fonseca DM, Unlu I, Crepeau T, Farajollahi A, Healy SP, Bartlett-Healy K, et al., Area-wide 

management of Aedes albopictus. Part 2: Gauging the efficacy of traditional integrated pest 

control measures against urban container mosquitoes. Pest Manag Sci. 2013;69(12):1351–61.  

27. Manica M, Cobre P, Rosà R, Caputo B, Not in my backyard: effectiveness of outdoor residual 

spraying from hand-held sprayers against the mosquito Aedes albopictus in Rome, Italy. Pest 

Manag Sci. 2017;73(1):138–45.  

This article is protected by copyright. All rights reserved.



A
cc

ep
te

d 
A

rti
cl

e
28. WHO-EMCA, Guidelines for the Control of Mosquitoes of Public Health IMportance in 

Europe. 2013.  

29. European Union Directive 98/8/EC (Biocidal Products Directive)  

30. European Union Regulation 528/2012 (Biocidal Products Regulation  

31. Ranson H, N’Guessan R, Lines J, Moiroux N, Nkuni Z, Corbel V, Pyrethroid resistance in 

African anopheline mosquitoes: What are the implications for malaria control? Trends Parasitol. 

2011;27(2):91–8.  

32. Moyes CL, Vontas J, Martins AJ, Ng LC, Koou SY, Dusfour I, et al., Contemporary status of 

insecticide resistance in the major Aedes vectors of arboviruses infecting humans. PLoS Negl 

Trop Dis. 2017;7(e0005625.):1–20.  

33. WHO, Test Procedures for Insecticide Resistance Monitoring in Malaria Vectors, Bio-Efficacy 

and Persistence of Insecticides on Treated Surfaces. Geneva; 1998.  

34. WHO, Test Procedures for insecticide resistance monitoring in malaria vector mosquitoes. 

2013.  

35. WHO, Global Plan For Insecticide Resistance Management In Malaria Vectors. 2012.  

36. Vontas J, Kioulos E, Pavlidi N, Morou E, della Torre A, Ranson H, Insecticide resistance in the 

major Dengue vectors Aedes albopictus and Aedes aegypti. Pestic Biochem Physiol. 

2012;104(2):126–31.  

37. Chuaycharoensuk T, Juntarajumnong W, Boonyuan W, Bangs MJ, Akratanakul P, Thammapalo 

S, et al., Frequency of pyrethroid resistance in Aedes aegypti and Aedes albopictus (Diptera: 

Culicidae) in Thailand. J Vector Ecol. 2011;36(1):204–12.  

38. Lee RML, Choong CTH, Goh BPL, Ng LC, Lam-Phua SG, Bioassay and biochemical studies 

of the status of pirimiphos-methyl and cypermethrin resistance in Aedes (Stegomyia) aegypti 

and Aedes (Stegomyia) albopictus (Diptera: Culicidae) in Singapore. Trop Biomed. 

2014;31(4):670–9.  

39. Thanispong K, Sathantriphop S, Malaithong N, Bangs MJ, Chareonviriyaphap T, Establishment 

of Diagnostic Doses of Five Pyrethroids for Monitoring Physiological Resistance in Aedes 

albopictus in Thailand. J Am Mosq Control Assoc. 2015 Dec 1;31(4):346–52.  

40. Ishak IH, Jaal Z, Ranson H, Wondji CS, Contrasting patterns of insecticide resistance and 

knockdown resistance (kdr) in the Dengue vectors Aedes aegypti and Aedes albopictus from 

Malaysia. Parasit Vectors. 2015;8(1):181.  

This article is protected by copyright. All rights reserved.



A
cc

ep
te

d 
A

rti
cl

e
41. Kushwah RBS, Mallick PK, Ravikumar H, Dev V, Kapoor N, Adak T, et al., Status of DDT 

and pyrethroid resistance in Indian Aedes albopictus and absence of knockdown resistance (kdr) 

mutation. J Vector Borne Dis. 2015;52(March):95–8.  

42. Sivan A, Shriram AN, Sunish IP, Vidhya PT, Studies on insecticide susceptibility of Aedes 

aegypti (Linn) and Aedes albopictus (Skuse) vectors of Dengue and Chikungunya in Andaman 

and Nicobar Islands, India. Parasitol Res. 2015;114(12):4693–702.  

43. Arslan A, Rathor HR, Mukhtar MU, Mushtaq S, Bhatti A, Asif M, et al., Spatial distribution 

and insecticide susceptibility status of Aedes aegypti and Aedes albopictus in Dengue affected 

urban areas of Rawalpindi, Pakistan. J Vector Borne Dis. 2016;53:136–43.  

44. Kamgang B, Marcombe S, Chandre F, Nchoutpouen E, Nwane P, Etang J, et al., Insecticide 

susceptibility of Aedes aegypti and Aedes albopictus in Central Africa. Parasit Vectors. 

2011;4(1):79.  

45. Ngoagouni C, Kamgang B, Brengues C, Yahouedo G, Paupy C, Nakouné E, et al., 

Susceptibility profile and metabolic mechanisms involved in Aedes aegypti and Aedes 

albopictus resistant to DDT and deltamethrin in the Central African Republic. Parasit Vectors. 

2016;9(599).  

46. Richards SL, Balanay JAG, Fields M, Vandock K, Baseline insecticide susceptibility screening 

against six active ingredients for Culex and Aedes (Diptera: Culicidae) mosquitoes in the United 

States. J Med Entomol. 2017;54(March):1–14.  

47. Bengoa M, Eritja R, Delacour S, Miranda MÁ, Sureda A, Lucientes J, First data on resistance to 

pyrethroids in wild populations of Aedes albopictus from Spain. J Am Mosq Control Assoc. 

2017;33(3):246–9. 

48. Romi R, Toma L, Severini F, Di Luca M, Susceptibility of Italian populations of Aedes 

albopictus to temephos and to other insecticides. J Am Mosq Control Assoc. 2003;19(4):419–

23.  

49. Corbel V, Dusfour I, David J, Corbel V, Achee NL, Chandre F, et al., Tracking insecticide 

resistance in mosquito vectors of arboviruses: The Worldwide Insecticide Resistance Network 

(WIN). PLoS Negl Trop Dis. 2016;10(12):e0005054.  

50. Grigoraki L, Pipini D, Labbé P, Chaskopoulou A, Weill M, Vontas J, Carboxylesterase gene 

amplifications associated with insecticide resistance in Aedes albopictus: Geographical 

distribution and evolutionary origin. PLoS Negl Trop Dis. 2017;11(4):1–13. 

This article is protected by copyright. All rights reserved.



A
cc

ep
te

d 
A

rti
cl

e
51. Severini F, Toma L, Luca D, Romi R. Le zanzare italiane: Generalità e identificazione degli 

adulti (Diptera, Culicidae). Fragm Entomol. 2009;41((1)):213–372.  

52. Wan-norafikah O, Ahmad W, Lim H, Zainol-ariffin P, Susceptibility of Aedes albopictus Skuse 

(Diptera: Culicidae) to permethrin in Kuala Lumpur, Malaysia. Asian Biomed. 2013;7(1):51–

62.  

53. Pocquet N, Darriet F, Zumbo B, Milesi P, Thiria J, Bernard V, et al., Insecticide resistance in 

disease vectors from Mayotte: an opportunity for integrated vector management. 2014;1–12.  

54. Marcombe S, Farajollahi A, Healy SP, Clark GG, Fonseca DM, Insecticide resistance status of 

United States populations of Aedes albopictus and mechanisms involved. PLoS One. 

2014;9(7):e101992.  

55. R Development Core Team R, R: A language and environment for statistical computing. Team 

RDC, editor. R Foundation for Statistical Computing. R Foundation for Statistical Computing; 

2011. p. 409. (R Foundation for Statistical Computing; vol. 1). Available from: http://www.r-

project.org 

56. Bellini R, Veronesi R, Il programma di lotta ai Culicidi nelle località costiere della Regione 

Emilia-Romagna inserite nel Parco del Delta del Po. Atti XVII Congr Naz It Ent.:795–798.  

57. Chandre F, Darrier F, Manga L, Akogbeto M, Faye O, Mouchet J, et al., Status of pyrethroid 

resistance in Anopheles gambiae sensu lato. Bull World Health Organ. 1999;77(3):230–4.  

58. Brengues C, Hawkes NJ, Chandre F, McCarroll L, Duchon S, Guillet P, et al., Pyrethroid and 

DDT cross-resistance in Aedes aegypti is correlated with novel mutations in the voltage-gated 

sodium channel gene. Med Vet Entomol. 2003;17:87–94.  

59. Flores AE, Ponce G, Silva BG, Gutierreza SM, Bobadilla C, Lopez B, et al., Wide spread cross 

resistance to pyrethroids in Aedes aegypti (L.) from Veracruz State Mexico. J Econ Entomol. 

2013;106(2):959–69.  

60. Smith LB, Kasai S, Scott JG., Pyrethroid resistance in Aedes aegypti and Aedes albopictus: 

Important mosquito vectors of human diseases. Pestic Biochem Physiol. 2016;133:1–12.  

61. Ishak IH, Riveron JM, Ibrahim SS, Stott R, Longbottom J, Helen I, et al., The Cytochrome 

P450 gene CYP6P12 confers pyrethroid resistance in kdr-free Malaysian populations of the 

Dengue vector Aedes albopictus. Nat Publ Gr  2016;(October 2015):1–13.  

62. Kasai S, Shono T, Komagata O, Tsuda Y, Kobayashi M, Motoki M, et al., Insecticide resistance 

in potential vector mosquitoes for West Nile virus in Japan. J Med Entomol. 2007;44(5):822–9.  

This article is protected by copyright. All rights reserved.



A
cc

ep
te

d 
A

rti
cl

e
63. Manni M, Guglielmino CR, Scolari F, Vega-Rùa A, Failloux AB, Somboon P, et al., Genetic 

evidence for a worldwide chaotic dispersion pattern of the arbovirus vector, Aedes albopictus. 

PLoS Negl Trop Dis. 2017;11(1).  

64. Kotsakiozi P, Richardson J, Pichler V, Favia G, Martins A, Urbanelli S, et al., Genomic insights 

into the recent worldwide invasion of the Asian tiger mosquito, Aedes albopictus. Ecol Evol. 

2017;7:10143–10157.  

65. Rodríguez MM, Bisset J, Ruiz M, Soca A, Booth JE, Boyland E, et al., Cross-resistance to 

pyrethroid and organophosphorus insecticides induced by selection with temephos in Aedes 

aegypti (Diptera: Culicidae) from Cuba. J Med Entomol. 2002;39(6):882–8.  

66. Wirth MC, Georghiou GP, Selection and characterization of temephos resistance in a 

population of Aedes aegypti from Tortola, British Virgin Islands. J Am Mosq Control Assoc. 

1999;15(3):315–20.  

67. Usmani K a, Knowles CO, Toxicity of pyrethroids and effect of synergists to larval and adult 

Helicoverpa zea, Spodoptera frugiperda, and Agrotis ipsilon (Lepidoptera: Noctuidae). J Econ 

Entomol. 2001;94(4):868–73.  

68. WHO, Monitoring and managing insecticide resistance in Aedes mosquito populations. Interim 

guidance for entomologists. 2016.  

69. Seixas G, Grigoraki L, Weetman D, Vicente JL, Silva AC, Pinto J, et al., Insecticide resistance 

is mediated by multiple mechanisms in recently introduced Aedes aegypti from Madeira Island 

(Portugal). PLoS Negl Trop Dis. 2017;11(7):1–16.  

70. Tilston N, Skelly C, Weinstein P, Pan-European Chikungunya surveillance: designing risk 

stratified surveillance zones. Int J Health Geogr. 2009;8:61.  

71. Schaffner F, Medlock JM, Van Bortel W, Public health significance of invasive mosquitoes in 

Europe. Clin Microbiol Infect. 2013;19(8):685–92. 

72. Liu-Helmersson J, Quam M, Wilder-Smith A, Stenlund H, Ebi K, Massad E, et al., Climate 

Change and Aedes Vectors: 21st Century Projections for Dengue Transmission in Europe. 

EBioMedicine. 2016;7:267–77.  

 

 

 

 

This article is protected by copyright. All rights reserved.



A
cc

ep
te

d 
A

rti
cl

e

region/country site-code treatment
tested 

generation  N tested Mortality % (95% CI) KDT50 (95% CI) KDT95 (95% CI)
TN-NT1 N F0 74 100 12.9 (11.9- 14.0) 26.5 (23.9 - 31.8)
TN-NT2 Y F0 82 100 27.9 (26.3 - 29.5) 55.1 (50.7 - 62.4)
PD-NT N F0 74 100 15.5 (14.7- 16.3) 22.7 (21.2 – 26.4)
VE-TR Y F0 108 99.0 22.1 (21.1- 23.2) 38.7 (36.1 - 42.8)
FE-TR1 Y F0 74 81.3 42.8 (38.4- 47.6) 154.2 (121.8 – 260.9)
FE-TR2 Y F0 75 68.9 36.4 (33.2 - 39.9) 119.2 (98.2 – 172.1)

Liguria IM-NT N F1 100 99.0 23.5 (22.2- 24.8) 47.1 (43.5 - 52.9)
Marche AN-NT N F0 75 100 19.5 (18.4- 20.7) 33.8 (31.2 - 39)

RM-NT N F0 122 100 21.1 (20.1 - 22.1) 39.3 (36.7 - 43.3)
RM-TR1 Y F0 96 99.0 25.2 (23.9- 26.6) 48.9 (45.4 – 54.6)
RM-TR2 Y F1 77 100 21.5 (20.4-22.7) 35.5 (33 -40.6)

Campania NA-TR N F0 99 100 18.6 (17.9- 19.4) 26.4 (24.9 – 30.1)
BA-NT N F0 75 100 23.1 (21.9- 24.3) 36.6 (34.1– 41.6)
BA-TR Y F1 77 89.6 31.3 (29.4- 33.3) 66.7 (60.4 - 78.3)
ME-NT N F0 50 100 18.6 (17.5- 19.8) 29 (26.5 – 37.1)
ME-TR Y F0 75 100 18.5 (17.5- 19.6) 30.9 (28.5 – 35.8)
AL-TR Y F0 77 100 22 (20.9- 23.1) 33.5 (31.3– 38.3)
AL-NT Y F1 74 100 21.3 (20.2- 22.4) 33.6 (31.2– 38.5)
GR-NT N F1 100 93.5 43.8 (41.2 - 46.5) 95.9 (85 -119)
GR-LAB lab F1 100 100 27.9 (26.5 - 29.5) 57.1 (52.7 - 64.4)
TN-NT1 N F1 78 98.7 25 (23.7-26.3) 39.9 (37.3-44.8)
TN-NT2 Y F1 90 100 22.2 (20.9 - 23.7) 53.5 (48.5– 61.4)
PD-NT N NA NA NA NA NA
VE-TR Y F0 75 85.3 40 (37.7- 42.3) 76.2 (68.9 – 91.5)
FE-TR1 Y F1 73 64.8 62.3 (54.2-71.6) 186.3 (142.7 - NA)
FE-TR2 Y NA NA NA NA NA

Liguria IM-NT N F1 100 95.0 23.4 (21.8-25.2) 69 (60.9 - 82.7)
Marche AN-NT N F0 75 100 28.5 (26.9- 30.2) 53.6 (49.3 - 61)

RM-NT N NA NA NA NA NA
RM-TR1 Y F1 74 89.2 39.1 (36.5 - 41.9) 89.8 (78.7 – 114.3)
RM-TR2 Y F1 78 100 26.6 (25.1-28.2) 51.2 (47.1 - 58.3)

Campania NA-TR N NA NA NA NA NA
BA-NT N F0 76 96.1 31.2(29.6- 32.8) 50.9 (47.5 – 56.8)
BA-TR Y NA NA NA NA NA
ME-NT N F1 76 96.7 32.3 (30.6-34.1) 57.5 (53.2 - 65.1)
ME-TR Y F1 75 94.7 33.7 (31.8-35.7) 64.9 (59.4 - 75)
AL-TR Y F0 72 98.6 26.1 (24.7 - 27.6) 45.5 (42.2 – 51.3)
AL-NT Y F1 75 97.3 30.3 (28.2 - 32.5) 73.6 (65.3 – 89.4)
GR-NT N NA NA NA NA NA
GR-LAB lab F1 100 93.0 32.7 (30.8 - 34.7) 76.3 (68.8 - 89.5)
TN-NT1 N F1 78 100 15.7 (14.7 - 16.8) 30.7 (27.9 - 35.9)
TN-NT2 Y F1 75 100 18.3 (17.3 - 19.4) 30.3 (27.9 – 35.1)
PD-NT N NA NA NA NA NA
VE-TR Y F1 77 98.7 18.3 (17.1 -19.6) 39 (35.4 - 45.4)
FE-TR1 Y F1 78 100 20.2 (19 - 21.5) 39 (35.7 - 44.8)
FE-TR2 Y NA NA NA NA NA

Liguria IM-NT N F1 100 98.0 20.4 ( 19.3 - 21.6) 39.9 ( 36.8 - 44.8)
Marche AN-NT N F1 77 98.7 19.2 (18.1-20.4) 35.8 (32.9 - 41.3)

RM-NT N NA NA NA NA NA
RM-TR1 Y F1 74 100 25 (23.5 - 26.5) 46.4 (42.8 - 52.9)
RM-TR2 Y NA NA NA NA NA

Campania NA-TR N NA NA NA NA NA
BA-NT N F0 77 100 17.8 (16.7 - 18.9) 32.5 (29.8 - 37.7)
BA-TR Y NA NA NA NA NA
ME-NT N NA NA NA NA NA
ME-TR Y NA NA NA NA NA
AL-TR Y NA NA NA NA NA
AL-NT Y F1 78 100 20.4 (19.2 - 21.6) 36.1 (33.3 - 41.3)
GR-NT N NA NA NA NA NA
GR-LAB lab F1 100 89 .0 25.8 (24.5 - 27.1) 47.8 (44.5 - 53.1)
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TABLES AND FIGURES 
 
Table 1 – Results of WHO tube bioassays performed on Aedes albopictus populations from Italy, 
Albania and Greece. Generation and number of female mosquitoes tested for pyrethroid resistance 
(i.e. permethrin 0.75%, α-cypermethrin 0.05% and deltamethrin 0.05%) are reported, as well as 
mortality (%) at 24 hours after 1h exposure and times to knock-down (KDT) of 50% and 95% of 
population (95% confidence intervals). Sites for which adulticide treatments have been reported during 
the sampling season are labelled with –TR. Sites in which adulticide treatments were not carried out 
during the sampling season are labelled with –NT. GR-LAB= laboratory-selected temephos resistant 
colony. Results indicating resistance or possible resistance according to WHO (34,68) are highlighted 
in bold. 
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Figure 1 – Distribution of Aedes albopictus tested populations and mortality (%) after 1h 
exposure to pyrethroids. Permethrin 0.75%: blu; α-cypermethrin 0.05%: red; deltamethrin 0.05%: 
green. Red vertical lines indicate 90% and 98% mortality thresholds (34,68). Sites for which adulticide 
treatments have been reported during the sampling season are labelled with –TR. Sites in which 
adulticide treatments were not carried out during the sampling season are labelled with –NT. GR-
LAB= laboratory-selected temephos resistant colony. 
 
Figure 2 - Knock down times and 95% confidence intervals of 50% (KDT50, blu) and 95% 
(KDT95, yellow) of Aedes albopictus exposed to pyrethroids (permethrin 0.75%, α-cypermethrin 
0.05% and deltamethrin 0.05%). Sites for which adulticide treatments have been reported during the 
sampling season are labelled with –TR. Sites in which adulticide treatments were not carried out during 
the sampling season are labelled with –NT. GR-LAB= laboratory-selected temephos resistant colony. 
 
 
SUPPLEMENTARY MATERIAL 
 
Table S1 - Aedes albopictus sampling sites and performed insecticide resistance bioassays. 
P=0.75% permethrin; C=0.05% α-cypermethrin; D=0.05% deltamethrin. Sites for which adulticide 
treatments have been reported during the sampling season are labelled with –TR. Sites in which 
adulticide treatment were not carried out during the sampling season are labelled with –NT. GR-LAB= 
laboratory-selected temephos resistant colony. 
 
Figure S1- Comparison of knock-down curves obtained for Aedes albopictus exposed to 
permethrin 0.75%.  Dotted lines show 95% confidence intervals, dots observed data.  
a) Populations from Veneto; Blue= VE-TR; Black= PD-NT 
b) Populations from Puglia; Blue= BA-TR; Black= BA-NT 
Below the graphs the summary statistics obtained for a binomial Generalized Linear Model (GLM) 
carried out to test the effect of insecticide control activities on mosquitoes. The interaction term 
(LogTime*treated) allows to test if the relationship between the proportion of dead mosquitoes and 
logtime is statistically different between treatment statuses. 
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