


including ����� ����	
�. In Africa, in spiteof theuseof insecticidesfor vectorcontrol in
manycountries,dataon insecticideresistanceandits underlyingmechanismsremain
scarce.In thisstudy,wereport for thefirst time theoccurrenceof arecentlydescribed��

mutation,V410L,in Old World ��. ����	
� from AngolaandMadeiraisland.Two other
��
 mutations,V1016IandF1534C,werealsoidentifiedin populationsfrom Angolaand
CapeVerde,extendingour knowledgeaboutthedistribution of thesemutationsin Africa.
Wefoundsignificantassociationsbetween��
 genotypesandtheresistancephenotype
but only in theAngolanpopulation.Theseresultssuggestthatpopulationscarryingthe
same��
 mutationsmayresponddifferentlyto thesameinsecticide,stressingtheneedfor
complementarystudieswhenassessingtheimpactof ��
 resistancein theoutcomeof
insecticide-basedvectorcontrol.

Introduction

Vectorcontrol hasbeenamainstayfor preventingdiseasescausedbyarbovirusestransmitted
by ����� ����	
�, andfor mitigatingtheimpactof theseinfectionson humanpopulations.
During anoutbreak,insecticide-basedvectorcontrol interventionsareusuallyintensifiedto
reducemosquitoabundanceandinterrupt human-vectorcontact.However,increaseduseof
insecticidesmayresultin theselectionof mosquitoescarryinggenetictraitsassociatedwith
insecticideresistance.Theemergenceof insecticideresistancein naturalvectorpopulations
canultimatelyaffecttheefficacyof insecticide-basedvectorcontrol.

Targetsiteinsensitivityisamajormechanismof insecticideresistancethat resultsfrom
point mutationsin genesencodingproteinsat thespecificsitewhereaninsecticidebinds,typi-
callyin thenervoussystem[1]. Thesemutationscausestructuralmodificationsthat reduceor
evencompletelyblockthebinding of theinsecticide.Thevoltage-gatedsodiumchannel
(VGSC)is thetargetsiteof pyrethroidandorganochlorine(notablyDDT) insecticides.Muta-
tionsin thegeneencodingtheVGSChavebeenimplicatedin insecticideresistancein several
insectspecies,aphenomenonreferredto asknockdownresistance(��
) [2]. In ��. ����	
�, a
totalof 10��
 mutationshavebeenreported[1]. Amongthesemutations,theV1016Iand
F1534Cmutationshavebeenextensivelyinvestigatedin pyrethroid-resistant��. ����	
� popu-
lationsfrom Asia,SouthAmericaand,to alesserextent,Africa [2].

In 2017,anovel��
 mutation,V410L,locatedin domainI of segment6of theVGSC,was
describedfor thefirst time in apyrethroid-resistant��. ����	
� laboratorystrainoriginating
from RiodeJaneiro,Brazil[3]. Functionalanalysisof mutantsodiumchannelsexpressedin
����	�� oocytesrevealedthatV410Lsignificantlyreducedsensitivityto both typeI andtype
II pyrethroids.Genotypingof naturalpopulationsfrom NortheastBrazildid not revealthe
presenceof thismutation[3]. However,in alongitudinalstudycarriedout in Mexico,the
V410Lmutationwasdetectedin asingleheterozygousmosquitoin 2002andby2012its fre-
quencyhadincreasedto 90%in oneof thelocalitiessurveyed[4]. Thesamemutationwas
describedin naturalpopulationsof ��. ����	
� from Colombia,with frequenciesrangingfrom
0.06to 0.36[5].

In recentyears,Africa hasbeenexperiencingmajoroutbreaksof ������borne arboviral
infections.Suchwasthecasefor adengueoutbreakthatoccurredin CapeVerde,in 2009,
whichaffectedeightof the10islandsof thisarchipelagowith morethan21,000casesreported
andfour deaths[6]. In 2015±2016,Angola(South-CentralAfrica) experiencedtheworstepi-
demicof yellowfeverin thelast60years,with 4,306notified casesand376deathsoccurringin
theprovinceof Luanda[7]. ThecountryhadpreviouslybeenafflictedbyaDengueoutbreakin
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2013(https://www.ncbi.nlm.nih.gov/pubmed/23784016).In addition to theabovementioned
outbreaks,AngolaandCapeVerdewerealsoaffectedbyZika outbreaksin 2015and2016,and
casesof congenitalZika syndromecausingmicrocephalywerereportedin bothcountries[8±
10].

On MadeiraIsland,aDengueoutbreakinvolving2,168notified casesoccurredin 2012±
2013[11]. Althoughthis islandis located��. 680km eastoff thecoastof Morocco,it belongs
administrativelyto PortugalandtheEuropeanUnion, raisingconcernabouttherisk of the
introduction of bothvectorsandviraemiccasesto mainlandEurope.

Asaresponseto theseoutbreaks,vectorcontrol programstendto intensifyinsecticide-
basedinterventionsasameansof rapidlyhaltingarbovirustransmission.Thismayleadto
emergenceof insecticideresistancein thelocalvectorpopulations.Insecticidesusceptibility
testscarriedout in 2009on ��. ����	
� from thecity of Praia,thecapitalof CapeVerde,
revealedresistanceto DDT but susceptibilityto all otherinsecticidestested[12]. Subsequently,
asurveycarriedout in 2012and2014in thesameurbanarearevealedresistanceto deltame-
thrin andcypermethrin,but no ��
 allelesweredetected[13]. Thelocal��. ����	
� population
of MadeiraIslandwasfound to beresistantto all major insecticideclassescurrentlyusedin
publichealthpractices.Thispopulationdisplaysmultiple mechanismsof resistance,including
thepresenceof V1016IandF1534C��
 mutationsatahigh frequency[14].

In Africa, information on mechanismsof insecticideresistancein ��. ����	
� populations
remainsscarce[2]. Thepresenceof bothF1534CandV1016Ihasbeendetectedin Ghana[15]
andin BurkinaFaso[16], althoughit hasalsobeeninvestigatedin Cameroon[17], Cape
VerdeandtheCentralAfrican Republic[18]. Noneof thepreviousreportshaveanalysedthe
newV410L��
 mutation.Consideringthat thismutationhasshownpotentialto significantly
reducesodiumchannelsensitivityto both typeI andII pyrethroidandto increaseresistancein
combinationwith F1534C[3], it is imperativeto determinethecurrentdistribution of this
mutation in natural��. ����	
� populations,asits presencemaygreatlyunderminetheutility
of awidevarietyof pyrethroidinsecticides,whicharecurrentlythemajor insecticideclass
usedin vectorcontrol.

In thisstudy,wegenotypedthe��
 loci of ��. ����	
� populationsfrom Angola,Cape
VerdeandMadeiraIsland,collectedeitherduring or aftertheonsetof arboviraloutbreaks.
Theobjectiveswere:i) to determinethepresenceandfrequencyof theV410L,V1016Iand
F1534Cmutationsandii) to investigatetheassociationof thesemutationswith thepyrethroid
andDDT resistancephenotype.

Material and methods

Samples

In CapeVerde,mosquitocollectionswerecarriedout from September2017to March2018in
two islands:SantiagoandMaio. In Santiago,mosquitoesweresampledin Praia(N 14º55'15º
W 23º30'30º),thecapitalof thecountry,andSãoLourencËo dosOÂrgãos(SLO)(N 15º6' W 23º
60').In Maio,samplingwasperformedin themaincity,Maio Village(N 15º13'W 23º10').In
Angola,collectionstook placein October-December2016,in thecitiesof Huambo(S12º46'E
15º44')andthecapital,Luanda(S8º50'18ºE13º14'4º).On Madeiraisland,mosquitoes
werecollectedin Funchal(N 32º39'W 16º55')betweenSeptemberandNovember2013[14]
(Fig1).

In all but oneof thelocalitiessurveyed,mosquitoeggswerecollectedusingovitraps,
adaptedfrom themodelof Faye& Perry[19]. Ovitrapswereplacedoutdoorsatperidomestic
sitesfor 5±7days.In Funchal,eggswerecollectedusing78ovitrapsdispersedthroughoutthe
entiremunicipalitybelow200metersof altitude[14]. Theseovitrapsarepartof Madeira's

PLOS NEGLECTED TROPICAL DISEASES Kdr mutations in Aedes aegypti from Africa

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0008216 May 8, 2020 3 / 12

https://www.ncbi.nlm.nih.gov/pubmed/23784016
https://doi.org/10.1371/journal.pntd.0008216


����� ����	
� surveillanceprogramandtheir geo-localizationisavailableathttp://iasaude.sras.
gov-madeira.pt/naomosquito/.In CapeVerde,collectionswereperformedwith 40ovitraps
distributedto covermostof theareaof eachlocalitysurveyed.Collectionsin Luandawerecar-
ried out using49ovitrapscoveringanareaof ��. 70km2 in theGreatLuandaregion.Larval
collectionswith dipsandpipetteswereperformedin two areasof thecity of Huambo,thecity
centreandonesemi-ruralarea.

Collectedeggs(or larvae)weretransportedto locallaboratoryfacilitiesandrearedto adults
usingstandardprotocolsfor mosquitorearing[20].

Insecticide resistance phenotyping

Mosquitosamplesfrom CapeVerde(Maio andSantiagoislands),Madeiraislandandfrom
Luanda-Angolawerephenotypedfor their susceptibilityto deltamethrin0.05%andpermeth-
rin 0.75%usingWHO testkits andprotocols[21,22].In Madeira,cyfluthrin (0.15%)wastested
insteadof deltamethrin.Non-bloodfed3±5days-oldfemaleswereusedin thetests.Bioassay
readingsweremade24hourspost-exposure.Deadmosquitoeswereconsideredsusceptible
whilesurvivorswereconsideredresistant.Bothwerekeptin silica-gelfilled tubesuntil DNA
extraction.

Fig 1. Collection sites, allele frequencies (pie charts) and genotypic frequencies (bar charts) for each of the kdr mutations analysed. In eachallelefrequency piechart,
light colourrepresentsthewild-type(susceptibleallele)anddarkcolourtheresistance-associatedallele.Mapsource:editedin QGISv.3.8.0(July,2019).

https://doi.org/10.1371/journal.pntd.0008216.g001
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Kdr genotyping. DNA sampleswereextractedfrom individual wholemosquitoesusing
theCollinsprotocol[23]. DNA pelletswereelutedin 200μL of ultrapurewater.Genotypingof
theV1016IandF1534Cmutationswasperformedbyallele-specificPCRusingpreviously
reportedprimersandprotocols[24,25],modifiedasdescribedbySeixasetal.[14]. ForV410L,
two protocolswereused:1) Direct sequencingof a150bp fragmentof the���� geneamplified
usingtheprimersAe410F1andAe410R1describedin [3]. PCRassayswerecarriedout in a
25μl volumecontaining:1xGreenFlexiPCRbuffer,1.5mM MgCl2, 0.4Mm dNTPmix, 100
nM of eachprimer,1 unit GoTaqG2FlexiDNA Polymerase(Promega,USA)and10ngtem-
plateDNA. Thecyclingconditionsconsistedof denaturationat94ÊCfor 2min, followedby
35cyclesof denaturationat94ÊCfor 40s,primer annealingat58ÊCfor 45s,andextensionat
72ÊCfor 1 min, with afinal extensionof 10min at72ÊC.ThePCRproductswerepurified
usingAntarcticphosphatase(NEB)andExonucleaseI (NEB)to removeunincorporated
dNTPsandprimers.Thepurified PCRproductswerediluted1:30andsubjectedto direct
sequencingin anABI Prism3500XLsystemat theDNA sequencingplatformof theAggeu
MagalhãesInstitute/FIOCRUZ(Brazil)or in anABI 3730XL instrumentat theSTABVIDA
DNA SequencingService(Portugal).Sequencingwasperformedin bothdirectionsusingthe
primersAe410F2andAe410R1[3]. 2) An allele-specificPCRassaywith primersV410Fw,
L410Fwand410RevdescribedbySaavedra-Rodriguez[4]. Thereactionmixturesconsistedof
~10ngof templateDNA, 0,1μM of eachprimer,1xGreenFlexiPCRbuffer,1.5mM MgCl2,
0.4Mm dNTPmix, 1 unit GoTaqG2FlexiDNA Polymerase(Promega,USA)in atotal vol-
umeof 25μL. EachPCRassayincludedpositivecontrolsfor eachhomozygousandheterozy-
gousgenotypesthathadbeenpreviouslyconfirmedwith directsequencingandanegative
control (no DNA template).PCRproductswerevisualizedin aagarosegel4%stainedwith
GreensafePremium(NZYTech,Portugal)by transilluminationunderUV (Fig2).

Statistical analysis

To assesstheassociationbetween��
 genotypesandresistancephenotypes,Fisher'sexacttest
wascalculatedwith contingencytablesusingVassarStats(Vassarstats:Websitefor Statistical
Computation).Pairwiseestimatesof linkagedisequilibriumcoefficientsandassociatedchi-
squaredtestsbetweenloci werecalculatedusingLINKDOS[26], followingpreviously
describedguidelines[4,27].

Results

In total,314��. ����	
� weregenotyped,91of whichwerefrom MadeiraIsland,168from
CapeVerde(80from Praia,39from SãoLourencËo dosOÂrgãos(SLO)and49from theislandof
Maio) and95from Angola(67from Luandaand28from Huambo).Of thetotal sample,muta-
tion V410Lwasscreenedbydirectsequencingin 91individualsfrom Madeira,67from Cape
Verdeand95from Angola.Sequencesobtainedfrom ��. ����	
� mosquitoesfrom Madeira
areavailablein GenBankwith accessionnumbersMK656133-MK656223.Apart from the
V410L,no othergeneticpolymorphismwasdetectedin the104bp fragmentanalysedfor
Madeirapopulation.Thegenotypeandallelefrequenciesof each��
 mutationareshownin
Fig1.The410Lallelewasnot observedin CapeVerde.Theresistanceallele1534Cwas
detectedatalow frequency(2%)in Praia,thecapital,alwaysin heterozygositywith thewild
typeallele1534F.Likewise,the1016Iallelewasfound in two heterozygousindividualsfrom
theSLOpopulation.In Angola,allele410Lwasobservedatahigh frequencyin Luanda(71%)
andatmoderatefrequencyin Huambo(13%).Allele1534Cwasobservedathigh frequencyin
bothcitiesof Angola,whileallele1016Iwasdetectedatmuchhigherfrequencyin Luanda
(91%)thanin Huambo(29%)(Fig1).On MadeiraIsland,the410Lallelewasobservedata
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moderatefrequency(18%).Aspreviouslyreported[14,28],the1534Cmutationwasfound to
befixed,and1016Iwaspresentatamoderatefrequency.

Pairwiselinkagedisequilibriumanalysisrevealedsignificantgenotypicassociationsbetween
positions1016and410in all populationstested(Table1).Forpositions1016and1534,only
theHuambopopulationshowedsignificantlinkagedisequilibrium.Finally,positions1534and
410werein linkageequilibrium in all threepopulationstested.Thisanalysiswasnot per-
formedin CapeVerdedueto thealmostcompleteabsenceof mutantalleles.

Mortality ratesfor theinsecticidestestedvariedbetweenregions,beinghighestin thepopu-
lationsof CapeVerdeislands(89.9%-100.0%)andlowestin Luanda-Angola(2.6%-7.4%).These
resultsaredetailedin S1Table.Mortalitiesof 10.9%-52.8%obtainedin Funchal,Madeiraisland,
wereintermediateto thoseof theothertwo regions,asdescribedin Seixas�
 ��. [14].

Fig 2. Agarose gel (4%) stained with GreenSafe Premium containing the amplified products of the AS-PCR assay to detect the V410L

mutation. Lane 1: homozygous 410L genotype, lanes 2–5: homozygous 410V genotype, lane 6: heterozygous 410V/L genotype, lane 7:

DNA size marker GRS DNA Ladder 50 bp (GRiSP Research Solutions, Portugal). Lanes8±9:negativecontrols.

https://doi.org/10.1371/journal.pntd.0008216.g002

Table 1. Linkage disequilibrium coefficients (Rij) and associated chi-squared tests between kdr mutations in Aedes aegypti populations.

410–1016 410–1534 1016–1534

Rij χ2 P Rij χ2 P Rij χ2 P
Luanda 0.19 4.53 0.033 0.18 2.94 0.087 0.07 0.25 0.619

Huambo 0.33 7.67 0.006 0.22 2.74 0.098 0.29 5.15 0.023

Funchal 0.95 79.65 <0.001 � � � � � �

�An alleleatoneor both loci is fixed

https://doi.org/10.1371/journal.pntd.0008216.t001
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For thepopulationsof MadeiraandLuanda,it waspossibleto analysetheassociation
between��
 mutationsandtheresistantphenotype.In Luanda,thereweresignificantassocia-
tionsbetweenresistancephenotypesandgenotypicfrequenciesfor mutationsV1016Iand
V410L,but not for F1534C(Table2).No significantassociationbetweenphenotypesandindi-
vidual��
 genotypeswasfound in thepopulationof Madeira.This lackof associationin
Madeirawasalsoevidentfor tri-locusgenotypes,wherethemostfrequentVV/CC/VV was
commonto bothsusceptibleandresistantindividuals(Fig3).

Conversely,in Luanda,therewasatrend for individualswith aresistantphenotypeto carry
tri-locusgenotypeswith resistance-associatedalleles.Here,thetriple mutanthomozygoteII/
CC/LLwaspresentin nearly50%of resistantindividuals.

Discussion

Thisstudydescribesfor thefirst time theoccurrenceof therecentlydescribedV410L��

mutation in old world ��. ����	
� populations,namelyfrom MadeiraislandandAngola.In
bothcases,thismutationcoexistswith mutationsF1534CandV1016I,whicharewidelydis-
tributedacrosstheGlobe[4]. TheV410Lmutationwasoriginallydescribedin Centraland
SouthAmericanpopulationsof ��. ����	
�, namelyfrom Brazil,ColombiaandMexico[4,5].
Thismutationappearsto increaseconsiderablyresistanceto pyrethroidinsecticideswhenin
combinationwith other��
 mutations[3,4]. It is likely that theoccurrenceof thismutation
will haveanimpacton theefficacyof pyrethroid-basedcontrol measuresagainst��. ����	
�
currentlyimplementedin Africa.

Thedetectionof mutationsF1534CandV1016Iin two sitesfrom Angolaextendsour
knowledgeabout��
 distribution to southernAfrican populationsof ��. ����	
�. Previous
reportsrevealedthepresenceof thetwo mutationsonly in WestAfrican populationsof Ghana
andBurkinaFaso[15,16].However,thenumberof ��
 surveysisstill scarcefor theAfrican
continent(reviewedin [2]) sothatabsenceof recordsmayresultfrom under-samplingrather
thantrueabsenceof this resistancemechanism.Therefore,it is likely that ��
 mutationsare
morewidespreadin ��. ����	
� acrosstheAfrican continentthanpreviouslythought.Addi-
tional ��
 surveysshouldthusbeprioritisedin orderto clarify thecurrentdistribution of these
mutationsin African ��. ����	
� populations.

In addition to mainlandAfrica, ��
 mutationswerealsofound in ��. ����	
� from two
outerWestAfrican archipelagos,MadeiraandCapeVerde.In CapeVerde,mutationV410L
wasnot detectedwhereasmutationsV1016IandF1534Cwerefoundat low frequency
(� 3.0%)in Santiago,themain islandof thearchipelago.Previousanalysisof samplescollected
in thesameislandin 2007,2010and2012did not revealthepresenceof anyof thesemutations

Table 2. Knockdown resistance genotype-phenotype associations in Ae. aegypti populations from Luanda (Angola) and Funchal (Madeira island).

V410L V1016I F1534C

Locality Phenotype N VV VL LL F(L) p-value N VV VI II F(I) p-value N FF FC CC F(C) p-value

Luanda Deltamethrinresistant 24 4 0 20 0.83 <0.001 25 0 0 25 1.00 <0.001 25 0 12 13 0.76 0.699

Deltamethrin susceptible 10 8 2 0 0.10 11 0 6 5 0.73 8 0 3 5 0.81

Funchal Cyfluthrin resistant 32 20 9 3 0.23 0.387 32 20 10 2 0.22 0.491 32 0 0 32 1.00 n.a.

Cyfluthrin susceptible 19 15 4 0 0.11 19 15 4 0 0.11 19 0 0 19 1.00

Permethrinresistant 32 21 11 0 0.17 1.000 32 21 11 0 0.17 1.000 32 0 0 32 1.00 n.a.

Permethrinsusceptible 8 6 2 0 0.13 8 6 2 0 0.13 8 0 0 8 1.00

n.a.:not applicable(fixedmutation)

https://doi.org/10.1371/journal.pntd.0008216.t002
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[13,29].Thissuggestsaveryrecentorigin of ��
 mutationsin this island.Whetherthesemuta-
tionsrepresentintroductionsor independentmutationeventsisunknown.A recentphylogeo-
graphicstudysuggeststhat ��. ����	
� from CapeVerdeoriginatedfrom populationsof
Senegal[29]. Onecannotruleout thepossibilityof arecentintroduction of ��
 mutations
from neighbouringregionsof mainlandWestAfrica,specificallyof mutationF1534Cfound in
thecity of Praia,whereaninternationalairport andport arelocated.On theotherhand,the
detectionof theV1016Imutation in theremoteinland localityof SãoLourencËo dosOÂrgãos
arguesin favourof anindependentmutationevent.Therecentemergenceof ��
 mutationsin
CapeVerdemayalsoexplainthelow frequencyof resistant-associatedallelesdespiteincreased
insecticidepressuresimposedbyvectorcontrol sincetheDengueepidemicof 2009[30].

In contrastto CapeVerde,thethree��
 mutationsanalysedwerepresentin MadeiraIsland.
Oneof thesemutations,F1534C,wasfixedwhile theothersdisplayedmoderatefrequencies.

Fig 3. Frequencies of tri-loci genotypes in phenotyped mosquitoes from Luanda and Madeira. Eachtri-locus
genotypedisnamedaccordingto thegenotypiccompositionateach��
 mutationfollowing theorder410(VV, VL or
LL) / 1016(VV, VI or II) / 1534(FF,FCor CC).

https://doi.org/10.1371/journal.pntd.0008216.g003
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These��
 frequenciesdo not seemto befully explainedby insecticidepressures,giventhat
vectorcontrol in Madeirahasbeenpredominatelybasedon theeliminationof mosquito
breedingsites.A moreplausibleexplanationis that ��
 frequenciesreflectthoseof thesource
populationsthatcolonizedMadeiraIsland[31]. Phylogeneticanalysissuggeststhat ��. ����	
�
wasrecentlyintroducedinto MadeiraIslandfrom South-Americansourcepopulations,nota-
bly from Venezuela[31]. Thisregionhaswell-documentedinsecticideresistant��. ����	
�
populationsdisplayinghigh frequencyof theF1534Candvaryinglevelsof theV1016Imuta-
tion [32].

In Luanda,Angola,significantassociationswerefoundbetweenresistant-associated��

allelesandtheresistantphenotypeto deltamethrin.Thiswasevidentfor tri-locusgenotypes
andindividually for mutationsV410LandV1016I.Thelackof associationof mutation
F1534Cwith resistanceisconsistentwith previousobservationssuggestingthat thismutation
aloneconferslow levelsof resistancebut co-evolvedwith V1016Iyieldinghigherlevelsof resis-
tance[27,33].LinkagedisequilibriumcoefficientswerealsohighestbetweentheseV410Land
V1016Imutations,whichmayreflectepistaticselectionthroughinsecticidepressure.During
the2016yellowfeveroutbreak,vectorcontrol basedon larvicidesandindoor/outdoorpyre-
throid sprayingwasintensifiedin Luanda,whichsubstantiallyreducedthemosquitopopula-
tion [34]. It shouldbenoted,however,that this is thefirst ��
 surveyin ��. ����	
� from
Angola,sothatno historicaldataareavailablefor comparison.In Angola,insecticideshave
beenwidelyusedfor vectorcontrol sincetheDDT-basedmalariaeradicationcampaigns
implementedin the1950s[35,36].

Theresultsobtainedin Luandaoverallagreewith thefindingsof longitudinalsurveyscar-
ried out in Mexico,wherepyrethroidhavebeenroutinelyusedbyoperationalprogramsto
control malariaandarbovirusvectorssince2000[4,37].Coincidently,thefrequencyof V410L
hassubstantiallyincreasedalongsidewith V1016LandF1534Cbetween2000and2016and
significantassociationswerefoundbetweenresistant-associatedallelesandpyrethroid-resis-
tant phenotypes[4]. However,theestimatesof linkagedisequilibriumcoefficients(� ��) found
in Luanda(0.07±0.33)weregenerallymuchlowerthanthoseobtainedin Mexico(0.31±0.99;
[4]), whichmayreflectanearlierstageof selectionof resistant-associatedalleles.

In contrastwith theobservationsin LuandaandMexico,therewereno associations
betweenresistanceassociated��
 allelesandpyrethroidresistancein Madeiraisland.This
resultwasunexpectedbut it probablyreflectsthecomplexpatternof multiple insecticideresis-
tancemechanismspresentin thelocal��. ����	
� population[14]. In addition to ��
, areces-
sivetrait, microarray-basedgeneexpressionanalysisprovidedevidencefor metabolicand
cuticularresistancemechanisms,whichmaydisrupt thestatisticalassociationbetweenpheno-
typesand��
 genotypes.Alsonoteworthyis that thehighestlinkagecoefficientbetween
V410LandV1016Iwasfound in Madeiraisland,aresultthatagreeswith thehypothesisof
thesemutationsbeingintroducedin theislandfrom afewcolonizingindividualsalreadycar-
rying multiple resistanceassociatedalleles[14].

In summary,wereport theoccurrenceof theV410L��
 mutation in populationsof
��. ����	
� from theold world for thefirst time.Asalsoobservedin SouthAmerica,this
mutationappearsto coevolvewith V1016Iprovidingsubstantialhigherlevelsof resistanceto
pyrethroidin thepopulationof Angola.However,thiswasnot thecaseof Madeiraisland,
whereassociationbetween��
 andpyrethroidresistanceisprobablydisruptedby the
coexistenceof multiple resistancemechanisms.Thesefindingssuggestthatpopulationscarry-
ing ��
 mutationsmayresponddifferentlyto pyrethroid.Furtherstudieswill berequiredto
assesstherealimpactof ��
 mechanismsin theoutcomeof insecticide-basedcontrol of ��.
����	
�.
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13. Rocha H, Paiva M, Silva N, Araújoa A, Camacho D, Moura A, et al. Susceptibility profile of Aedes

aegypti from Santiago Island, Cabo Verde, to insecticides. Acta Trop [Internet]. 2015 Dec; 152

(2015):66–73. Available from: http://linkinghub.elsevier.com/retrieve/pii/S0001706X15300905

14. Seixas G, Grigoraki L, Weetman D, Vicente JL, Silva AC, Pinto J, et al. Insecticide resistance is medi-

ated by multiple mechanisms in recently introduced Aedes aegypti from Madeira Island (Portugal).

PLoS Negl Trop Dis. 2017; 11(7):1–16.

15. Kawada H, Higa Y, Futami K, Muranami Y, Kawashima E, Osei JHN, et al. Discovery of Point Mutations

in the Voltage-Gated Sodium Channel from African Aedes aegypti Populations: Potential Phylogenetic

Reasons for Gene Introgression. PLoS Negl Trop Dis. 2016;
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