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Abstract

The use of long lasting insecticide nets (LLINs) treated with pyrethro�wdis known for its major

contribution in malaria control. However, LLINs are suspected to induce behavioral changes

in malaria vectors, which may in turn drastically affect their efficacy against Plasmodium sp.

transmission. In sub Saharan Africa, where malaria imposes the heaviest burden, the main

malaria vectors are widely resistant to pyrethro�wds,the insecticide family used on LLINs,

which also threatens LLIN efficiency. There is therefore a crucial need for deciphering how

insecticide-impregnated materials might affect the host-seeking behavior of malaria vectors

in regards to insecticide resistance. In this study, we explored the impact of permethrin-

impregnated net on the host attractiveness for Anopheles gambiae mosquitoes, either sus-

ceptible to insecticides, or carrying the insecticide resistance conferring allele kdr. Groups

of female mosquitoes were released in a dual-choice olfactometer and their movements

towards an attractive odor source (a rabbit) protected by insecticide-treated (ITN) or

untreated nets (UTN) were monitored. Kdr homozygous mosquitoes, resistant to insecti-

cides, were more attracted by a host behind an ITN than an UTN, while the presence of

insecticide on the net did not affect the choice of susceptible mosquitoes. These results sug-

gest that permethrin-impregnated net is detectable by malaria vectors and that the kdr muta-

tion impacts their response to a LLIN protected host. We discuss the implication of these

results for malaria vector control.

Introduction
��������� 	
��

� isoneof themajormosquitovectorsof humanmalariaparasitesin sub-
SaharanAfrica. Its remarkablevectorialcapacity[1] mainly relieson its highdegreeof anthro-
pophily.Moreover,��. 	
��

� prefersto bitehumansindoorsandoftenrestsinsidehouses
afterbloodfeeding[2±4].Thesebehavioralpreferencesledto thedevelopmentof insecticide-
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basedindoor vectorcontrol measures,suchasinsecticide-treatedbednets(ITNs) andindoor
residualspraying(IRS),to limit thehuman-vectorcontactsandreducemosquitosurvival.To
date,four insecticidefamiliesareavailablefor IRS(organochlorides,organophosphates,carba-
matesandpyrethro�ds),whereasonly pyrethro�dsarerecommendedfor mosquitonets
becauseof their low mammaliantoxicity andhigh insecticidalpotency[5].

To kill, insecticidemoleculesmustcontactandpenetratethroughthemosquitocuticle/gut
to thenreachandinteractwith their targetbeforebeingdegraded.Any physiologicalor behav-
ioral mechanismthatmayinterferewith oneof thesestepscanleadto insecticideresistance.
Thewidespreaduseof pyrethro�d(PYR)insecticidesin malariavectorcontrol andagriculture
hasfavoredthedevelopmentof resistancein malariavectorspecies[6]. Oneof themoststud-
iedphysiologicalmechanismsinvolvedin PYRresistanceis thereducedsensitivityof the
voltage-gatedsodiumchannelsto PYRbinding causedbynon-silentmutations,knownas
knockdownresistance(���) mutations[7]. Behavioralresistanceisanothermechanism
involvedin PYRresistance.Thiscanbedefinedasamodificationof themosquitobehaviorto
avoidcontactwith alethaldoseof insecticide[8]. To date,behavioralresistanceto insecticides
remainspoorlydocumented,despiteof its hugepotentialimpacton malariatransmission.

Behavioraladaptationsto pesticidescanbeclassifiedasstimulus-dependentor -indepen-
dent[9]. Stimulus-independentadaptationsarenot associatedwith theperceptionof chemi-
cals,but moreprobablywith modificationsof thevectorintrinsic behavior,suchaschangesin
host-seekingbehaviorpreferences(levelof anthropophily,endophagy,endophilyor hourly
biting activities).Suchbehavioralmodificationshaverecentlybeenobservedin thecontextof
ITN widespreaduse:mosquitovectorsmaypostponetheir bloodfeedinguntil themorning,
whenhumanhostsareprotectedby ITNs anymore[10±12].Thesechangesmaylimit thecon-
tactbetweenaggressivemalariavectorsandtreatedsurfaces,thusthreateningtheefficiencyof
indoor vectorcontrol tools.Conversely,stimulus-dependentbehavioraladaptationsarespecif-
icallylinked to thedetectionof chemicals.Stimulus-dependentinsecticideavoidancecanbe
definedasaªfly awayºbehaviorto leavetheimmediatetoxicenvironmentaftercontact(irri-
tancy)or not (repellence)with thetreatedsurface[13±15].Avoidancebehaviorfollowing
contactwith PYRhasbeenreportedin somecases[16±20],but similarbehaviorin theabsence
of directcontactwith theinsecticidehasbeenpoorlydocumented.Only indirect observations
suggestadetectionandavoidanceof ITNs bymalariavectors:mosquitoentryrateswere
found reducedin experimentalhutscontaininginsecticide-treatednetscomparedto entry
ratesin control huts,moreovertheobservedratesweredependenton the��� allelepresencein
themosquitoes[21±23].Althoughtheeffectsof pyrethro�dson differentpartof hostseeking
behaviorhasbeenalreadystudied[20,24±26],their influenceon therelativehostattractiveness
hasbeenneglecteddespiteits importancein hostchoiceandon malariatransmission.There-
fore,in orderto adequatelyevaluateanduseITNs, it hasbecomeurgentto investigatethepos-
siblemodulationof thehost-seekingbehaviorin presenceof indoor vectorcontrol toolsin
regardsto otherinsecticideresistancemechanisms.

In thisstudy,weexaminedthelong-rangehost-seekingbehaviorof ��. 	
��

� mosqui-
toesto determinewhethertheattractivenessof avertebratehost(arabbit) in adual-choice
olfactometerwasinfluencedbyphysicaland/orchemicalbarriers(insecticide-treatedand
untreatednets)andby themosquito��� (L1014F)genotype.

Methods

Ethics statement
Rabbitswerehandledandblooddrawnin accordanceto theprotocolapprovedbyNational
Comity for EthicandResearch(CNERS)andHealthministry of Benin(NÊ023).Thisstudywas
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carriedout in strict accordancewith therecommendationsof Animal CareandUseCommittee
namedªComiteÂd'eÂthiquepour l'expeÂrimentationanimale;LanguedocRoussillonºandthepro-
tocolwasapprovedby theCommitteeon theEthicsof Animal Experiments(CEEA-LR-13002
for therabbits).Rabbitswerenot subjectedto anesthesia,analgesiaor sacrifice.

Mosquitoes
Two laboratoryreferencestrainsof ��������� 	
��

� ����� ���
��� (formerlycalledSmolecu-
lar form) (20)wereusedin thisstudy.TheKisumureferencestrain,isolatedin Kenyain 1975
(VectorBase,http://www.vectorbase.org,KISUMU1), is freeof anydetectableinsecticideresis-
tancemechanism.The����kis strainwasobtainedby introgressioninto theKisumugenome
of the���-west allele(L1014F)[27] thatoriginatedfrom aPYR-resistantpopulationcollected
in Kou Valley,BurkinaFaso,whichwasusedto establishastrainnamedVKPer.Introgression
wasobtainedthrough19successiveback-crossesbetweenKisumuandVKPer[28]. VKPer
straindisplayedthesameexpressionlevelof metabolicresistanceenzymeasKisumu[29].
Kisumuand���-kis mosquitoesarethereforehomozygoussusceptible(SS)andhomozygous
resistant(RR)at the��� locus,respectively.TheheterozygousgenotypeRSwasobtainedby
crossingKisumuSSfemaleswith ���-kis RRmales.

Mosquitoeswererearedin insectaryconditions(27�3ÊC,60±80%relativehumidity anda
12:12light anddarkcycle).Groundcatfoodwasusedto feedlarvaeand10%sucrosesolution
(with rabbitbloodtwiceperweek)to feedadult females.Forbehavioralexperiments,5±12day
old females,without prior accessto abloodmeal,werestarvedfor 4hbeforetheassay.

Experimental set-up
Thedual-choiceolfactometerwasadaptedfrom GeierandBoeckh(1999)[30]. It wasmadeof
Plexiglasandwasdividedin four parts:releasezone(RZ),flight chamber(FC)andonecollect-
ing zonein eachof thetwo arms(A1 or A2) (Fig1).Rotatingdoorsmadefrom meshgauzein
theRZandin botharmsallowedmosquitoreleaseor capture.Theupwind partof theexperi-
mentalset-upwascomposedof awidechamberwhereanattractivehost(arabbit) canbe
placed,andthatwasconnectedto two treatmentboxesthatcontainedor not thenets.Each
treatmentboxwasconnectedto onearmof theolfactometer.In orderto avoidanyperturba-
tion on theairflow by thetreatment,fanswereplacedon thedownwindfacesof theexperi-
mentboxesandextractedtheair from thetreatmentboxesto theolfactometer,providing the
odor-ladenair current.At thebeginningof eachexperiment,theairflow wasmeasuredin arm
1and2andin thereleasezoneusingaTesto435±1multifunctionalmeter(Testo,Forbach,
France)andthermo-anemometricprobe(m.s-1) andadjustedat0.20� 0.03m.s-1. During the
experiment,athick blacktarpaulincoveredtheolfactometerto keepall thesystemin darkness
andavoidvisualdisturbance.

Fig 1. Experimen tal set-up . Dual-choice olfactometer (right side) connected to the treatment boxes (middle)
and the wide chamber (left side).

https://doi.org/10.1371/journal.pone.0164518.g001
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Experimental design
Fourexperiments,summarizedin Table1,wereperformedusingSS,RRandRSmosquitoes.
Thetreatmentboxesandthewidechamberwereemptyduring thefirst experiment.For the
otherexperiments,thewidechambercontainedarabbitasodor source.Thetreatmentboxes
contained,dependingon theexperiment,nothingor 2m2 of untreated(UTN) or insecticide-
treatednet(ITN, Olyset1 Net impregnatedwith 1000mg/m2 of permethrin).Netswere
dividedin 50piecesof 20x20cmandhungon ametallicstructureperpendicularlyto theair
flow.Thesamenetswereusedduring all experiment,theOlyset1 wasconservedat4ÊC
betweeneachdayof experiment.Thenetswereplacedin boxesthatcouldnot bevisiblefor
mosquitoes,sothatno visualclueswereavailableto mosquitoesduring theexperiments.

Assaysfor thefour experimentswereperformedeverydayfor 20daysbetween10:00am
and14:00pm(correspondingto mosquitostrainfeedingtime in laboratory).Wealwaysstarted
with assaysof experiment1,to checkpossibleodoror insecticidecontaminations.Whenpossi-
ble(i.e.,whentheinsectaryproductionwassufficient),femalesof thethreegenotypeswere
testedthesamedayfor thefour experiments,otherwiseat leasttwo genotypesweretestedthe
sameday(asummaryof theassaysispresentedin supplementarydata).Eachday,in assaysfor
experiments3 and4,treatmentswererotatedonetime betweenboxesto preventanyarm
effect.Betweenrotations,theboxeswerecarefullycleanedwith ethanolto avoidanyresidual
insecticideeffect.Moreover,theolfactometerwascleanedwith ethanoleveryday.Theexperi-
menterworelatexglovesto avoidcontamination.Thesamerabbitwasusedasodor source
during all thestudy.It wasa1-yearold femalerearedin thesameconditionsasthoseusedin
insectariesto feedmosquitoes.CO2 concentrationandrelativehumidity (RH) weremonitored
in eacharmswith aTesto435±1multifunctionalmeter(Testo,Forbach,France)equipped
with anIndoor Air Quality (IAQ) probe[%RH;range:0 to +100%RH;accuracy:�2%RH (+2
to +98%RH)],[CO2; range:0 to +10000ppm; accuracy:(�75 ppmCO2 �3% of mv) (0 to +-
5000ppmCO2)]. Theroom waskeptataconstanttemperatureof 25ÊCduring thestudy.

Foreachassay,abatchof 20±23femaleswasreleasedin theRZfor 5 min for acclimation.
Therotatingdoorswerethenopenedandfemaleswerefreeto fly in theolfactometer.After 5
minutes,therotatingdoorswereclosedandthenumbersof mosquitoesin RZ(NRZ), FC
(NFC), A1 andA2 (NA1 andNA2) wererecorded(Fig1).

Behavioral indicators
Theindicatorsusedin thisstudydescribethemosquitoprogressinsidetheolfactometerand
therelativeattractiveness(RA) of treatmentsor arms.

Two indicatorsof theprogressioninsidetheolfactometerwerecalculated.First,upwind
flight (UF) that is theproportion of femalethat left thereleasezone(i.e.collectedin FC,A1

Table 1. Descriptio n of the experiment al design.

Experimen t no. Experimen t name Odor source Treatmen t box 1 Treatment box 2

1 Empty None Empty Empty

2 Rabbit alone Rabbit Empty Empty

3 Rabbit + UTN Rabbit Empty UTN

UTN Empty

4 Rabbit + ITN Rabbit ITN UTN

UTN ITN

(UTN: untreated net, ITN: insecticide-treated net)

https://doi.org/10.1371/journal.pone.0164518.t001
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andA2) relativeto thetotalnumberof releasedmosquitoes(N). Secondis thelocalization(L)
of odor sourcethat is theproportion of femalethat reachedA1 andA2 (NA1 andNA2), relative
to thenumberof mosquitoesthat left theRZ(NÐN RZ). Theseindicatorswerecalculatedfor
eachreleaseandfor eachodor source(none,rabbitwithout ITN andrabbitwith ITN).

Theupwind flight andlocalizationvaluesmeasuredin experiment1 (emptyset-up,clean
air) arebaselineindicatorsof theanemotacticresponseof thethreemosquitogenotypesto air
flow.Theinfluenceof rabbitodor on mosquito'sprogressionwasdeterminedbycomparing
thevaluesof upwind flight andlocalizationrecordedin theemptysystem(experiment1) with
thoserecordedin thesystemwithout ITN (mergedUF andL valuesof experiments2and3).
Themergedupwind flight andlocalizationvaluesrecordedin experiments2 and3 (rabbit
odor,no ITN) werecomparedto thoserecordedin experiment4 (rabbitodor andITN) to
determineITN odor influenceon mosquitobehavior.

Therelativeattractiveness(RA) of onearmversustheotherwascalculatedasthepropor-
tion of mosquitoesin A1 or A2 (NA1 or NA2) relativeto thesumof themosquitoescollectedin
botharms.In orderto verify thesymmetryof theexperimentalset-up,wemeasuredRAexp2in
experiment2 (rabbitasanodor source,emptyboxes)asfollow andexpectedit to not bediffer-
ent than0.5:

�� ���2 ˆ � �1 =…��1 ‡� �2 †

Relativeattractivenessof UTN versusemptybox(RA exp3) andITN versusUTN (RA exp4)
werealsocalculatedfrom experiments3 and4,respectively,usingthefollowingequations:

�� ���3 ˆ � ��� =…��� �� � ‡� � � � †

�� ���4 ˆ � ��� =…���� ‡� ��� †

where� ��� is thenumberof mosquitoescollectedin thearmwith theboxcontainingthe
UTN (experiment3 or 4), � ����� is thenumberof mosquitoesin thearmwith theempty
box(experiment3) and� ��� is thenumberof mosquitoescollectedin thearmwith the
boxcontainingtheITN (experiment4).Themeasureof RA exp3allowedusto assessthepossi-
bleeffectof theUTN asaphysicalbarrier for thediffusionof odor comingfrom therabbit to
theolfactometer.

Statistical analysis
All analyseswereperformedusingtheRsoftware,version3.0.2[31], with thelme4package
[32]. Weanalyzedupwind flight andlocalizationusingbinomial logisticmixed-effectmodels.
Thedayof releasewassetasrandominterceptbecausereleasesperformedon asameday
might not beindependentandbecauseall threegenotypeshavenot beentestedeachday.The
��� genotypes(SS,RSor RR),thedifferentodor sources(none,Rabbitwithout ITN, andRab-
bit+ITN) andinteractionsbetweenthemwereincludedin themodelsasexplanatoryvariables.
Upwind flight (UF) andlocalization(L) modelswerewritten asfollow:

���� �…UFor � ijk †ˆ b0 ‡ b���� �� ��

 ‡ b����

 ‡ b���� ����

 � b��� ��

 ‡ � �

, where�! �� � 
 � is theproportion UF or L recordedfor genotype
 with odor source on day
�, b���� ����


 denotestheeffecton thelogit of theclassificationin category
 (SS,RSor RR)of

Genotype;b��� �
 denotestheeffectof theclassificationin category of Odor source:Empty

(experiment1),Rabbitwithout ITN (experiment2 and3),or Rabbit+ITN(experiment4);and
d� representstherandominterceptfor day�. Eachcombinationof categories
 and of the
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explanatoryvariableswassuccessivelyusedasreferenceclassfor multiple comparisonsamong
genotypesandodor sources.Oddsratiosandtheir 95%confidenceintervals(CI) were
computed.

Weverifiedthesymmetryof theexperimentalset-upbymodellingtherelativeattractive-
nessmeasuredin experiment2 (�� ���" ) usingabinomialmixed-effectmodelwith therelease
dayasrandomeffect:

��� ��…RA�	
2;ik †ˆ b0 ‡ b���� ����

 ‡ � �

, where�� ���",
� is theproportion RA in A1 for genotype
 in experiment2on day�, b���� ����

 is

theeffecton thelogit of theclassificationin category
 (SS,RSor RR)of Genotype;andd� , the
randominterceptfor day�.

Relativeattractivenessof UTN vs.emptyboxandITN vs.UTN wereanalyzedusingasimi-
lar modelthat,in addition,allowedfor randomeffectsof theboxthat receivedthetreatment:

��� ��…RAikl †ˆ b0 ‡ b���� ����

 ‡ � � ‡ � �

, where�� 
�� is theproportion �� ���# or �� ���$ for genotype
 on day� with thetreatment
placedin box�, b���� ����


 indicatestheeffecton thelogit of theclassificationin category
 (SS,RS
or RR)of Genotype;� �, theeffecton thelogit of thethebox� that receivedthetreatment(UTN
or ITN for �� ���# and�� ���$ , respectively)andd� , therandominterceptfor day�. Eachgeno-
typewassuccessivelyusedasreferenceclassfor multiple comparisons.Oddsratiosandtheir
95%CI werecomputed.

CO2 concentrationswerecomparedbetweenarmsusingtheWilcoxonsigned-ranktestfor
paireddata.RH valueswerecomparedbetweenarmsusingthepairedT test.

Results
Overall,6286mosquitoeswereincludedin theassays(2621SS,1268RSand2397RR)during
47,49,84and98releasesfor experiments1 to 4 respectively(Table2).

Do An. gambiae females respond to the air flow?
Wefirst investigatedtheresponseto theairflow (anemotacticresponse)bycalculatingthepro-
portion of upwind flight (UF) femalesandthoselocated(L) in armsin theemptyset-up
(Experiment1).Overall,theprobabilityto leaveRZ(UF) was0.43(95%CI[0.38±0.48];Fig
2A).Amongtheactivatedmosquitoes,10%(95%CI[6±17])reachedA1 or A2 (Fig2B).In
spiteof similarupwind flight proportion amonggenotypes,theprobabilityof localization(L)
for RSanopheleswashigherthanthoseof RRmosquitoes(Fig2B;ORL = 2.15,95%CI[1.04,
4.41]).

Table 2. Number of releases performed per genotype and experiment .

Experime nt Genotype s

SS RS RR Total

1ÐEmpt y 19 9 19 47

2ÐRabb it alone 20 10 19 49

3ÐRabb it + UTN 34 18 32 84

4ÐRabb it + ITN 40 20 38 98

Total 113 57 108 278

(UTN: Untreated net, ITN: Insecticide-treated net)

https://doi.org/10.1371/journal.pone.0164518.t002
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Fig 2. Upwind flight and localiza tion indicators for the three genotype s in relation to treatme nt (Mean
�“95% Confiden ce Interval). ���p��0.001 , ��p�0.01, �p�0.05, ns = not significant.

https://doi.org/10.1371/journal.pone.0164518.g002
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Do An. gambiae females respond to an attractive odor source?
Thepresenceof arabbitasanattractiveodor source(experiments2 and3) did not changethe
proportion of upwind flight mosquitoescomparedto theexperimentswithout attractantodor
(experiment1), independentlyof their genotype(Table3).However,thecomparisonof the
upwind flight probabilitybetweengenotypesshowthat for RSmosquitoes,UF probabilities
becamesignificantlyhigherthanfor SSandRRindividuals(Fig2A;ORRSvsSS= 1.2495%CI
[1.01,1.54];ORRSvsRR= 1.2995%CI[1.04,1.59]).Moreover,thelocalizationprobabilitysignifi-
cantlyincreasedfor all genotypesin thepresenceof anodor stimuluscomparedto no odor
(Table3), independentlyof genotypes(Fig2B).Therabbitodor hadaneffecton mosquito
behavioronly whentheywerecloseto armslikely becauseof theodor concentrationthatwas
moreimportant in armsthanin thereleasezone.

Is mosquito response influenced by insecticide-treated nets?
To testwhethertheinsecticideon net fibersaffectedmosquitoprogression,wecompared
upwind flight andlocalizationprobabilitiesin thepresence(experiment4) or absence(experi-
ments2 and3) of theITN. Theprobabilitiesweresimilar in presenceor absenceof theITN,
regardlessof thegenotype(Table3;Fig2A and2B).Nevertheless,thecomparisonbetween
genotypesshowedthatupwind flight probabilitiesfor heterozygousRSmosquitoesremained
higherthanthoseof thetwo othergenotypes,both in thepresenceor absenceof insecticide
(Fig2A;ORRS%�SS= 1.2895%CI[1.01,1.62],ORRS%�RR= 1.2095%CI[0.94,1.53]).

Is the experimental set up symmetric?
Analysisof thearms'relativeattractivenessdatafrom experiment2 (Rabbitodor;two empty
boxes)showedno significantdifferencesbetweenthenumberof mosquitoescollectedin A1 %�.

Table 3. Results of the upwind flight (UF) and localizatio n (L) generalized linear models.

Behavioral indicato r Odor sources comparis ons Genotyp e for the kdr mutatio n Odds Ratios [95% Confidence Interval] p-value

Upwind flight (UF) Rabbita vsno odorb SS 1.09 [0.87, 1.37] ns

RS 1.27 [0.91, 1.77] ns

RR 1.08 [0.85, 1.37] ns

Rabbit + ITNc vsRabbita SS 1.02 [0.85, 1.21] ns

RS 1.05 [0.82, 1.34] ns

RR 1.12 [0.94, 1.35] ns

Localization (L) Rabbit vs
no odorb

SS 2.63 [1.67, 4.15] ���

RS 1.96 [1.14, 3.36] �

RR 4.63 [2.67, 8.02] ���

Rabbit + ITNc vs
Rabbita

SS 1.3 [0.99, 1.69] ns

RS 1.01 [0.72, 1.42] ns

RR 1.01 [0.76, 1.33] ns

Comparison of mosquitoes' progress first when the rabbit was added as an odor source (vs. no odor) and then when ITN was present (vs. rabbit alone).
a experiments 2 and 3
b experiment 1
c experiment 4 (see Table 1)

���p ��0.001

��p� 0.01

�p�0.05, ns: not significant. ITN: insecticide-treated net. SS: homozygous for the susceptible allele, RS: heterozygous, RR: homozygous for the resistant

allele.

https://doi.org/10.1371/journal.pone.0164518.t003
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A2,regardlessof thegenotypes(Fig3A;RAexp2,SS= 0.58,95%CI[0.34,0.79];RAexp2,RS= 0.62,
95%CI[0.34,0.83];RAexp2,RR= 0.54,95%CI[0.30,0.76]).No differencein RAexp2wasobserved
amonggenotypes(ORSS%�RS= 1.1695%CI[0.46,2.94];ORSS%�RR= 0.8595%CI[0.38,1.94],
ORRS%�RR= 0.7395%CI[0.28,1.90]).Moreover,CO2 concentrationandRH werenot different
betweenarms(p>0.05;S1Table).Theseresultsdemonstratedthat theolfactometerwassym-
metrical.Moreover,analysesof RAexp3andRAexp4, (resultsdescribedbelow),showedno effect
relativeto theboxreceivingthetreatment(i.e.variableno significantin themodel),indicating
thatsymmetrywasmaintainedduring experiments3and4.

Is the attractiveness of the odor source influenced by the UTN?
In experiment3 (oneemptyboxandoneboxwith 2m2 of UTN, both in presenceof rabbitodor),
theemptyboxwasmoreattractivefor SSandRRmosquitoesbut not for RS(RAexp3,SS= 0,3195%

Fig 3. Relative attractiv eness rates. RA: number of mosquitoes found in one arm relative to the total number of mosquitoes found in both arms. (A)
Experiment 2 (rabbit only). (B) Experiment 3 (rabbit + UTN or empty box). (C) Experiment 4 (Rabbit+ UTN or ITN). Asterisks show difference to 0.5, traducing
a choice for one treatment rather than the other. Error bars show the 95% CI; ��p�0.01, �p�0.05. UTN: Untreated net, ITN: Insecticide-treated net. SS:
homozygote for the L1014S allele (insecticide-susceptible), RS: heterozygous for the L1014F allele, RR: homozygous for L1014F allele (insecticide-
resistant).

https://doi.org/10.1371/journal.pone.0164518.g003
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CI [0.20,0.46],p-value= 0.013;RAexp3,RR= 0.27,95%CI[0.17,0.42],p-value= 0.002)(Fig3B).
No significantdifferenceof mosquito'sproportion in armswasevidencedbetweengenotypes
(ORSS%�RS= 1.24,95%CI[0.61,2.50];ORSS%�RR= 0.83,95%CI[0.41,1.66],ORRS%�RR= 0.67,95%
CI [0.31,1.47]).CO2concentrationwasnot differentbetweenarms,whileasignificant1%differ-
encein RH wasobserved(63.9%in theUTN armand64.9%in theemptyarm,pairedT testp-
value= 0.007).

Is the attractiveness of the odor source influenced by the ITN?
Analysisof RAexp4from experiment4 (Rabbitodor;oneboxwith 2m2 of UTN andonewith
2m2 of ITN) showedthatRRmosquitoespreferablychosetheITN armwith probability0.63
(95%CI[0.53±0.73],p-value= 0.01;Fig3C).Thisprobabilitywassignificantlyhigherthan
thoseobservedboth for RS(RAexp4,RS= 0.4795%CI[0.34±0.60];ORRR%�RS= 1.95,95%CI
[1.06,3.57],p-value= 0.03)andSSgenotypes(RAexp4,SS= 0.595%CI[0.40±0.61];ORRR%�SS=
1.71,95%CI[1.03,2.83],p-value= 0.04).CO2 concentrationandRH werenot different
betweenarms.

Discussion
Thehost-seekingbehaviorof mosquitoestowardshumanssleepingunderabednet ispoorly
understood.Particularly,it isnot knownwhetherspecificvolatilechemicalsemanatingfrom
treatednetsmight modulatethisbehavior.Here,weusedadual-choiceolfactometerto assess
whetherthepresenceof permethrin-treatednetsmayinfluencethehostattractivenessfor mos-
quitoesof different��� genotypes.Wefound thatnetsrepresentbothaphysicalandachemical
signalthatmodulatemosquitoactivationand/orchoice.Moreover,thethree��� genotypes
behaveddifferentlyin responseto hostodorsin thepresenceof ITNs or UTNs.

Physical barrier & environmental cues
In experiment3,mosquitoespreferablychosethearmconnectedto theemptyboxratherthan
theboxwith UTNs.No differencein CO2 quantitywasnotedbetweenarms.However,the
humidity levelwasslightlyhigherin thearmconnectedwith theemptybox.Ashumidity is
known to attractmosquitoes[33], theobservedpreferencefor theemptybox(higherhumid-
ity) wasnot surprising.Thisdifferencecouldhavebeencausedby thephysicalbarrier formed
byUTNsthatmayabsorbhumidity comingfrom therabbitbox.In addition,thenetstructure
couldalsohaveretainedvolatilechemicalsemanatingfrom rabbitwhichareimportant in
mosquitoorientationandchoice[34,35].

Chemical ecology & ITNs
Our resultsraisedthequestionof thevolatilechemicalsemanatingfrom netsthatmaydrivea
specificbehaviorin resistantmosquitoes.Permethrinisnot knownasaclassicalvolatilecom-
poundbecauseof its low vaporpressure(5.18x10-8mm Hg at25Êc).Nevertheless,Bouvier
etal.[36] recentlydetectedpermethrinin indoor air samples(11and18.8ng/m3 for ��
��-per-
methrin and�
�-permethrin respectively)indicatedthatsuchpyrethroidmight bepresentin
theair eventheyaresemi-volatileorganiccompounds.More accurately,astudybyBomann
etal.[37] from theBayercompanymeasuredameanconcentrationof cyfluthrin (apyrethroid
with amolecularstructurecloseto thepermethrin)of 0.000021mg/m3 at1mawayfrom a
treatednet.Suchconcentrationcorrespondsto 3.46x109 molecules/cm3. ��	
�� etal.[38]
found thatonly 6 moleculesof apheromoneenteredin contactwith theolfactorysensillumof
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moth speciesmayinduceaphysiologicalresponse.Wethereforehypothesizethatmosquito
maydetectverylow concentrationof pyrethroidin theair.

Moreover,somenasaltrouble(i.erunny nose)havebeenrecordedwhenLNswereusedfor
thefirst time [39]. SuchobservationsreinforcethehypothesisthatLNsemit chemicalsin the
air.Regardlessthesechemicalsareinsecticideitself,additivechemicals(i.e.fragrances),degra-
dationproducts,thatcomposedthenet,theymaybedetectedbymosquitoesandelicit behav-
ioral modulation.

Thebehaviorof insects,suchasmosquitoes,isdrivenby theperceptionandintegrationof
odorantsignalsin antennaeandhigherbrain center.In our study,weobservedthat ��� resis-
tant mosquitoesweremoreattractedbyhostodorsemanatingbehindapermethrin-treated
net thanhostodorsbehindanuntreatednet(Fig3C),it indicatesthat theyperceivedatdis-
tanceadifferencebetweenITN andUTN andbehaveddifferentlyin response.Wethen
hypothesizethatmosquitoesareableto detectchemicalsreleasedbynetwith olfactoryrecep-
tors(Ors) tunedto respondto thesechemicals.Asanexample,authorsrecentlyidentifiedone
olfactoryreceptoractivatedandanotherinhibited bysyntheticpyrethro�din ����� 
�	���

[40], suggestingthatsuchORmayalsoexistin ��������� mosquitoes.Themajor researchper-
spectiveraisedbyour resultsis thereforeto studythechemicalandbehavioralecologyrelative
to vectorcontrol toolsalreadywidespreadin endemiccountry.

Insecticide resistance & host seeking behavior
Our resultsalsoindicatedthat the��� mutation,or closelylinkedpolymorphisms[41], modu-
latedthehostchoiceof ��. 	
��

� mosquitoesin thepresenceof aITN. Thestrainsusedin
our studysharealmostthesamegeneticbackground.Exceptif genescodingfor ORssensitiveto
LN-relatedodorantsarelocatedin flankingregionof &�� mutation,only apleiotropiceffectof
the��� mutationaffectingthetransmissionor integrationof theneuronalsignalin homozygous
mosquitoescouldexplainthedifferentbehaviorsbetweengenotypes.The��� mutationmay
influencethetransmissionof anodorantsignaltowardshigherbrain regionsbyenhancingthe
closed-stateinactivationof thevoltage-gatedsodiumchannel,whichplaysacentralrolein mes-
sagepropagationin thenervoussystem.Asaconsequence,areductionof neuronalexcitability
couldbeobservedin ��� mutantsin comparisonto susceptibleindividuals[42].All chemicalsig-
nalsaretransducedbyspikefrequenciesin theolfactorysensoryneurons[43] andtheinforma-
tion sentbystimulatedor inhibited neuronsis treatedin theantennallobe[44]. Therefore,if the
neuronalexcitabilitydiffersin homozygous��� genotypes,theresponsepatternof theolfactory
neuronsandsubsequentlythesignalintegrationandprocessingin thecentralnervoussystem
couldbealtered,leadingto amodifiedmotor response,in thiscase,adifferencein hostchoice.

Thepresentstudysuggeststheexistenceof interactionsbetweenthephysiologicalmecha-
nismsthatallowmosquitoesto surviveacontactwith insecticideandthebehavioralresponse
to olfactorycues.Theseinteractionsmayhavemajor implicationsin malariacontrol.Asan
example,chemicalsemanatingfrom theITNs arestronglyrelatedto thepresenceof human
beings.Shouldit beintegratedasanattractivecuefor resistantmosquitoes?Thismaydramati-
callyaffectsthepersonalandcommunityprotectiongivenby themassiveuseof ITNs.Our
studyonly focusedon theKdr mutation,but theresistancepatternin wild ��������s popula-
tionsis far morecomplex[45]. It wouldbeinterestingto investigatetheinteractionbetween
eachresistancemechanismsisolatedin specificstrainsbeforegoingto studythis interaction
betweenresistance,behaviorandITNs in semi-fieldandnaturalconditions.Recentpapers
weremodelingandquestioningtherisk conferredbyresistance,basedon survivalto insecti-
cideexposure[46], but theimpactof suchresistanceon behaviorisalsoto beinvestigated
urgently[47].
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Weusedrabbitasanodorsourcebecausemosquitoeswerefedon rabbitsat thelaboratory,
andwerelikely ªselectedºto respondto rabbit'sodor.But in thefield, ��������� 	
��

� prefers
to bitehumanwhenavailable[48]. Whetherthesameexperimentconductedwith humansas
anodorsourcewill providesimilar resultsremainto beexperimentallyevaluated.If weuseda
humaninsteadof therabbitwechangethecompositionof odorplume(quantityandqualityof
semiochemicals).ThereforetheinteractionbetweenchemicalsreleasedbyLLIN andhuman
odorshouldinduceadifferentbehavior.Nevertheless,our experimenthighlightedtheinvolve-
mentof LLIN in hostseekingbehaviorandemphasizedtheneedto studyingtherelationbet-
weenLLIN, hostodorsandmosquitohostseekingbehavior.

Kdr genotypes & behavior
HeterozygousRSmosquitoesweremoreactivethanSSandRRmosquitoes.Theadditionof
anattractantdid not changetheproportion of RSleavingtheRZ,suggestingthat thisbehavior
might berelatedto abetteranemotacticresponse(i.eresponseto air flow) or spontaneous
flight activitythanabetterperceptionof odorantsin RSmosquitoes.Thishypothesisisstren-
gthenedby theabsenceof differencein theprogressiontowardstheolfactometerarmsamong
genotypes.In otherwords,heterozygousmosquitoesfly more,but might not smellbetter.On
theonehand,by flying moretheymight increasetheprobabilityof encounteringahostodor-
antplumewhichmight beadvantageous.Suchheterozygousadvantagefor the��� locusin ��.
	
��

� �.�. hasbeenrecentlydocumentedalsofor anotherbehavioraltrait: theability to find
aholein apieceof bednet [24] andfor malemating[49]. In otherhand,it couldrepresenta
costfor mosquitoesif energyspentduring flight isno moreavailablefor othertraitsclosely
relatedto fitnessasfertility, fecundityandlongevity.This tradeoff mustbedeeplyinvestigated
asthismight havegreatinfluenceon '�
����
�� transmission.

Thebehaviorof ��� heterozygousandhomozygousindividualsin our studymustbeinter-
pretedwith cautionbecauseotherloci,distinct from the��� locus,couldalsoinfluencethis
behavioraltrait. Introgressionandselectionthe��� alleleto producethehomozygousresistant
strainwasindeedlikely to alsohaveselectedlinkedpolymorphisms[45]. Nevertheless,thevar-
iability bybackcrossescouldbeestimatedbyaformulacitedbyBerticatetal.,[50]:ªIf r is the
recombinationratebetweenbothgenes,thenP(1-r)i. Thisallowsthecomputationof the
geneticdistancearoundtheselectedgene,whichhasnot beenreplacedby theKisumu's
genome,e.g.,around1 (e(ln(��)/i) ), with �� beingtherisk level.This leadsto adistanceof 15cM
for 19backcrossinggenerationsat the0.05risk levelº.Thepolymorphismsbetweenthecolo-
niesarethereforeexpectedto berestrictedin theflankingregionof thekdr alleleandthe
observedphenotypesarethereforeexpectedto beassociatedto thisgeneticarea.

Conclusion
In conclusion,our studyshowedthat the��������� mosquitoesdetectedthepresenceof both
physicalandchemicalbarriersof ITNS.Faceto this results,it urgesto decipherwith theinter-
actionbetweenhost-seekingbehavior,insecticideresistanceandvectorcontrol tools.The
mostoverlookedpartof thepuzzleis thechemicalecologyin acontextof largevectorcontrol
measuredeployment.Thisresearchavenuewill bechallengingfor thevectorcontrol commu-
nity but iscrucialnot to wasteforcesin wrongdirections.
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(PDF)
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