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Abstract

Background

Culex mosquitoes are vectors for a variety of pathogens of public health concern. New indi-

cators of exposure to Culex bites are needed to evaluate the risk of transmission of associ-

ated pathogens and to assess the efficacy of vector control strategies. An alternative to

entomological indices is the serological measure of antibodies specific to mosquito salivary

antigens. This study investigated whether the human IgG response to both the salivary

gland extract and the 30 kDa salivary protein of Culex quinquefasciatus may represent a

proxy of human exposure to Culex bites.

Methodology/Principal findings

A multidisciplinary survey was conducted with children aged 1 to 14 years living in neighbor-

hoods with varying exposure to Culex quinquefasciatus in the city of BouakeÂ, CoÃte d'Ivoire.

Children living in sites with high exposure to Cx quinquefasciatus had a significantly higher

IgG response to both salivary antigens compared with children living in the control site

where only very few Culex were recorded. Moreover, children from any Culex-high exposed

sites had significantly higher IgG responses only to the salivary gland extract compared with

children from the control village, whereas no difference was noted in the anti-30 kDa IgG

response. No significant differences were noted in the specific IgG responses between age
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and gender. Sites and the use of a bed net were associated with the level of IgG response to

the salivary gland extract and to the 30 kDa antigen, respectively.

Conclusions/Significance

These findings suggest that the IgG response to Culex salivary gland extracts is suitable as

proxy of exposure; however, the specificity to the Culex genus needs further investigation.

The lower antigenicity of the 30 kDa recombinant protein represents a limitation to its use.

The high specificity of this protein to the Culex genus makes it an attractive candidate and

other specific antibody responses might be more relevant as a biomarker of exposure.

These epidemiological observations may form a starting point for additional work on devel-

oping serological biomarkers of Culex exposure.

Author summary

Theevaluationof exposureto mosquitoesisakeyparameterin assessingtherisk of trans-
missionof associatedpathogens,includingzoonoses.Entomologicalmethodsrepresent
thegoldstandardbut haveseverallimitations,andeffortsarebeingmadeto developnew
indicatorsto accuratelyassesshuman±����� contact.ThisstudyshowedtheIgGresponse
to ����� �������	
���
�� salivaryglandextractissuitableproxyof exposureto �����
bites.Thelowerantigenicityof the30kDarecombinantprotein representsalimitation to
its use.Thehighspecificityof thisprotein to theCulexgenusmakesit anattractivecandi-
dateandotherisotypicantibodyresponsesspecificto thissalivaryantigenmight bemore
relevantasabiomarkerof exposure.

Introduction
����� ���. mosquitoes(Diptera:Culicidae)arewidespreadglobally,exceptin Antarctica.They
canbefound in tropicalandtemperateareas,with morethan770speciesdescribedand
groupedinto 26subgenera.Theycanfeedbothon humansandanimals[1,2] increasingtheir
potentialfor transmissionof zoonoticdiseasesandtherebymakingthemarealthreatto public
health.����� �������	
���
�� is themostcommonmosquitospeciesin urbantropicalsettings
[3] andis responsiblefor thetransmissionof awidevarietyof pathogens,suchasfilaria para-
sitesincluding ���������
 �
����	� thatcauselymphaticfilariasis[4], andavianmalariapara-
sites(��
������� �������). It canalsotransmitnumeroushumanviruses,includingWest
Nile, Japaneseencephalitis,SaintLouis,andRift Valleyfeverviruses[5]. Moreover,evenin the
absenceof diseasetransmission,thesemosquitoesareaseriousnuisanceasbiting pestsworld-
wide[6].

����� �������	
���
�� mosquitoesarewidespreadin CoÃted'Ivoire [7] andahighseroprev-
alenceof WestNile virus(WNV) hasbeenreportedin horses[8]. Humanlymphaticfilariasis
isendemicin manydistricts[7] wheremassdrugadministrationhasbeenintroducedsince
2014to stopthespreadof theinfection,asrecommendedby theWorld HealthOrganization
[9]. Thus,in theabsenceof humanvaccinesagainstmostof the�����-borne diseasesandthe
difficultiesto coverall endemicareaswith drugtreatment,diseasetransmissioncouldbepre-
ventedthroughthereductionof ����� populations.Thecontrol of vectorpopulationconsists
of personal(e.g.,long-lastinginsecticide-treatedmosquitonets)andcollectivestrategies(e.g.,
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improvementof theliving environment,indoor residualsprayingof insecticides)or innova-
tiveapproachessuchastheradiation-basedsterileinsecttechnique[10].

Themostcommonapproachesfor evaluatingtherisk of diseasetransmissionandtheeffec-
tivenessof vectorcontrol strategiesarebasedon entomologicalmethods[11,12].However,
theyhavesomelimitationsbecausetheyarelabor-intensive,facebudgetaryandlogisticalcon-
straints,andhaveethicallimitationswhenhuman-landingcatches(HLCs)aredeployed[13].
AlthoughHLCsarethecurrentrelevantindicatorsof theintensityof contactbetweenhumans
andvectors,thesemeasuresaregenerallyappliedto alimited area/populationanddo not take
into accounttheheterogeneityof inter-individual exposure.Therefore,thereisademandfor
thedevelopmentof alternativestrategiesto accuratelyevaluatehumanexposureto ����� mos-
quito bitesat individual level,andto estimatethepotentialrisk of �����-borne pathogentrans-
missionin exposedpopulations.

During blood-feeding,concomitantlyto bloodintake,femalemosquitoesinjectsalivacon-
tainingacocktailof biologicallyactiveproteinsthatcounteracthosthomeostasisandmodulate
thevertebrateimmuneresponse[14,15].Theinjectionof vectorsalivacanalsoelicit ahost
antibodyresponseagainstsomesalivaryproteinsandaninterestingapproachexploitsthe
immunologicalpropertiesof mosquitosalivain orderto developserologicalbiomarkersof
exposureto mosquitobites[16±19].However,theuseof wholesalivaasanantigensource
presentsnumerouslimitations.Salivacollectionor salivaryglanddissectionis tediousand
time-consumingwork,andthecompositionof salivaryproteins(natureandamount)varies
dependingon themosquitoageandthetime sinceblood-feeding[20,21].Additionally,some
salivaryproteinsareubiquitousin variousvectorgenera[22±25],whichcanleadto human
antibodycross-reaction.Thus,it isnecessaryto identify antigenicsalivaryproteinsspecificto
agenusor with low homologyto otherblood-suckingarthropods.Previouswork combining
immunoproteomicstudiesandbioinformaticpredictionsledto theidentificationof salivary
proteinsor peptidesspecificto mainmosquitovectors.SpecificimmunoglobulinG (IgG) anti-
bodyresponsesto thesesalivarycomponentshavebeenvalidatedasaserologicalbiomarkerof
exposureto ��������� (IgG responseto gSG6or CE5salivaryproteins,or to thegSG6-P1sali-
varypeptide),thevectorof humanmalaria��
������� [26,27],andfor �����, thevectorof
arboviruses(IgG to Nterm34-kDa,asalivarypeptide)[28].

Theimmunogenicityof ����� spp.salivahasbeenatopicof interest,but moststudies
focusedon identifyingthemain immunogenicsalivaryproteinsresponsiblefor allergysoasto
develophigh-sensitivitydiagnostictestsandimmunotherapy[29,30].Studiesidentified��.
�������	
���
�� salivaryproteinsthatelicit anIgEandIgGresponsesin humans,with the
majorantigensbeingtheD7-relatedproteins[30±33].

Only fewstudieshaveassessedhumanantibodyresponsesto ����� salivaryglandextract
(SGE)in relationto exposureto ��. �������	
���
�� or ��. �������. Individualsliving in
regionendemicfor filariasiswhere��. �������	
���
�� waspredominanthadhigherIgGand
IgEtitersthanpeopleliving in aregionwhere����� waslessprevalent,andthespecificIgG
levelincreasedwith age[34]. Anotherstudyhadreportedaseasonaldynamicsin anti- SGE
IgGresponsein anurbansettingwhere����� arepredominantlyanthropophilic,with the
highestlevelduring thewarmseason[35]. More studiesarethereforeneededto confirm
whetherspecifcIgGresponsesto salivaryglandextracts(SGE)mayrepresentaproxyof expo-
sureto ����� bites.It isalsonecessaryto identify aspecificsalivarycandidateto developasero-
logicaltool for assessingspecificallytheexposureto ����� bitesandthustherisk of
transmissionof associatedpathogens.Fewdataon the����� sialotranscriptome,including ��.
�������, ��. 
��
���, and��. �������	
���
��, havebeenpublished[22,36,37]thatenablethe
identificationof species-specificor genus-specificproteins.
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In thisstudy,weselectedandtestedthe30kDasalivaryglandallergen(gi|170033701)asa
pertinentcandidatemarkerof exposureto ��. �������	
���
�� bites.Thisproteinbelongsto
the30kDaantigen/GE-rich/Aegyptin family of proteinsthat isabundantin thesalivaryglands
of adultanophelineandculicinefemalemosquitoes[37] including ��. �������	
���
�� [22],
����� ���.� 
����� [38], and��������� ���.� �
���
� [39]. Membersof thisprotein family
haveanti-homeostaticpropertiesin binding collagenandpreventingplateletaggregation
[18,40].Theywerereportedto behighlyantigenicin inducinganIgEresponsein humans
exposedto ����� species[30] andanIgGresponsein vertebratesexposedto ����� bites
[32,33].Previousbioinformaticswork showedalow sequenceidentity betweenhomologous
membersof the30kDaantigenfamily,suggestingweakcross-reactivityof humanIgG
betweentherelatedsalivaryproteins[40].

Thisstudyaimedto evaluateby immuno-epidemiologicalapproach,whethertheIgGanti-
bodylevelsagainst��. �������	
���
�� SGEandthe30kDasalivaryglandrecombinantallergen
aresuitableserologicalbiomarkersof exposureto ����� bites.A multidisciplinarysurveywas
conductedwith childrenliving in areaswith variousexposureto ��. �������	
���
�� estimated
byclassicalentomologicalindicesin thecity of BouakeÂ, CoÃted'Ivoire.Thesequencehomologyof
the30kDasalivaryglandallergenproteinof ��. �������	
���
�� wasalsoassessedwith its differ-
entorthologsin theArthropodaphylumto definethespecificityof thiscandidate.

Methods

Ethicsstatement
Thepresentstudyfollowedtheethicalprinciplesrecommendedby theEdinburghrevisionof
theDeclarationof Helsinkiandwasapprovedby theEthicsCommitteeof theCoÃted'Ivoire
Ministry of Health(June2014;No. 41/MSLS/CNER-dkn). Siteleadersprovidedprior permis-
sionto surveyon eachsiteandwritten informedconsentof all parentsor guardiansof children
whoparticipatedin thestudywasobtainedbeforeinclusion.

Studysites
Thestudywascarriedout in thecity of BouakeÂ(7Ê41N,5Ê01W),locatedapproximately350
km North from Abidjan,Coted'Ivoire (Fig1).Thestudyareaandstudydesignhavebeenpre-
viouslydescribedin detail[41,42].Briefly,theclimateis tropicalhumid with two seasons:the
dry seasonrunsfrom Novemberto March,andtherainy seasonoccursfrom April to October.
Therainy seasonismarkedby two maximumrainfalls,onein Juneandonein September,
with anaverageannualrainfall of between1,000and1,600mm.

Studypopulation
Theinitial cohortconsistedof 508childrenagedfrom 6monthsto 14yearsfrom 5sitesand
enrolledin across-sectionalstudywhichwascarriedout during theendof thedry season
(March-April 2015).Householdsandchildrenwererandomlyselectedandsocio-demographic
(gender,age,sleepingor not underInsecticide-TreatedNets[ITNs]), geographical,entomological,
andclinicaldatawerecollected.Thepresentstudywascarriedout on asub-sampleof theinitial
cohortandconsistedof 223childrenagedfrom 12monthsto 14yearsfrom 4sites,Dar-es-Salam,
N'Gattakro,Kennedy(threeneighborhoodsof BouakeÂcity),andPetessou(avillagenearBouakeÂ).

For immunologicalassays,bloodsampleswerecollectedat thefingertipsin microtainer
tubes(microvette500serum-GelStarstedt,Marnay,France)andserawereobtainedaftercen-
trifugationat3,000rpm for 10min. Serawerefractionatedinto aliquotsandthenfrozenat
-20ÊCuntil used.
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Mosquito collection
Adult mosquitoeswerecollectedin March2015,aspreviouslydescribed[41,43].In eachof the
four sites,sixcatchingpoints,threeindoor andthreeoutdoorwereusedto collectmosquitoes
by landingcatcheson adultvolunteersfor two consecutivenights(from 6.00pm to 06.00am).

Fig 1. Map of studyareasin the city of BouakeÂ, CoÃte d'Ivoire. Differentstudysitesarehatched.Mapsource:https://
www.openstreetmap.org/export#map=12/7.6821/-5.0039.

https://doi.org/10.1371/journal.pntd.0010004.g001
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Twelveadultmosquitocatchersgaveprior informedconsentandreceivedyellowfevervacci-
nationandanti-malarialchemoprophylaxisasrecommendedby theNationalMalariaControl
Programof CoÃted'Ivoire.Adult mosquitoeswerecollected,countedandtheir specieswere
morphologicallyclassifiedat thelaboratory.Thehumanbiting rate(HBR)of eachmosquito
specieswascalculatedastheaveragenumberof mosquitoescollectedperpersonpernight
(bites/human/night,BHN).

Collection of ����� �������	
���
�� salivaryglandextracts
Salivaryglandextracts(SGE)wereobtainedfrom 8-day-olduninfectedfemale��. �������	
��
��
�� (n = 673)rearedin aninsectary(Institut PierreRichet,BouakeÂ, CoÃted'Ivoire).Eggs
wereobtainedfrom theVectopolefacility from Montpellier.Two daysafterabloodmeal,the
mosquitoesweresedatedwith coldandthentheir salivaryglandsweredissectedout andtrans-
ferredinto atubecontaining30�l of phosphate-bufferedsaline(PBS,Gibcotablet)and5 �l of
cocktailproteaseinhibitor (Sigma,St.-Louis,MO, USA).Thedissectedsalivaryglandswere
thenpooledin 50pairsperbatchandfrozenat �80ÊCbeforeproteinextraction.To disrupt
thesalivaryglandmembranes,threesuccessivefreeze-thawcyclesweredoneandthesoluble
salivaryglandextract(SGE)fractionwasthenseparatedbycentrifugationfor 20min at30000
gat+4ÊC.Theproteinconcentrationwasevaluatedin thesupernatantby theBradfordmethod
(OZ Biosciences,Marseille,France)afterpoolingthedifferentglandbatchesto generatea
homogenousSGEfor immunologicalassessment.Thefinal SGEpoolcontaining208�g/mL of
proteinswasstoredat �80ÊCbeforeuse.

Expressionandpurification of the 30kDa recombinantprotein
Thecodingsequenceof 30kDasalivaryglandallergenAeda3isoformX1(gi|170033701)from
����� �������	
���
�� wasretrievedfrom NationalCenterfor BiotechnologyInformation
(NCBI) database.ThecDNA of thisselectedproteinwassynthesizedbyGenecust(Genecust,
Dudelange,Luxembourg)with aC-terminalHis-tagandclonedinto �. ���� expressionvector
pET28b(Novagen).Thefidelity of theclonedsequenceswasverifiedbyDNA sequencing,
usinganABI Prism3100analyzer(AppliedBiosystems).TheexpressionplasmidspET28b
containingsequencedgenesweretransformedinto E-coliBL21(DE3)competentcells(Invi-
trogen).Bacterialprecultureswereperformedovernightandgrownin LBBrothMiller
medium(FisherScientific)at37ÊCwith shaking(220rpm). Fifty (50)mL of thesaturatedcul-
turewerethentransferredinto 5 L of LBBrothMiller mediumandgrownup to 0.8OD600

beforestartinginduction by IPTG(0.1mM). After 4 hoursof incubationat30ÊCandshaking
(220rpm), cellswereharvested(1,000�g for 30minat4ÊC)andresuspendedin 200mL of lysis
buffercontaining50mMTris-HCl pH 8.0,300mM NaCl,and10mM Imidazoleandsonicated
on icefor 5min. Celldebriswaspelletedbycentrifugationat13,000�gfor 1hour at4ÊC.The
supernatantswerefilteredthrough0.45�M Duraporefilters(Millipore, Bedford,MA, USA).

Therecombinant30kDaproteinpresentsin thesupernatant,waspurified undernative
conditionsaccordingto themanufacturer'sinstructionusingHisTrapHP columns(AKTA
purifier 10GEH,GEHealthcare,France).The30kDaproteinwasloadedwith anAektafast
protein liquid chromatography(LC;GEHealthcare,Glattbrugg,Switzerland)onto aHis-Trap
HP 5-mLcolumn(GEHealthcare,Cat.No. 17-5248-02),whichwasequilibratedwith BufferA
(50mM Tris-HCl pH 8.0,300mM NaCl,and10mM Imidazole).After proteinbinding, the
columnwaswashedwith 10columnvolumesof BufferA andthenre-equilibratedwith Buffer
B (50mM Tris-HCl pH 8.0,300mM NaCl,and500mM Imidazole).Boundproteinswere
elutedwith BufferB.ThefractionscontainingtheHis-taggedrecombinantproteinswere
selectedbasedon theprofile obtainedbySDS-PAGEandwerethenpooled.To eliminate
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contaminantproteins,pooledfractionsof eachrecombinantproteinwerefurther purified by
gelfiltration on HiLoad26/60Superdex75pg(GEHealthcare)gelfiltration columnin buffer
containing50mMTris-HCl pH 8.0,300mM NaCl.

After proteinpurification,fractionscontainingthe30kDaproteinwerecollectedandcon-
centratedusingaCentriconof 5 kDacut�off (Amicon,USA)andthenstoredat4ÊC.The30
kDaproteinconcentrationwasmeasuredusingaLowryDC Proteinassay(Bio-Rad,Hercules,
CA,USA).

SDS-PAGE,In-gel digestion,andmassspectrometryanalysis
Thepuritiesof purified extractwereassessedbySDS-PAGE,and30kDarecombinantprotein
positionwasverifiedby immunoblotusingananti-His-Tagantibody(1/5000)(Invitrogen),as
previouslydescribed[44].Theidentity of therespectivedetectedbandwasconfirmedbymass
spectrometry(MS)aspreviouslydescribed[45]. Briefly,5 �g of thepurified recombinantpro-
tein wasreducedin aTris buffercontainingdithiothreitol (1%w/v, Sigma),boiledfor 5min,
andloadedonto a12%polyacrylamidegelbeforebeingseparatedusingaMini PROTEANII
(Bio-Rad,Hercules,CA,USA).After electrophoresis,gelswerestainedwith Coomassiebril-
liant blueR-250(ImperialProteinStain,Thermoscientific)andscannedwith ahigh-resolu-
tion densitometerscanner(ImageScanner3,GEHealthcare)anddensitometryprofileswere
analyzedusingtheImageQuantTL software(GEHealthcare).Proteinbandsfrom gelswere
excisedfor further identificationbymassspectrometry.Molecularweightswereestimatedby
comparisonwith standardmolecularweightmarkers(Bio-Rad).

Excisedbandsweredigestedovernightat37ÊCwith sequencing-gradetrypsin(12.5�g/mL;
PromegaMadison,WI, USA)in 50mM NH4HCO3 (Sigma).Theresultingpeptideswere
extractedwith 25mM NH4HCO3 for 15min, dehydratedwith acetonitrile(Sigma),incubated
with 5%acidformic (Sigma)for 15min underagitation,thendehydratedwith acetonitrile,
andfinally completelydriedusingaSpeedVac.Thesampleswerethenanalyzedon aMALDI--
TOFMS(BrukerDaltonics)for identification.Thequantityof recombinantproteinproduced
wasestimatedusingaNanoDropND-1000spectrophotometer(NanoDropTechnologies,Inc.,
Wilmington, DE).Wealsoverifiedthat the30kDasalivaryprotein is themain immunogenic
componentof therecombinantsolution.Westernblotswerecarriedout on serafrom individ-
ualsnaturallyexposedto ����� biteswhowerepreviouslytestedbyELISA[35].

Evaluationof human IgG levelfor ��. �������	
���
�� SGEand the 30
kDa recombinantprotein
IgG levelto SGEand30kDarecombinantproteinwasmeasuredby indirect ELISA.Ninety-
six(96)wellMaxisorpplates(Nunc,Roskilde,Denmark)werecoatedwith SGEor the30kDa
recombinantproteinatafinal concentrationof 1 �g/ml in coatingbuffer(PBS)andincubated
for 150min at37ÊC.Plateswereblockedwith 200�L of protein-freeBlockingBuffer(Thermo
Scientific,Rockford,USA)andincubatedfor 60min at37ÊC.Individual serawerediluted in
buffer(PBS-Tween1%)andincubatedat4ÊCovernightatafinal dilution of 1/200.Monoclo-
nalmousebiotinylatedanti-humanIgG(BD Pharmingen,SanDiego,CA) wasaddedin ata1/
2000dilution (PBS-Tween1%)for 90min at37ÊC.Peroxidase-conjugatedstreptavidin(GE
Healthcare,Orsay,France)wasthenadded(1/1000in PBS-Tween1%)for 60min at37ÊC.
Colorimetricdevelopmentwascarriedout with 2,2'-azino-bisethylbenzothiazoline6-sulfonic
acid)diammoniumsalt(sigma,Saint-Louis,MO, USA)in 50mM citratebuffer(pH = 4 con-
taining0.003%H2O2) andabsorbance(opticaldensity[OD]) wasmeasuredat405nm (Multi-
sakanGOThermoScientific).Eachsamplewastestedin duplicatewellscontainingSGEor the
30kDaproteinandin awellwithout antigento measurenon-specificreactions.Individual
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resultswereexpressedasthe�ïOD value:�ïOD = ODx � ODn, whereODx representsthe
meanof theindividual OD valuein bothwellswith salivaryantigenandODn theindividual
OD valuein ablankwellcontainingno antigen.

Protein sequenceanalysis
Arthropod proteinsequencesrelatedto the30kDaproteinsequence(gi|170033701;
XP_001844715.1)of ��. �������	
���
�� wereretrievedfrom theNCBI usingtheBLASTp
program.Foreachspecies,whenseveralhitswerefound,sequencespresentingmorethan90%
identity wereexcludedandtheproteinhomologproducingthebestscorewaschosenfor fur-
therproteinsequencecomparisonsbetweenorthologs,�.�. percentidentity andsequence
alignment.Thesequencesof ��. 
��
��� orthologsidentifiedpreviously[25] wereretrieved
manuallyfrom theNCBI nucleotidedatabase.PSI-Blastiterationswererun to retrieveall
sequenceswith E-valuebelowthethresholdof 0.001.Multiple sequencealignmentwasper-
formedusingtheClustalOmegaprogram(EMBL-EBIsearchandsequenceanalysistools:
www.ebi.ac.uk/Tools/msa/clustalo/) andthemultiple alignmentviewerMView 1.63
(EMBL-EBI).

Statisticaldataanalysis
StatisticalanalyzesweredoneusingGraphPadPrism5 software(SanDiego,CA) andR(Ver-
sion3.5.3,RCoreTeam,Vienna,Austria).After checkingthatour datadid not follow aGauss-
ian distribution (normaldistribution), thenon-parametricMann-Whitneytestwasusedto
comparetheAb levelsbetweentwo independentgroupsandthenon-parametricKruskal-Wal-
lis testusedto comparethelevelsof Absbetweenmorethantwo groupsandtheDunn'spost-
hoctestwasalsoperformedfor two-by-twocomparisonsin morethanthreegroups.The
Spearman'srankcorrelationtestwasusedto analyzethecorrelationbetweentheOD of tested
serawith recombinant30kDaandtotalSGEin eachhighexposedstudysiteto �� �������	
��
��
��. Thehumanbiting rate(HBR)wascomparedbetweensitesbyusingtheprop.testtest-
ing thenull hypothesisthat theproportionsin severalgroupsarethesame.

Univariateanalysiswasconductedwith eachcovariate,andmultivariatelinearregression
analyseswereperformedwith all covariateswith a���
��� setat< 0.20in univariateanalysis.
Finalmodelswereadjustedbybackwardselectionandremovingnon-significantvariablesat
���
��� > 0.05.Maximumlikelihoodmethodswereusedto identify thebest-fittingmodels
accordingto AIC value(AkaikeInformation Criterion). All differenceswereconsideredsignif-
icantata���
��� <0.05.

Results

Specificityof the 30kDa salivaryprotein sequencein phylum Arthropoda
A BLASTpsearchfor the30kDaprotein (gi|170033701)in theNCBI databaseretrievedthe
orthologoussequencesin differentspeciesof thephylumArthropoda.All sequencesdisplaying
asignificantE-value(<0.001)wereproteinsof mosquitospeciesbelongingto the�������
�
family.Amongthem,��. ������� �
����� and��. 
��
��� orthologsshowedhighsequence
identity (91%and68%,respectively)andhighproteincoverage(96%and92%,respectively)
with the��. �������	
���
�� proteinsequences.All theotherproteinsencodedin thephylum
Arthropodadisplayedalowersequenceidentity (� 39%).Outsidethe����� genus,proteins
presentingthehighestidentitieswerefrom ��. 
�������� and��. 
����� (with 36%and39%
identity,and76%and49%for coverage,respectively),whereastheorthologsfound in �������
��� speciesdisplayedaloweridentity (<34%).Alignmentof theorthologoussequencesof the
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��. �������	
���
�� 30kDaprotein in eachspeciespresentingthebestscorevalueispresented
in Fig2.UsingClustalOmega,thewholesequenceof theproteinswasconsideredfor thecal-
culationof thealignmentcoverandtheidentity percentages.Theseidentity valuesdroppedto
about30%and28%for ��. 
�������� and��. 
�����, respectively,andto 19to 16%in thedif-
ferent��������� species.

Apart from thedifferent����� species,thepercentageof theorthologoussequencematch-
ing the��. �������	
���
�� sequenceisbelow30%.No morethan4 to 5 consecutiveidentical
residuesareobservedbetweenthe��. �������	
���
�� sequenceandits orthologsin �����
species,or ��������� species,respectively.Altogether,thissuggeststhat the30kDaprotein
presentsahighspecificityto the����� speciesfor whichgenomicdataareavailable.

Production of the 30kDa recombinantprotein
Fractionscontainingpurified 30kDaproteinwereseparatedandanalyzedbySDS-PAGE.A
representativepurified fractionispresentedin S1Fig.Therecombinant30kDaproteinhasa
predictedmolecularmassof 27.71kDa(249aminoacids),andin-gelSDS-PAGEaprotein
bandatapproximately30kDawasdetected.Thisproteinbandof interestwasexcisedfrom the
gelandsubmittedto MSanalysis,confirming that thedetectedbandcorrespondedto the
expected30kDasalivaryrecombinantprotein (S1Table).Therelativeabundanceof the

Fig 2. Alignment of arthropod protein orthologsof the 30kDa protein from ��. �������	
���
��. Species,accessionnumbers,percentageof protein
coverage(cov),percentageof identicalaminoacidresidues(pid) andaminoacidpositionsareindicated.Residuesidenticalto thereferencesequenceof �����
�������	
���
�� arehighlightedin differentcolorsaccordingto theaminoacidproperties.Foreachspeciestheproteinhomologproducing thebestscorewas
selectedfor thealignment.

https://doi.org/10.1371/journal.pntd.0010004.g002
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30-kDaproteinwasanalyzedusingImageQuantTL softwareandresultsindicatedthat the
purity of theproteinwasgreaterthan80%,whichwasconsideredsufficientlypurefor ELISA
experiments(S1Table).Immunoblotsshowedthe30kDarecombinantproteinasthemain
immunogeniccomponentwithin therecombinantsolution(S2Fig).

Studypopulation characteristicsandentomologicaldataaccordingto the
studysites
Populationdemographicdata(genderratio andagestructure)andentomologicaldataarepre-
sentedfor eachstudysitein Table1.Thestudypopulationcomprised223childrenagedfrom
1to 14years(meanage= 7.23;95%confidenceinterval[CI] [6.77±7.70]).A statisticallysignifi-
cantdifferencein themeanageof thechildrenwasobservedbetweenstudysites(� = 0.022,
Kruskal±Wallistest),andtwo-by-twocomparisonusingDunn'stestindicatedthat themean
agewasonly significantlydifferentbetweenchildrenfrom Dar-es-SalamandN'Gattakro
(adjusted� = 0.018,Bonferronimethod).Thepopulationagestructurewassignificantlydiffer-
entbetweenthefour sites(� = 0.021).Overall,mostchildrenwerein the5 to 9 yearagegroup,
exceptin N'Gattakrowhereahighernumberof childrenwerebetween10and14yearsold.
Very fewchildrenaged10±14yearswererecruitedin Dar-es-Salam(� = 4),representingonly
8%of thetotalnumberof children.Thegenderratio wasnot significantlydifferentbetween
thestudysites(� = 0.640,Pearson'schi-squaredtest).

Therateof insecticide-treatednet(ITN) usewasmoderate,rangingfrom 49.1%to 64.4%in
KennedyandN'Gattakro,respectively.Therewereno statisticallysignificantdifferences
betweensites(� = 0.787).Entomologicalcatchesshowedthemainanthropophagicmosquito
speciesthatwereactiveduring nighttimein eachsite(Table1). ����� �������	
���
�� wasthe
mainmosquitospeciescaughtin N'Gattakro,andDar-es-Salam,with ahumanbiting rate
(HBR)of 9and11.7bites/human/night(BHN), respectively.Other����� specieswerealsocol-
lectedbut in amuchlowerproportion (��. 
����
��, ��. ������, and�� ��������). Only four
����� mosquitoes(two ��. �������	
���
��, one��. ������, andone��. ��������) were

Table1. Studypopulation characteristicsandentomologicaldataaccording to the studysites.

Dar-es-Salam Kennedy N'Gattakro Petessou Total �

Demographicdata

� (%) 47(21.07) 57(25.56) 59(26.46) 60(26.91) 223

Age,meana (95%CI) 6.23(5.44±7.02) 7.38(6.4±8.35) 8.26(7.34±9.18) 6.88(5.94±7.84) 7.23(6.77±7.70� 0.022

Agegroupa (%)

[1±4] 14(29.79) 14(24.56) 11(18.60) 20(33.30) -

[5±9] 29(61.70) 26(41.61) 20(33.90) 23(38.30) - 0.021

[10±14] 04(08.51) 17(29.82) 28(47.50) 17(28.30) -

Genderratio (male/female) 0.95(23/24) 0.9(27/30) 1.27(33/26) 1.14(32/28) 1.06(115/108) 0.640

ITNs usagerate(%)b 55.3 49.1 64.4 63.3 58.3 0.787

Human biting rate (BHN)

����� �������	
���
�� 11.7 9.8 9 0.2 - <0.001

����� 
����
�� 0.1 0.1 0 0.1 - 0.98

����� ������ 0.6 0.4 0.6 0.1 - 0.673

��������� �
���
� 0.4 12 2.2 35.2 - <0.001

a:years

b: insecticide-treatednet

c:bites/human/night

https://doi.org/10.1371/journal.pntd.0010004.t001
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capturedin Petessouvillage.��������� ���.� �
���
� wasalsorecordedin thestudysitesand
hadthehighestHBRin Petessou(35.2BHN), whilealmostno ��. �
���
� wascollectedin
Dar-es-Salam(HBR= 0.4BHN). In Kennedy,��. �
���
� wasthemainspeciescaught(12
BHN) but ����� �������	
����� HBRwashighandsimilar to thosefrom N'Gattakro(9.8
BHN). Accordingto entomologicaldata,Petessoucanthusbeconsideredasacontrol village
with verylow exposureto �����, andN'Gattakro,Kennedy,andDar-es-Salamasthehighly
exposedsites.

IgG responsesto ����� �������	
���
�� SGEand the 30kDa recombinant
protein in children accordingto studysites
First,wetestedthespecificrecognitionof theSGEandof therecombinantprotein in sera
from individualsexposedto ����� bites.WealsocomparedtheIgGresponsesspecificto both
salivaryantigensin individualsaccordingto thesite.Childrenfrom siteswith highexposureto
����� (Dar-es-Salam,Kennedy,andN'Gattakro)andfrom sitewith low exposure(Petessou)
presentedawiderangeof IgGresponsesto SGE(�ïOD-SGE;Fig3A) andto the30kDarecom-
binantprotein (�ïOD-30 kDa;Fig3B).Themedianlevelof SGE-specificIgGwassignificantly
differentbetweensites(� = 0.0005).Runningtwo-by-twocomparisonstestwith Dunn'stest,
themedianlevelof SGE-specificIgGwasstatisticallyhigherin Dar-es-SalamandKennedy
thanin Petessouvillage(� = 0.005and� = 0.001,respectively).No statisticaldifferencewas
observedbetweenN'GattakroandPetessou(� � 0.290�.Thelevelof IgGresponseto the30
kDarecombinantproteindifferedsignificantlyalsobetweenthefour studysites(� = 0.0364),
but no significantdifferencewasnotedbetweensitesafteratwo-by-twocomparisonwith
Dunn'stest(adjustedp>0.05for all comparisons).Thenumberof participantsin eachvillage
wasquitesmall,soweestimatedtheprecisionof thetwo-by-twocomparisontestswith post
hocpoweranalysis.Thestatisticalpowerof theanalysison theIgGresponseto theSGEranged
from 38,9%(Petessou-Ngattakro)to 93,4%(Petessou-Kennedy)while it rangedfrom 5,4%
(Petessou-Ngattakro)to 25,4%(Petessou-Kennedy)for therecombinantprotein.

No significantdifferencesin specificIgGresponseswerenotedbetweenchildrenfrom the
threesiteswith ahighexposureto ����� (Dar-es-Salam,Kennedy,andN'Gattakro)usingSGE
(� = 0.134)or the30kDarecombinantprotein (� = 0.098)asantigensource.

Fig 3. IgG responsesto ��. �������	
���
�� SGEand the 30kDa recombinantprotein in the four studysites.
Eachdot representsanindividual andboxplotsindicatethemedianvalue,25thand75thpercentileIgGresponse
(�ïOD) againstSGE(A) andthe30kDa(B).Thenumberof processedserais indicatedbelow(�). Significant ���
����
areindicatedabovetheplots.

https://doi.org/10.1371/journal.pntd.0010004.g003
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IgG responsesto ����� �������	
���
�� SGEand the 30kDa recombinant
protein in children accordingto the levelof exposureto studysites
To assessthecapacityof theIgGresponsesto discriminatehighexposureandlow exposureto
����� bites,wecomparedthelevelof specificIgGresponsesbetweenindividualsliving in sites
with highexposureto ����� (Dar-es-Salam,Kennedy,andN'Gattakro)andfrom thecontrol
village(Petessouwith low exposureto �����). Thelevelsof IgGresponseto SGE(Fig4A) and
the30kDaprotein (Fig4B)weresignificantlyhigherin childrenwith highexposureto ��.
�������	
���
�� bitesthanin childrenfrom thesitewith low exposure(� = 0.0002and
� = 0.047,respectively).

IgG responsesto SGEand to 30kDa recombinantprotein accordingto
socio-demographicfactors
ThespecificIgGresponseswereanalyzedaccordingto majorsocio-demographiccharacteris-
tics(age,gender,ITNs use)andsitesto identify thosethatcouldbeassociatedwith theanti-
salivaIgGresponses.After univariateanalysis,all covariateswith a���
��� lowerthan0.20
wereretainedin thefinal multivariateanalysis.Theresultsof theunivariateanalysisshowed
thatage(consideredascontinuousor categoricalvariable)andgenderwerenot associated
with IgGresponseto SGEandto therecombinantprotein (Table2).Therewasanassociation
betweenspecificIgGresponsesandstudysites,andtheanti-30kDaIgGresponsewassignifi-
cantlynegativelyassociatedwith theuseof ITNs.

Multivariatelinearregressionanalysisandfinal modelingshowedthatonly theanti-SGE
IgGresponsewasstatisticallysignificantlyassociatedwith thestudysite,with higherIgG levels
detectedin siteswith highexposureto ����� (Dar-es-Salam,Kennedy,andN'Gattakro)
(Table3).No associationwasfoundbetweensitesandanti-30kDaIgGresponse.Theuseof
ITNs wasnegativelyassociatedwith theIgGantibodylevelsagainstthetwo antigensbut the
effectwasonly significantfor theanti-30-kDaIgGresponse(estimate= -0.192and� = 0.022).

Correlation betweenIgG levelagainstSGEand the 30kDa protein
TheIgGantibodylevelsagainstthetwo salivaryantigenswerecomparedfor eachchild indi-
viduallyin thefour sitesusingaSpearman'srankcorrelationtest,andthecorresponding��

Fig 4. IgG responsesto ��. �������	
���
�� SGEand the 30kDa recombinantprotein accordingto levelof
exposureof sites.Eachdot representstheanindividual andtheboxplotsindicatethemedianvalue,25thand75th
percentileIgGresponse(�ïOD) againstSGE(A) andthe30kDa(B).Thenumberof processedserais indicatedbelow
(�). Significant���
���� areindicatedabovetheplots.

https://doi.org/10.1371/journal.pntd.0010004.g004
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�
���� weredetermined(Fig5).A moderatelysignificantpositivecorrelationbetweenthetwo
IgGresponseswasfoundwhenall siteswereconsideredtogether(r = +0.63,p<0.0001).

Discussion
WeinvestigatedtheAb responsesto salivarycomponentsof ����� �������	
���
�� in children
differentlyexposedto ����� bitesin orderto assesswhetherthespecificIgGresponsesrepre-
sentaserologicalbiomarkerof humanexposureto ����� bites.WeanalyzedIgGresponses
both to wholeSGEandto the30kDasalivaryrecombinantprotein.Thisproteinbelongsto
the30kDafamily andorthologshavebeendescribedin ����� and��������� mosquitoes[23].
BLASTmultiple alignmentsindicatedthat thisproteinhasalow identity (<40%) andalow
numberof contiguousidenticalresidues(�<5) with orthologsretrievedfrom ����� or ������
���� mosquitoes,suggestinglow cross-reactivity.Thehighsequenceidentity observedbetween
the��. �������	
���
�� 30kDasalivaryproteinandorthologsin two others����� speciessug-
gestthat theIgGresponsespecificto therecombinantproteincouldbeabiomarkerto assess
theexposureto various����� species.Nevertheless,thelackof publishedgenomicdatafrom
others����� specieslimits thecomparison.

Table2. Univariate analysisof IgG Ab level(median)againstSGEand the 30kDa protein.

� Medianof IgG to SGE � Medianof IgG to 30kDa �

Agegroup (years) 0.76 0.21

[1±4] 59 0.936 Reference 0.417 Reference

[5±9] 98 0.841 1 0.445 1

[10±14] 66 1.026 1 0.645 0.27

Gender 0.756 0.315

Male 115 0.989 0.594

Female 108 0.854 0.411

ITNs use 0.06 0.047

No 93 1.063 0.581

Yes 130 0.830 0.430

Sites 0.0005 0.036

Petessou 60 0.332 Reference 0.268 Reference

Dar-es-Salam 47 1.120 0.002 0.736 0.079

Kennedy 57 1.348 0.0005 0.649 0.062

N'Gattakro 59 0.989 0.1451 0.344 1

https://doi.org/10.1371/journal.pntd.0010004.t002

Table3. Multivaria te analysisof specificIgG levelsto SGEand to the 30kDa in children.

SGE 30kDa protein

Final model � 2 = 0.06 � = 0.002 Adj. � 2 = 0.019 � = 0.022

Covariates Estimate � Estimate �

Sites 0.002

Petessou Reference - -

Dar-es-Salam 0.467 0.003 - -

Kennedy 0.494 0.001 - -

N'Gattakro 0.244 0.1 - -

ITNs use

No Reference Reference

Yes -0.144 0.192 -0.193 0.022

https://doi.org/10.1371/journal.pntd.0010004.t003
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Wedetectedamild-to-high reactivityto wholeSGEandto the30kDarecombinantprotein
amongthechildren,thusindicatingantigenicpropertiesin naturallyexposedpopulationto
����� bites.WethencomparedtheIgG levelsbetweenchildrenliving in siteswith highexpo-
sureor low exposureto ����� mosquitoes.SignificantlyhigherIgGresponseto SGEandto the
30kDarecombinantproteinwasdetectedin childrenliving in siteswith ahighexposureto
����� (all ªhigh exposedºsitestakentogether).Theheterogeneityof SGE-specificIgG levels
within thesamesitemight reflectheterogeneousexposureto ����� bites.Theintensityof
exposurein agivenpopulationliving in thesameareacanobviouslyvarybetweenindividuals.
Indeed,����� abundanceisdependenton thepresenceof breedingsitesandon thedistanceof
thesesitesto thehousehold.Biting intensitymaybealsorelatedto humanindividual charac-
teristicssuchastheattractionof mosquitoes,personalprotectionto avoidbites,andactivities
(indoor, outdoor).

Unexpectedly,childrenfrom Petessou,thecontrol villagewhereveryfew����� werecaught
during entomologicalstudies,presentedsignificantandvaryinglevelsof IgG to SGEandto
the30kDaprotein.��������� mosquitoeswerethemain �������
� speciesreportedin this
site,andwecannotexcludecross-reactivitywith ubiquitousproteinspresentin thesalivaof
othermosquitogenera,including ���������. Thiscanbeareasonfor muchhigherantibody
responseto SGEthanto 30kDaprotein in Kennedy,whereboth ����� �������	
���
�� and
��������� �
���
� werecapturedin highnumber.Entomologicalcatcheswerecarriedout at
night-time,whichisnot suitablefor detectingthepresenceof ����� mosquitoesthatwere
probablyalsopresentin thesitesbut mostactiveduring theday-time.In addition,theHLC

Fig 5. Correlation betweenIgG specificresponseto ��. �������	
���
�� SGEand the 30kDa recombinant
protein. Scatterplot analysisof IgGresponsesto bothsalivaryantigensispresented,andthe�ïOD valuesamongthe
223childrenarereported.

https://doi.org/10.1371/journal.pntd.0010004.g005
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techniquemaylacksensitivityin alow exposurecontextthatmayresultin anunderestimation
of ����� HBRin Petessou.

Nevertheless,childrenfrom anyof thehigherexposedsitesto ����� biteshadsignificantly
higherIgG levelsagainstSGEcomparedwith childrenfrom Petessou(with low exposure),sug-
gestingthatananti-SGEIgGresponsemayhelpdetermineexposureto ����� bites.On the
contrary,theanti-30kDaIgGresponsewaslowerin thecontrol villagecomparedwith anyof
thesiteswith highexposureto ����� but thedifferenceswerenot significant.Thelow number
of participantslimited thepowerof statisticalanalysiswhenstudysitesareconsideredindivid-
ually,particularlyfor theIgGresponseto therecombinantprotein.Wealsoshowedthat the
IgGresponseto SGEor to the30kDarecombinantproteinwassimilarbetweenthethreesites
whereentomologicaldatareportedcomparableHBRfor �����. Globalcorrelationanalysis
showedamoderatecorrelationbetweenthetwo IgGresponses.

Weassesseddifferentfactorsrelatedto theIgGresponsewith univariateandmultivariate
analysis.Accordingto ageandgender,no significantdifferencewasnotedbetweenthemedian
levelsof anti-SGEandanti-30kDaprotein IgG,suggestingthatneitheragenor genderaffect
thelevelof specificIgGresponsesin thepresentstudy.This issurprisingbecausetheimmune
responseto specificantigensisknown to beacquiredprogressivelywith age.Theabsenceof an
associationwith agein our studysuggestAb responsesto thesesalivaryantigensmaynot be
cumulativeovertime but wanerapidly.Previousstudiesshowedtheshorthalf-lifeof anti-
salivaAb responsein individualsnaturallyexposedto ��������� [17] or ����� [46] bites.This
representsthemainqualitywhenmonitoring exposureovertime. In our studypopulation,the
agerangedfrom 1 to 14years,limiting thecomparisonof immuneresponsesin oldergroups.

����� mosquitoesaremostactiveduring thenight-timeandtheuseof ITNs couldhavea
major impacton human±����� contactandthuson anti-salivaAb responses.Theuseof bed
netswasnegativelyassociatedwith theIgGresponseto SGEandto the30kDaprotein,with
childrenwhoreportedsleepingunderabednethavingsignificantlylowerIgG levels(univari-
ateanalysis).Therateof ITN usewassimilarbetweensitesandthusmaynot explainthevaria-
tion in specificIgG levelsbetweensites.

Finalmodelsfrom themultivariateanalysisindicatedthat IgGresponseto SGEdepended
on thestudysite,with ahigherIgGresponsein siteswith ahighexposureto �����. Theuseof
ITNs wasalsofound in thefinal model,but it did not seemto haveasignificanteffect,whereas
it wastheonly factorassociatedwith theanti-30kDaIgGresponse.Nevertheless,wedid not
considerthephysicalintegrity of thebednets,whichmayalsoaltertheir efficacy.Additional
factorscouldalsoinfluencetheAb response,suchasthehistoryof exposure,co-infection,
geneticbackground,or nutritional status[47±50].Suchdatawerenot availablein thepresent
studyandfutureepidemiologicalstudiesareneededto investigateadditionalfactors(biologi-
cal,environmental,or behavioral)thatmayinfluencetheimmuneresponseto salivary
antigens.

Altogether,theseresultssuggestthat theIgGresponseto SGEmayrepresentaproxyof
humanexposureto ����� bites.A limitation to its useis relatedto thelow specificityof these
antigenswith probableubiquitousproteinssharedbetweenarthropods.TheIgGresponseto
the30kDarecombinantproteinsignificantlyvariedbetweenchildrenwith highexposureto
����� (takentogether)andfrom thecontrol village,but not whenhigherexposedsitesare
takenindividually.However,thenegativeassociationbetweenITNs useandtheIgGresponse
to the30kDacansuggestthat the30kDaproteinmight representapotentialbiomarkercandi-
datewhichcanevaluatechildren'sexposureto ����� bitesin acertaincontext.Additional
studiesshouldevaluatethe30kDacandidatein alargercohortof volunteerincludingolder
individuals(adults)and/or in otherepidemiologicalcontexts(higher����� density).It would
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bealsoof interestto testIgG isotypesto assessif othersantibodyresponseswouldbemorerel-
evantasbiomarkerof exposure.

����� mosquitoesarevectorsof numerouspathogens,parasites,andvirusesof humanand
livestock.Theavailabilityof aserologicaltool evaluatingindividual exposureto ����� bites
wouldbevaluablefor assessingtherisk of exposureandtransmissionof relatedpathogens.
Similarserologicalbiomarkershavebeendevelopedfor ��������� and����� bitesandhave
shownpotentialapplicationfor theevaluationof vectorcontrol efficacy.More studiesare
neededto assessthesensitivityof suchserologicalbiomarkersin orderto detectsmall-scale
spatialor temporalvariationin ����� exposure.

Supporting information
S1Fig.Assessmentof purification recombinant form of the 30kDa protein from ��. �����
���	
���
�� expressedin �. ����. A totalof 5 �g of thecollectedfractionwasloadedperwell.
Bandidentity is listedin S1Table.Standardmolecularweightsareindicatedon theleft side
(MW: molecularweight,kDa).
(TIF)

S2Fig.Assessmentof Human IgG responseagainstthe 30kD recombinantprotein. (A)
Scatterplotsof HumanIgGantibodyresponsesagainstthepurified recombinant30kDprotein
from ��. �������	
���
��. Serafrom sixindividualspersite(Marseille,Fos/Merand
Camargue)exposedto ��. ������� bitesweretestedbyELISA.Individualswith highandlow
levelof IgGresponseswerefound in eachsite.(B) Westernblot of HumanIgGantibody
responsesagainstthepurified recombinant30kDaprotein from ��. �������	
���
��. A total
of 23�g of 30kDarecombinantproteinwasloadedonto a10%SDS-PAGEgel(1-wellof 7
cm).Theimmunoblotswereperformedby transferringtheSDS-PAGEgelonto anitrocellu-
losemembrane.Serafrom thesameindividualsweretested,diluted1:100.Thesecondaryanti-
bodywasdilutedat1:5000.Control anti-His-tagantibodywasdiluted1:5000.Thearrowand
asterisks(� ) indicatethepositionof the30kDrecombinantprotein,detectedbyseraandanti-
His-tagantibody,respectively.Thenumberof eachsampleareindicatedat thetop of theWB.
Theindividualswith high IgGresponsesagainst30kDain ELISA,wereindicatedin bold.
(TIF)

S1Table.Quantity of purified recombinantsalivaryprotein identified by massspectrome-
try.
(TIF)
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