


days post infection, TR varied from 8–51% in Ae. aegypti and from 2–26% in Ae.

albopictus.

Author summary

Aedes aegypti isanefficientvectorfor arboviruseswhichispartiallydeterminedby its vec-
tor competence(VC) status,ahighlyvariabletrait. Basedon previousreports,theVC of
NewWorld mosquitoesis limited for ZIKV. However,aVC assessmentfrom additional
geographicalsourceswaslacking.Therefore,weevaluatedtheVC for ZIKV usingrecently
colonizedmosquitoesfrom Mexico.Aedes aegypti andAe. albopictus werehighlysuscepti-
bleto ZIKV infectionbut variedgreatlyin their transmissionrates.Aswith previousstud-
iesof otherflaviviruses;VC for ZIKV washighlyvariablein bothAe. aegypti andAe.
albopictus but wasgreatestin Ae. aegypti, supportingits roleasthemainZIKV vector.

Introduction

Zika virus(ZIKV, Flavivirus,Flaviviridae)wasfirst isolatedfrom afebrilesentinelrhesus
macaquein theZika forestof Ugandain 1947andlaterin 1948from Ae. africanus mosquitoes
from thesamearea[1]. ZIKV circulatedin Africa andAsiawithout muchattentionuntil 2007
whenamajoroutbreakoccurredin thePacificIslandof Yapin theFederateStatesof Microne-
sia[2, 3]. Outbreakswerelaterreportedin otherPacificislands:FrenchPolynesia,Easter
Island,theCookIslandsandNewCaledoniaduring 2013±2014[4±6].Making its arrival to the
Americasin early2015,ZIKV circulationwasconfirmedin Brazilin Mayand,asexpected,
ZIKV spreadquickly to areaswherethevectorswerepresent.Mosquito-bornetransmission
hasbeenreportedin 48countriesof theAmericassinceits introduction [7]. In addition,ZIKV
wasassociatedwith congenitalabnormalitiessuchasmicrocephalyandanincreasedincidence
of Guillain-BarreÂsyndrome,andwasthusdeclaredaPublicHealthEmergencyof Interna-
tional Concernby theWorld HealthOrganizationon February1,2016[8], whichendednine
monthslater[9]. Sinceits introduction, thePanAmericanHealthOrganizationhasreported
morethanathousandcumulativeZika casesin theAmericas.Mexicoalonehadatotalof 129
cases[10], with its first caseof congenitalZIKV syndromein Novemberof 2016[11].

Themainmechanismof ZIKV transmissionin epidemicandendemicareasis throughthe
biteof aninfectiousmosquito,with Ae. aegypti apparentlyservingastheprimary vector[12].
Fromthescreeningof wild-caughtmosquitoesin Mexico,ZIKV RNA hasbeendetectedin Ae.
aegypti poolscollectedin andaroundhousesof suspectedZIKV cases[13]. Aedes albopictus
[14] havealsobeenconfirmedto beinfectedwith ZIKV.

Vectorialcapacityisaquantitativemeasureof thepotentialof anarthropodvectorto trans-
mit apathogen.It isdefinedastheaveragenumberof potentiallyinfectivebitesthatwill ulti-
matelybedeliveredbyall thevectorsfeedingon asinglehostin aday[15]. Vectorialcapacity
is impactedbyextrinsicfactorslike vectordensity,vectorlongevity,lengthof theextrinsic
incubationperiod(EIP)andbloodfeedingbehavior[16,17]andalsoby intrinsic factorslike
vectorcompetence(VC). VC isdefinedastheintrinsic ability of anarthropodvectorto
acquire,maintainandeventuallytransmitapathogen[18]. Upon ingestion,thearbovirushas
to replicateto betransmittedto asusceptiblehostin asubsequentfeedingepisode.However
thevirushasto first bypassaseriesof physiologicalandanatomicalbarriers[19]. Briefly,upon
entryof thevirus into themosquitomidgut throughaninfectiousbloodmeal,thevirushasto
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establishaninfection;if thisdoesnot occurthemosquitohasamidgut infectionbarrier
(MIB). Next,thevirushasto replicatein themidgutandthenescapethemidgut to disseminate
to othertissues.Whenthisdoesnot occurthemosquitoissaidto haveamidgut escapeor dis-
seminationbarrier(MEB).Thevirusmayinfectseveralmosquitotissuesincluding,most
importantly,thesalivaryglandswhereit againhasto establishaninfection.If this isprevented
themosquitohasasalivaryglandinfectionbarrier(SGIB).Finally,thevirushasto replicate
anddisseminateinto thesalivafrom whereit will beexpectoratedwith thesalivawhileprobing
andfeedingin asusceptiblevertebratehost.If this is limited, themosquitohasasalivarygland
escapebarrier(SGEB)[19,20].ConsecutivelytheMIB, MEB,SGIBandSGEBcontributeto
theoverallVC phenotype.

Byharvestingmosquitoesat7 and14dayspostinfection(dpi) wecanobtainpotentialindi-
catorsof infectionanddisseminationand/or transmissionrespectively[21,22].Previousstud-
ieshavereportedlow ZIKV transmissionratesfor theAsianlineageof ZIKV usingmosquitoes
from awidegeographicalrangein theNewWorld [23,24].WehypothesizedthatVC isvari-
ableandishighlydependentuponthegeographicorigin of themosquitopopulations.Hence,
weanalyzedtheZIKV transmissionpotentialof 13recentlycolonizedAedes collections,10of
Ae. aegypti and3of Ae. albopictus, from differentlocationsacrossMexico.Thesecollections
wereanalyzedfor ZIKV (strainPRVABC59ÐAsiangenotype)VC at7and14daysdpi.

Hereinwereport thatbothAedes speciesarecompetentfor ZIKV transmissionandthat
MIB, MEB,SGIBandSGEBvarybyspecies,aswellasbycollection,region,andwhetherthey
werecollectednorth or southof theNVA. TRrangedfrom 2±51%at7 dpi andfrom 8±51%at
14dpi in Ae. aegypti. Aedes albopictus hadfrom 0±8%transmissionat7 dpi and2±26%at14
dpi. Wedescribethecontribution of eachof thebarriersfor ZIKV transmissionshowingthata
SGEBmaybeanimportant barrier to ZIKV transmissionin Ae. aegypti populations.

Methods

Mosquitoes

Collectionprotocolswereapprovedby theethicsboardat theUniversidadAutonomade
NuevoLeon.Written informedconsentswereobtainedfrom thehouseholdownersfor mos-
quito collectionsindoor andoutsidethehouses.No specialpermit wasneededfor samplingin
non-privateproperties.

Aedes eggswerecollectedfrom ovitrapssetatdifferentlocationsin Mexico(Fig1) during
2016with exceptionof thecollectionsfrom thestateof Chiapas(HuehuetanandMazatan)
whereimmaturestageswereobtainedfrom at least20differentcontainers(S1Table).All 10
Ae. aegypti collectionswereanalysedfrom north to southandwerefurther groupedinto
regions(Northeastern,Yucatan,or Pacific).Theseregionsaredefinedbaseduponapastsur-
veyof variationin mitochondrialDNA in 38collectionsacrossMexico[25]. Thatstudyindi-
catedthatnortheasternMexicocollectionsweregeneticallydifferentiatedfrom andhadlower
geneticdiversitythanYucatanandPacificcoastalcollections.Regionswerefurther groupedas
to whethertheywerelocatednorth or southof theNVA baseduponearlierfindings[26].

At eachlocationwhereovitrapswereused,4±5weresetandcheckedonceaweek.Theeggs
weredriedandshippedto thelaboratoryatColoradoStateUniversity(PHSpermit no.2016-
06-185),wheretheywerehatched,rearedto adultsandthenidentifiedto species.Larvaewere
fedad libitum with a10%(w/v) liver powdersolution.Adult mosquitoesweremaintainedon
sucrosead libitum andfor eggproductioncitratedsheepbloodwasgivenonceaweekthrough
water-jacketedglassfeedersusinghoggutasamembranethroughwhichto feed.Adultswere
maintainedat insectaryconditions(28ÊC,70%relativehumidity and12:12light:darkdiurnal
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cycle).MosquitoeswereidentifiedasAe. aegypti or Ae. albopictus basedon scalepatternson
thethoraxafteradulteclosion[27].

Mosquito infections

Theflow chartin Fig2 indicateshoweachof the13collectionswereevaluatedfor VC using
Ae. aegypti collectedin Apodacaasanexample(rawdatain first four rowsof S1Table).The
ZIKV strainusedfor thesestudieswasPRVABC59(Accession# KU501215)[28] obtained
from theCDC.PRVABC59strainhadbeenpassedfour timeson African greenmonkeykid-
neycells(Vero,ATCCCCL-81).FormosquitoinfectionsPRVABC59wasusedto infectVero
cellsataMOI of 0.01.After 4 daysinfection,thesupernatantwasharvestedandcentrifugedat
3,000xgfor 10min at4ÊC.Thesupernatantwasthentransferredto acleantubeandasample
wastakento performZIKV quantificationbyquantitative-reversetranscriptasePCR(RT-
qPCR)with oligonucleotidesfor theZIKV 3' untranslatedregion(S2Table)prior to theinfec-
tion of mosquitoes.During this time, thesupernatantwasmaintainedat4ÊCuntil it was
mixedwith blood.RNA wasextractedfrom 50μL of theclarifiedsupernatantusingthe
Direct-zol™RNA MiniPrep Kit (ZymoResearchCorp.)followingmanufacturerrecommenda-
tions.Basedupontheresult,thesupernatantwassupplementedwith Dulbecco'smodified
Eagle'smedium(DMEM) and20%FBSandfurther mixed1:1with defibrinatedcalfbloodto a
final concentrationof 1x109 genomeequivalents(GE)/ mL. Viral titersin theZIKV infectious
calfbloodwereconfirmedbyplaqueassayson Verocells,averaging106 PFU/mL(Fig2A).

Prior to feeding,5±6dayold mosquitoesweredeprivedof sucroseandwaterfor 24hours.
MosquitoinfectionswereperformedunderBSL-3containmentwheretheywereoffereda
ZIKV infectiousbloodmealthroughwater-jacketedglassfeederscoveredwith hoggut.After
up to one-hourof feeding,mosquitoeswerecold-anesthetizedandengorgedfemaleswere
placedinto newcartonsandwaterandasugarsourcewereprovided(Fig2A.)

Fig 1. Map showing the collection sites of Aedes mosquitoes. Reddiamondsindicatewherebothspecieswere
collected.BlackdotsdepictAe. aegypti collectionsandgreendotsindicateAe. albopictus collections.FreeaccessQGIS
(2.8.1)Wien softwarewith publicaccesslayers(USA_adm0,NIC_adm0,HND_adm0,GTM_adm0, MEX_adm1) was
usedfor mapelaboration.

https://doi.org/10.1371/journal.pntd.0006599.g001
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Vector competence assessment

At 7 and14dpi, mosquitoeswerecoldanesthetizedat4ÊC.To measuretheDIR, mosquitolegs
andwingswereremovedandplacedinto atubewith 250μL mosquitodiluent (1Xphosphate
buffersaline(PBS)supplementedwith 20%heat-inactivatedfetalbovineserum(FBS),50μg/
mL penicillin/streptomycin,50μg/mL gentamycin,2.5μg/mL fungizone)(Fig2B)andastain-
lesssteelbeadfor homogenization.To obtainsalivato measureTR,themosquito(without legs
or wings)probosciswasplacedinto acapillarytubethatcontainedimmersionoil (~5μL) and
allowedto expectoratesalivafor 30minutes.Followingsalivation,thetip of thecapillarytube
wasbrokeninto atubecontaining100μL of mosquitodiluent.Subsequently,themidgut (to
measureMIR) andsalivaryglands(to measureSGIR)weredissected,rinsedindividually in
PBSandplacedin tubeswith mosquitodiluentandastainlesssteelbead.Forcepsweredipped
in 70%ethanolandcleanedaftereachtissuewasdissectedandbetweenindividual mosquitoes.
Mosquitotissueswerestoredat -80ÊCuntil further processing(Fig2B).

Fig 2. Flow chart indicating. A) howmosquitoesfrom theApodacacollectionwereprocessedat7dpi and14dpi. B)howeachmosquitoin theApodacacollection was
processedto determineDIR, TR,SGIR,MIR. C) andhoweachcollectionwasprocessedstatistically.

https://doi.org/10.1371/journal.pntd.0006599.g002
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Mosquitotissues(midguts,legs/wingsandsalivaryglands)werethawedandhomogenized
at25cycles/secondfor oneminuteusingaRetschMixer Mill MM400(Germany)andcentri-
fugedat20,000xgfor 5 minutesat4ÊCwhilesalivasampleswerecentrifugedat20,000x g for 3
minutesat4ÊC,mixedbyvortexingandcentrifugedfor 3 additionalminutes.Clarifiedsuper-
natantwastitratedbyplaqueassayon Verocellsto determinewhetherindividual mosquito
tissuescontainedinfectiousZIKV (Fig2B).

Plaque assays

Plaqueassayswereperformedon Verocellswhichweremaintainedin DMEM containing8%
FBS,50μg/mL penicillin andstreptomycinand50μg/mL gentamycinat37ÊCwith 5%CO2.
Twelve-wellplateswereseededwith Verocellsandallowedto reach90to 95%confluency.
Mediawasthenremovedandreplacedwith 250μL of DMEM containing1%FBS,50μg/mL
penicillin andstreptomycin,and50μg/mL gentamycin.Subsequently,eachsample(30μL for
mosquitosalivaor 70μL for midgut,salivaryglandsandlegs/wings)wasaddedto onewellof
theplate.Theplateswererockedfor 90minutesto allowabsorptionafterwhich1 mL of over-
lay(tragacanthgum(6 g/L) in 1XDMEM supplementedwith 10%FBS,50μg/mL penicillin/
streptomycinand50μg/mL gentamycin)wasaddedto eachwellandplateswereincubatedat
37ÊCwith 5%CO2. After 5days,theplateswerefixedwith astainingsolution(1 g/L crystalvio-
let in 20%ethanolsolution);plaqueswerevisualizedon alight boxandrecordedasplaquepos-
itive or negative.Weused10fold dilutions for virus(bloodmeal)titration. But for testingthe
presenceof thevirusin themosquitotissuesor salivasampleswedeterminedthepresenceof
ZIKV infectiousparticlesbyobservingplaquesfrom afixedvolumeof thesample(Fig2B).

Data and statistical analysis

Wedeterminedtheratesof midgut infection,dissemination,salivaryglandinfectionand
transmissionin eachof themosquitopopulationstested[29,30].Thedisseminationrate
(DIR) wasdefinedasthenumberof mosquitoeswith infectiousZIKV in thelegs/wings
dividedby thenumberof blood-fedmosquitoes(Fig2B.1).Thetransmissionrate(TR) was
definedasthenumberof mosquitoeswhosesalivacontainedinfectiousZIKV dividedby the
totalnumberof salivaryglandsthatweresuccessfullydissected(Fig2B.2).Salivaryglandinfec-
tion rate(SGIR)wasdefinedasthenumberof mosquitoeswith infectiousZIKV in thesalivary
glandsdividedbynumberof salivaryglandsthatweresuccessfullydissected(Fig2B.3).Midgut
infectionrate(MIR) wasdefinedasthenumberof mosquitoeswith infectiousZIKV in the
midgut dividedby thetotalnumberof mosquitoesthathadblood-fed.(Fig2B.4).

Nextwecalculatedtheadditivecontribution of eachof thefour transmissionbarriersto
blockingtransmissionbyadjustingMIR, DIR, SGIRandTRsothat theysumto 100%.

AMIR ¼ number with infected midgut=number bloodfed ð1Þ

ADIR ¼ number with infected legs=number with infected midgut ð2Þ

ASGIR ¼ number with infected salivary gland=number with infected legs ð3Þ

ATR ¼ number with infected saliva=number with infected salivary gland ð4Þ

VC ¼ number with infected saliva=number bloodfed ð5Þ

VC ¼ AMIR x ADIR x ASGIR x ATR ð6Þ
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Log
10
ðVCÞ ¼ Log

10
ðAMIRÞ þ Log

10
ðADIRÞ þ Log

10
ðASGIRÞ þ Log

10
ðATRÞ ð7Þ

%MIB ¼ Log
10
ðAMIRÞ= Log

10
ðVCÞ x 100 ð8Þ

%MEB ¼ Log
10
ðADIRÞ= Log

10
ðVCÞ x 100 ð9Þ

%SGIB ¼ Log
10
ðASGIRÞ= Log

10
ðVCÞ x 100 ð10Þ

%SGEB ¼ Log
10
ðATRÞ= Log

10
ðVCÞ x 100 ð11Þ

GraphPadPRISMversion7.03(GraphPadSoftware,SanDiego,CA,USA)andSigmaPlot
12(SystatSoftware,Inc, SanJose,CA) wereusedfor graphconstruction.

Bloodtiterswerelog10(x+1) transformed(Fig2C.1).All analyseswerereplicatedat least
twicewith different(independent)viruspreparationsfor eachreplicate(S1Table).MIR, DIR,
SGIR,andTRwerecomparedusinglogisticregressionin PROCGLIMMIX in SAS9.4.The
LSMEANSoption wasusedto reportmeanproportionsandtheir 95%confidenceintervals.
Main effectsin thelogisticregressionweremosquitogeneration,dpi, collection,geographic
regionandwhethertheywerefrom north or southof theNVA [26]. Bloodmealtiters(pfu/
mL) werecomparedusingAnalysisof Variance(ANOVA) in PROCGLM in SAS9.4(Fig
2C.3).Pearson'sCorrelationCoefficientswerecalculatedusingPROCCORR(Fig2C.3).Pro-
portions(MIR, DIR, SGIR,TR) wasnormalizedwith arcsineof thesquareroot prior to
ANOVA andcorrelationanalyses.

Results

Effects of mosquito generations and virus preparations on VC

Dueto time andspaceconstraintsit wasnot feasibleto measurethefour componentsof vector
competence(MIR, DIR, SGIR,TR)simultaneouslyin all 13Aedes collections.Instead6 gener-
ations(F1ÐF 6) (S1Table)of Ae. aegypti andthethreegenerationsof Ae. albopictus were
requiredto completeall experiments.ThePRVABC59viruswasgrownfreshfor eachround
of infectionsandtitersvariedsignificantlyfrom 5.1to 7.6logsamongthesevengenerationsof
Ae. aegypti (ANOVA P= 0.0252)andthethreegenerationsof Ae. albopictus (ANOVA
P= 0.0203).In Ae. aegypti thebloodtiter wasnot correlatedwith 7 dpi MIR (r = 0.246,
P= 0.2832),DIR (r = 0.046,P= 0.8420),SGIR(r = 0.157,P= 0.5210)or TR(r = 0.147,
P= 0.525).Thesamewasthecasefor 14dpi MIR (r = 0.350,P= 0.1103),DIR (r = 0.314,
P= 0.1541),SGIR(r = 0.304,P= 0.1800)or TR(r = 0.415,P= 0.0546).All correlationanalyses
hadn = 22observations.Eventhoughinfectiousbloodtitersvariedamongthedifferentmos-
quito generationstheydid not appearto affectvectorcompetenceparametersin Ae. aegypti.

Interestinglythesesamepatternsdid not hold for thethreeAe. albopictus collections.S1±S4
Figsshowthat thefour VC parametersvarygreatlyamongthethreegenerations.Furthermore,
thefour VC parameterswerecorrelatedwith 7dpiMIR (r = 0.693,P= 0.127),DIR (r = 0.905,
P= 0.0132),SGIR(r = 0.960,P= 0.0024)andSal(r = 0.976,P= 0.0009)andat14dpi MIR
(r = 0.765,P= 0.0452),DIR (r = 0.830,P= 0.0208),SGIR(r = 0.886,P= 0.0079)but not TR
(r = 0.545,P= 0.2064).All correlationanalyseshadn = 7observations.Bothtrendssuggest
thatall four VC parametersareconfoundedby thelargevariationamongthegenerationsof
Ae. albopictus measured.For thesereasons,resultscanbeseenin S1±S4Figsbut arenot con-
sideredfurther.
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MIR, DIR, SGIR, and TR among Ae. aegypti generations, dpi, collections

and regions

In Ae. aegypti MIR variedsignificantlybetweenmosquitogenerationsF1 andF6 but otherwise
broadlyoverlapped(Fig3).MIR wassimilarbetweenmosquitoesharvestedat7or 14dpi.
MIR variedbroadlybetweencollectionswith CiudadMaderoandMonterreyhavingthelow-
estMIR andPozaRicaandMazatanhavingthehighestMIR. MIR wasleastin northeastern
andYucatanregionsandMIR washighestin thePacificcollections.MIR waslowestin collec-
tionssouthof theNVA.

DIR variedsignificantlybetweenmosquitogenerationsF1, F2 andF6 but otherwisebroadly
overlappedamongthesixmosquitogenerations(Fig4).Mosquitoesharvestedat7 dpi hada
lowerDIR thanthoseharvestedat14dpi. DIR variedbroadlybetweencollectionswith Ciudad
MaderoandMonterreyhavingthelowestDIR andPozaRicaandMazatanhavingthegreatest
DIR. DIR wasleastin northeasterncollections,intermediatein theYucatanandhighestin the
Pacificcollections.DIR waslowestin collectionsnorth of theNVA.

SGIRvariedsignificantlybetweenmosquitogenerationsF2 andF6 but otherwisebroadly
overlappedamongthesixgenerations(Fig5).Mosquitoesharvestedat7 dpi hadalowerSGIR
thanthoseharvestedat14dpi. SGIRvariedbroadlybetweencollectionswith CiudadMadero
andMonterreyhavingthelowestSGIRandPozaRica,MazatanandGuerrerohavingthe
greatestSGIR.SGIRwasleastin thenortheasternregion,intermediatein theYucatanand
highestin Pacificcollections.SGIRwaslowestin collectionsnorth of theNVA.

TRvariedsignificantlyandbroadlyamongmosquitogenerationsF1ÐF 6 (Fig6).Mosqui-
toesharvestedat7 dpi hadamuchlowerTRthanthoseharvestedat14dpi. SGIRvaried
broadlybetweencollectionswith CiudadMaderoandMonterreyagainhavingthelowestTR
andPozaRica,CoatzacoalcosandGuerrerohavingthegreatestTR.TR,aswith thethreeother
measures,wasleastin thenortheasternregion,but thesamein theYucatanandPacificcollec-
tions.TRwaslowestin collectionsnorth of theNVA. Thesepatternscouldbeconfoundedby
thelargevariationin TRamongmosquitogenerations.

TheDIR, MIR, SGIRandTRareshowntogetherfor eachcollectionat7 dpi (Fig7A) and
14dpi (Fig7B).At 7dpi theMIR washighexceptfor CiudadMadero.In mostcases,theDIR
andSGIRwerelowerthantheMIR. Thissuggeststhatat7dpi mostinfectionshavenot dis-
seminatedyetandonly afewDI haveprogressedto infect thesalivaryglands.At 14dpi the
MIR, DIR, andSGIRareequivalentexceptfor CiudadMaderoandMonterrey.TheTRat14
dpi areuniformly greaterthantheywereat7 dpi.

TheDIR, MIR, SGIRandTRareshowntogetherfor eachregionat7dpi (Fig8A) and14
dpi (Fig8B).At 7 dpi MIR in Pacificcollectionsaresignificantlygreaterthanin Yucatancol-
lectionswhicharesignificantlygreaterthanin northeasterncollections.Thatsamepattern
occursin DIR, SGIR,andTR.By14dpi theMIR is thesamein PacificandYucatancollections
andbotharegreaterthanin northeasterncollections.TheDIR is thegreatestin Pacificcollec-
tions,significantlyhigherthanin Yucatancollectionsandleastin northeasterncollections.
TheSGIRis thesamein Yucatanandnortheasterncollections;both lowerthanin thePacific.
TheTRin thePacificandYucatancollectionsarethesameandbotharegreaterthantheTRin
northeasterncollections.

Fig9displaysDIR, MIR, SGIRandTRfor eachof thethreeAe. albopictus collectionsat7
dpi (Fig9A) and14dpi (Fig9B).Thefour VC rateswerenot comparedamongthethreeAe.
albopictus collectionsbecausetheyareconfoundedby largevariationamongthegeneration
measuredandbecausethefour rateswerehighlycorrelatedwith thelog10(x+1)bloodtiter.
Howeverit wasinstructiveto compareVC patternsbetweenthetwo species.At 14dpi in Ae.
aegypti theMIR, DIR, andSGIRwereequivalent(exceptfor CiudadMaderoandMonterrey).
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Howeverin Ae. albopictus theMIR, DIR, andSGIRaresignificantlydifferentat14dpi in all
threecollections.Thismaysuggestthat in Ae. albopictus therearedistinctMIB, DIB andSGIB
thatblockpassageof ZIKV from onetissueto thenext.In additionnoticethat,unlike Ae.

Fig 3. Logistic regression and least square means to compare midgut infection rates. 1) amongsixgenerationsof Ae.
aegypti, 2) betweenmosquitoesprocessedat7versus14dpi, 3) among10collections,4) among3regionsand5) between
collectionsnorth versussouthof theNVA.

https://doi.org/10.1371/journal.pntd.0006599.g003
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aegypti, all four parametersonly increaseslightlyfrom 7 dpi to 14dpi.Thesepatternsaresum-
marizedfor bothspeciesin Fig10acrossall collectionsitescombinedto reiteratespecies
differences.

Fig 4. Logistic regression and least square means to compare disseminated infection rates. 1) amongsixgenerationsof
Ae. aegypti, 2) betweenmosquitoesprocessedat7versus14dpi, 3) among10collections,4) among3 regionsand5)
betweencollectionsnorth versussouthof theNVA.

https://doi.org/10.1371/journal.pntd.0006599.g004
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Table1 showstherelativecontribution of eachof thefour barriersin all 10collections
usingEqs1±10.Basedon thecontribution of eachbarrier,thisanalysisshowsthat themain
barrier to ZIKV transmissionin Ae. aegypti is theSGEB(Table1) in nineof the10collections

Fig 5. Logistic regression and least square means to compare salivary gland infection rates. 1) amongsixgenerationsof
Ae. aegypti, 2) betweenmosquitoesprocessedat7versus14dpi, 3) among10collections,4) among3regionsand5)
betweencollectionsnorth versussouthof theNVA.

https://doi.org/10.1371/journal.pntd.0006599.g005
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andSGIBwasthemainbarrier in CiudadMadero.TRrangedfrom 8±51%at14dpi. Themain
barrier to ZIKV transmissionin Ae. albopictus wastheSGEBin Coatzacoalcos(Table1) and
SGIBsin CiudadNicolasandHuehuetan.TRrangedfrom 2±21%at14dpi in Ae. albopictus.

Fig 6. Logistic regression and least square means to compare transmission rates. 1) amongsixgenerationsof Ae.
aegypti, 2) betweenmosquitoesprocessedat7versus14dpi, 3) among10collections,4) among3regionsand5) between
collectionsnorth versussouthof theNVA.

https://doi.org/10.1371/journal.pntd.0006599.g006
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Discussion

ThisstudydemonstratesthatMexicanAe. aegypti andAe. albopictus arecompetentvectorsof
ZIKV. Howeverthepatternsof MIR, DIR, SGIRandTRin generalvarybetweenthetwo spe-
cies.TheMIR, DIR, andSGIRwereall statisticallysimilarby14dpi in Ae. aegypti (Fig10).In
contrastin Ae. albopictus, theMIR, DIR, andSGIRaresignificantlydifferentat14dpiin all
threecollections.In Ae. albopictus theremaybedistinctMIB, DIB andSGIBthatblockpassage
of ZIKV from onetissueto thenext.In additionnoticethat,unlike Ae. aegypti, all four rates
only increaseslightlyfrom 7 dpi to 14dpiin Ae. albopictus.

Vectorcompetencevariedamongcollectionsandgeographicregionsin Mexicoand
dependingon whethermosquitoesarecollectednorth or southof theNVA. Lozano-Fuentes
etal [26] previouslyreportedanabruptdeclinein MIR, DIR, SGIRandTRin collectionsjust
southof theNVA. Thiswasconsistentwith ahypothesisthat theintersectionof theNVA with
theGulf of Mexicocoastactsasabarrier to geneflow previouslyobservedbetweenAe. aegypti
collectionsnorth andsouthon coastalplainalongtheGulf of Mexico.TheTransverseVolca-
nic Beltof Mexicodividesthestateof Veracruzinto northernandsouthernCoastalPlains.
Thisbeltbeganto developduring theOligoceneandthenlater,during thePliocene±Pleisto-
cene,intenseorogenicactivityraisedtheNeovolcanicaxis.TheNVA extendsfrom nearthe

Fig 7. Midgut infection, dissemination, salivary gland infection and transmission rates of Ae. aegypti by collection. A) ratesat7
dpi andB)14dpi bycollectionlocation.Apodacais thefurthestnortherncollectionwhileGuerrerois thefurthestsouth.Error bars
represent95%confidenceintervals.Dataarefrom at least2 independentreplicates.Statistical significanceisdepictedas���� for
p<0.0001,��� p<0.001,��p<0.01and� p<0.05by two-tailed Fisher'sexacttest.

https://doi.org/10.1371/journal.pntd.0006599.g007

Fig 8. Midgut infection, dissemination, salivary gland infection and transmission rates of Ae. aegypti by region. A) ratesat7dpi andB)14dpi. Error bars
represent95%confidenceintervals.Statisticalsignificanceisdepictedas���� for p<0.0001,��� p<0.001,��p<0.01and� p<0.05by two-tailedFisher'sexact
test.

https://doi.org/10.1371/journal.pntd.0006599.g008
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PacificCoasteastto theGulf of MexicoandintersectstheAtlantic coast.In thepresentstudy
anabruptdrop in MIR, DIR andSGIRwasobservedbut far north of theNVA in Monterrey
andCiudadMadero.On theotherhand,thelowerVC in northeasterncollectionsobservedby
Bennettetal [31] for DENV2werealsonotedin thecurrentpaperfor ZIKV.

In generalbothAe. aegypti andAe. albopictus werehighlysusceptibleto midgut infection,
hadhighdisseminationandsalivaryglandinfectionratesbut theseledto only low to moderate
transmissionrates.Thepotentialroleof theSGbarriershasbeenpreviouslysuggestedfor
ZIKV [23,32],andhereinwealsoprovideevidenceof astrongSGEBlimiting ZIKV transmis-
sionin MexicanAe. aegypti populations.Salivaryglandescapebarriersmaythereforebethe
mostimportant factorslimiting ZIKV transmissionby Ae. aegypti. In contrastAe. albopictus
hadlowerratesof midgut infectionanddisseminationbut transmissionwaslimited mainlyby
asalivaryglandinfectionbarrier.

TRat14dpi variedfrom 8±51%in Ae. aegypti andfrom 2±26%in Ae. albopictus. SGEBsare
indicatedwhenmosquitoeshaveaninfectedsalivaryglandbut areunableto transmitvirus.
Theexistenceof SGEBshasbeendefinitivelydemonstratedfor JapaneseEncephalitisVirus in
Culex tritaeniorhynchus[33], SnowShoeHarevirusin Ae. triseriatus[34],LaCrossevirus
(LACV) in Ae. hendersoni [35] andSindbisvirus in Cx.theileri [36]. More recently,SGEBs
havebeenreportedfor Rift ValleyFeverVirus [37,38].

Alternatively,anapparentSGEBmaysimplyreflecta low sensitivityof salivacollection
for detectingliveZIKV followedby plaqueassays.A majordifferencebetweenstudiesof
SGEBmadein themid 1970±1980'sandsimilar studiesdonenow is thatearlierstudies
wereableto use8-day-old(suckling)miceto testfor arboviraltransmissionsincesuckling

Fig 9. Midgut infection, dissemination, salivary gland infection and transmission rates of Ae. aegypti by collection. A) ratesat7dpi andB)14dpi by
collectionlocation.SanNicolasis thefurthestnortherncollectionwhileHuehuetanis thefurthestsouth.Error barsrepresent95%confidenceintervals.Data
arefrom at least2 independent replicates.Statisticalsignificanceisdepictedas���� for p<0.0001,��� p<0.001,��p<0.01and� p<0.05by two-tailedFisher's
exacttest.

https://doi.org/10.1371/journal.pntd.0006599.g009
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micearesusceptibleto fatalinfection.Althoughtherearerecentexamples[39], useof suck-
ling miceis now prohibitedby manyinstitutionsincluding CSUfor bioethicalreasons.Use
of sucklingmiceis alsoprohibitivelyexpensivewhenanalyzingmanymosquitoesasin the
currentstudy.

Theprotocolusedin thepresentstudyinvolvesremovingthelegsandwingsof themos-
quito andslidingits proboscisinto thenarrowendof aglasscapillarytubefilled with min-
eraloil. This ªoil-techniqueºis wellestablishedatCSUandcanbeviewedasanonlinevideo
whichshowsCSUpersonnelperformingthetechnique[40]. Plaqueassaysarethenusedto
detectlivevirusand/ormeasuretheamountof livevirus in thecollectedsaliva.However
this quantitativestepwasnot takenin thepresentstudybecauseof thelargenumbersof
individualsanalyzed.

Fig 10. Midgut infection, dissemination, salivary gland infection and transmission rates among all Ae. aegypti and Ae. albopictus collections at 7 and

14 dpi (A and B). Error barsrepresent95%HDI confidenceintervals.Statisticalsignificanceisdepictedas���� for p<0.0001,��� p<0.001,��p<0.01and�

p<0.05by two-tailedFisher'sexacttest.

https://doi.org/10.1371/journal.pntd.0006599.g010
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MeasuringTRin collectedsalivaremainsproblematicbecausemosquitoesvaryin the
amountof salivathat theyproduceduring probingandingestionof abloodmeal.Furthermore
theconcentrationof virusmaynot beuniform in thesalivasuchthatsmallvolumesmaycarry
asmuchvirusasalargervolume.Asexamples,transmissionelectronmicroscopyin thesali-
varyglandsof Ae. albopictus revealedmatureCHIKV particles(analphavirus)thatarehighly
clumped(almostcrystalized)in someacinarcells[41] but in othercellsmatureparticles
appearto bemoreuniformly distributed.Thesamepatternappearsin thesalivaryglandsof
Culex pipiens quinquefasciatus [42] infectedwith WestNile Virus (aflavivirus).

However,usingtransmissionelectronmicroscopycanalsobemisleadingbecausemanyof
theparticlesthatarevisualizedmaybedefectiveratherthanlivevirus.Defectiveparticlesare
alsoaproblemwhentrying to quantifyviral RNA usingQuantitativeRT-PCR[43]. With
DENV-2,wefound that lowerdetectionandquantitationlimits were20and200copiesper
reaction,respectively.Amountsof positiveandnegativestrandviral RNA strandswerecorre-
latedandthenumbersof plaque-formingunits (PFU)werecorrelatedwith DENV-2 RNA
copynumberin bothC6/36cellculturesandmosquitoes.PFUwereconsistentlylowerthan
RNA copynumberby2±3log10. Someinvestigatorsusepilocarpine(aparasympathomimetic
plantalkaloid)to promotesalivation[44] whenattemptingto collectsaliva.But in our experi-
ence,whilepilocarpineincreasesthevolumeof salivaproducedbyamosquito,it alsolargely
depletesthesalivaryglandsof salivaandmakesthembrittle anddifficult to removeintact.Fur-
thermore,pilocarpinetreatedfemalesprobablyproducemoresalivathantheyprobablydo in
anormalbite.Thusit ispossiblethat thesalivaryescapebarriersreportedherearedueto lack
of sensitivityof our in-vitro assayfor virustransmission.

It wouldbeinterestingto repeatthisstudyusingZIKV isolatesfrom Mexico.At thetime
thatweinitiated thisstudyno viral isolatesfrom Mexicowereavailable.Genotypex genotype
interactionshavebeenobservedfor otherflaviviruses[45]. However,it hasbeenalsoobserved
thatvirusfrom theAsianstrainbehavessimilarly to avirusfrom theAmericas(Mexico)[24].
A strainfrom MexicoandthePuertoRicanPRVABC59waspreviouslyshownto beverysimi-
lar [29].

Table 1. Contribution of each of the barriers (MIB, MEB, SGIB and SGEB) to the overall TR. Thecontribution of eachof thebarriersto theoverallVC wascalculated
accordingly to Eqs1±4.In eachrow thelargestpercentagesareshownin bold.

Collection TR MIB MEB SGIB SGEB

Aedes aegypti
Apodaca 33% 16% 4% 3% 78%

SanNicolas 27% 5% 4% 8% 82%

Monterrey 8% 17% 9% 20% 54%

Cd.Madero 17% 29% 7% 39% 25%

PozaRica 41% 0% 1% 4% 95%

Minatitlan 29% 17% 3% 26% 54%

Coatzacoalcos 51% 3% 4% 17% 76%

Merida 42% 5% 5% 15% 76%

Mazatan 24% 0% 0% 1% 99%

Guerrero 43% 9% 0% 11% 81%

Aedes albopictus
SanNicolas 2% 8% 35% 57% 0%

Coatzacoalcos 27% 2% 7% 15% 76%

Huehuetan 8% 6% 22% 40% 31%

https://doi.org/10.1371/journal.pntd.0006599.t001
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