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

Author summary

Aedes aegypti is an efficientvectorfor arbovirusesvhichis partially determinedby its vec-
tor competencgVC) statusahighly variabletrait. Basedn previousreports,the VC of
NewWorld mosquitoess limited for ZIKV. However.aVC assessmeffitom additional
geographicatourcesvaslacking.Therefore weevaluatedhe VC for ZIKV usingrecently
colonizedmosquitoegrom Mexico.Aedes aegypti and Ae. albopictus werehighly suscepti-
bleto ZIKV infectionbut variedgreatlyin their transmissiorrates As with previousstud-
iesof otherflavivirusesyC for ZIKV washighly variablein both Ae. aegypti and Ae.
albopictus but wasgreatesin Ae. aegypti, supportingits role asthe main ZIKV vector.

Introduction

Zikavirus (ZIKV, Flavivirus Flaviviridae)wasfirst isolatedfrom afebrilesentinelrhesus
macaquen the Zika forestof Ugandain 1947andlaterin 1948from Ae. africanus mosquitoes
from thesameared[1]. ZIKV circulatedin Africa and Asiawithout muchattentionuntil 2007
whenamajor outbreakoccurredin the Pacificlslandof Yapin the FederateéStateof Microne-
sia[2, 3]. Outbreakswverelaterreportedin other PacificislandsFrenchPolynesiaEaster
Island,the CooklslandsandNew Caledoniaduring 2013+20144+6]. Making its arrivalto the
Americasin early2015ZIKV circulationwasconfirmedin Brazilin May and,asexpected,
ZIKV spreadjuicklyto areasvherethe vectorswverepresentMosquito-bornetransmission
hasbeenreportedin 48 countriesof the Americassinceits introduction [7]. In addition, ZIKV
wasassociatewvith congenitalabnormalitiessuchasmicrocephalyandanincreasedncidence
of Guillain-Barrsyndrome andwasthusdeclareca PublicHealthEmergencyf Interna-
tional Concernby the World HealthOrganizationon Februaryl, 2016[8], whichendednine
monthslater[9]. Sinceits introduction, the PanAmericanHealth Organizationhasreported
morethanathousandcumulativeZika casesn the AmericasMexicoalonehadatotal of 129
case$10], with its first caseof congenitalZIKV syndromein Novemberof 2016[11].

Themain mechanisnof ZIKV transmissiorin epidemicandendemicareass throughthe
bite of aninfectiousmosquito,with Ae. aegypti apparentlyservingasthe primary vector[12].
Fromthe screeningf wild-caughtmosquitoesn Mexico,ZIKV RNA hasbeendetectedn Ae.
aegypti poolscollectedn andaroundhousef suspected|KV case$§l3]. Aedes albopictus
[14] havealsobeenconfirmedto beinfectedwith ZIKV.

Vectorialcapacityis aquantitativemeasuref the potentialof anarthropodvectorto trans-
mit apathogenlt is definedasthe averag@umberof potentiallyinfectivebitesthat will ulti-
matelybedeliveredby all the vectorsfeedingon asinglehostin aday[15]. Vectorialcapacity
isimpactedby extrinsicfactorslike vectordensity vectorlongevity lengthof the extrinsic
incubationperiod (EIP) andblood feedingbehavior{16, 1 7] andalsoby intrinsic factorslike
vectorcompetencgVC). VC is definedastheintrinsic ability of anarthropodvectorto
acquire maintainandeventualljtransmitapathoger{18]. Uponingestion the arbovirushas
to replicateto betransmittedto asusceptibléostin asubsequenfeedingepisodeHowever
thevirus hasto first bypass serieof physiologicabhndanatomicabarriers[19]. Briefly,upon
entry of thevirusinto the mosquitomidgut throughaninfectiousblood meal,the virus hasto
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establishaninfection;if this doesnot occurthe mosquitohasa midgut infectionbarrier

(MIB). Next,thevirus hasto replicatein the midgut andthenescapé¢he midgutto disseminate
to othertissuesWhenthis doesnot occurthe mosquitois saidto haveamidgut escap@r dis-
seminationbarrier (MEB). Thevirus mayinfect severamosquitotissuesncluding, most
importantly, the salivaryglandswhereit againhasto establistaninfection. If thisis prevented
themosquitohasa salivaryglandinfection barrier (SGIB).Finally,the virus hasto replicate
anddisseminaténto the salivafrom whereit will beexpectoratedvith the salivawhile probing
andfeedingin asusceptibleertebratehost.If thisislimited, the mosquitohasasalivarygland
escapdarrier (SGEB)19, 20]. Consecutivelyhe MIB, MEB, SGIBand SGEBcontributeto
theoverallVC phenotype.

By harvestingnosquitoest 7 and 14 dayspostinfection (dpi) we canobtain potentialindi-
catorsof infectionanddisseminatiorand/ or transmissiorrespectively21,22]. Previousstud-
ieshavereportedlow ZIKV transmissiorratesfor the Asianlineageof ZIKV usingmosquitoes
from awide geographicalangein the NewWorld [23, 24]. We hypothesizedhat VC is vari-
ableandis highly dependenuponthe geographiorigin of the mosquitopopulations Hence,
weanalyzedhe ZIKV transmissiorpotentialof 13recentlycolonizedAedes collections10of
Ae. aegypti and 3 of Ae. albopictus, from differentlocationsacrossviexico.Thesecollections
wereanalyzedor ZIKV (strainPRVABC59bAsiargenotype)/C at 7 and 14 daysdpi.

Hereinwereportthat both Aedes speciesrecompetentfor ZIKV transmissiorandthat
MIB, MEB, SGIBand SGEBvaryby speciesaswell asby collection,region,andwhetherthey
werecollectedhorth or southof the NVA. TR rangedfrom 2+51%at 7 dpi andfrom 8+51%at
14dpiin Ae. aegypti. Aedes albopictus hadfrom 0£8%transmissiorat 7 dpi and 2+26%at 14
dpi. We describahe contribution of eachof the barriersfor ZIKV transmissiorshowingthata
SGEBmaybeanimportant barrierto ZIKV transmissiorin Ae. aegypti populations.

Methods

Mosquitoes

Collectionprotocolswereapproveddy the ethicsboardat the UniversidadAutonomade
NuevolLeon.Written informed consentsvereobtainedfrom the householdwnersfor mos-
quito collectionsndoor andoutsidethe housesNo speciapermit wasneededor samplingin
non-privateproperties.

Aedes eggaverecollectedrom ovitrapssetat differentlocationsin Mexico(Fig 1) during
2016with exceptionof the collectionsfrom the stateof ChiapagHuehuetanand Mazatan)
whereimmaturestagesvereobtainedfrom atleas0differentcontainergS1Table).All 10
Ae. aegypti collectionswvereanalysedrom north to southandwerefurther groupedinto
regions(Northeasternyucatanor Pacific). Theseregionsaredefinedbasedipon apastsur-
veyof variationin mitochondrial DNA in 38collectionsacrosgViexico[25]. Thatstudyindi-
catedthat northeasterrMexicocollectionsweregeneticallydifferentiatedfrom andhadlower
genetiadiversitythan Yucatanand PacificcoastatollectionsRegionsverefurther groupedas
to whethertheywerelocatednorth or southof the NVA basedupon earlierfindings[26].

At eachlocationwhereovitrapswereused 4+5weresetand checkednceaweek Theeggs
weredried and shippedto the laboratoryat ColoradoStateUniversity (PHSpermit no. 2016-
06-185)wheretheywerehatchedrearedto adultsandthenidentifiedto species_arvaewere
fedad libitum with a10%(w/V) liver powdersolution.Adult mosquitoesveremaintainedon
sucroseud libitum andfor eggproduction citratedsheebloodwasgivenonceaweekthrough
water-jacketedjlasdeedersisinghoggut asamembranethroughwhichto feed Adultswere
maintainedatinsectaryconditions(28EC70%relativehumidity and 12:12ight:darkdiurnal
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Fig 1. Map showing the collection sites of Aedes mosquitoes. Reddiamondsindicatewhereboth speciesvere
collectedBlackdotsdepictAe. aegypti collectionsandgreendotsindicateAe. albopictus collectionsFreeaccesQGIS
(2.8.1)Wien softwarewith publicaccestayergUSA_adn®,NIC_adrm0,HND_adm0,GTM_admQMEX_adni)was
usedfor mapelaboration.

https://i.org/10.1371durnal.pntdd006599.g001

cycle) Mosquitoesvereidentified asAe. aegypti or Ae. albopictus basedn scalepatternson
thethoraxafteradulteclosion27].

Mosquito infections

Theflow chartin Fig 2 indicateshow eachof the 13collectionswereevaluatedor VVC using
Ae. aegypti collectedn Apodacaasanexamplegraw datain first four rowsof S1Table).The
ZIKV strainusedfor thesestudiesvasPRVABC59Accessior# KU501215)28] obtained
from the CDC.PRVABC5%trainhadbeenpassedour timeson African greenmonkeykid-
neycells(Vero, ATCC CCL-81).For mosquitoinfectionsPRVABC59vasusedto infectVero
cellsataMOI of 0.01 After 4 daysinfection,the supernatantvasharvestedndcentrifugedat
3,000xdor 10min at4ECThesupernatantvasthentransferredo acleantubeandasample
wastakento performZIKV quantificationby quantitative-reversganscriptasd®CR(RT-
gPCR)with oligonucleotidegor the ZIKV 3'untranslatedegion(S2Table)prior to theinfec-
tion of mosquitoesDuring thistime, the supernatantvasmaintainedat 4EQuntil it was
mixedwith blood.RNA wasextractedrom 50pL of the clarified supernatanusingthe
Direct-zol"RNA MiniPrep Kit (Zymo ResearciCorp.) following manufacturerecommenda-
tions.Basedipontheresult,the supernatantvassupplementedvith Dulbecco'snodified
Eagle'snedium(DMEM) and 20%FBSandfurther mixed 1:1with defibrinatedcalfbloodto a
final concentrationof 1 x10° genomeequivalent§GE)/ mL. Viral titersin the ZIKV infectious
calfbloodwereconfirmedby plaqueassaysn Vero cells averagind.0° PFU/mL (Fig 2A).

Prior to feeding 5t6dayold mosquitoesveredeprivedof sucroseandwaterfor 24hours.
Mosquitoinfectionswereperformedunder BSL-3containmentwheretheywereoffereda
ZIKV infectiousblood mealthroughwater-jacketedjlasfeedersoveredwvith hoggut. After
up to one-hourof feeding mosquitoesverecold-anesthetizednd engorgedemalesvere
placedinto newcartonsandwaterandasugarsourcewereprovided(Fig 2A.)
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A 70 mosquitoes
- orally infected with o
PRVABC59 Individually harvest Individually harvest
(11 did not feed) 25 mosquitoes 34 mosquitoes
PFU titer = 1.5x10° 19 salivary glands 24 salivary glands
- g <
e 0 7 14
Apodaca P day day
Rep 2 F: day 7 day 14
. < o
100 mosquitoes Individually harvest Individually harvest
orally infected with 48 mosquitoes 48 mosquitoes
PRVABC59 26 salivary glands 25 salivary glands

(4 did not feed)

PFU titer = 18 x 10° B. VC determination

1. Legs & /wings removed. Homogenized > Filtered > Vero cells > determine pfu > calculate DIR
2. Proboscis inserted into capillary tube containing oil to collect saliva. Homogenized > Filtered > Vero cells >
determine pfu > calculate TR

3. Salivary glands removed. Homogenized > Filtered > Vero cells> determine pfu > calculate SGIR
4. Midgut removed. Homogenized > Filtered >Vero cells > determine pfu > calculate MIR

C. Statistics

1. Blood titers were log,, (x+1) transformed and analyzed with ANOVA and Pearson’s Correlation Coefficient were
calculated used to determine if DIR, TR, SGIR,MIR are correlated with blood titers.

2. Logistic regression performed in PROC GLIMMIX was used to compare MIR, DIR, SGIR, and TR (binary responses),
a) among replicates (2-3 random effects), b) among mosquito generations (fixed effect), c) 7 vs. 14 dpi (fixed effects),
d) among collection sites (fixed effects), e) among regions (Northeastern, Yucatan, Pacific - fixed effects),

and f) between sites North and South of the NVA.

Fig 2. Flow chart indicating. A) how mosquitoegrom the Apodacecollectionwereprocessedt 7 dpi and 14dpi. B) howeachmosquitoin the Apodaceacollecton was
processetb determineDIR, TR,SGIR MIR. C) andhow eachcollectionwasprocessedtatisticaly.

https://da.org/10.1371durnal.pntdd006599.g002

Vector competence assessment

At 7 and 14dpi, mosquitoesverecold anesthetizedt 4ECTo measureghe DIR, mosquitolegs
andwingswereremovedand placednto atubewith 250uL mosquitodiluent (1X phosphate
buffersaline(PBS)supplementedvith 20%heat-inactivatedetalbovineserum(FBS) 50pg/
mL penicillin/streptomycin 50 ug/mL gentamycin2.5pg/mL fungizone)(Fig 2B)andastain-
lesssteebeadfor homogenizationTo obtainsalivato measurel' R, the mosquito(without legs
or wings)proboscisvasplacednto acapillarytubethat containedimmersionoil (~5pL) and
allowedto expectoratesalivafor 30minutes.Followingsalivation thetip of the capillarytube
wasbrokeninto atubecontaining100uL of mosquitodiluent. Subsequentlythe midgut (to
measureMIR) andsalivaryglands(to measuresGIR)weredissectedsinsedindividually in
PBSandplacedn tubeswith mosquitodiluentandastainlessteebead Forcepsveredipped
in 70%ethanolandcleanedaftereachtissuewasdissectednd betweerindividual mosquitoes.
Mosquitotissuesverestoredat-80EQuntil further processingFig 2B).
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Mosquitotissuegmidguts,legs/wingsandsalivaryglands)werethawedandhomogenized
at25cycles/secontbr oneminute usinga RetschMixer Mill MM400 (Germany)and centri-
fugedat 20,000xdor 5 minutesat 4EQwhile salivasamplesverecentrifugedat 20,000k g for 3
minutesat 4ECmixedby vortexingand centrifugedfor 3 additionalminutes.Clarified super-
natantwastitrated by plaqueassayn Vero cellsto determinewhetherindividual mosquito
tissuesontainedinfectiousZIKV (Fig 2B).

Plaque assays

Plagueassaysvereperformedon Vero cellswhichweremaintainedin DMEM containing8%
FBS50ug/mL penicillin and streptomycinand 50 ug/mL gentamycirat 37EGwith 5%CO,.
Twelve-welplateswvereseededvith Vero cellsandallowedto reach90to 95%confluency.
Mediawasthenremovedandreplacedvith 250uL of DMEM containing1%FBS 50 ug/mL
penicillin and streptomycinand 50 ug/mL gentamycinSubsequentlygachsample(30 L for
mosquitosalivaor 70uL for midgut, salivaryglandsandlegs/wingsivasaddedto onewell of
theplate.The plateswvererockedfor 90 minutesto allowabsorptionafterwhich 1 mL of over-
lay (tragacantlgum (6 g/L) in 1X DMEM supplementedvith 10%FBS 50 ug/mL penicillin/
streptomycinand 50 ug/mL gentamycin)vasaddedto eachwell and plateswereincubatedat
37EGwith 5%CQ. After 5 daysthe plateswerefixed with astainingsolution(1 g/L crystalvio-
letin 20%ethanolsolution);plaquesverevisualizedn alight boxandrecordedasplaquepos-
itive or negativeWe used10fold dilutions for virus (blood meal)titration. But for testingthe
presencef thevirusin themosquitotissue®r salivasamplesve determinedthe presencef
ZIKV infectiousparticlesby observingplaquedrom afixed volumeof the sample(Fig 2B).

Data and statistical analysis

We determinedthe ratesof midgut infection, disseminationsalivaryglandinfectionand
transmissionin eachof the mosquitopopulationstested 29, 30]. Thedisseminatiorrate
(DIR) wasdefinedasthe numberof mosquitoeswith infectiousZIKV in thelegs/wings
dividedby the numberof blood-fedmosquitoegFig 2B.1). Thetransmissiorrate (TR) was
definedasthe numberof mosquitoesvhosesalivacontainedinfectiousZIKV dividedby the
total numberof salivaryglandsthat weresuccessfulldissectedrig 2B.2) Salivaryglandinfec-
tion rate(SGIR)wasdefinedasthe numberof mosquitoewith infectiousZIKV in the salivary
glandsdivided by numberof salivaryglandsthat weresuccessfulldissectedFig 2B.3) Midgut
infectionrate(MIR) wasdefinedasthe numberof mosquitoeswith infectiousZIKV in the
midgut divided by the total numberof mosquitoeghat hadblood-fed.(Fig 2B.4).

Nextwe calculatedhe additivecontribution of eachof the four transmissiorbarriersto
blockingtransmissiorby adjustingMIR, DIR, SGIRand TR sothat theysumto 100%.

AMIR = number with infected midgut/number bloodfed (1)

ADIR = number with infected legs/number with infected midgut (2)
ASGIR = number with infected salivary gland/number with infected legs (3)
ATR = number with infected saliva/number with infected salivary gland (4)
VC = number with infected saliva/number bloodfed (5)

VC = AMIR x ADIR x ASGIR x ATR (6)
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Log,, (VC) = Log,, (AMIR) + Log,, (ADIR) + Log,, (ASGIR) + Log,, (ATR) (7)

%MIB = Log,, (AMIR)/ Log,, (VC) x 100 (8)
%MEB = Log,, (ADIR)/ Log,, (VC) x 100 (9)
%SGIB = Log,, (ASGIR)/ Log,, (VC) x 100 (10)
%SGEB = Log,, (ATR)/ Log,, (VC) x 100 (11)

GraphPadPRISMversion7.03(GraphPadsoftware SanDiego,CA, USA)and SigmaPlot
12(SystatSoftware|nc, SanJoseCA) wereusedfor graphconstruction.

Bloodtiterswerelog; o (x+1) transformed(Fig 2C.1).All analysesverereplicatedatleast
twicewith different(independent)virus preparationgor eachreplicate(S1Table).MIR, DIR,
SGIR,and TR werecomparedusinglogisticregressionn PROCGLIMMIX in SAS9.4.The
LSMEANSoption wasusedto report meanproportionsandtheir 95%confidenceantervals.
Main effectdn thelogisticregressioweremosquitogenerationdpi, collection,geographic
regionandwhethertheywerefrom north or southof the NVA [26]. Bloodmealtiters (pfu/
mL) werecomparedusingAnalysisof Variance(ANOVA) in PROCGLM in SAS9.4(Fig
2C.3).Pearson'€orrelationCoefficientsverecalculatedusingPROCCORR(Fig 2C.3).Pro-
portions(MIR, DIR, SGIR,TR) wasnormalizedwith arcsineof the squareroot prior to
ANOVA andcorrelationanalyses.

Results
Effects of mosquito generations and virus preparations on VC

Dueto time and spaceconstraintst wasnot feasibleéo measurehe four componentsof vector
competencéMIR, DIR, SGIR,TR) simultaneouslyn all 13 Aedes collectionsinstead6 gener-
ations(F,DF g) (S1Table)of Ae. aegypti andthethreegeneration®f Ae. albopictus were
requiredto completeall experimentsThe PRVABC5%irus wasgrown freshfor eachround
of infectionsandtitersvariedsignificantlyfrom 5.1to 7.6logsamongthe severgeneration®f
Ae. aegypti (ANOVA P = 0.0252pandthethreegeneration®f Ae. albopictus (ANOVA
P =0.0203)In Ae. aegypti the bloodtiter wasnot correlatedwith 7 dpi MIR (r = 0.246,
P=0.2832)DIR (r =0.046P = 0.8420)SGIR(r =0.157P=0.5210pr TR (r = 0.147,
P = 0.525) The samewasthe casdor 14dpi MIR (r =0.350P=0.1103)PIR (r =0.314,
P=0.1541)SGIR(r =0.304P=0.1800)pr TR (r = 0.415P = 0.0546)All correlationanalyses
hadn = 22 observationsEventhoughinfectiousbloodtiters variedamongthe differentmos-
quito generationsheydid not appeato affectvectorcompetencearametersn Ae. aegypti.
Interestinglythesesamepatternsdid not hold for thethreeAe. albopictus collectionsS1+S4
Figsshowthatthefour VC parametervarygreatlyamongthe threegenerationskurthermore,
thefour VC parametersverecorrelatedwith 7dpiMIR (r = 0.693P =0.127)DIR (r = 0.905,
P=0.0132)SGIR(r =0.960P = 0.0024)and Sal(r = 0.976 P = 0.0009rndat 14dpi MIR
(r=0.765P=0.0452)DIR (r =0.830P =0.0208) SGIR(r =0.886 = 0.0079put not TR
(r =0.545P = 0.2064)All correlationanalysefiadn = 7 observationsBothtrendssuggest
thatall four VC parametersareconfoundedby the largevariationamongthe generation®f
Ae. albopictus measuredFor thesereasonstesultscanbeseenn S1+S#&igsbut arenot con-
sideredfurther.
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MIR, DIR, SGIR, and TR among Ae. aegypti generations, dpi, collections
and regions

In Ae. aegypti MIR variedsignificantlybetweermosquitogenerationg=; andFs but otherwise
broadlyoverlappedFig 3). MIR wassimilar betweermosquitoesarvestedt 7 or 14dpi.

MIR variedbroadlybetweercollectionswith CiudadMaderoand Monterreyhavingthe low-
estMIR andPozaRicaand Mazatanhavingthe highestMIR. MIR wasleastin northeastern
andYucatanregionsand MIR washighestin the PacificcollectionsMIR waslowestin collec-
tions southof the NVA.

DIR variedsignificantlybetweermosquitogenerationdg-;, F, and Fg but otherwisebroadly
overlappedamongthe sixmosquitogenerationgFig 4). Mosquitoesharvestedt 7 dpi hada
lowerDIR thanthoseharvestedit 14dpi. DIR variedbroadlybetweercollectionswith Ciudad
MaderoandMonterreyhavingthe lowestDIR and PozaRicaand Mazatarhavingthe greatest
DIR. DIR wasleastin northeasterrcollectionsjntermediaten the Yucatanandhighestin the
Pacificcollections DIR waslowestin collectionsnorth of the NVA.

SGIRvariedsignificantlybetweermosquitogenerations-, and Fg but otherwisebroadly
overlappedamongthe sixgenerationgFig 5). Mosquitoesharvestedt 7 dpi hadalower SGIR
thanthoseharvestedit 14dpi. SGIRvariedbroadlybetweercollectionswith CiudadMadero
andMonterreyhavingthe lowestSGIRand PozaRica,Mazatanand Guerrerohavingthe
greatesSGIR.SGIRwasleastin the northeasterrregion,intermediatein the Yucatanand
highestin Pacificcollections SGIRwaslowestin collectionsnorth of the NVA.

TR variedsignificantlyand broadlyamongmosquitogenerations-DF ¢ (Fig 6). Mosqui-
toesharvestedt 7 dpi hadamuchlower TR thanthoseharvestedt 14dpi. SGIRvaried
broadlybetweercollectionswith CiudadMaderoand Monterreyagainhavingthe lowestTR
andPozaRica,Coatzacoalcoand Guerrerohavingthe greatesTR. TR, aswith thethreeother
measuresyasleastin the northeasterrregion,but the samein the Yucatanand Pacificcollec-
tions. TR waslowestin collectionsnorth of the NVA. Thesepatternscouldbeconfoundedby
thelargevariationin TR amongmosquitogenerations.

TheDIR, MIR, SGIRand TR areshowntogetherfor eachcollectionat 7 dpi (Fig 7A) and
14dpi (Fig 7B).At 7 dpi the MIR washigh excepfor CiudadMadero.In mostcasesgheDIR
and SGIRwerelowerthanthe MIR. This suggestthatat 7 dpi mostinfectionshavenot dis-
seminated/etandonly afewDI haveprogressedb infectthe salivaryglands At 14dpi the
MIR, DIR, and SGIRareequivalenexcepfor CiudadMaderoandMonterrey.TheTRat14
dpi areuniformly greaterthantheywereat 7 dpi.

TheDIR, MIR, SGIRand TR areshowntogetherfor eachregionat 7 dpi (Fig 8A) and14
dpi (Fig 8B).At 7 dpi MIR in Pacificcollectionsaresignificantlygreatetthanin Yucatancol-
lectionswhich aresignificantlygreaterthanin northeasterrcollectionsThatsamepattern
occursin DIR, SGIR,and TR. By 14dpi the MIR isthe samean Pacificand Yucatancollections
andboth aregreaterthanin northeasterrcollectionsThe DIR isthe greatesin Pacificcollec-
tions, significantlyhigherthanin Yucatancollectionsandleastin northeasterrcollections.
The SGIRisthesamédn Yucatanandnortheasterrcollectionshoth lowerthanin the Pacific.
TheTRin the Pacificand Yucatancollectionsarethe sameandboth aregreaterthanthe TR in
northeasterrcollections.

Fig9displayDIR, MIR, SGIRand TR for eachof thethreeAe. albopictus collectionsat 7
dpi (Fig 9A) and 14dpi (Fig 9B).Thefour VC rateswerenot comparedamongthethreeAe.
albopictus collectionshecaus¢heyareconfoundedby largevariationamongthe generation
measuredndbecaus¢hefour rateswerehighly correlatedwith thelog, o(x+1) bloodtiter.
Howeverit wasinstructiveto compareVC patternsbetweerthetwo speciesit 14dpiin Ae.
aegypti the MIR, DIR, and SGIRwereequivaleniexcepfor CiudadMaderoand Monterrey).
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Midgut Infection Rate

Fig 3. Logistic regression and least square means to compare midgut infection rates. 1) amongsixgeneration®f Ae.
aegypti, 2) betweermosqutoesprocessedt 7 versusl4dpi, 3) amonglOcollections4) among3 regionsand5) between
collectiors north versussouthof the NVA.

https://bi.org/10.1371durnal.pntd006599.g003

Howeverin Ae. albopictus the MIR, DIR, and SGIRaresignificantlydifferentat 14dpi in all
threecollectionsThis maysuggesthatin Ae. albopictus therearedistinctMIB, DIB and SGIB
thatblockpassagef ZIKV from onetissueto the next.In addition noticethat, unlike Ae.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0006599  July 2, 2018 9/21


https://doi.org/10.1371/journal.pntd.0006599.g003
https://doi.org/10.1371/journal.pntd.0006599

Vector competence of Mexican Aedes mosquitoes for Zika virus

e F1
—o— F2
——| F3

—e F4

—o—/ Apodaca
O San Nicolas
—eo— Monterrey
—e— Cd. Madero
—e Poza Rica
—e— Minatitlan
e Coatzacoalcos
e Merida
o Mazatan
e Guerrero
—e— NorthEast
e Pacific
o Yucatan
o North of NVA
e South of NVA

0.0 0.2 0.4 0.6 0.8 1.0
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Fig 4. Logistic regression and least square means to compare disseminated infection rates. 1) amongsixgeneration®f
Ae. aegypti, 2) betweermosquitoeprocessedt 7 versusl4dpi, 3) amonglOcollections4) among3 regionsand5)
betweercollectiors north versussouthof the NVA.

https:/Hoi.org/10.137ournal.prd.0006599.g004

aegypti, all four parameter®nly increaseslightlyfrom 7 dpi to 14dpi. Thesepatternsaresum-
marizedfor both specieén Fig 10acrossll collectionsitescombinedto reiteratespecies
differences.
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Fig 5. Logistic regression and least square means to compare salivary gland infection rates. 1) amongsix generéions of
Ae. aegypti, 2) betweermosquitos processedt 7 versusl4dpi, 3) amonglOcollectiors,4) among3 regionsand5)
betweercollectiors north versussouthof the NVA.

https://bi.org/10.1371durnal.pntd006599.g005

Tablel showgherelativecontribution of eachof thefour barriersin all 10collections
usingEqgs1+10Basedn the contribution of eachbarrier, this analysishowsthat the main
barrierto ZIKV transmissiorin Ae. aegypti isthe SGEBTablel)in nine of the 10collections
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Fig 6. Logistic regression and least square means to compare transmission rates. 1) amongsixgeneréions of Ae.
aegypti, 2) betweermosqutoesprocessedt 7 versusl4dpi, 3) amonglOcollections4) among3 regionsand5) between
collectiors north versussouthof the NVA.

https://bi.org/10.1371durnal.pntd006599.g006

and SGIBwasthe main barrierin CiudadMadero.TR rangedfrom 8+51%at 14 dpi. Themain
barrierto ZIKV transmissionin Ae. albopictus wasthe SGEBn Coatzacoalco§ ablel) and
SGIBsn CiudadNicolasandHuehuetanTR rangedfrom 2+21%at 14 dpi in Ae. albopictus.
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Fig 7. Midgut infection, dissemination, salivary gland infection and transmission rates of Ae. aegypti by collection. A) ratesat 7
dpi andB) 14dpi by collectionlocation.Apodacas the furthestnorthern collectionwhile Guerrerois the furthestsouth.Error bars
represenB5%confiderceintervals Dataarefrom atleast2 indeperdentreplicaes.Statistichsignificarceis depictedas**** for

p <0.0001** p<0.®M1,**p<0.01and* p<0.05by two-tailed Fisher'sexactest.

https://abi.org/10.1371durnal.pntd006599.g007

Discussion

This studydemonstratethat MexicanAe. aegypti and Ae. albopictus arecompetentectorsof
ZIKV. Howeverthe patternsof MIR, DIR, SGIRand TR in generalvarybetweerthetwo spe-
ciesTheMIR, DIR, and SGIRwereall statisticallysimilar by 14dpiin Ae. aegypti (Fig 10).In
contrastin Ae. albopictus, the MIR, DIR, and SGIRaresignificantlydifferentat 14dpiin all
threecollectionsln Ae. albopictus theremaybedistinct MIB, DIB and SGIBthatblockpassage
of ZIKV from onetissueto the next.In addition noticethat, unlike Ae. aegypti, all four rates
only increassslightlyfrom 7 dpi to 14dpiin Ae. albopictus.
Vectorcompetencerariedamongcollectionsandgeographicegionsin Mexicoand
dependingon whethermosquitoesarecollectedhorth or southof the NVA. Lozano-Fuentes
etal [26] previouslyreportedanabruptdeclinein MIR, DIR, SGIRand TRin collectiongust
southof the NVA. Thiswasconsistenivith ahypothesighattheintersectionof the NVA with
the Gulf of Mexicocoasiactsasabarrierto geneflow previouslyobserveetweere. aegypti
collectionsnorth andsouthon coastaplain alongthe Gulf of Mexico.The Transversé/olca-
nic Beltof Mexicodividesthe stateof Veracruzinto northern and southernCoastaPlains.
Thisbeltbegarto developduring the Oligoceneandthenlater,during the PliocenexPleisto-
cenejntenseorogenicactivity raisedthe Neovolcaniaxis.The NVA extendsrom nearthe
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Fig 8. Midgut infection, dissemination, salivary gland infection and transmission rates of Ae. aegyptiby region. A) ratesat 7 dpi and B) 14dpi. Error bars
represenB5%confiderceintervals Statistial significarceis depictedas**** for p <0.00Q, *** p<0.001;*p<0.01land* p<0.05by two-tailedFisher'sexact

test.
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Fig 9. Midgut infection, dissemination, salivary gland infection and transmission rates of Ae. aegyptiby collection. A) ratesat 7 dpi andB) 14dpi by
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exactest.
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PacificCoasteastto the Gulf of Mexicoandintersectghe Atlantic coastln the presentstudy
anabruptdrop in MIR, DIR and SGIRwasobservedut far north of the NVA in Monterrey
andCiudadMadero.On the otherhand,thelowerVC in northeasterrcollectionsobservedy
Bennettetal [31] for DENV2werealsonotedin the currentpaperfor ZIKV.

In generaboth Ae. aegypti and Ae. albopictus werehighly susceptibléo midgutinfection,
hadhigh disseminatiorand salivaryglandinfection ratesbut thesdedto only low to moderate
transmissiorrates.The potentialrole of the SGbarriershasbeenpreviouslysuggesteébr
ZIKV [23,32],andhereinwealsoprovideevidenceof astrongSGEHRimiting ZIKV transmis-
sionin MexicanAe. aegypti populations Salivaryglandescapdarriersmaythereforebethe
mostimportant factorslimiting ZIKV transmissiorby Ae. aegypti. In contrastAe. albopictus
hadlowerratesof midgutinfection and disseminatiorbut transmissionwaslimited mainly by
asalivaryglandinfectionbarrier.

TRat14dpi variedfrom 8£51%n Ae. aegypti andfrom 2+26%n Ae. albopictus. SGEBgire
indicatedwhenmosquitoediaveaninfectedsalivaryglandbut areunableto transmitvirus.
The existencef SGEBHiasbeendefinitivelydemonstratedor JapanesEncephalitis/irus in
Culex tritaeniorhynchus[33], SnowShoeHarevirusin Ae. triseriatus[34], LaCrossevirus
(LACV) in Ae. hendersoni [35] and Sindbisvirusin Cx.theileri [36]. More recently SGEBs
havebeenreportedfor Rift ValleyFevewirus [37,38].

Alternatively,anapparentSGEBmaysimplyreflectalow sensitivityof salivacollection
for detectinglive ZIKV followedby plaqueassaysA major differencebetweerstudiesof
SGEBmadein the mid 1970+1980'andsimilar studiesdonenow is thatearlierstudies
wereableto use8-day-old(suckling)miceto testfor arboviraltransmissiorsincesuckling
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micearesusceptibléo fatalinfection. Althoughtherearerecentexample$39], useof suck-
ling miceis now prohibited by manyinstitutionsincluding CSUfor bioethicalreasonsUse
of sucklingmiceis alsoprohibitively expensivavhenanalyzingmanymosquitoessin the
currentstudy.

Theprotocolusedin the presentstudyinvolvesremovingthe legsand wingsof the mos-
quito andslidingits proboscignto the narrowendof aglassapillarytubefilled with min-
eraloil. This2oil-technique®is well establisheét CSUandcanbeviewedasanonlinevideo
which showsCSUpersonneperformingthetechnique40]. Plagueassayarethenusedto
detectlive virus and/or measurghe amountof live virusin the collectedsalivaHowever
this quantitativestepwasnot takenin the presentstudybecausef thelargenumbersof
individualsanalyzed.
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Table 1. Contribution of each of the barriers (MIB, MEB, SGIB and SGEB) to the overall TR. Thecontribution of eachof the barriersto the overallVC wascalculatel
accordindy to Eqs1+4.In eachrow thelargesipercentagsareshownin bold.

Collection
Aedes aegypti
Apodaca
SanNicolas
Monterrey
Cd.Madero
PozaRica
Minatitlan
Coatzacalcos
Merida
Mazatan
Guerrero
Aedes albopictus
SanNicolas
Coatzacalcos
Huehuetan

https://da.org/10.1371durnal.pntd)006599.t01

TR MIB MEB SGIB SGEB
33% 16% 4% 3% 78%
27% 5% 4% 8% 82%

8% 17% 9% 20% 54%
17% 29% 7% 39% 25%
41% 0% 1% 4% 95%
29% 17% 3% 26% 54%
51% 3% 4% 17% 76%
42% 5% 5% 15% 76%
24% 0% 0% 1% 99%
43% 9% 0% 11% 81%

2% 8% 35% 57% 0%
27% 2% 7% 15% 76%

8% 6% 22% 40% 31%

MeasuringTRin collectedsalivaremainsproblematichecausenosquitoesaryin the
amountof salivathat theyproduceduring probingandingestionof ablood meal.Furthermore
the concentrationof virus maynot beuniform in the salivasuchthat smallvolumesmaycarry
asmuchvirus asalargervolume.As examplestransmissiorelectronmicroscopyin the sali-
varyglandsof Ae. albopictus revealednatureCHIKV particles(analphavirus}hatarehighly
clumped(almostcrystalizedjn someacinarcells[41] butin othercellsmatureparticles
appeaito bemoreuniformly distributed. The samepatternappearsn the salivaryglandsof
Culex pipiens quinquefasciatus [42] infectedwith WestNile Virus (aflavivirus).

However,usingtransmissiorelectronmicroscopycanalsobemisleadingbecausenanyof
the particlesthat arevisualizednaybedefectiveratherthanlive virus. Defectiveparticlesare
alsoaproblemwhentrying to quantifyviral RNA usingQuantitativeRT-PCR[43]. With
DENV-2,wefound thatlowerdetectionand quantitationlimits were20and200copiesper
reactionrespectivelyAmountsof positiveand negativestrandviral RNA strandswerecorre-
latedandthe numbersof plague-formingunits (PFU)werecorrelatedwith DENV-2 RNA
copynumberin both C6/36cell culturesand mosquitoesPFUwereconsistentlfowerthan
RNA copynumberby 2+3log; o Somenvestigatorsisepilocarpine(aparasympathomimetic
plantalkaloid)to promotesalivation[44] whenattemptingto collectsalivaButin our experi-
encewhile pilocarpineincreaseshe volumeof salivaproducedby amosquito,it alsolargely
depleteshe salivaryglandsof salivaand makeshembrittle anddifficult to removeintact. Fur-
thermore pilocarpinetreatedfemalegprobablyproducemore salivathan theyprobablydo in
anormalbite. Thusit is possiblaghatthe salivaryescapdarriersreportedherearedueto lack
of sensitivityof our in-vitro assayor virustransmission.

It would beinterestingto repeatthis studyusingZIKV isolatesrom Mexico.At thetime
thatweinitiated this studyno viral isolaterom MexicowereavailableGenotypex genotype
interactionshavebeenobservedor otherflaviviruse445]. However it hasbeenalsoobserved
thatvirus from the Asianstrainbehavesimilarly to avirus from the Americag(Mexico) [24].
A strainfrom Mexicoandthe PuertoRicanPRVABC59vaspreviouslyshownto beverysimi-
lar [29].
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