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Abstract

Introduction

Dengue is the most important mosquito-borne diseases worldwide but was considered

scarce in West-Central Africa. During the last decade, dengue outbreaks have increasingly

been reported in urban foci in this region suggesting major epidemiological changes. How-

ever, in Central Africa where both vectors, Aedes aegypti and Aedes albopictus are well

established, the role of each species in dengue transmission remains poorly investigated.

Methodology/Principal findings

Field-collected strains of Ae. aegypti and Ae. albopictus from different ecological settings in

Central Africa were experimentally challenged with dengue 2 virus (DENV-2). Mosquitoes

were analysed at 14- and 21-days post-infection. Analysis provide evidence that both Ae.

aegypti and Ae. albopictus in Central Africa were able to transmit dengue virus with Ae.

aegypti exhibiting a higher transmission rate. Unexpectedly, two Ae. aegypti populations

from BeÂnoueÂand Maroua, in northern Cameroon, were not able to transmit DENV-2.

Conclusions/Significance

We conclude that both Ae. aegypti and Ae. albopictus are susceptible to DENV-2 and may

intervene as active dengue vectors. These findings highlight the urgent need to plan a vector

surveillance program and control methods against dengue vectors in Central Africa in order

to prevent future outbreaks.
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Author summary

Denguevirus(DENV) isaflavivirusmainly transmittedto humansthroughthebiteof
infectedmosquitoesnotably����� �����	
 and����� ���
�
�	��. In CentralAfrica
wherebothvectors,��. �����	
 and��. ���
�
�	�� arewellestablished,theroleof each
speciesin denguetransmissionremainspoorly investigated.Here,weassessedthevec-
tor competenceof ��. �����	
 and��. ���
�
�	�� collectedin differentecologicalsettings
in CentralAfrica to transmitdengue2 virus (DENV-2).Weprovideevidencethatboth
��. �����	
 and��. ���
�
�	�� in CentralAfrica wereableto transmitdengueviruswith
��. �����	
 exhibitingahighertransmissionrate.Thesefindingscouldincreasetherisk
of dengueoutbreakin theregionandemphasizetheneedfor acomprehensivevector
surveillanceprogramto preventandpreparednessfor aninterventionin caseof
outbreaks.

Introduction
Dengueisoneof themostimportant arboviraldiseasesin theworld with nearly390million
annualdengueinfectionsand96million (67±136million) clinicalcases[1]. Dengueiscaused
byadenguevirus(DENV) belongingto thegenus����
�
��� (family ����
�
�
���). Thereare
four distinct,but closelyrelatedserotypesof dengue(DENV-1,DENV-2,DENV-3and
DENV-4).DENV is transmittedto humansthroughthebiteof infected����� mosquitoespri-
marily ����� �����	
 Linneaus1772and����� ���
�
�	�� (Skuse1894).

In Africa, thesituationof denguewaslesscritical ashumancasesweremainlyassociated
with mild symptoms[2,3].Haemorrhagicsyndromeswereonly reportedin EastAfrica [4,5].
However,dengueoutbreakshavebeenreportedrecentlyin someWest-CentralAfrican coun-
tries[6±10]suggestingaswitchin theepidemiologicaldynamicsof dengue.Thetwo invasive
species,��. �����	
 and��. ���
�
�	�� arewellestablishedin Africa.While ��. �����	
 native
from Africa took 400±500yearsto invadethetropicalbelt [11,12],��. ���
�
�	�� originated
from Asianforestshascolonizedall fivecontinentsin lessthanfour decades[13,14].�����
���
�
�	�� hasbeenfirst reportedin CentralAfrica in early2000sin Cameroon[15], andsince
then,thisspecieshasinvadedalmostall countriesof theregionincluding theRepublicof
Congo[16±18].In sympatricareas,��. ���
�
�	�� outcompeteswith thenativespecies��.
�����	
 [18±21].Coincidentally,theemergenceof arboviraldiseasessuchasdengueandchi-
kungunyain CentralAfrica hascoincidedwith theestablishmentof ��. ���
�
�	�� in this
region.Indeed,��. ���
�
�	�� wasidentifiedasthemainvectorduring concurrentdengue/chi-
kungunyaoutbreakin Gabonin 2007[8,22],andin Cameroonin 2006[23]. During thelast
two decades,DENV-1 andDENV-2mainly,werecirculatingin Cameroon[24±29].Nation-
widesurveillanceof denguein 2006/2007only revealedthatseroprevalence(IgG andIgM anti-
bodies)washigherin Douala[29]. In theneighbouringcountry,theRepublicof theCongo,
only little information isknownaboutdenguecirculation.Thevectorcompetence(which
refersto thepotentialof anarthropodto ingestthepathogen,ensurereplication,dissemination
andtransmission)which isoneof themain factorsrequiredto establishtheepidemiological
roleof mosquitoesin transmissionispoorlystudiedin CentralAfrica.Previousstudiesonly
focusedon infectionanddisseminationrates[8,30,31]andnot transmissionpotential(i.e.
virusdetectionin mosquitosaliva).To fill this important gap,weperformedacomparative
analysisaimingto assesstheability of ��. �����	
 and��. ���
�
�	�� collectedin differenteco-
logicalsettingsin CentralAfrica to transmitDENV-2.

Risk of dengue in Central Africa
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Materials and methods

Ethicsstatement
Thisstudywasapprovedby theCamerooniannationalethicscommitteefor humanhealth
researchNÊ2017/05/911/CE/CNERSH/SP.Oral consentto inspectthepotentialbreedingsites
wasobtainedin thefield in householdor garageowners.TheInstitut Pasteuranimalfacility
hasreceivedaccreditationfrom theFrenchMinistry of Agricultureto performexperimentson
liveanimalsin compliancewith theFrenchandEuropeanregulationson careandprotection
of laboratoryanimals(ECDirective2010/63,FrenchLaw2013±118,February6th,2013).All
experimentswereapprovedby theEthicsCommitteeandregisteredunderthereferenceAPA-
FIS6573-201606l412077987v2.

Mosquito sampling
Larvaeandpupaewerecollectedfrom August2017to April 2018in severallocationsin Cen-
tral Africa includingBrazzaville(Republicof theCongo),YaoundeÂ, Douala,Tibati andBeÂnoueÂ
NationalPark(Cameroon,Fig1).Eachof theselocationshavebeenpreviouslycharacterised
[18,19].In eachlocation,mosquitoeswerecollectedin peri-urban(i.e.peripheralareaof the
city) anddowntown(i.e.city centrewith highbuilding density)from aminimum of 20con-
tainersperenvironment.Immaturestagesof ����� weretransportedin theinsectaryand
pooledtogetheraccordingto thecity.Larvaewereraiseduntil adultsandidentifiedmorpho-
logically.Adults from samelocationandspecieswererearedat28Ê�1ÊCunder12hdark:12h
light cycleand80%relativehumidity. Eggsobtained(Table1) weretransportedto theInstitut
PasteurParis,rearedto adultstageandusedto challengewith DENV-2.

Virus strain
Thedengue2 virus(DENV-2) strainprovidedbyLeonRosen(Institut Pasteur,Paris,France)
wasisolatedin 1974from ahumanserafrom Bangkok,Thailand[32]. Thisvirushadbeen
passedonly in differentmosquitospecies(�
�
������
	�� ���

����
�, ��. ���
�
�	��, and��.
�����	
) by intrathoracicinoculation.Viral stockswereproducedby inoculating��. ���
�
�	��
cells(C6/36clone)with triturated infectedmosquitoes.

Challengingmosquitoeswith DENV-2
Foreachsample,sixbatchesof 607±10dayold femaleswerechallengedwith aninfectious
bloodmeal(Institut Pasteur,Paris,France)containing1.4mL of washedrabbiterythrocytes
and700�L of viral suspension.Thebloodmealwassupplementedwith adenosine5'-triphos-
phate(ATP) asaphagostimulantatafinal concentrationof 1 mM andprovidedto mosquitoes
ataviral titre of 107 focus-formingunit (ffu)/mL usingaHemotekmembranefeedingsystem
(HemotekLtd, Blackburn,United Kingdom).Mosquitoeswereallowedto feedfor 20min
throughapieceof pork intestine(Institut Pasteur,Paris,France)coveringthebaseof aHemo-
tekfeedermaintainedat37ÊC.Fullyengorgedfemalesweretransferredin cardboardcontain-
ersandmaintainedwith 10%sucroseundercontrolledconditions(28�1ÊC,relativehumidity
of 80%,light: darkcycleof 12h: 12h) for up to 21dayswith mosquitoanalysis14and21days
post-infection(dpi). 21±32mosquitoeswereexaminedateachdpi.

Infection, disseminationand transmissionassays
Foreachmosquitoexamined,body(abdomenandthorax)andheadweretestedrespectively
for infectionanddisseminationratesat14and21dpi. For this,eachpartwasgroundindividu-
ally in 300�L of L15medium(Invitrogen,CA,USA)supplementedwith 2%fetalserum

Risk of dengue in Central Africa

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0007985 December 30, 2019 3 / 12

https://doi.org/10.1371/journal.pntd.0007985


bovine(FBS),andcentrifugedat10,000�gfor 5 min at+4ÊC.Thesupernatantwasprocessed
for viral titration. Salivawascollectedfrom individual mosquitoesusingtechniqueof forced
salivationasdescribedpreviously[33]. Briefly,mosquitoeswerecoolanesthetized,wingsand
legsof eachmosquitowereremovedandtheproboscisinsertedinto atip of 20�L containing
5 �L of FBS.After 30min, FBScontainingsalivawasmixedin 45�L of L15mediumfor
titration.

Fig 1. Map of Cameroon vegetationshowingthe samplingsites.

https://doi.org/10.1371/journal.pntd.0007985.g001
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Infectionrate(IR) refersto theproportion of mosquitoeswith infectedbody(i.e.abdomen
andthorax)amongtestedmosquitoes.Disseminatedinfectionrate(DIR) correspondsto the
proportion of mosquitoeswith infectedheadamongthepreviouslydetectedinfectedmosqui-
toes(i.e.viruspositiveabdomen/thorax).Transmissionrate(TR) representstheproportion of
mosquitoeswith infectioussalivaamongmosquitoeswith disseminatedinfection.Vectorcom-
petencecanbesummarizedby thetransmissionefficiency(TE) whichwascalculatedasthe
proportion of mosquitoeswith infectioussalivaamongtotalof mosquitoestested[34].

Viral titration by focusforming assay
Samplesweretitratedby focusfluorescentassayon ��. ���
�
�	�� C6/36cells[35]. Body,head
andsalivasuspensionswereseriallydiluted in L15mediumsupplementedwith 2%of FBSand
inoculatedonto cellsin 96-wellplates.After incubationof 5 daysat28ÊC,sampleswerefixed
with 0.1mL/wellof formaldehyde3.6%in phosphatebuffersaline(PBS)during 20min at
room temperature.Then,plateswerestainedusingantibodiesspecificto DENV astheprimary
antibody,andconjugatedgoatanti-mouseimmunoglobulinG (AlexaFluor488)asthesecond
antibody(Life Technologies,CA,USA).Titreswereexpressedasffu/mL.

Statisticalanalysis
All statisticalanalyseswereperformedwith Rsoftwarev 3.5.2(RCoreTeam,Vienna,Austria).
Qualitativevariableswereexpressedasproportion andcomparedusingFisher'sexacttest
(RVAideMemoirepackage).While quantitativevariablesweredescribedasmeanandcom-
paredusingnon-parametrictestof Kruskal-Wallisbecauseof non-normaldistribution.Pair-
wisecomparisonwereperformedusingFisher'sexacttestfor proportionsandKruskal-wallis
testfor means.������� <0.05wasconsideredasstatisticallydifferent.

Results

Infection anddisseminatedinfection ratesin ��. ������	
�� and ��. ��
��
�
To determineif ��. �����	
 (sixpopulations)or ��. ���
�
�	�� (four populations)weremore
likely to sustainDENV outbreakin CentralAfrica, theability of thevirusto replicateanddis-
seminatein bothspecieswasexaminedat14and21dpi aswellasDENV particlesexcretedin
saliva(only at21dpi) (Figs2 and3).At 14dpi, ��. ���
�
�	�� infectionrate(IR) rangedfrom
33.3%in Doualapopulationto 68.4%in YaoundeÂurbanpopulationbut no statisticaldiffer-
encewasdetected(Fig2A,Fisher'sExacttest:� = 0.16).ForDIRs,similar trendwasobserved
with lowestratein Doualapopulation(14.3%)andhighestin Brazzavillepopulation(41.6%)

Table1. Origin of ��. ��
��
� and ��. ������	
�� usedfor vectorcompetence.

Location Species Generation

YaoundeÂurban ��. ���
�
�	�� G2

Tibati ��. ���
�
�	�� G2

Douala ��. ���
�
�	�� G2

Brazzaville ��. ���
�
�	�� G5

YaoundeÂurban ��. �����	
 G2

YaoundeÂrural ��. �����	
 G2

BeÂnoueÂParc ��. �����	
 G4

Brazzaville ��. �����	
 G2

Maroua ��. �����	
 G2

Douala ��. �����	
 G2

https://doi.org/10.1371/journal.pntd.0007985.t001
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(Fig2A,Fisher'sExacttest:� = 0.47).While for ��. �����	
, resultsexhibitedhigherIRsrang-
ing from 70.83%for Marouato 100%for DoualapopulationsandDIRsvaryingfrom 58.82%
for Marouato 100%for Doualapopulations.Whenconsideringall populationsof samespe-
cies,IRsfor ��. �����	
 (mean= 76.61%)wassignificantlyhigherthanfor ��. ���
�
�	��
(mean= 51.76%)(Fisher'sexacttest:� = 0.0003).Similarpatternwasfound for DIRs(��.
�����	
: mean= 83.15%and��. ���
�
�	��: mean= 27.27%)(Fig3A,Fisher'sexacttest:
�<10 �6 ).

At 21dpi, ��. ���
�
�	�� displayedhigherIRsrangingfrom 50%for Doualapopulationto
83.3%for YaoundeÂurbanandwerenot significantlydifferent(Fisherexacttest:� = 0.06).But
pairwisecomparisonsshowedthatsignificantdifferencewasfoundbetweenDoualaand
YaoundeÂurban(Fisher'sexacttest:� = 0.03),Tibati andYaoundeÂurban(Fisher'sexacttest:

Fig 2. Infection, disseminatedinfection, transmissionratesand transmission efficiencyof ��. ������	
�� from Central Africa to dengue
virus. A) Infectionanddisseminatedinfection ratesat14dayspost-infection (dpi). B) Infection,disseminatedinfection,transmission ratesand
transmissionefficiencyat21dpi. Error barsshowthe95%confidenceinterval.In brackets,thenumberof mosquitoesexamined.IR: the
proportion of mosquitoeswith infectedbodyamongengorgedmosquitoes;DIR: theproportion of mosquitoeswith infectedheadamong
mosquitoeswith infectedbody;TR:theproportion of mosquitoeswith infectioussalivaamongmosquitoeswith infectedhead.TE:the
proportion of mosquitoeswith infectioussalivaamongall analysed ones.

https://doi.org/10.1371/journal.pntd.0007985.g002

Fig 3. Infection, disseminatedinfection, transmissionratesand transmissionefficiency of ��. ��
��
� from Central Africa to denguevirus.
A) Infectionanddisseminated infectionratesat14dayspost-infection (dpi). B) Infection,disseminatedinfection, transmissionratesand
transmissionefficiencyat21dpi. Error barsshowthe95%confidenceinterval.In brackets, thenumberof mosquitoesexamined.IR: the
proportion of mosquitoeswith infectedbodyamongengorgedmosquitoes; DIR: theproportion of mosquitoeswith infectedheadamong
mosquitoeswith infectedbody;TR:theproportion of mosquitoeswith infectioussalivaamongmosquitoeswith infectedhead.TE:the
proportion of mosquitoeswith infectioussalivaamongall analysedones.

https://doi.org/10.1371/journal.pntd.0007985.g003
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� = 0.03).HigherDIRswasalsoreported:it variedfrom 70%for YaoundeÂurbanpopulationto
91.66%for Doualapopulationbut no significantdifferencewasfoundaccordingto population
(Fisher'sexacttest:� = 0.52).For ��. �����	
, IRsrangedfrom 70.83%for BeÂnoueÂpopulation
to 95.83%for BrazzavilleandDoualapopulationsandwerenot statisticallydifferent(Fisher
exacttest:� = 0.06).In contrast,ahighersignificantvariationof DIRswasreported:it ranged
from 41.17%for BeÂnoueÂpopulationto 95.65%for Brazzavillepopulation(Fisherexacttest:
�<10 �6 ). Overall,IRsfor ��. �����	
 (mean= 81.94%)weresignificantlyhigherthanfor ��.
���
�
�	�� (mean= 61.05%)(Fisherexacttest:� = 0.0005).ForDIR, no significantdifference
wasfoundbetween��. �����	
 and��. ���
�
�	�� population(Fisherexacttest:� = 0.45).

Transmissionrate andefficiency
Transmissionrate(TR) andTransmissionefficiency(TE) wereassessedat21dpi in four ��.
���
�
�	�� andsix��. �����	
 populations(Figs2Band3B).In ��. ���
�
�	��, DENV was
detectedin salivaof four populationswith TRsrangingfrom 9.1%(1/11)for Doualato 50%
(5/10)for Tibati populations;TRswerenot statisticallydifferent(Fig2B,Fisherexacttest:
� = 0.2).In contrast,for ��. �����	
, DENV wasnot detectedin salivaof MarouaandBeÂnoueÂ
populations,both locatedin northernCameroonsuggestingalow vectorcompetenceof these
populations.For theother��. �����	
 populations,TRrangedfrom 21.42%for YaoundeÂ
urbanpopulationto 50%for Doualapopulation(Fig3B,Fisherexacttest:� = 0.4).Overall,no
significantdifferencewasreportedamong��. �����	
 and��. ���
�
�	�� regardingTRsand
TEs(Fisherexacttest:�>0.05). Whencomparingpopulationsfrom sympatricareas,TRswere
significantlyhigherfor ��. �����	
 (mean= 50%)thanfor ��. ���
�
�	�� (mean= 27.7%)
(Fisherexacttest:� = 0.007)while for viral load,no significantdifferencewasreported
betweenbothspecies(Chi-squared= 0.14,df = 1,� = 0.70).For ��. �����	
, no significantvari-
ationof viral loadswasreportedaccordingto population(Fig4;Chi-squared= 0.29,df = 3,

Fig 4. Denguevirus titres in salivaof ��. ��
��
� and ��. ������	
�� at 21dayspost-infection. Thebarsindicatetheconfidenceintervalof the
meanfor viral loadin eachpopulation.

https://doi.org/10.1371/journal.pntd.0007985.g004
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� = 0.96)while for ��. ���
�
�	��, asignificantdifferenceof viral loadswasdetectedbetween
Tibati andBrazzavillesamples(Fig4;Chi-squared= 2.31,df = 1,� = 0.018).

Discussion
During thepastdecade,therehasbeenariseof denguecasesin urbanfoci in CentralAfrica
notablyin Cameroon[26±29].Evensuspected,vectorswerenot well identifiedandcharacter-
ised.In thisstudy,weassessedfor thefirst time, theability of ��. �����	
 and��. ���
�
�	��
collectedin differentecologicalsettings(Fig1) in CentralAfrica to transmitDENV-2,asero-
typerepeatedlyreportedin theregion[9,29].WedemonstratedthatDENV-2wasableto repli-
cate,disseminateandbesecretedin salivaof both ��. �����	
 and��. ���
�
�	�� populations
from CentralAfrica, thusenableto transmitDENV. However,infectionratesweresignifi-
cantlyhigherfor ��. �����	
 thanfor ��. ���
�
�	�� at14and21dpi. Disseminatedinfection
ratesfollowedthesametrendat14dpi. Nevertheless,DENV wasdetectedin salivaof all ��.
���
�
�	�� populationstestedwhile for ��. �����	
, viruswasnot detectedin bothpopulations
(2/6) from northernCameroon,BeÂnoueÂandMaroua.Theseresultssuggestthatvectorcompe-
tenceof ��. �����	
 to DENV-2 in CentralAfrica varysignificantlyaccordingto geographical
populationaspreviouslysuggestedelsewhere[36,37].Thismaydueto thefactthatpopulations
from BeÂnoueÂandMarouaexhibitedanextrinsicincubationperiodlongerthan21days;to
note,theextrinsicincubationperiodrefersto thedurationbetweentheingestionof aninfec-
tiousbloodmealandtheexcretionof virus in salivawhenthemosquitobites[38]. It depends
on thethree-waycombinationof mosquito,virusandenvironmentdescribedundergenotype-
by-genotype-by-environment(GxGxE)interactions[39]. In addition,low vectorcompetence
in thesepopulationswouldbedueto presenceof specificrefractorygenes[40,41].Indeed,
refractorinessof mosquitoto denguevirusmaybecausedbydifferentparameterslike micro-
biomecompositionasbacterialsymbiontsof mosquitoeshavebeenshownto alterthevector
competenceto arboviruses[42] andimmunesystemof mosquitosinceit wasdemonstrated
thatanti-viral immunity in mosquitovectorsiscritical to preventvirusreplicationandtrans-
mission[43]. Furtherinvestigationsin this regardareneededto elucidate.

Moreover,theseroprevalenceof dengueexaminedin 2006/2007in threemaincitiesof
Cameroonlocatedin differentecologicalsettingsrevealedthatanti-DENV IgG andIgM anti-
bodiesvariedsignificantlywith ahigherprevalencereportedin Douala[29], locationwhere
thehighesttransmissionrateandviral loadwerealsodetectedin ��. �����	
 in thisstudy.
Besidethemosquitogeneticbackground,mosquitomicrobiomecanmodulatearbovirus
transmission[42,44,45].Thetransmissionratewashigherfor ��. �����	
 comparedto ��.
���
�
�	�� in locationswherebothspeciesaresympatric.Thisresultis in agreementwith the
factthat ��. �����	
 isconsideredasamajordenguevector,and��. ���
�
�	��, thesecondary
one[46]. Meanwhile,it wouldbeinterestingto highlight that ��. ���
�
�	�� canbecomea
majordenguevectorin theabsenceof ��. �����	
 asreportedpreviouslyin China,theSey-
chelles,Japan,Hawaiiandon LaReÂunion [47] or when��. ���
�
�	�� becomesthemostpreva-
lent speciesasreportedin Gabon[8]. Nevertheless,infectionanddisseminatedinfectionrates
assessedfor ��. ���
�
�	�� in thisstudyaresimilar to thosereportedin previousstudiesin
Africa [8,31]andin SoutheastAsia[48]. For ��. �����	
, infectionanddisseminatedinfection
ratesarehighercomparedto thatpreviouslyreportedin Cameroon(17.2%to 59.7%)but simi-
lar to thatoftenreportedoutsideAfrica [37,48].Albeit ��. �����	
 ismorecompetentthan��.
���
�
�	�� to transmitDENV, someparameterscaninfluenceDENV transmissionin nature,
suchasvectordensities,hostpreference,virusevolutionandproportion of immunologically
naivepeople[49]. Additional studiesusingalocalstrainof DENV circulatingin CentralAfrica
areneededto validatetheseresults.Regardingvectordensities,recentstudiesin Cameroon
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andRepublicof Congorevealedthat ��. ���
�
�	�� tendsto replace��. �����	
 in mostareas
wherebothspeciesaresympatric[18,19].It wasalsodemonstratedthat in YaoundeÂ(Camer-
oon) ��. ���
�
�	�� preferentiallyfedon humansratherthanon availabledomesticanimals
[50] Datageneratedin our studydemonstratedthatboth ��. �����	
 and��. ���
�
�	�� can
sustaindenguetransmissionin CentralAfrica.Thiscouldincreasetherisk of dengueoutbreak
in theregionandurgetheneedof avectorsurveillanceprogramto preventandpreparedness
for aninterventionin caseof outbreaks.
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