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Abstract

During a blood meal, female Anopheles mosquitoes are potentially exposed to diverse

microbes in addition to the malaria parasite, Plasmodium. Human and animal African try-

panosomiases are frequently co-endemic with malaria in Africa. It is not known whether

exposure of Anopheles to trypanosomes influences their fitness or ability to transmit Plas-

modium. Using cell and molecular biology approaches, we found that Trypanosoma brucei

brucei parasites survive for at least 48h after infectious blood meal in the midgut of the major

malaria vector, Anopheles coluzzii before being cleared. This transient survival of trypano-

somes in the midgut is correlated with a dysbiosis, an alteration in the abundance of the

enteric bacterial flora in Anopheles coluzzii. Using a developmental biology approach, we

found that the presence of live trypanosomes in mosquito midguts also reduces their repro-

ductive fitness, as it impairs the viability of laid eggs by affecting their hatching. Furthermore,

we found that Anopheles exposure to trypanosomes enhances their vector competence for

Plasmodium, as it increases their infection prevalence. A transcriptomic analysis revealed

that expression of only two Anopheles immune genes are modulated during trypanosome

exposure and that the increased susceptibility to Plasmodium was microbiome-dependent,

while the reproductive fitness cost was dependent only on the presence of live trypano-

somes but was microbiome independent. Taken together, these results demonstrate multi-

ple effects upon Anopheles vector competence for Plasmodium caused by eukaryotic

microbes interacting with the host and its microbiome, which may in turn have implications

for malaria control strategies in co-endemic areas.
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Author summary

In nature,females��������� mosquitoesthat transmitthemalariaparasites	�
����
��,
takesuccessivebloodmealsto maximizetheir offspring.During thesebloodmeals,mos-
quitoesareexposedto avarietyof microbespresentin thehostbloodin addition to 	�
��
���
��, theobligateparasitethatcausesmalaria.The����
�����
 parasites,causing
trypanosomiases,aresympatricwith themalariaparasitesin numerousAfrican regions,
therefore,asinglefemalemosquitocouldbein contactwith bothpathogensconcurrently
or throughsuccessivebloodmeals.In thiswork,weshowedthatexposureof females
��������� mosquitoesto ����
�����
 enhancedtheir susceptibilityto malariaparasites,
reducedtheir reproductivefitnessandmodulatedtheir bacterialgut flora.While theeffect
of trypanosomesingestionon 	�
����
�� infectionismicrobiomedependent,thephe-
notypeon thereproductivefitnessismicrobiomeindependent.Theseresultshighlight the
needfor consideringtheeffectof eukaryoticmicrobeson ��������� biologyfor malaria
control strategies.

Introduction
Vectorbornediseasessuchasmalaria,trypanosomiases,andothersareoftensympatricin
Africa [1]. Therefore,in theseareas,successivebloodmealstakenbyadult ��������� female
mosquitoesduring their life couldincreasetheir exposureto differentmicroorganisms,includ-
ing parasites,bacteriaandviruses[1].

In areaswith thehighestmalariaburden,suchasin Sub-SaharanAfrica, 	�
����
�� �
��
��

��� transmissiondependson thecomplexecologicaldeterminants(biotic andabioticfac-
tors) thatdrivepopulationdynamicsof theprimary African vectors��������� �
��

� �.�. and
�. �������� but alsomosquitointrinsic factorsfor pathogendevelopment[2±7].Eukaryotic
microbes,includingmicrosporidia,gregarinesandtrypanosomatids,havebeenidentifiedin
mosquitoes.However,relativelylittle attentionhasbeenpaidto ��������� vectorinteractions
with eukaryoticmicrobesandtheir potentialimpacton 	�
����
�� developmentin themos-
quito [3].

African trypanosomiases(HumanandAnimal African Trypanosomiases)areneglected
tropicaldiseasescausedby ����
�����
 speciesmostexclusivelytransmittedto humansand
their livestockby thebiteof bothmaleandfemaletsetsefliesof thegenus�����
�
. Thesedis-
easeshavedevastatingsocio-economicconsequencesfor Sub-SaharanAfrica with 13million
peopleandabout50million cattleat risk [8±10].Between1990and2015,almost440,000
HumanAfrican Trypanosomiases(HAT) caseswerereported[11]. At thesametime,sus-
tainedinternationalcontrol effortshavereducedthenumberof newHAT casesto only 2,163
in 2016[12]. Nevertheless,probablymorecasesremainundetectedgiventhatsleepingsickness
tendsto occurin remoterural areasandthat latentinfectionsin humansor animalscouldrep-
resentasignificantproportion of theinfectedpopulationsthatwouldactasreservoirsfor the
parasites[13] [14].

Although����
�����
 and	�
����
�� infectionshavebeenextensivelyexaminedsepa-
ratelyin their respectivevectors,little isknownaboutthepossibleeffectsof ��������� mos-
quito co-exposuresto bothparasitespecies,successivelyor concurrently.Patientsin endemic
countriescanbeco-infectedwith 	�
����
�� and����
�����
 parasites[15]. Therefore,
concomitantexposuresto 	�
����
�� and����
�����
 in ��������� vectorsaretheoreti-
callypossiblein Africa.Moreover,theepidemiologicalrolesof latenthumancasesandanimal
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reservoirsin HAT endemicfoci [9,13,16]arenot well-documentedandthecurrentburdenof
Animal African Trypanosomiases(AAT) isaconcern.In addition,recentstudieson �. �
��
�

� feedingbehaviorhaveshownhighproportionsof (i) bloodmealsactuallytakenon asin-
glenon-humanhostand(ii) mixedbloodmealstakenfrom bothanimalsandhumans[17,18].
Therefore,successiveexposuresof ��������� vectorsto ����
�����
 ingestedfrom animals
and	�
����
�� ingestedfrom infectedhumansarelikely to occur.Basedon all of this infor-
mation,wehypothesizedthat in co-endemicareaswhere��������� mosquitoesareexposedto
����
�����
 �����
 �����
 in bloodmealsfrom animalhosts,theseparasitescouldmodulate
themicro-environmentof themosquitomidgut,potentiallyinfluencingthedevelopmentof
	�
����
�� in themidgut [1].

Here,using��������� ������

, amemberof the�. �
��

� complex,weshowthat �. �.
�����
 bloodstreamformssurvivefor at least48hpost-feedingin the�. ������

 midgut before
beingcleared.Thissurvivalwassufficientto impacttheabundanceof thebacterialgut flora as
wellasmosquitoreproductivefitness.In addition,�. �. �����
 ingestionsignificantlyincreased
	�
����
�� infectionprevalencein amicrobiota-dependentmanner.Thesefindingssuggest
that �. �. �����
 parasitesaffectapotentialinterplaybetweenthegutmicrobiotaandreproduc-
tion of �. ������

 and,moreimportantly,that it coulddirectlyincreasetherisk of malariapar-
asitetransmission.

Methods

Ethic statement
Thisstudywasconductedin strict accordancewith therecommendationsfrom theGuidefor
theCareandUseof LaboratoryAnimalsof theEuropeanUnion (EuropeanDirective2010/63/
UE) andtheFrenchGovernment.Theprotocolwasapprovedby theªComiteÂd'eÂthiqueen
expeÂrimentationanimaledel'Institut PasteurºCETEA89(Permitnumber:2013±0129),by the
FrenchMinistry of ScientificResearch(Permitnumber:202195.02)andundertakenin compli-
ancewith Institut PasteurBiosafetyCommittee(protocolCHSCT14.114).

Mosquitoes
�. ������

 colonyFd03initiated in Mali [19] wasrearedat26ÊCand80%humidity, on a12h
light/dark cyclewith accessto cottonsoakedin 10%sucrosesolution,in insectariesof theUnit
of GeneticsandGenomicsof InsectVectorsof theInstitut PasteurParis,France.

Mouseinfections with ���������	� 
���
� 
���
�
All experimentswereperformedwith three-week-oldfemaleSwiss��� �������� mice(Jan-
vier,France).�. �. �����
 AnTat 1.1Efluorescentbloodstreamformsexpressingacytosolicchi-
mericreporterincludingaredfluorescentmarkerandared-shiftedbioluminescentmarker
(PpyREH9/TY1/TdTomato)werecultivatedin HMI9 mediumsupplementedwith 10%fetal
calfserumat37ÊCin 5%CO2 [20]. Parasitemiawasassayedbyautomatedfluorescentcell
countingwith aMusecytometer(Merck-Millipore, detectionlimit 5.102 parasites/ml)accord-
ing to themanufacturer'srecommendations. Parasiteswerecounted,centrifugedandresus-
pendedat107cells/ml.Then,106 parasitesof thissuspensionwereinoculatedby intra-
peritoneal(IP) injection to eachmouse.Miceparasitemiawasassessedunderaninvertedlight
microscopeLeicaDMIL (Leica)with standardizedsingle-usehemocytometers(Hycor Kova,
detectionlimit 104 parasites/ml)accordingto themanufacturer'srecommendationsor by
automatedfluorescentcellcountingwith aMusecytometer(Merck-Millipore).
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Mouseinfections with ����	����	 ��
���
Micewereinoculatedwith 105 redbloodcells(RBCs)infectedwith GFP-transgenic	. ����


strain,GFP@HSP70-GOMO[21]. Fourdayspost-injection,bloodsamplesweretakenfrom
thetail, andparasitemiawasdeterminedby flow cytometry.Furthermore,malegametocyte
maturity wasverifiedbyperforminganexflagellationtestaspreviouslydescribed[22].

�. 
. 
���
� survival in mosquito midgut
To assess�. �. �����
 survivalin mosquitomidgut,mosquitoeswereallowedto feedon cul-
turedfluorescent�. �. �����
 AnTat1.1Ebloodstreamforms.119and68mosquitoesweredis-
sectedat2 and5 dayspost-feeding,respectively,andentiremidgutswereexaminedby
fluorescencemicroscopyto detectliving redfluorescentparasites.Dissectedmidgutswere
scoredtwicefor thepresenceof trypanosomeseither2 or 5 dayspost-feedingon mice.

Mosquito infection with the rodent malaria parasite�. ��
���
Forall experiments,miceinfectedwith 	. ����

, strainGFP@HSP70-GOMOat5±6%para-
sitemiawith maturegametocytes,wereused.Micewerefirst anaesthetizedby intraperitoneal
(IP) injectionof ketamine(Imalgene1000at125mg/kg)andxylazine(Rompun2%at12.5
mg/kg)beforemosquitoeswereallowedto feedfor 30min. Unfedmosquitoeswerediscarded
andfedmosquitoesweremaintainedat24ÊC(	. ����

) and70%relativehumidity on 10%
sucrosesolutionaspreviouslydescribed[23]. 3 independentbiologicalexperimentswere
performed.

Concomitant �. �������� co-infectionswith �. 
. 
���
� and �. ��
���
Micewereinfectedeitherwith 	. ����

 or co-infectedwith both 	. ����

 and�. �. �����
. For
co-infectedmice,�. �. �����
 wereinoculated1 dayafter	. ����

 injection.4 dayspost	. ����


infectionsin mice,2groupsof �. ������

 mosquitoeswerefedeitheron a	. ����

 mono-
infectedmousethatservedascontrol or on aco-infectedmouse.All mosquitoesthatwerenot
visiblyengorgedwereremoved.Mosquitomidgutsweredissectedandinfectionstatuswas
checkedby fluorescencemicroscopylookingat theoocyststage8 dayspost-feeding.

Successive�. �������� infections with �. 
. 
���
� and �. ��
��� with and
without antibiotics
�. ������

 femaleswereallowedto feedeitheron micemono-infectedwith �. �. �����
 or on
naivemice(asnegativecontrol).Fivedayslater,all mosquitoesweregivenasecondblood
mealon miceinfectedwith 	. ����

. Foreachfeeding,all mosquitoesthatwerenot visibly
engorgedwereremoved.Samplesweredissectedat8 daysafter	. ����

 challengeto confirm
infectionstatusat theoocyststage.Throughouttheexperimentmosquitoesweremaintained
underantibioticpressureaspreviouslydescribed[24]. Briefly,immediatelyfollowingadult
emergence,mosquitoesweremaintainedon a10%sucrosesolutioncomplementedwith Peni-
cillin 62.5�g/mL, Streptomycin100�g/mL andgentamicin50�g/mL, andthissolutionwas
changedeveryday.Successiveco-infectionswereperformedasdescribedabove.

Successive�. �������� co-infectionswith �. 
. 
���
� and �. ���������	
Gametocytesfrom cultured	. �
��
�
��� isolateNF54wereproducedby theCEPIAmosquito
infectionfacility of theInstitut Pasteur,asdescribedpreviously[23]. �. ������

 femaleswere
allowedto feedeitheron micemono-infectedwith �. �. �����
 or on naivemice(asnegative
control).Fivedaysafterfeeding,all mosquitoesweregivenasecondbloodmealon cultured	.
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�
��
�
��� gametocytes,asdescribedpreviously[25]. Unfedfemaleswerediscardedandonly
fully engorgedfemalesweremaintainedat26ÊCandat70%relativehumidity on 10%sucrose
solutionsupplementedwith 0.05%para-aminobenzoicacid.

Assessingthe direct effectof �. 
. 
���
� on the gut microbiome and the
reproductivefitnesswith cultured parasites
Thepleomorphic�.�. �����
 AnTat1.1Ebloodstreamformswereculturedin HMI9 medium
asdescribedabove.In orderto obtainstumpyforms,theparasitestageinfectiveto theinsect
host,an
� �
��� induction wasperformedin slenderformsculturedat1.105 parasites/mLwith
thecAMPanalogue8-pCPT-20-O-Me-cAMP(Biolog,Germany)at5�M for 48h[26]. The
presenceof stumpyformswasverifiedbyusingtheanti-PAD1rabbitpolyclonalantibody
(1:250,Keith Matthews,Edinburgh,UK) targetingthecarboxylate-transporter ProteinsAsso-
ciatedwith Differentiation1 (PAD1)[27]. Differentiatedparasiteswerecentrifugedandresus-
pendedin commercialmechanicallydefibrinatedsheepblood(BCL,France)at108 parasites/
mL in orderto feed��������s femalesthroughamembranefeedingsystemin whichthe
bloodmixture ismaintainedat37ÊC.Mosquitogutswerecollected48hand5dayspost-try-
panosomeingestion.Theseexperimentswereperformedto removeanypotentialconfounding
factorsfrom thebloodof infectedmiceandbeableto attributeresultsto thedirecteffectof try-
panosomeson themosquitoes.

����	����	 infection phenotype
Midgutsweredissected8 daysafterinfection.For 	. �
��
�
���, midgutswerestainedin 0.4%
mercurochromeandthenumberof oocystswascountedunderacontrastlight microscope
(Nikon EclipseNi). ForGFP-fluorescent	. ����

 (strainGFP@HSP70-GOMO), midgut
oocystsweredirectlycountedunderafluorescentbinocularstereomicroscope(Nikon
SMZ18),usingaGFPfilter (450-500nmfor absorbancespectra;510nm for emission).Preva-
lenceof infectionisdefinedastheproportion of infectedmosquitoesamongthetotalnumber
of dissectedmosquitoes.Infection intensityisdefinedasthenumberof oocystspermosquito,
determinedusingonly thosemosquitoesharbouringat leastoneoocyst.Uninfectedmosqui-
toeswereexcludedfrom theanalysisof infectionintensity.

Quantitative polymerasechain reaction(qPCR)
UsingcDNA or genomicDNA, all qPCRswereperformedasdescribedin [25], usingSYBR
greensupermix(KAPA SYBRFASTABI, from Sigma-Aldrich)andtheCFX96TouchReal-
TimePCRDetectionSystem(from Biorad).Ribosomalprotein ������ gene(F_5'-CACCGC
CGTGTACGATGCCA-3'andR_5'-ATGGTGGTCTGCTGGTTCTT-3') wasusedasanin-
ternalcontrol andthespliced-leader(SL)RNA (F_5'-CAATATAGTACAGAAACTG-3'and
R_5'-AACTAACGCTATTATTAGAA-3') wasusedto confirm theinfectionstatusof each
sampleby �. �. �����
. Thequantificationof eachgenewasobtainedasaratio of the������.
Analysisof theexpressionof transcriptrelativeto ���� wasperformedaccordingto the
2��ï�ïCt method[28]. PCRcondition run are:95ÊCfor 5min, then40cycleof (95ÊCfor 15sec,
60ÊCfor 1min (plateread)),60ÊCfor 30sec.

Microbiota analysisby qPCR
Dissectionwasperformedasdescribedpreviously[29]. Briefly,beforedissection,mosquitoes
werewashedin 75%ethanolfor 5min, andwashedthreetimesin sterilePBSto washout non-
attachedbacteria,thuspreventingsamplecontaminationwith cuticlebacteriaduring
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dissection.Foreachbiologicalreplicate,20midgutswerecollectedfrom eachmosquitogroup
(-Tryp) and(+Tryp), frozenimmediatelyon dry iceandstoredat �80ÊCuntil processing.To
assessantibioticeffectiveness,20mosquitomidgutsfrom eachgroup(-Tryp) and(+Tryp)
werecollected48hpost-feeding.Midgutswereexcludedfrom theanalysiswhentheyappeared
to haveburst,resultingin asubstantiallossof thegutcontent.DNA wasextractedwith
DNeasyPowerSoilKit (QIAGEN).TheV4 regionof the16SrDNA (16S_V4q_F:5'-GTGCC
AGCMGCCGCGGTAA-3'and16S_V4q_R:5'-GGACTACHVGGGTWTCTAAT -3') was
usedfor measuringthetotalbacterialabundancebyquantitativePCR.ForEnterobacteriaceae
familydetection,weusedtwo differentprimer pairs:16SrDNA[30] (Entero_16S_F:5'
CGTCGCAAGMMCAAAGAG 3'- andEntero_16S_R:5'TTACCGCGGCTGCTGGCAC3')
and23SrDNA(-Entero_23S_F:5'-TGCCGTAACTTCGGGAGAAGGCA-3'andEnter-
o_23S_R:5' -TCAAGGACCAGTGTTCAGTGTC- 3') [31,32].DNA samplesfrom eachinde-
pendentbiologicalreplicatewereusedto performdistinctqPCRin triplicateandfold changes
obtainedbetween(-Tryp) and(+Tryp) werecombinedasameanandillustratedgraphically.

Effectof trypanosomeingestionon the reproductivefitness
�. �������� ���
����
��� expressionwith andwithout antibiotics. Mosquitoeswerecol-

lectedatday2 postfeedingon ����
�����
-infected or naivemice.Formosquitoestreated
with antibiotics,theprotocoldescribedabovewasused.TotalRNA wasextractedwith TRIzol
reagent(Invitrogen) from poolsof 10mosquitoesfrom eachbatch.cDNAsweregenerated
usingM-MLV reversetranscriptase(Invitrogen) from totalRNAs.qPCRwasperformedto
quantifydifferencesin �
��������
� geneexpressionbetween�. ������

 mosquitoesfedon ����
�
�����
�infected miceandnaivemiceor betweenmosquitoesco-infectedwith �. �. �����
�
	. ����

 andthoseinfectedonly with 	. ����

. TheprimersVg_qF:5'-CCGACTACGACCAG
GACTTCC-3'andVg_qR:5' CACTGGACGACACGTACGGGC-3'wereusedastargetfor
qPCR.

Effectof trypanosomeingestionon fecundity andegghatching. Egglayingwasassessed
for both individual femalesandfor poolsof 20femalesexposed(+Tryp) or not exposed
(-Tryp) to �. �����
 �����
. For thepoolsof females,thenumberof laid eggswascounted72h
post-bloodfeedinganddividedby thenumberof females(20gravidfemales)to getanaverage
numberof eggslaid perfemale,asaproportion.Thedifferencesin theseproportionsbetween
-Tryp and+Tryp groupsweretestedusingChi-Squaredtestsin 3 independentexperiments.
For theeggslaid by individual femalesthatwereplacedin individual pot with asinglemale,
thenumberof eggswascountedindividually anddifferencesbetweenthetwo groupswere
testedusinganon-parametricWilcoxonsigned-ranknon-parametrictest.

To measuretheegghatchingratewithout bias,wehaverandomlycollectedeggsfreshlylaid
byabout10individual femaleªmothersº(<5 eggsperindividual female)of both the(-Tryp)
andthe(+Tryp) groups,put theseeggsin multiplatewellscontainingtapwater,storedthemat
26ÊC,andmonitoredtheir hatchingdaily.Thenumbersof hatchedeggs(into larvae)were
countedfrom day2 to day4 post-egglaying.Thenumberof hatchedeggsfrom eachgroup
(-Tryp or +Tryp) wascountedanddividedby thenumberof initial eggsput in water,asapro-
portion. Differencesin theseproportionsbetween(-Tryp) and(+Tryp) groupsweretested
usingaChi-Squaredtest.

RNA sequencingandanalysis
Twobatchesof ��������� mosquitoeshavebeenfedon mice,non-infected(control) or mono-
infectedwith redfluorescent�. �. �����
. Foreachcondition,apoolof 10infected-mosquitoes
wascollectedat24hand48hpost-feeding.TotalRNA extractionsfrom intactmosquitoeswere
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performedon eachpoolusingTRIzolreagent(Invitrogen),yieldingatotalof 12samples.All
RNA-seqwasperformedat theUniversityof MinnesotaGenomicsCenter(genomics.umn.
edu).

Details for RNA sequencingexperimentandanalysis
Threeindependentbiologicalreplicateswereperformed,andfor eachexperimentalreplicate,
two batchesof ��������� mosquitoeshavebeenfedon mice,non-infected(naivefeeding,con-
trol) or mono-infectedwith redfluorescent�. �. �����
 (����
�����
-infectious feeding).For
eachcondition,apoolof 10infected-mosquitoeswascollectedat24hand48hpost-feeding.
TotalRNA extractionsfrom intactmosquitoeswereperformedon eachpool,yielding12sam-
ples(seeTable1 above).

Briefly,usingIllumina'sTruseqRNA SamplePreparationKit (Cat.#RS-122-2001),1
microgramof totalRNA wasoligo-dTpurified usingoligo-dTcoatedmagneticbeads,frag-
mentedandthenreversetranscribedinto cDNA. ThecDNA wasfragmented,blunt-ended,
andligatedto indexed(barcoded)adaptorsandamplifiedusing15cyclesof PCR.Final library
sizedistribution wasvalidatedusingcapillaryelectrophoresisandquantifiedusingfluorimetry
(PicoGreen)andviaq-PCR.Indexedlibrarieswerethennormalized,pooledandthensize
selectedto 320bp+/- 5%usingCaliper'sXT instrument.Truseqlibrarieswerehybridizedto a
pairedendflow cellandindividual fragmentswereclonallyamplifiedbybridgeamplification
on theIllumina cBot.Onceclusteringwascomplete,theflow cellwasloadedon theHiSeq
2000andsequencedusingIllumina'sSBSchemistry.Primaryanalysisof sequencereadsand
demultiplexingweredoneusingCASAVA1.8.2andde-multiplexedFASTQfileswereused
for downstreamanalyses.

Thequalityof therawreadswascheckedwith FastQCversion0.11.5(http://www.
bioinformatics.babraham.ac.uk/projects/fastqc)andmultiqc version0.7[33] BWA-memver-
sion0.7.7-r441(https://arxiv.org/abs/1303.3997)with defaultparameterswasusedfor align-
mentagainstthereferencegenomeof ��������� �
��

� str.PESTversionAgamP4(from
VectorBase).GeneswerecountedusingfeatureCounts[34] version1.4.6-p3with theannota-
tion versionAgamP4.7andtheparameters±tmRNA±gID.

CountsdatawereanalyzedusingRversion3.3.1(RCoreTeam.R:A LanguageandEnvi-
ronmentfor StatisticalComputing,RFoundationfor StatisticalComputing(2016))andthe
BioconductorpackageDESeq2version1.14.1[35] usingdefaultparameters.A generalizedlin-
earmodelincluding time (24hand48h),treatment(non-infected,�� �. �����
 infected),hatch-
ing effectandtheinteractionterm betweentime andtreatmentwasappliedin orderto testfor
(i) inter-condition differencesand(ii) thetime-treatmentinteraction.Foreachpairwisecom-
parison,rawp-valueswereadjustedfor multiple testingusingtheBenjaminiandHochberg
procedure[36]. Geneswith adjustedp-valuesbelow0.05wereconsidereddifferentially

Table1. Experimental plan for RNA sequencing. Twogroupsof mosquitoeswerefedfor oneon naivemouse(uninfected control) andfor theotheron trypanosome-
infectedmouse.10mosquitoeswerecollectedat24hand48hpost-feedingandusedfor totalRNA extraction.Theexperiment asreproducedthreetimes(ªExperiment1º,
ªExperiment2º andªExperiment3º).

Naivefeeding ���������	� infectious feeding

24h
post-feeding

48h
post-feeding

24h
post-feeding

48h
post-feeding

Experiment 1 Naivemouse1 Naivemouse1 Trypa_mouse_1 Trypa_mouse_1

Experiment 2 Naivemouse2 Naivemouse2 Trypa_mouse_2 Trypa_mouse_2

Experiment 3 Naivemouse3 Naivemouse3 Trypa_mouse_3 Trypa_mouse_3

https://doi.org/10.1371/journal.pntd.0008059.t001

Trypanosomes strongly affect Anopheles vector biology

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0008059 February 7, 2020 7 / 23

http://genomics.umn.edu
http://genomics.umn.edu
http://www.bioinformatics.babraham.ac.uk/projects/fastqc
http://www.bioinformatics.babraham.ac.uk/projects/fastqc
https://arxiv.org/abs/1303.3997
https://doi.org/10.1371/journal.pntd.0008059.t001
https://doi.org/10.1371/journal.pntd.0008059


expressed.Sequencedatarelatedto analysishavebeensubmittedin ArrayExpressunderthis
link:

https://www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-7469
ArrayExpressaccession:E-MTAB-7469
Username:adrien.pain@pasteur.fr
Password:xwceYPkk

Immunofluorescenceassays
Trypanosomeswereisolatedfrom mosquitomidgutsin phosphatebufferedsaline(PBS)1X
andplacedon poly-L-lysinecoatedslidesandfixedin methanolat -20ÊCfor 5 secondsbefore
beingre-hydratedin PBSfor 10minutesaspreviouslydescribed[37]. ����
�����
 parasites
wereco-stainedin PBScontaining0.1%bovineserumalbuminfor 45minutesat37ÊCwith
thetwo followingantibodies:(1) theanti-CRDrabbitpolyclonalantibody(1:300)targetingthe
cross-reactivedeterminantof theglycosylphosphatidylinositolanchorof surfacemembrane
proteins,predominantlythevariantsurfaceglycoproteinsof trypanosomebloodstreamforms
[38], and(2) theanti-EPmouseIgG1monoclonalantibody(1:500)(CLP001A,Cedarlane,
Canada)targetingtheprocyclinsurfacecoatof procyclictrypomastigotes.Species-specificsec-
ondaryantibodiescoupledto AlexaFluor594or 488(JacksonImmunoResearch,USA)were
thenusedin PBScontaining0.1%bovineserumalbuminfor 30minutesat37ÊC.DNA was
stainedwith 4,6-diamidino-2-phenylindole(DAPI) andslidesweremountedundercoverslips
with ProLongantifadereagent(Invitrogen)aspreviouslydescribed[37]. Imageacquisition
wascarriedout underaLeicaDMI 4000Bautomatedinvertedepifluorescencemicroscope
(LEICA,Germany)with a100xobjectiveandequippedfor bright field andphasecontrast
imaging,usingaPrime95BCMOScamera(PhotoMetrix)controlledbyMicro-manager1.4
(NIH). Imageintensitieswerestandardized(imagedisplaysweresetto thesameminimum
andmaximumintensitiesin orderto homogenizetheir presentationandallowvisualcompari-
sons)andanalyzedwith ImageJ1.49(NIH).

Statisticalanalyses
Differencesin infectionprevalenceandegghatchingrateswerestatisticallytestedusingChi-
Squaretests.Fordifferencesin oocystload(infectionintensity)andin thenumberof eggsper
individual females,weusedWilcoxonsigned-ranknon-parametrictests.Statisticaldifferences
in prevalenceandintensitywerefirst testedindependentlyfor eachindependentreplicateas
describedabove,andp-valueswereempiricallydeterminedusing105 Monte-Carlopermuta-
tions.Followingindependentstatisticaltests,thep-valuesfrom independenttestsof signifi-
cancewerecombinedusingthemeta-analyticalapproachof Fisher[39] whenthedirectionof
changefor eachindependentreplicatewasconcordant(e.g.,eachindependentreplicatedis-
playedhigherinfectionprevalencethantheir paired-Tryp controls).Statisticalanalyseswere
doneusingR[40]. ForqPCRanalysisof theexpressionof transcriptsrelativeto rpS7,the2
��ï�ïCt methodwasused.Differencein deltaCtdistribution acrosstheindependentbiological
replicatesbetween(-Tryp) and(+Tryp) sampleswasstatisticallytestedusingStudentt-test.

Results

�. 
. 
���
� differentiates into procyclic forms andsurvivesat least48hin
�. �������� midgut
To investigatethesurvivalof �. �. �����
 bloodstreamformsin mosquitoes,�. ������

 mosqui-
toeswereallowedto feedon culturedfluorescent�. �. �����
 bloodstreamforms.Mosquitoes
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weredissectedatday2 and5 post-feeding.Resultsrevealedthat ingested�. �. �����
 parasites
survivedat least48hin �. ������

 midgut for 81.5%of fedfemales(Table2). Interestingly,
fluorescentmidgutswerealsoobservedin 2.9%of themosquitoesfivedaysaftertrypanosome
ingestion(Table2).

Knowingthis,weassessedwhetherwild-typebloodstreamstumpytrypanosomescandiffer-
entiateinto procyclicformsin themosquitoes.A doubleimmunofluorescenceassaywasper-
formedon trypanosomesextractedfrom mosquitomidgutsat24hpost-ingestionusingan
antibodyspecificallytargetingthebloodstreamVariantSurfaceGlycoprotein(VSG)coat
(anti-CRD)[38] andananti-procyclinantibodylabellingtheprocyclicsurfacecoat[41] on try-
panosomesextractedfrom mosquitomidgutsat24hpost-ingestion.While only fewparasites
werepresentingapositivesignalfor VSGs,weobservedastrongprocyclinsignalon amajority
of parasitesfrom midgutscollectedat24h(Fig1).Wealsoperformedvideosof mosquitomid-
gutsdissected48hpost-trypanosomeingestion(S1Movie)and,in all midgutswherethered
fluorescencewasdetected,trypanosomeswith themorphologyandsizeof procyclictrypomas-
tigotewereobservedactivelyswimming.Theseresultsindicatethat trypanosomesreadilydif-
ferentiatefrom stumpyto procyclicstagesduring thefirst 24hin themosquitomidgut.

Wehypothesizedthatamicroorganismviablefor at least48handwith suchmotility in the
mosquitomidgut might significantlyaffectthemidgut micro-environmentandpossibly
impacti) thegutbacterialflora,ii) themosquitoimmuneresponseand/or iii) themosquitofit-
ness.Therefore,wesuccessivelytestedthesethreehypotheses.

���������	� ingestionincreasesthe mosquito gut microbiota abundance
Wemonitoredthebacterialloadin themosquitomidgut atday2andday5 post-feedingon
����
�����
�infected miceor naivemice(control group).QuantitativePCR(qPCR)targeting
the16SribosomalRNA gene(16SrDNA) revealedalargeproliferationof bacteriain mosqui-
toesexposedto �. �. �����
, with a5-fold increaseof thetotalentericbacterialpopulation
abundanceatday2 andday5 afterthebloodmeal(Fig2A).Similarincreasesin themicro-
biomeatboth timespointswereobservedwhenmosquitoeswereallowedto feedon cultured
trypanosomesaddedto commercialsheepbloodascomparedto sheepbloodwithout trypano-
somes(Fig2B).This indicatesthat theeffectweobservedon themicrobiomewhenusingthe
mouseinfectionsystem(Fig2A) wasnot theresultof potentialmicefactors,but insteadisdue
to adirecteffectof trypanosomeparasites.

���������	� ingestionweaklymodulates�����
�
� immune factors
To querytheeffectsof �. �. �����
 survivalin themosquitomidgut,RNA sequencingwasused
to identify hosttranscriptionalresponseto ����
�����
 ingestionat24hand48hpost-

Table2. �. 
. 
���
� bloodstreamforms survivedin �. �������� midguts at least48hpost-ingestion. Mosquitomidgutswereextracted atday2andday5post-feeding.
Resultsof threeindependent experimentsareshownin thetable,wherethenumbers(No.) of positivemidguts(carryingfluorescent �. �. �����
 parasites)overthetotal
numberof dissectedmosquitoeswerecounted. Theprevalencecolumnshowstheproportion (in %)of mosquitomidgutscarryingfluorescent trypanosomes,atday2and
day5post-trypanosomesfeeding.Themeanof prevalenceisshownin bold for bothday2andday5 timepoints.Thelowertotalnumbersof mosquitoesatday5arenot
dueto increasedmosquitomortality but to thesamplingdesign.

Day 2 post-feeding Day 5 post-feeding

No. positivemidguts / No. total midguts Prevalence(%) No. positivemidguts / No. total midguts Prevalence(%)

Experiment 1 26/28 92.8 1/24 4.2

Experiment 2 49/60 81.7 1/14 7.1

Experiment 3 22/31 71.0 0/30 0.0

Total / Mean 97/119 81.5 2/68 2.9

https://doi.org/10.1371/journal.pntd.0008059.t002
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trypanosomeingestion.While no effectwasobservedin thetranscriptionalresponseto try-
panosomeingestionat24h(S2Table),only 13genesweresignificantlydifferentiallyexpressed
at48h afteratrypanosome-containingbloodmealascomparedto naivebloodmeal(S1Table).
Mostof thecandidategenesdo not haveanannotatedor predictedfunction relatedto immu-
nity, exceptfor two genes:theleucine-richrepeatprotein �	 !" (AGAP007035)andthe
3-glucanbinding protein �#"	"! (AGAP004455)(S1Table).

MeasurementbyRT-qPCRin independentRNA samplesconfirmedthatonly �	 !"
expressionwasincreasedby two-fold aftertrypanosomeingestion(S1AFig),howeverthis
expressionincreasewasnot statisticallysignificantbetween(-Tryp) and(+ Tryp) groups.Nev-
ertheless,althoughthiswasnot statisticallysignificant,theweakinduction of �	 !" expression
aftertrypanosomeexposurewasabolishedwhenmosquitoesweretreatedwith antibiotics(S1B
Fig),indicatingthat �	 !" expressionrespondsto augmentedbacterialabundanceratherthan
to thepresenceof trypanosomes.Thus,ingestionof trypanosomesmodulatedveryweaklyand
indirectly theexpressionof oneimmunefactorthroughaninfluenceon theentericflora.

���������	� ingestionaffectsthe reproductivefitnessin �. ��������
Mosquitoeggmaturationinducestheexpressionof thegeneencodingfor theprecursorof the
majoryolk protein,�
��������
� ($�) throughtheactivationof the20-hydroxyecdysone(20E)
pathway[42±44].In orderto measuretheeffectof trypanosomeingestionon mosquitorepro-
ductivefitness,wemeasuredexpressionof $� 48hafterfeedingon bloodwith or without try-
panosomes.$� expressiondecreasedsignificantlyin mosquitoesexposedto trypanosomesbut
wasnot modifiedbyanothereukaryoticmicroorganism,suchas	. ����

, whenit wasingested
alone(Fig3A).To strengthenthis finding, wealsotestedtheexpressionof anotherlipid trans-
porter,theLipophorin (Lp), anotheryolk proteinprecursorin mosquitoes[45,46],andalso
controlledviathe20Epathway[44]. Weobservedthat,asfor $� expression, � expressionis
decreased48hposttrypanosomeingestion(S2AFig).

Fig 1. �. 
. 
���
� bloodstreamforms differentiate into procyclic forms within 24hin the �����
�
� midgut. A
doubleimmunofluorescenceassaywasperformedusinganantibodyspecificallytargetingthebloodstreamform VSG's
cross-reactivedeterminant (anti-CRDin green)andananti-procyclin antibodylabellingtheprocyclinsurfacecoat
(anti-EPin red)on trypanosomesextractedfrom mosquito midgutsat24hpost-ingestion. Eachimageline illustratesa
distinctmicroscopicfield.Whereasonly afewparasiteswerepositivefor VSGsalone,astrongprocyclinsignalwas
observedfor amajority of parasites.Someparasiteswerepositivefor bothantibodies,suggestinganongoingsurface
coatswitching.Scalebarsindicate10micrometers.

https://doi.org/10.1371/journal.pntd.0008059.g001
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Thenwecollectedeggsfrom bothpooledandindividual �. ������

 femalesfedon either
trypanosome-infected(+Tryp) or naivemice(-Tryp), andweobservedthat trypanosome

Fig 2. ���������	� ingestionincreases�. �������� bacterialflora abundanceat day2 andday5 post-feeding.The
graphsin A andBshowmedianfold changeof thetotalbacterialoadin themosquitomidgutusing16SrDNA
detectionbyqPCRandtheribosomalprotein ���� geneastheinternalcalibrator. qPCRdetectionwasperformed at
day2 (D2) andday5 (D5) post-bloodmeal.Thegraphin A showstheeffecton themosquitomicrobiomefrom
femalesfedon themouseinfectionsystem.Thegraphin Bshowstheeffecton themosquito microbiomefrom females
fedon culturedtrypanosomesmixedwith sheepblood.-Tryp = mosquitoesfedon bloodwithout trypanosomes;
+Tryp = mosquitoesfedon bloodcontainingtrypanosomes. Thedottedline representsthelevelof 16SrDNA from
-Tryp mosquitoes. Theratio of thenormalized16SrDNA detectionin ª+Trypº ������ ª-Trypº wascalculated using
triplicatesfrom thesamecDNA dilution. Error barsshowmedianabsolutedeviationcomputedbypermutationfrom 3
experiments.� : statistically significant p-value(p<0.05)relatedto thedeltaCtdistribution betweenª+Trypº and
ª-Trypº.

https://doi.org/10.1371/journal.pntd.0008059.g002
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ingestiondid not affect��������� fecundity,definedasthenumberof laid eggsperfemales,
for eitherpooledfemales(Fig3B)or individual ones(Fig3C).

Despiteno differencein thenumberof eggslaid,dueto thefactthat trypanosomeingestion
significantlyaffects$� and � expression(Fig3A),wealsocomparedtheegg-hatchingrate
betweenthetwo mosquitopopulations,whichrepresentsthecapacityof laid eggsto develop
into larvae,i.e.thefemalefertility. Eggsfrom eachfemalegroup(-Tryp and+Tryp) werecol-
lectedat72hpost-bloodfeedingandplacedindividually in wellcontainingtapwater.The
numberof viablelarvaewascountedfrom day2 to day4 post-egglaying.Theegg-hatching
ratewassignificantlylowerin eggsfrom +Tryp femalesascomparedto eggsfrom -Tryp

Fig 3. ���������	� ingestionreducesthe reproductivefitnessin �. ��������. (A) Thegraphshowsmedianfold changeof
�
��������
� expressionin mosquitoesfedon miceinfectedby ����
�����
 (Tryp) or by 	. ����

 (Py)or byboth ����
�����
 and
	. ����

 (Py+Tryp) ascomparedto thosefedon naivemice(dotedline).Theribosomalprotein ���� genewasusedasaninternal
calibrator. $
��������
� expressiondecreasedin mosquitoesthat fedon micemono-infected by �. �. �����
 (Tryp) andin thosethat
fedon miceco-infectedbyboth �. �. �����
 and	. ����

 (Py+Tryp),ascomparedto thosefedon anaivemouse.Theratio of the
normalized�
��������
� expression in Tryp,Py,Py+Tryp������ naivecontrolwascomputedusingtriplicatesfrom thesamecDNA
dilution. Error barsshowmedianabsolutedeviation computedbypermutation from 3 independentreplicates.� : Statistically
significant p-value(p<0.05)relatedto thedeltaCtdistribution betweenª+Trypº andª-Trypº. NS:Non-significant p-value.(B) The
graphshowstheaveragenumberof eggsperfemaleusingpoolsof femalesexposed(+Tryp) or not (-Tryp) to �. �� �����
 in three
independentreplicates.Thetablebelowthegraphshows,for eachexperiment,thenumberof countedeggsandthenumberof gravid
femalesexposed(+Tryp) or not (-Tryp) to trypanosomeparasites.Thep-valuesobtainedfrom aChi-squaretestshowthat thereisno
statisticalsignificanteffecton egglaying.(C) A comparable,yetrefinedexperiment, wasperformedwith thenumberof eggscounted
from eachindividualgravidfemaleandthedifferencebetweenthetwo groupsof femaleswasanalysedusingaWilcoxonsigned-rank
non-parametrictests;n = numberof individual femalesfrom eachgroup.(D) Thegraphshowsthehatchingrateof eggscollected
from femalesexposed(greybar)or not exposed(blackbar)to trypanosomeparasitesatDay2 to Day4post-egglaying.Thep-values
obtainedfrom aChi-squared testshowthat thereisastatisticalsignificantimpacton thehatchingratesbetweenexposed(greybar)
������ non-exposed(blackbar) females;n = numberof eggsfrom eachgroupthatwereplacedin individualwellscontainingwater.

https://doi.org/10.1371/journal.pntd.0008059.g003
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females(Fig3D).This indicatesthat,while trypanosomeingestiondoesnot affectfemale
fecundity(i.e.thenumberof eggslaid), it affectstheviability of thelaid eggs(i.e.femalefertil-
ity) byalteringtheir capacityto developinto larvae.This is likely dueto afunctionalfailure
relatedto theobserveddecreaseof both$� and � expression.

In orderto removeanypotentialconfoundingfactorsfrom thebloodof infectedmiceand
beableto attributeresultsto thedirecteffectof trypanosomeson themosquitoreproductive
fitness,cultured�. �. �����
 parasitesweremixedwith commercialsheepblood(for control,
commercialsheepbloodwithout trypanosomeswasused)andusedto feedmosquitoes.We
first assessed$� and � expressionsat48h,andweobservedastrongdecreasein expressionof
bothgenesin the+Tryp groupascomparedto the-Tryp group(S2BFig).Then,wecollected
eggsfrom individual femalesto assesstheir fecundity(numberof laid eggs/female)andsimi-
larly to themouseinfectionsystem,wedid not observeanydifferencebetween+Tryp and
-Tryp groupsin thenumberof laid eggs(S2CFig).Theseresultsindicatethat theeffectson
both$� and � decreasedexpressions,andmorewidelyon themosquitoreproductivefitness,
areneitherdueto potentialimmuneor metabolicfactorsnor to anaemiafrom trypanosome-
infectedmice.

���������	� ingestionincreases�. �������� susceptibility to �. ��
��� and
�. ���������	
As����
�����
 ingestionstronglyaffectstheabundanceof theentericmicrobiomeandthe
expressionof $� in �. ������

, whichhavebothbeendescribedto modulate��������� compe-
tencefor 	�
����
�� [47±49],wehypothesizedthat trypanosomeparasitescouldalsoimpact
thedevelopmentof 	�
����
�� during eithersubsequentor concomitantexposure.

Feedingmosquitoeswith aninitial �. �. �����
 infectiousbloodmealsignificantlyenhanced
mosquitosusceptibilityto 	. ����

 deliveredin asecondbloodmealfivedayslater,ascompared
to control mosquitoesthat first fedon anaivemouse.Theeffectwassignificantfor both infec-
tion prevalence(p = 0.006)andinfectionintensity(p = 0.001)(Fig4A & 4B).When	. �
��
�
�
��� gametocyteswereusedfor thesecondbloodmeal,infectionprevalencebut not intensity
wasincreasedin themosquitoesexposedto trypanosomesin thefirst bloodmeal(p = 0.007)
(Fig4C).

Simultaneousexposureof mosquitoesto both 	. ����

 and�. �. �����
 alsoinfluencedthe
developmentof 	�
����
��, similarly,althoughweakly,to successiveexposure(infection
prevalence,p = 0.07andinfectionintensity,p = 0.010)(Fig5).

In orderto control for thepossibilitythatpotentialimmunomodulatoryfactorspresentin
thebloodmealfrom trypanosome-infectedmicecouldberesponsiblefor theincreasedmos-
quito susceptibilityto 	�
����
��, wefedmosquitoeson 
� �
��� cultured�. �. �����
 before
challengingwith 	. ����

. Samplesizesandstatisticalpowerweresmallbecausemosquitoes
wereweaklyattractedby themedium;nevertheless,weobservedasimilar tendencyof
increased	. ����

 infectionprevalenceafterexposureto trypanosomes(p-value= 0.07,S3A
Fig).Thisresultsuggeststhat theagonisticeffectof �. �. �����
 ingestionon �. ������

 vector
competencewasprobablynot dueto mouseserumfactors,but ratherto thepresenceof try-
panosomesin themosquitomidgut.

Altered microbiome mediatesthe trypanosomeenhancementof
����	����	 infection, but not ���
����
��� decrease
An increasein midgutof Enterobacteriaceaehasbeenpositivelycorrelatedwith ��������� vec-
tor competencefor 	�
����
�� [47]. WeassessedbyqPCRthelevelof Enterobacteriaceaein
mosquitoesexposedto trypanosomesby targetingboth the16SrDNAandthe23SrDNAto
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increasetherobustnessof themeasure.Consistentwith theenhancementof 	�
����
��
infectionphenotype,wefoundanincreasedabundanceof Enterobacteriaceaeasmeasuredby
both16Sand23Sin midgutsof trypanosome-carryingmosquitoes(S4AFig).

Astherelevantbacteriawereantibioticsensitivein treatedmosquitoes(S4BFig),weque-
ried theeffectof suchtreatmenton thephenotypefor 	�
����
�� susceptibility.Treatmentof
mosquitoeswith antibioticsabolishedtheincreasedsusceptibilityof ��������� to 	�
����
��
observedaftertrypanosomeingestion(Fig6), indicatingthat theincreased	�
����
�� sus-
ceptibilitywasdependentuponthebacterialexpansion.

Fig 4. A first infectiousblood mealwith �. 
. 
���
� increasesmosquitosusceptibility to rodent andhumanmalaria parasites.
Panels(A) & (B) showresultsof infectionprevalenceandinfectionintensityfor 	. ����

, respectively.Panels(C) & (D) showresultsof
infectionprevalenceandinfection intensityfor 	. �
��
�
���, respectively.-Tryp = groupof mosquitoespreviouslyfedon anaivemouse
(without ����
�����
 parasites);+Tryp = groupof mosquitoespreviouslyfedon a����
�����
-infected mouse.� � : Combinedp-value
<0.01(Fishermethod)from the3 independentbiologicalreplicatesobtainedfor theinfectionprevalence(p = 0.006for 	. ����

;
p = 0.007for 	. �
��
�
���) andfor infection intensity(p = 0.001for 	. ����

 only).n = Totalnumberof dissectedmosquitoes.
N = numberof biologicalreplicates.

https://doi.org/10.1371/journal.pntd.0008059.g004
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However,theobserveddecreaseof �
��������
� expressionin mosquitoesexposedto try-
panosomeswasnot influencedbyantibiotic treatment(Fig7), indicatingthat thetrypanosome
effecton mosquitoreproductivefitnesswasindependentof themicrobiome.

Discussion
Humanandanimaltrypanosomeinfectionsareoftensympatricwith malariain Africa,and
malariavectormosquitoescanbeexposedto bothmicrobesin thesameor successiveblood-
meals.Althoughmosquitoesarenot thenaturalhostsof the�. �����
 cyclicaldevelopment,we
found that �. �. �����
 parasitescantransientlysurvivein the�. ������

 midgut for at least
48hpost-ingestionanddifferentiateinto procyclicforms,beforefinally dyingandbeing
clearedby themosquitoes.Strikingly,during thisshortperiodof time,thepresenceof try-
panosomesaltersthemosquitoentericmicrobiome,decreasesthemosquitoreproductivefit-
nessviaeffectson femalefertility, andenhancestheir susceptibilityto 	�
����
�� infection.
While theeffectof trypanosomesingestionon 	�
����
�� infectionismicrobiomedepen-
dent,thephenotypeon their reproductivefitnessismicrobiomeindependent.

Thevectormicrobiomeisamajor factorlikely influencingparasitetransmissionthrough
differentmechanisms[3,47,50].Thepresenceof antibioticsin themosquitomidgut could
increaseits susceptibilityto 	�
����
�� infection,highlightingbeneficialeffectsof themicro-
biotaon themosquitoresistanceto 	�
����
�� infection[29,51].In contrast,animbalancein
Enterobacteriaceaecanpromote��������� vectorcompetencefor 	�
����
�� [47]. Here,we
showthat thepresenceof live trypanosomesincreasestheabundanceof midgut bacteriain
���������, which in turn increasesvectorcompetencefor 	�
����
��. In addition,wealso
demonstratedthatEnterobacteriaceae,whichweresensitiveto theantibioticstreatmentthat
abolishedthe	�
����
�� susceptibilityphenotype,werealsoelevated.

Fig 5. Thesimultaneouspresenceof �. 
. 
���
� and �. ��
��� in �. �������� doesnot promote ����	����	 infection prevalence(A) but
promotesinfection intensity (B). In (A), redcolourshowsproportion of infectedandgreenshowproportion of uninfected individuals.
-Tryp = groupof mosquitoesfedon a	. ����

 infectedmouse(but without ����
�����
 parasites); +Tryp = groupof mosquitoesfedon a
mouseco-infectedwith �. �. �����
 and	. ����

 parasites.� : Combinedp-value<0.05(Fishermethod)from the3 independentbiological
replicatesobtainedfor theinfection intensity(p = 0.010).n = Totalnumberof dissectedmosquitoes. N = numberof biologicalreplicates.

https://doi.org/10.1371/journal.pntd.0008059.g005
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However,additionalbiologicalreplicatesmight benecessaryto increasetherobustnessof
thesefindingsrelatedto theeffectof trypanosomeingestionon thebacterialmicrobiome.In
addition,somein-depthmetagenomicanalysiswouldbenecessaryto identify thespecificbac-
terial taxaunderlyingtheobservedphenotypiceffect.Themechanismleadingto thegutbacte-
rial expansionisnot consistentwith aresourcecompetitionbetweentrypanosomesandthe
bacteria,asthiswould leadto aninversephenotype.Two hypothesescouldbeproposed:i) try-
panosomescouldmodify thegutenvironmentin suchawaythat it would favourthedevelop-
mentof somebacteria.ii) theimmunefactorscontrolling theguthomeostasiscouldbe
divertedtowardsthetrypanosomes,whichwould leadto thegutbacteriaexpansion.

Bloodmealscontainingtrypanosomesreducemosquitoreproductivefitness,asmeasured
bothby �
��������
� expressionandtheegghatchingrateof theoffspring.Althoughthe
increasein mosquitosusceptibilityto malariaparasiteinfectionin thepresenceof trypano-
someswasdependenton themidgut bacterialexpansion,thiswasnot thecasefor the
decreasedVg expression.Reductionof hostfecundityhasbeenreportedin otherparasitized

Fig 6. Increasedsusceptibility to ����	����	 in �����
�
� mosquitoesexposedto ���������	� is microbiome-dependent.
-Tryp = groupof mosquitoespreviouslyfedon anaivemouse(without ����
�����
 parasites);+Tryp = groupof mosquitoespreviously fed
on amouseinfectedwith ����
�����
 parasites.Normalsugar= sugarwithout antibiotics;AB_sugar= sugarsupplemented with
antibiotics;� � : Combinedp-value<0.01(Fishermethod)from the2 independent biologicalreplicatesobtainedfor theinfectionintensity
(p = 0.007).NS:statistically not significant p-value(p = 0.201).n = Totalnumberof dissectedmosquitoes. Prev:infectionprevalencein %.

https://doi.org/10.1371/journal.pntd.0008059.g006
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insects[52]. However,it isnot clearwhetherhostfecundityreductionreflectsparasitemanipu-
lation of thevectorin orderto increasecontactswith newhostsandpromoteits own transmis-
sionor nutrient competitionwith theinsecthost,or both [53±55].Theinduction of the
$
��������
� and 
������
� throughthe20Epathwayis triggeredbyaminoacidsandnutri-
entsmadeduring theblooddigestionprocess[42,49,44].Thepresenceof activetrypanosomes
in themidgut during at leastthefirst 48hfollowing infectioncouldactasahostcompetitor,
andthereforereducetheamountof nutrientsavailablefor $� and � induction throughthe
20Epathway.In otherwords,����
�����
 survivalin themosquitomidgut might alterthe
activationof the20Epathwayandthustheexpressionof downstreamfactorssuchas$� and
 �, which in turn would impacton thereproductivefitness.Nevertheless,althoughanalter-
ationof the20Epathwayhasbeenpreviouslycorrelatedwith adecreasedsusceptibilityto 	�
��
���
�� [44], wefound that thepresenceof trypanosomesinducesadecreaseof $� and �
expressionsbut anincreaseof the��������s vectorcompetencefor 	�
����
��. Therefore,
theeffectof trypanosomeson ��������� vectorcompetencewouldbemostlyrelatedto their
impacton themicrobiomeratherthanon the20Epathway.In �����
�
, theactivationof
immuneresponsesby immunogenicwild typetrypanosomestrainsreducesreproductiveout-
put aswellasthemilk glandprotein levels(requiredfor larvaldevelopment),while infections
with non-immunogenictrypanosomesdo not [56], revealingabalancedinterplaybetween
immuneactivityandreproductionin tsetseflies.In ���������, fewstudieshavehighlighteda
potentialtrade-offbetweenimmunity andreproduction.In themosquitoes��������� ����
�����
 and��������� �
��

�, 	�
����
�� ����

 �
���
���
� wasshownto influencethebal-
ancebetweenreproductivefitnessandimmunedefences,whichwaslinked to animmune
pathwayinducingapoptosisin ovarianfolliclecells[57,58].Furthermore,in �. �
��

�, the

Fig 7. Decreasedexpressionof ���
����
��� in �. 
. 
���
� infectedbackground is not dependenton the bacterialabundanceincrease.(A)
$
��������
� (Vg) expression levelwasquantifiedbyqPCRin ªNormal sugarºandªAntibiotic sugarºbackgroundsfrom mosquitosamplesfedon a
naivemouse(-Tryp) or on a����
�����
-infected mouse(+Tryp). Eachbarof thegraphshowsmedianfold changeof �
��������
� expressionin
mosquitoesfedon miceinfectedby ����
�����
 (+Tryp) ascomparedto thosefedon naivemice(dotedline).Theribosomalprotein ���� genewas
usedasaninternalcalibrator.Theratio of thenormalizedVg expressionin ª+Trypº ������ ª-Trypº wascalculatedusingtriplicatesfrom thesamecDNA
dilution. � : Statistically significantp-value(p<0.05)relatedto thedeltaCtdistribution betweenª+Trypº andª-Trypº. (B) Antibiotic efficiency on the
bacterial abundancewasverifiedbymeasuringtheabundanceof thebacteria(byqPCRdetectionof 16SrDNA) betweenªAntibiotic sugarºand
ªNormal sugarº(dotedline) backgrounds24hpost-bloodmeal.Theratio of thenormalized16SrDNA detectionin ªNormal sugarºversusªAntibiotic
sugarºbackgroundswascomputedusingtriplicatesfrom thesamecDNA dilution. In A & B,error barsshowmedianabsolutedeviationcomputedby
permutation from 3 independentbiologicalexperiments.

https://doi.org/10.1371/journal.pntd.0008059.g007
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low 	�
����
�� survivalphenotypeassociatedwith the �/$� knockdownsrelieson ananti-
plasmodialTEP1-relatedmechanism[49]. Consideringour currentdata,it is temptingto pos-
tulatethat �. �. �����
 couldmodulatetheinterplaybetweenimmunity andreproductionin �.
������

. However,our resultsshowedthat �. �. �����
 only weaklymodulatedimmunefactors
andthat theincreasedsusceptibilityto 	�
����
�� wasratherdependenton thegutbacterial
flora thanon adirecteffectof trypanosomecells.However,in contrastto thevectorcompe-
tencephenotype,theeffectson themosquitoreproductivefitnesstriggeredby �. �. �����
 were
not dependenton thegutmicrobiota.Hencethesetwo phenotypesarelikely theresultof dis-
tinct, asyetundescribed,mechanisms.

Giventhesympatricdistribution of malariaandtrypanosomiases,it wouldbeinterestingto
assesswhethertheseexperimentallytrypanosome-inducedeffectson laboratorymosquito
strainscouldalsooccurin nature,with somepotentialconsequencesfor theepidemiologyof
malaria.Although�. �����
 isacommonparasiteandsympatricwith 	. �
��
�
��� in anum-
berof African regions,mosquitoesdo not successfullytransmit it; nevertheless,theycouldbe
exposedto it. More information wouldbenecessaryto determinethecomplexrelationships
betweenmultiple parasiteinfectionsandinterpret transmissiondynamicsin nature.Other less
studiedprotiststhatarenot necessarilyhumanpathogensbut ratherinsectparasites,suchas
themonoxenicparasite%�
��
�

 �
��
���
�
 for instance,areprobablyasabundantin nature,
andmayalsoaffectmosquitobiologyin asimilarmanner.In total,adult ��������� female
mosquitoesarelikely to beexposedto alargepanelof microorganisms,bacteriaandviruses
thatwouldaltertheir vectorcompetencein distinctways[1]. Overall,our resultsemphasize
thepotentialinfluenceof eukaryoticorganismsin combinationwith thebacterialmicrobiome
on ��������� vectorcompetencefor 	�
����
��.

Supporting information
S1Fig. ����� overexpression48hpost-trypanosomeingestiondependson the midgut
bacterialexpansion.(A) Relativequantificationof �	 !" and�#"	"! geneexpressionin
femalesfedon trypanosome-infectedmouse(+Tryp) or on naivemouse(-Tryp) andmain-
tainedon sucrose,usingexpressionof theribosomalprotein ���� geneasaninternalcalibra-
tor. Thedottedline representsthemedianexpressionin thecontrol (-Tryp). (B) Relative
quantificationof �	 !" geneexpressionin femalesfedon trypanosome-infectedmouse
(+Tryp) or on naivemouse(-Tryp) andmaintainedon sucrosesupplementedwith anantibi-
otic cocktail,usingexpressionof theribosomalprotein ���� geneastheinternalcalibrator.In
A andB,theratio of thenormalizedgeneof interestin (+Tryp) ������ (-Tryp) control was
computedusingtriplicatesfrom thesamecDNA dilution. Error barsshowmedianabsolute
deviationcomputedbypermutationfrom 3 technicalreplicatesfor eachindependentbiologi-
calreplicate(EXP1andEXP2).
(TIF)

S2Fig.Trypanosomeparasitesdisplayedadirect effecton �����
�
� reproductive fitness.
A & B.Relativequantificationof  � and$� geneexpressionin femalesfedon trypanosome-
containingblood(+Tryp) or on bloodwithout trypanosomes(-Tryp), usingexpressionof the
ribosomalprotein ���� geneastheinternalcalibrator.Thedottedline representsthemedian
expressionin theª-Trypº control group.Thegraphin A showsqPCRresultsfrom themouse
infectionsystem,whilethegraphin BshowsqPCRfrom culturedtrypanosomesmixedwith
sheepblood.� : Statisticallysignificantp-value(p<0.05)relatedto thedeltaCtdistribution
betweenª+Trypº andª-Trypº across3 independentbiologicalreplicates.C.Thegraphshows
thenumberof laid eggsperindividual femalesfedon culturedtrypanosomesmixedwith
sheepblood.Thedifferencesbetweenthetwo groupsof females(+Tryp) ������ (-Tryp) was
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analysedusingaWilcoxonsigned-ranknon-parametrictest;n = numberof individual females
from eachgroup.
(TIF)

S3Fig. Ingestionof cultured �� 
� 
���
� increasesthe infection prevalenceof �� �������� to
�� ��
���. PanelA showsresultsof infectionprevalence.Redcolourshowsproportion of
infectedandgreenshowsproportion of uninfectedindividuals.PanelBshowsresultof infec-
tion intensity.-Tryp = groupof mosquitoespreviouslyfedwith culturemediumonly (without
����
�����
 parasites);+Tryp = Groupof mosquitoesfedwith culturemediumcontaining�.
�. �����
. N = numberof biologicalreplicates.Combinedp-valuewasdoneusingFisher
methodfrom the3 independentbiologicalreplicates.n = Totalnumberof dissectedmosqui-
toes.
(TIF)

S4Fig. ���������	� ingestionincreasesthe abundanceof Enterobacteriaceaefamily in ��
�������� at day5 post-feeding.(A) 16Sand23SrDNA detectionof Enterobacteriaceaewas
performedbyqPCRatday5 (D5) post-bloodmealusingtheexpressionof theribosomalpro-
tein ���� geneastheinternalcalibrator.Thetwo coupleof primers(16Sand23Swereboth
usedto increasetherobustnessof theresults.Thegraphshowsmedianfold changeof the
Enterobacteriaceaeloadin midgutsof mosquitoeschallengedwith trypanosomeascompared
to mosquitofedon naivemouse(dotedline).With Tryp = groupof mosquitoespreviouslyfed
on a����
�����
-infected mouse.Theratio of thenormalized16S(or 23S)rDNA detection
in ªWith Trypº ������ ªNaiveºwascomputedusingtriplicatesfrom thesamecDNA dilution.
Error barsshowmedianabsolutedeviationcomputedbypermutationfrom 3 experiments.� :
Statisticallysignificantp-value(p<0.05) relatedto thedeltaCtdistribution betweenª+Trypº
andªNaiveº.NS:Non-significantp-value.(B) Antibiotic efficiencyon Enterobacteriaceaefam-
ily. 16Sand23SrDNA detectionof EnterobateriaceaewasperformedbyqPCRatday5 (D5)
post-naivebloodmealusingsamplefrom mosquitoestreatedor not with antibiotics.Expres-
sionof theribosomalprotein ���� genewasusedastheinternalcalibrator.Thedottedline rep-
resentsthelevelof 16Sand23SrDNA in thenormalsugarbackground(without antibiotic).
Theratio of thenormalized16S(or 23S)rDNA detectionin ªAB sugarº(with antibiotic) ������
ªNormal sugarº(without antibiotics)wascomputedusingtriplicatesfrom thesamecDNA
dilution. Error barsshowmedianabsolutedeviationcomputedbypermutationfrom 3 inde-
pendentbiologicalexperiments.
(TIF)

S1Movie.Procyclic-liketrypanosomesswimming out of amosquito midgut 48hpost-
ingestion.��������� midgutsweredissectedin PBS48hpost-trypanosomeingestionand
scrutinizedunderamicroscopeat the100xmagnification.Trypanosomeswith aprocyclictry-
pomastigoteshapewerefound to behighlymotile in all midguts.
(MPEG)

S1Table.RNAseqidentification of 13genes,which expressionsaremodulated48hafter ��

� 
���
� ingestion.Amongthese13genes,two areimmune±likegenes:&�����
� �
��
�� ����
��
� and�	 !" (highlightedin pink). Resultscomefrom threeindependentbiologicalexperi-
ments.Foreachgene,differentialexpressionsbetween�. �. �����
-infected andnaivefeeding
backgroundsareexpressedin Log2fold change,p-valuesandadjustedp-values(padj) to high-
light statisticaldifference.
(XLSX)
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S2Table.RNAseqanalysisat 24hafter �� 
� 
���
� ingestion.Foreachgene,differential
expressionsbetween�. �. �����
-infected andnaivefeedingbackgroundsareexpressedin
Log2fold change,p-valuesandadjustedp-values(padj) to highlightstatisticaldifference.The
countvaluesarenotedfor eachgeneandfor eachthreebiologicalreplicates:NaiveMouse_1=
mosquitofedon naivemousefor thefirst biologicalreplicate;TrypaMouse_1= mosquitofed
on �. �. �����
-infected mousefor thefirst biologicalreplicate.
(XLS)

S3Table.RNAseqanalysisat 48hafter �� 
� 
���
� ingestion.Foreachgene,differential
expressionsbetween�. �. �����
-infected andnaivefeedingbackgroundsareexpressedin
Log2fold change,p-valuesandadjustedp-values(padj) to highlightstatisticaldifference.The
countvaluesarenotedfor eachgeneandfor eachthreebiologicalreplicates:NaiveMouse_1=
mosquitofedon naivemousefor thefirst biologicalreplicate;TrypaMouse_1= mosquitofed
on �. �. �����
-infected mousefor thefirst biologicalreplicate.
(XLS)
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