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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 fithess 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 mosquitoeghat transmitthe malariaparasites ,
takesuccessivblood mealsto maximizetheir offspring.During theseblood mealsmos-
guitoesareexposedo avarietyof microbespresentin the hostbloodin additionto
, the obligateparasitehat causesnalaria.The parasitescausing
trypanosomiasesresympatricwith the malariaparasitesn numerousAfrican regions,
therefore asinglefemalemosquitocouldbein contactwith both pathogengoncurrently
or throughsuccessivelood mealsin this work, weshowedhat exposurenf females
mosquitoego enhancedheir susceptibilitto malariaparasites,
reducedheir reproductivefitnessand modulatedtheir bacterialgut flora. While the effect
of trypanosomegngestionon infectionis microbiomedependentthe phe-
notypeon the reproductivefitnessis microbiomeindependentTheseresultshighlightthe
needfor consideringthe effectof eukaryoticmicrobeson biologyfor malaria
control strategies.

Introduction

Vectorbornediseasesuchasmalaria,trypanosomiasesndothersareoften sympatricin
Africa[l1]. Thereforejn theseareassuccessivelood mealstakenby adult female
mosquitoesluring their life couldincreaseheir exposureo differentmicroorganismsinclud-
ing parasiteshacterisandviruseq1].

In areaswith the highestmalariaburden,suchasin Sub-SaharaAfrica,

transmissiordependon the complexecologicatleterminantgbiotic andabioticfac-
tors) thatdrive populationdynamicsof the primary African vectors ..and
. but alsomosquitointrinsic factorsfor pathogerdevelopmenf2+7]. Eukaryotic
microbesjncluding microsporidia,gregarinesndtrypanosomatidshavebeenidentifiedin
mosquitoesHowever relativelylittle attentionhasbeenpaidto vectorinteractions
with eukaryoticmicrobesandtheir potentialimpacton developmentn themos-
quito [3].

African trypanosomiase@Human and Animal African Trypanosomiasegreneglected
tropical diseasesausedy speciesnostexclusivelyransmittedto humansand
their livestockby the bite of both maleandfemaletsetsdliesof thegenus . Thesdlis-
easebavedevastatingocio-economiconsequencesr Sub-SaharaAfrica with 13million
peopleandabout50million cattleatrisk [8£10].Betweer1990and 2015 almost440,000
Human African Trypanosomiase@H1AT) casesverereported[11]. At the sameime, sus-
tainedinternationalcontrol effortshavereducedthe numberof newHAT cases$o only 2,163
in 2016[12]. Neverthelesgrobablymore casesemainundetectedjiventhat sleepingsickness
tendsto occurin remoterural areasandthat latentinfectionsin humansor animalscouldrep-
resentasignificantproportion of theinfectedpopulationsthat would actasreservoirdor the

parasite$13] [14].

Although and infectionshavebeenextensivelyexaminedsepa-
ratelyin their respectiverectorslittle is known aboutthe possiblesffectsof mos-
quito co-exposuret both parasitespeciessuccessivelgr concurrently Patientsn endemic
countriescanbeco-infectedwith and parasite$15]. Therefore,
concomitantexposureso and in vectorsaretheoreti-

callypossiblén Africa. Moreover the epidemiologicafolesof latenthumancasesndanimal
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reservoirdn HAT endemicfoci[9,13,16Jarenot well-documentedndthe currentburdenof

Animal African Trypanosomiase@AT) isaconcern.In addition, recentstudieson .
feedingbehaviorhaveshownhigh proportionsof (i) blood mealsactuallytakenon asin-

glenon-humanhostand (ii) mixedblood mealstakenfrom both animalsandhumang[17,18].

Therefore successivexposuresf vectorsto ingestedrom animals
and ingestedrom infectedhumansarelikely to occur.Basedn all of this infor-
mation,we hypothesizedhatin co-endemicareasvhere mosquitoesareexposedo

in bloodmealdrom animalhosts theseparasitezould modulate

the micro-environmentof the mosquitomidgut, potentiallyinfluencingthe developmenbf

in themidgut [1].

Here,using , amemberofthe . complexweshowthat .
bloodstreanformssurvivefor atleast48hpost-feedingn the . midgut before

beingclearedThis survivalwassufficientto impactthe abundancef the bacterialgutflora as
wellasmosquitoreproductivefitnessIn addition, . . ingestionsignificantlyincreased

infection prevalencén amicrobiota-dependenmanner.Thesdindings suggest
that . . parasiteaffecta potentialinterplaybetweerthe gut microbiotaandreproduc-
tion of . and,moreimportantly, thatit coulddirectlyincreaseherisk of malariapar-
asitetransmission.

Methods
Ethic statement

This studywasconductedn strict accordancevith therecommendation$rom the Guidefor
the Careand Useof LaboratoryAnimalsof the EuropeanUnion (EuropearDirective2010/63/
UE) andthe FrenchGovernmentThe protocolwasapprovecdby the2Comitdd'&hiqueen
exp&imentation animalede'Institut PasteurCETEA89 (Permitnumber:2013+0129)yy the
FrenchMinistry of ScientificResearciiPermitnumber:202195.02andundertakenin compli-
ancewith Institut PasteuBiosafetyCommittee(protocol CHSCT14.114).

Mosquitoes

colonyFdO3initiated in Mali [19] wasrearedat 26ECand 80%humidity, ona12h
light/dark cyclewith acces$o cotton soakedn 10%sucrosesolution,in insectarie®f the Unit
of Geneticand Genomicf InsectVectorsof the Institut PasteuiParis,France.

Mouseinfections with

All experimentavereperformedwith three-week-oldemaleSwiss mice (Jan-
vier,France).. . AnTat 1.1Efluorescenbloodstreanforms expressing cytosolicchi-
mericreporterincluding ared fluorescenmarkerandared-shiftedbioluminescentarker
(PpyREH9/TY1/TdTomatoyverecultivatedin HMI9 mediumsupplementedvith 10%fetal
calfserumat 37EQn 5%CO, [20]. Parasitemiavasassayedly automatedluorescentell
countingwith aMusecytometer{Merck-Millipore, detectionlimit 5.1¢ parasites/mljaccord-
ing to the manufacturer'secommendationsParasitesverecounted centrifugedandresus-
pendedat 10°cells/ml.Then,1(P parasite®f this suspensionvereinoculatedby intra-
peritoneal(IP) injection to eachmouse Mice parasitemiavasassesseuhderaninvertedlight
microscope_eicaDMIL (Leica)with standardizeaingle-usdnemocytometergHycor Kova,
detectionlimit 10* parasites/mlpccordingto the manufacturer'secommendationsr by
automatediuorescentellcountingwith aMusecytometer(Merck-Millipore).
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Mouseinfections with

Mice wereinoculatedwith 10° red blood cells(RBCs)infectedwith GFP-transgenic
strain, GFP@HSP70-GOM{1]. Four dayspost-injection blood samplesveretakenfrom
thetail, and parasitemiavasdeterminedby flow cytometry.Furthermore malegametocyte
maturity wasverifiedby performingan exflagellationestaspreviouslydescribed22].

survival in mosquito midgut

Toassess . survivalin mosquitomidgut, mosquitoesvereallowedto feedon cul-
turedfluorescent. . AnTatl.1BEbloodstreanforms.119and 68 mosquitoesveredis-
sectecht 2 and5 dayspost-feedingrespectivelyand entire midgutswereexaminedoy
fluorescencenicroscopyto detectliving red fluorescenparasitesDissectednidgutswere
scoredwicefor the presencef trypanosomesither2 or 5 dayspost-feedingon mice.

Mosquito infection with the rodent malaria parasite .

For all experimentsiniceinfectedwith . , StrainGFP@HSP70-GOM@xt5+6%para-
sitemiawith maturegametocytesyereused Mice werefirst anaesthetizelly intraperitoneal
(IP) injection of ketamine(Imalgenel000at 125mg/kg) andxylazine(Rompun2%at 12.5
mg/kg) beforemosquitoesvereallowedto feedfor 30min. Unfed mosquitoesverediscarded

andfed mosquitoesveremaintainedat 24EQ . ) and70%relativehumidity on 10%
sucrosesolutionaspreviouslydescribed23]. 3independenbiologicalexperimentsvere
performed.

Concomitant . co-infectionswith . . and .

Mice wereinfectedeitherwith . or co-infectedwith both . and . . . For
co-infectedmice, . . wereinoculatedl dayafter . injection.4 dayspost .
infectionsin mice,2 groupsof . mosquitoesverefedeitherona . mono-

infectedmousethat servedascontrol or on aco-infectedmouse All mosquitoeghat werenot
visibly engorgedvereremoved Mosquitomidgutsweredissecte@ndinfection statuswas
checkedy fluorescencenicroscopylooking atthe oocyststageB dayspost-feeding.

Successive infectionswith . . and . with and
without antibiotics

femalesvereallowedto feedeitheron micemono-infectedwith . . oron
naivemice (asnegativecontrol). Fivedayslater,all mosquitoesveregivenasecondlood
mealon miceinfectedwith . . Foreachfeedingall mosquitoeghat werenot visibly
engorgedvereremoved Samplesveredissectedt 8 daysafter . challengdo confirm
infection statusat the oocyststageThroughoutthe experimentmosquitoesveremaintained
underantibiotic pressureaspreviouslydescribed24]. Briefly,immediatelyfollowing adult
emergencanosquitoesveremaintainedon a 10%sucrosesolutioncomplementedvith Peni-
cillin 62.5 g/mL, Streptomycinl00 g/mL andgentamicin50 g/mL, andthis solutionwas
changedeveryday.Successiveo-infectionswereperformedasdescribedabove.

Successive co-infectionswith . . and .

Gametocytefrom cultured . isolateNF54wereproducedby the CEPIAmosquito
infectionfacility of the Institut Pasteurasdescribedpreviously{23]. . femalesvere
allowedto feedeitheron micemono-infectedwith . . or on naivemice (asnegative
control). Fivedaysafterfeedingall mosquitoesveregivenasecondlood mealon cultured .
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gametocytessdescribedgreviously[25]. Unfedfemalesverediscardecandonly
fully engorgedemalesveremaintainedat 26 E CGand at 70%relativehumidity on 10%sucrose
solutionsupplementeavith 0.05%para-aminobenzoicacid.

Assessinghe direct effectof . . on the gut microbiome andthe
reproductivefitnesswith cultured parasites

Thepleomorphic. . AnTatl.1Bbloodstreanformswereculturedin HMI9 medium
asdescribedaboveln orderto obtainstumpyforms,the parasitestagenfectiveto theinsect
host,an induction wasperformedin slenderforms culturedat 1.1 parasites/mlwith
the cAMP analogue8-pCPT-2-0-Me-cAMP (Biolog,Germany)at5 M for 48h[26]. The
presencef stumpyformswasverifiedby usingthe anti-PAD1rabbit polyclonalantibody
(1:250Keith Matthews Edinburgh,UK) targetingthe carboxylate-transpaer ProteinsAsso-
ciatedwith Differentiation1 (PAD1)[27]. Differentiatedparasitesverecentrifugedandresus-
pendedn commerciamechanicallydefibrinatedsheegblood (BCL, France)at 16° parasites/
mL in orderto feed s femalegshroughamembranefeedingsystemin whichthe
blood mixture is maintainedat 37ECMosquitogutswerecollected48hand 5 dayspost-try-
panosomengestion.Theseexperimentsvereperformedto removeanypotentialconfounding
factorsfrom the blood of infectedmiceandbeableto attributeresultsto the direct effectof try-
panosomesn the mosquitoes.

infection phenotype

Midgutsweredissecte® daysafterinfection.For . , midgutswerestainedin 0.4%
mercurochromeandthe numberof oocystsvascountedunderacontrastlight microscope
(Nikon EclipseNi). For GFP-fluorescent (strainGFP@HSP70-GOMOmidgut
oocystaveredirectly countedunderafluorescenbinocularstereamicroscopgNikon
SMZz18),usinga GFPfilter (450-500nnfor absorbancspectra510nm for emission) Preva-
lenceof infectionis definedasthe proportion of infectedmosquitoeamongthetotal number
of dissecteanosquitoeslnfection intensityis definedasthe numberof oocystper mosquito,
determinedusingonly thosemosquitoedarbouringat leastoneoocystUninfectedmosqui-
toeswereexcludedrom the analysiof infectionintensity.

Quantitative polymerasechainreaction (QPCR)

UsingcDNA or genomicDNA, all gPCRswereperformedasdescribedn [25], usingSYBR
greensupermix(KAPA SYBRFASTABI, from Sigma-Aldrich)andthe CFX96TouchReal-
Time PCRDetectionSysten{from Biorad).Ribosomaprotein geng(F_5'-CACCGC
CGTGTACGATGCCA-3andR_5-ATGGTGGTCTGCTGGTCTT-3") wasusedasanin-
ternalcontrol andthe spliced-leade(SL)RNA (F_5-CAATATAGTACAGAAACTG-3'and
R_5-AACTAACGCTATTATTAGAA-3") wasusedto confirm theinfection statusof each
sampledy . . . Thequantificationof eachgenewasobtainedasaratio of the
Analysisof the expressiorof transcriptrelativeto wasperformedaccordingto the

2 1iCt method[28]. PCRcondition run are:95EGor 5min, then40cycleof (95ECor 15sec,
60Edor 1min (plateread))S0ECor 30sec.

Microbiota analysisby g°PCR

Dissectiorwasperformedasdescribedpreviously[29]. Briefly, beforedissectionmosquitoes
werewashedn 75%ethanolfor 5min, andwashedhreetimesin sterilePBSto washout non-
attachedbacteriathus preventingsamplecontaminationwith cuticlebacteriaduring
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dissectionFor eachbiologicalreplicate 20 midgutswerecollectedrom eachmosquitogroup
(-Tryp) and (+Tryp), frozenimmediatelyon dry iceand storedat 80ECuntil processingTo
assesantibiotic effectivenes20mosquitomidgutsfrom eachgroup (-Tryp) and (+Tryp)
werecollectedd8hpost-feedingMidgutswereexcludedrom the analysisvhentheyappeared
to haveburst,resultingin asubstantialossof the gut content. DNA wasextractedwith
DNeasyPowerSoiKit (QIAGEN). TheV4 regionofthe 16 SrDNA (16S_V4q_F'-GTGCC
AGCMGCCGCGGTAA-3and16S_V4q_R5'-GGACTACHVGGGTWTCTAAT -3') was
usedfor measuringhetotal bacterialabundancey quantitativePCR.For Enterobacteriaceae
family detection weusedtwo differentprimer pairs:16 SrDNA[30] (Entero_16S_F5'
CGTCGCAAGMMCAAAGAG 3'-andEntero_16S_RE'TTACCGCGGCTGCTGGCAC3")
and23SrDNA(-Entero_23S_F5'-TGCCGTAACTTCGGGAAAGGCA-3'andEnter-

0 23S _R5'-TCAAGGACCAGTGTTCAGTGT- 3" [31,32].DNA samplegrom eachinde-
pendentbiologicalreplicatewereusedto performdistinct gPCRin triplicate andfold changes
obtainedbetweern(-Tryp) and (+Tryp) werecombinedasameanandillustratedgraphically.

Effectof trypanosomeingestionon the reproductive fitness

. expressiorwith and without antibiotics. Mosquitoesverecol-
lectedat day?2 postfeedingon -infected or naivemice.For mosquitoedreated
with antibiotics,the protocoldescribedabovewasused.Total RNA wasextractedwith TRIzol
reagen{Invitrogen) from poolsof 10mosquitoegrom eachbatch.cDNAsweregenerated
usingM-MLV reversedranscriptasélnvitrogen) from total RNAs.qPCRwasperformedto
quantifydifferencesn geneexpressiorbetween. mosquitoefedon

infected miceandnaivemiceor betweermrmosquitoeso-infectedwith .
andthoseinfectedonly with . . TheprimersVg_gF:5-CCGACTACGACCAG
GACTTCC-3'andVg_gR:5' CACTGGACGACACOACGGGC-3wereusedastargetfor
gqPCR.

Effect of trypanosomeingestion on fecundity and egghatching. Egglayingwasassessed
for both individual femalesandfor poolsof 20femalesexposed+Tryp) or not exposed
(-Tryp) to . . Forthe poolsof femalesthe numberof laid eggsvascounted72h
post-bloodfeedinganddivided by the numberof femaleg20gravidfemales}o getanaverage
numberof eggdaid perfemale asaproportion. Thedifferencesn theseproportionsbetween
-Tryp and+Tryp groupsweretestedusingChi-Squaredestsin 3independenexperiments.
Forthe eggdaid by individual femaleghatwereplacedn individual pot with asinglemale,
thenumberof eggsvascountedindividually anddifferencesetweerthe two groupswere
testedusinganon-parametricWilcoxon signed-ranknon-parametridest.

To measureghe egghatchingratewithout bias,wehaverandomlycollectedeggdreshlylaid
by about10individual femalemothers®(<5 egg9erindividual female)of both the (-Tryp)
andthe (+Tryp) groupsput theseeggsn multiplatewellscontainingtap water,storedthemat
26ECandmonitoredtheir hatchingdaily. The numbersof hatchedeggginto larvae)were
countedfrom day2 to day4 post-egdaying.Thenumberof hatchedeggdrom eachgroup
(-Tryp or +Tryp) wascountedanddivided by the numberof initial egggutin water,asapro-
portion. Differencesn theseproportionsbetween(-Tryp) and (+Tryp) groupsweretested
usinga Chi-Squaredest.

RNA sequencingand analysis

Two batcheof mosquitoeshavebeenfed on mice,non-infected(control) or mono-
infectedwith red fluorescent. . . Foreachcondition,apool of 10infected-mosquitoes
wascollectedat 24hand48hpost-feedingTotal RNA extractiondrom intact mosquitoesvere
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Tablel. Experimentd plan for RNA sequening. Two groupsof mosquitoswerefedfor oneon naivemouse(uninfectel control) andfor the otheron trypanosome
infectedmouse 10mosquitoswerecollectedat 24hand 48hpost-feedingand usedfor total RNA extraction. Theexperimet asreprodu@dthreetimes(*Experiment1°,
aExperiment2° and2Experiment3°).

Naivefeeding infectious feeding
24h 48h 24h 48h
post-feeding post-feeding post-fealing post-feedng
Experiment 1 Naivemousel Naivemousel Trypa_nouse_1 Trypa_maise_1
Experiment 2 Naivemouse2 Naivemouse2 Trypa_nouse_2 Trypa_maise_2
Experiment 3 Naivemouse3 Naivemouse3 Trypa_nouse_3 Trypa_maise_3

https://da.org/10.1371¢urnal.pntdd008059.t01

performedon eachpool usingTRIzolreagen{Invitrogen), yieldingatotal of 12samplesAll
RNA-seqwasperformedatthe University of MinnesotaGenomicCenter(genomics.umn.
edu).

Detailsfor RNA sequencingexperimentand analysis

Threeindependenbiologicalreplicatesvereperformed,andfor eachexperimentateplicate,
two batchesf mosquitoeshavebeenfed on mice,non-infected(naivefeeding,con-
trol) or mono-infectedwith redfluorescent. . ( -infectious feeding).For
eachcondition, apool of 10infected-mosquitoew/ascollectedat 24hand48hpost-feeding.
Total RNA extractiondrom intact mosquitoesvereperformedon eachpool, yielding12sam-
ples(seeTablel above).

Briefly,usinglllumina’s TrusegqRNA SamplePreparatiorKit (Cat.# RS-122-2001),
microgramof total RNA wasoligo-dT purified usingoligo-dT coatedmagneticbeadsfrag-
mentedandthenreversdranscribednto cDNA. The cDNA wasfragmentedplunt-ended,
andligatedto indexed(barcoded)adaptorsandamplifiedusing15cyclesof PCR.Finallibrary
sizedistribution wasvalidatedusingcapillaryelectrophoresiand quantifiedusingfluorimetry
(PicoGreenpandviag-PCR.Indexedlibrarieswerethennormalized pooledandthensize
selectedo 320bp+/- 5%usingCaliper'sXT instrument.Trusedlibrarieswerehybridizedto a
pairedendflow cellandindividual fragmentsvereclonallyamplified by bridgeampilification
on the lllumina cBot.Onceclusteringwascompletethe flow cellwasloadedon the HiSeq
2000andsequencedsinglllumina's SBhemistry Primaryanalysiof sequenceeadsand
demultiplexingweredoneusingCASAVA1.8.2andde-multiplexed=ASTQfileswereused
for downstreamanalyses.

The quality of theraw readswascheckedvith FastQCversion0.11.5http://www.
bioinformatics.babraham.ad/projects/fastqcand multigc version0.7[33] BWA-memver-
sion0.7.7-r44Xhttps://arxiv.org/abs/1303.399W%jth defaultparametersvasusedfor align-
mentagainsthe referencagenomeof str. PESTversionAgamP4(from
VectorBase)cenesverecountedusingfeatureCount$34] versionl.4.6-p3with theannota-
tion versionAgamP4.&ndthe parameterstnRNA+gID.

CountsdatawereanalyzedisingR version3.3.1(R CoreTeam.R: A Languag@and Envi-
ronmentfor StatisticalComputing,R Foundationfor StatisticalComputing(2016))andthe
BioconductormpackagdESeqersionl.14.135] usingdefaultparametersA generalizedin-
earmodelincluding time (24hand48h),treatment(non-infected, . infected),hatch-
ing effectandtheinteractionterm betweertime andtreatmentwasappliedin orderto testfor
(i) inter-condition differencesnd (ii) thetime-treatmentinteraction.For eachpairwisecom-
parison raw p-valuesvereadjustedor multiple testingusingthe Benjaminiand Hochberg
procedurg36]. Geneswith adjustedp-valueselow0.05wereconsiderediifferentially
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expressedsequencedatarelatedto analysihavebeensubmittedin ArrayExpressinderthis
link:
https://www.ebiac.uk/arrayexpress/experimentsier AB-7469
ArrayExpressccessiorE-MTAB-7469
Usernameadrien.pain@pasteir
PasswordxwceYPkk

Immunofluorescenceassays

Trypanosomesvereisolatedfrom mosquitomidgutsin phosphatéufferedsaling(PBS)1X
andplacedon poly-L-lysinecoatedslidesandfixedin methanolat-20ECor 5 secondbefore
beingre-hydratedn PBSor 10minutesaspreviouslydescribed37]. parasites
wereco-stainedn PBScontaining0.1%bovineserumalbuminfor 45minutesat 37EGwith
thetwo following antibodies(1) the anti-CRDrabbit polyclonalantibody(1:300)targetingthe
cross-reactivdeterminantof the glycosylphosphatidylinosit@inchorof surfacenembrane
proteins,predominantlythe variantsurfaceglycoproteinf trypanosomebloodstreanforms
[38], and(2) the anti-EPmouselgG1 monoclonalantibody(1:500) CLPO01ACedarlane,
Canadal}argetingthe procyclinsurfacecoatof procyclictrypomastigotesSpecies-specifaec-
ondaryantibodiescoupledto AlexaFluor594r 488(JacksonmmunoResearchH)SA)were
thenusedin PBScontaining0.1%bovineserumalbuminfor 30minutesat 37ECDNA was
stainedwith 4,6-diamidino-2-phenyhdole (DAPI) andslidesweremountedunder coverslips
with ProLongantifadereagen{Invitrogen) aspreviouslydescribed37]. Imageacquisition
wascarriedout underalLeicaDMI 4000Bautomatednvertedepifluorescencenicroscope
(LEICA, Germany)with a100xobjectiveand equippedor bright field and phasecontrast
imaging,usinga Prime95BCMOScameraPhotoMetrix) controlledby Micro-managerl.4
(NIH). Imageintensitieswerestandardizedimagedisplaysveresetto the sameminimum
andmaximumintensitiesin orderto homogenizeheir presentatiorandallowvisualcompari-
sons)andanalyzedvith ImagedL.49(NIH).

Statisticalanalyses

Differencesn infection prevalencandegghatchingrateswerestatisticallytestedusingChi-
SquardestsFordifferencesn oocystioad (infectionintensity)andin the numberof eggger
individual femalesye usedwWilcoxon signed-ranknon-parametricests Statisticatlifferences
in prevalencandintensitywerefirst testedndependentlyfor eachindependenteplicateas
describecabove and p-valuesvereempiricallydeterminedusing10° Monte-Carlopermuta-
tions. Followingindependenstatisticateststhe p-valuefrom independentestsof signifi-
cancewerecombinedusingthe meta-analyticahpproachof Fisher[39] whenthedirection of
changdor eachindependenteplicatewasconcordant(e.g. eachindependenteplicatedis-
playedhigherinfection prevalencehantheir paired-Tryp controls).Statisticahnalysesvere
doneusingR [40]. For gPCRanalysiof the expressiorof transcriptsrelativeto rpS7 the 2
T1Ct methodwasused Differencein deltaCtdistribution acrosgheindependenbiological
replicatesdetweer(-Tryp) and (+Tryp) samplesvasstatisticalljtestedusingStudent-test.

Results

differentiatesinto procyclicforms and survivesat least48hin
midgut

Toinvestigatehe survivalof . . bloodstreanformsin mosquitoes.,. mosqui-
toeswereallowedto feedon culturedfluorescent. . bloodstreanforms.Mosquitoes
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Table2. . . bloodstreamforms survivedin . midguts at least48h post-ingeston. Mosquitomidgutswereextractel atday2 andday5 post-feedig.
Resultof threeindependemnexperimats areshownin thetable wherethe numbers(No.) of positivemidguts(carryingfluorescat . . parasitespverthetotal
numberof dissectednosqutoeswerecounted Theprevalenceolumnshowshe proportion (in %) of mosquitomidgutscarryingfluorescat trypanosoms,atday2 and
day5 post-trypamsomedeeding.Themeanof prevalencés shownin bold for both day2 andday5 time points. Thelowertotal numbersof mosquitos atday5 arenot
dueto increasednosquitomortality but to the samplingdesign.

Day 2 post-fealing Day 5 post-feeding
No. positive midguts / No. total midguts Prevalencg%) No. positive midguts / No. total midguts Prevalerce(%)
Experimert 1 26/28 92.8 1/24 4.2
Experimert 2 49/60 81.7 1/14 7.1
Experimert 3 22/31 71.0 0/30 0.0
Total / Mean 97/119 81.5 2/68 2.9
https://da.org/10.1371durnal.pntdd008059.t02
weredissectedtday?2 and5 post-feedingResultgevealedhatingested. . parasites
survivedatleast48hin . midgut for 81.5%of fedfemalegTable2). Interestingly,
fluorescenmidgutswerealsoobservedn 2.9%of the mosquitoedive daysaftertrypanosome
ingestion(Table2).

Knowingthis, weassesseathetherwild-type bloodstreanstumpytrypanosomesandiffer-
entiateinto procyclicformsin the mosquitoesA doubleimmunofluorescencassayvasper-
formedon trypanosomesxtractedrom mosquitomidgutsat 24hpost-ingestiorusingan
antibodyspecificallytargetingthe bloodstreanVariant SurfaceGlycoprotein(VSG)coat
(anti-CRD)[38] andananti-procyclinantibodylabellingthe procyclicsurfacecoat[41] on try-
panosomegxtractedrom mosquitomidgutsat 24hpost-ingestionWhile only fewparasites
werepresentinga positivesignalfor VSGsweobserved strongprocyclinsignalon amajority
of parasitesrom midgutscollectedat 24h(Fig 1). We alsoperformedvideosof mosquitomid-
gutsdissected8hpost-trypanosomégestion(S1Movie) and,in all midgutswherethered
fluorescencevasdetectedirypanosomesvith the morphologyandsizeof procyclictrypomas-
tigotewereobservedctivelyswimming.Theseresultsindicatethat trypanosomeseadilydif-
ferentiatefrom stumpyto procyclicstagesiuring thefirst 24hin the mosquitomidgut.

We hypothesizedhat amicroorganismviablefor atleast48handwith suchmotility in the
mosquitomidgut might significantlyaffectthe midgut micro-environmentand possibly
impacti) thegutbacterialflora, ii) the mosquitoimmuneresponseand/oriii) the mosquitofit-
nessThereforewesuccessivelgstedhesehreehypotheses.

ingestionincreaseghe mosquito gut microbiota abundance
We monitoredthe bacterialoadin the mosquitomidgut atday2 andday5 post-feedingn

infected miceor naivemice (control group).QuantitativePCR(qPCR)targeting
the 16SribosomalRNA gene(16SrDNA) revealedhlargeproliferation of bacteriain mosqui-
toesexposedo . . , with a5-foldincreaseof thetotal entericbacterialpopulation

abundancatday?2 andday5 afterthe blood meal(Fig 2A). Similarincreaseg the micro-
biomeatboth timespointswereobservedvhenmosquitoesvereallowedto feedon cultured
trypanosomesddedto commerciakheeblood ascomparedo sheeghloodwithout trypano-
somegqFig 2B).Thisindicateshat the effectwe observedn the microbiomewhenusingthe
mouseinfection system(Fig 2A) wasnot theresultof potentialmicefactors but insteadis due
to adirecteffectof trypanosomeparasites.

ingestionweaklymodulates immune factors
To querytheeffectof . . survivalin the mosquitomidgut, RNA sequencingvasused
to identify hosttranscriptionalresponséo ingestionat24hand48hpost-
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Figl. . . bloodstreamforms differentiate into procyclicforms within 24hin the midgut. A
doubleimmunofluorescencassayvasperformedusinganantibodyspecificallytargetingthe bloodstreamform VSG's
cross-reative determinant (anti-CRDin green)andananti-procycln antibodylabellingthe procyclinsurfacecoat
(anti-EPin red) on trypanosomesgxtractedrom mosquto midgutsat 24hpost-ingestia. Eachimageline illustratesa
distinct microscopidield. Whereaonly afewparasitesverepositivefor VSGsalone astrongprocyclinsignalwas
observedor amajority of parasitesSomeparasitesverepositivefor both antibodiessuggestingn ongoingsurface
coatswitching. ScalébarsindicatelOmicrometers

https://abi.org/10.1371durnal.pntdd008059.g001

trypanosomengestion.While no effectwasobservedn the transcriptionalresponséo try-
panosomengestionat 24h(S2Table),only 13genesveresignificantlydifferentiallyexpressed
at48h afteratrypanosome-containingploodmeakscomparedo naivebloodmeaS1Table).
Most of the candidategenesio not havean annotatedor predictedfunction relatedto immu-
nity, excepffor two genesthe leucine-richrepeatprotein " (AGAP007035andthe
3-glucanbinding protein #" " (AGAPO004455§S1Table).

Measuremenby RT-gPCRin independenRNA samplegonfirmedthatonly "
expressiomwasincreasedy two-fold aftertrypanosomengestion(S1AFig),howevetthis
expressiofincreasavasnot statisticallysignificantbetweern(-Tryp) and (+ Tryp) groups.Nev-
erthelessalthoughthis wasnot statisticallysignificant theweakinduction of 1" expression
aftertrypanosomeexposuravasabolishedvhenmosquitoesveretreatedwith antibiotics(S1B
Fig),indicatingthat !"  expressiomespondgo augmentedacteriakbundanceatherthan
to the presencef trypanosomesT hus,ingestionof trypanosomesnodulatedveryweaklyand
indirectly the expressiomf oneimmunefactorthroughaninfluenceon the entericflora.

ingestion affectsthe reproductive fitnessin

Mosquitoeggmaturationinducesthe expressiorof the geneencodingfor the precursorof the
major yolk protein, ($) throughtheactivationof the 20-hydroxyecdyson@0E)
pathway[42+44].In orderto measurehe effectof trypanosomengestionon mosquitorepro-
ductivefitnesswemeasuredxpressiornf$ 48hafterfeedingon bloodwith or without try-
panosomes$ expressiomlecreasedignificantlyin mosquitoesexposedo trypanosomesut
wasnhot modified by anothereukaryoticmicroorganismsuchas . , whenit wasingested
alone(Fig 3A). To strengtherthis finding, we alsotestecthe expressiorof anotherlipid trans-
porter,the Lipophorin (Lp), anotheryolk protein precursorin mosquitoeg45,46],andalso
controlledviathe 20Epathway{44]. We observedhat,asfor $ expression, expressions
decreased8hposttrypanosomeéngestion(S2AFig).
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Fig 2. ingestionincreases. bacterialflora abundanceat day 2 and day5 post-feedng. The
graphsn A andB showmedianfold changeof the total bacteridoadin the mosquitomidgut using16 SrDNA
detectionby gPCRandtheribosomalprotein geneastheinternal calibrabr. gPCRdetectionwasperformed at
day2 (D2) andday5 (D5) post-bloodmeal. Thegraphin A showshe effecton the mosquitomicrobiomefrom
femaleded on the mouseinfectionsystemThegraphin B showsthe effecton the mosquto microbiomefrom females
fedon culturedtrypano®mesmixedwith sheegblood.-Tryp = mosquitoesfedon bloodwithout trypano®mes;
+Tryp = mosquitosfed on blood containingtrypanosomesThedottedline representshelevelof 1L6SrDNA from
-Tryp mosquitoesTheratio of the normalizzd 16 STDNA detectionin 2+Tryp° a-Tryp® wascalculate using
triplicatesfrom the samecDNA dilution. Error barsshowmedianabsolutedeviationcomputedby permutationfrom 3
experimats. : statisticdl significart p-value(p<0.05) relatedto the deltaCtdistribution betweerf+Tryp® and
a-Tryp°.

https://cbi.org/10.1371durnal.pntdd008059.g002

Thenwecollectedeggdrom both pooledandindividual . femalededon either
trypanosome-infecte(+Tryp) or naivemice (-Tryp), andweobservedhattrypanosome
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Fig 3. ingestionreduceshe reproductive fithessin . . (A) Thegraphshowsmedianfold changeof
expressionn mosquitoesed on miceinfectedby (Tryp) or by . (Py)or byboth and
(Py+Tryp) ascomparedo thosefed on naivemice (dotedline). Theribosomalprotein genewasusedasaninternal
calibrabr. $ expressiomecreaseth mosquitosthatfedon micemono-infectel by . . (Tryp) andin thosethat
fedon miceco-infecedbyboth . . and . (Py+Tryp),ascomparedo thosefed on anaivemouse Theratio of the
normalized expres®n in Tryp, Py,Py+Tryp naivecontrol wascomputedusingtriplicatesfrom the samecDNA

dilution. Error barsshowmedianabsolutedeviation computedby permutation from 3 indeperdentreplicaes. : Statistially
significart p-valug(p<0.05) relatedto the deltaCtdistribution betweerf+Tryp® and?-Tryp®. NS:Non-significant p-value (B) The
graphshowshe averageumberof egggerfemaleusingpoolsof femaleexposed+Tryp) or not (-Tryp) to . in three
indeperdentreplicatesThetablebelowthe graphshowsfor eachexperment,the numberof countedeggsandthe numberof gravid
femaleexposed+Tryp) or not (-Tryp) to trypanosomeparasitesT he p-valueobtainedfrom a Chi-squareestshowthatthereis no
statisticakignificanteffecton egglaying.(C) A comparahg,yetrefinedexperimat, wasperformedwith the numberof eggsounted
from eachindividual gravidfemaleandthe differencebetweerthe two groupsof femalesvasanalysedisinga Wilcoxon signed-rank
non-pamametrictestsn = numberof individual femalegrom eachgroup.(D) Thegraphshowshe hatchingrateof eggsollected
from femaleexposedgreybar) or not exposedblackbar)to trypanosomeparasitesit Day 2 to Day 4 post-egdaying. Thep-values
obtainedfrom aChi-square testshowthatthereis a statisticakignificantimpacton the hatchingratesbetweerexposedgreybar)
non-expaed(blackbar) femalesp = numberof eggfrom eachgroupthatwereplacedn individual wellscontainingwater.

https:/Hoi.org/10.137/ournal.prd.0008059.g003

ingestiondid not affect fecundity,definedasthe numberof laid eggperfemales,
for eitherpooledfemaleqFig 3B)or individual ones(Fig 3C).

Despiteno differencen the numberof eggdaid, dueto thefactthattrypanosomengestion
significantlyaffectst and expressiorfFig 3A), wealsocomparedhe egg-hatchingate
betweerthetwo mosquitopopulationswhich representshe capacityof laid eggso develop
into larvaej.e.thefemalefertility. Eggdrom eachfemalegroup(-Tryp and+Tryp) werecol-
lectedat 72hpost-bloodfeedingand placedndividually in well containingtapwater.The
numberof viablelarvaewascountedfrom day?2 to day4 post-egdaying.Theegg-hatching
ratewassignificantlylowerin eggsfrom +Tryp femalesascomparedo eggdrom -Tryp
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femalegFig 3D). Thisindicateghat, while trypanosomengestiondoesnot affectfemale
fecundity(i.e.thenumberof eggdaid), it affectshe viability of thelaid eggqi.e.femalefertil-
ity) by alteringtheir capacityto developnto larvae Thisis likely dueto afunctionalfailure
relatedto the observedlecreasefboth$ and expression.

In orderto removeanypotentialconfoundingfactorsfrom the blood of infectedmiceand
beableto attributeresultsto the direct effectof trypanosomesn the mosquitoreproductive
fitnesscultured . . parasitesveremixedwith commercialsheegblood (for control,
commerciakheepbloodwithout trypanosomesvasused)andusedto feedmosquitoesWe
firstassesse®l and expressionat48h,andweobservedstrongdecreasen expressiorof
bothgenesn the +Tryp groupascomparedo the-Tryp group(S2BFig). Then,wecollected
eggdrom individual femalego assestheir fecundity(numberof laid eggs/femalednd simi-
larly to the mouseinfection systemwedid not observeanydifferencebetweentTryp and
-Tryp groupsin the numberof laid eggqS2CFig). Thesaesultsindicatethatthe effectson
both$ and decreasedxpressiongndmorewidelyonthemosquitoreproductivefitness,
areneitherdueto potentialimmune or metabolicfactorsnor to anaemidrom trypanosome-
infectedmice.

ingestionincreases. susceptibilityto . and

As ingestionstronglyaffectghe abundancef the entericmicrobiomeandthe
expressionf$ in . ,  which haveboth beendescribedo modulate compe-
tencefor [47x49],wehypothesizedhat trypanosomeparasitegould alsoimpact
thedevelopmenbf during eithersubsequenbr concomitantexposure.
Feedingmosquitoesith aninitial . . infectiousblood mealsignificantlyenhanced
mosquitosusceptibilityto . deliveredn asecondloodmealfive daydater,ascompared
to control mosquitoeghatfirst fed on anaivemouse The effectwassignificantfor both infec-
tion prevalencép = 0.006)andinfectionintensity (p = 0.001)Fig4A & 4B).When .
gametocytewereusedfor the secondblood meal,infection prevalencéut not intensity
wasincreasedn themosquitoeexposedo trypanosomedn thefirst bloodmealp = 0.007)

(Fig4C).
Simultaneougxposureof mosquitoedo both . and . . alsoinfluencedthe
developmenbf , similarly,althoughweakly to successivexposurginfection

prevalencep = 0.07andinfectionintensity,p = 0.010)Fig 5).

In orderto control for the possibilitythat potentialimmunomodulatoryfactorspresentn
the bloodmealfrom trypanosome-infectedhice could beresponsibldor theincreasednos-
quito susceptibilityto , wefed mosquitoeon cultured . . before
challengingwith . . Samplesizesandstatisticapowerweresmallbecausenosquitoes
wereweaklyattractedby the medium;neverthelessyeobserved similartendencyof
increased. infection prevalencafterexposureo trypanosomesgp-value= 0.07,S3A
Fig). Thisresultsuggestthat the agonisticeffectof . . ingestionon . vector
competenceavasprobablynot dueto mouseserumfactors but ratherto the presencef try-
panosomef the mosquitomidgut.

Altered microbiome mediatesthe trypanosomeenhancemenbf

infection, but not decrease
An increasen midgut of Enterobacteriacedesbeenpositivelycorrelatedwith vec-
tor competencéor [47]. We assessdoly gPCRthe levelof Enterobacteriacedr

mosquitoeexposedo trypanosomesy targetingboth the 16 SrDNAandthe 23SrDNAto
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Fig 4. A first infectiousblood mealwith . . increasesnosquito susceptiblity to rodent and human malaria parasites.
PanelgA) & (B) showresultsof infection prevalencandinfectionintensityfor . , respectivelyPanelgC) & (D) showresultsof
infectionprevalene andinfection intensityfor . , respectively=Tryp = groupof mosqutoespreviouslyfedon anaivemouse
(without parasites)+ Tryp = groupof mosquitos previouslyfedon a -infected mouse. :Combinedp-value
<0.01 (Fishermethod)from the 3indeperdentbiologicalreplicatebtainedfor theinfection prevalencgp = 0.006for . ;
p=0.007or . ) andfor infection intensity(p = 0.001for . only). n = Total numberof dissecteanosquitoes

N = numberof biologicalreplicates.

https://doiorg/10.1371§urnal.pntdd008059.g004

increaseaherobustnes®f the measureConsistentvith the enhancemenof

infection phenotypewefound anincreasedbundancef Enterobacteriaceasmeasuredy

both 16Sand23Sin midgutsof trypanosome-carryingnosquitoegS4AFig).
Astherelevantbacteriawereantibiotic sensitivan treatedmosquitoegS4BFig), weque-

ried the effectof suchtreatmenton the phenotypefor susceptibility Treatmentof
mosquitoesvith antibioticsabolishedheincreasedusceptibilityof to
observedftertrypanosomengestion(Fig 6), indicatingthat the increased sus-

ceptibility wasdependenuponthe bacterialexpansion.
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Fig5. Thesimultaneauspresenceof . . and . in . doesnot promote infection prevalerce(A) but
promotesinfection intensity (B). In (A), red colour showsproportion of infectedand greenshowproportion of uninfected individuals.
-Tryp = groupof mosqutoesfedona . infectedmouse(but without parasitesy+Tryp = groupof mosquitoesedon a
mouseco-infecedwith . . and . parasites.: Combined p-value<0.05 (Fishermethod)from the 3indeperdentbiologica

replicatebtainedfor theinfection intensity(p = 0.010)n = Total numberof dissectednosquitoesN = numberof biologicalreplicates.

https://doi.org/10.371/journal ptd.000805.g005

However the observediecreasef expressiorin mosquitoeexposedo try-
panosomesvasnot influencedby antibiotic treatment(Fig 7), indicatingthat the trypanosome
effecton mosquitoreproductivefitnesswasindependenbof the microbiome.

Discussion

Human andanimaltrypanosomenfectionsareoften sympatricwith malariain Africa,and
malariavectormosquitoesanbeexposedo both microbesin the sameor successivblood-
meals Althoughmosquitoesrenot the naturalhostsof the . cyclicaldevelopmentye
foundthat . . parasitegantransientlysurvivein the . midgut for atleast
48hpost-ingestioranddifferentiateinto procyclicforms,beforefinally dyingandbeing
clearedoy the mosquitoesStrikingly,during this shortperiod of time, the presencef try-
panosomesiltersthe mosquitoentericmicrobiome,decreasethe mosquitoreproductivefit-
nessvia effecton femalefertility, andenhancesheir susceptibilityto infection.
While the effectof trypanosomeingestionon infectionis microbiomedepen-
dent,the phenotypeon their reproductivefitnessis microbiomeindependent.

Thevectormicrobiomeis amajor factorlikely influencingparasiteransmissiorthrough
differentmechanism$3,47,50]The presencef antibioticsin the mosquitomidgut could
increasats susceptibilityto infection, highlighting beneficiakffectsof the micro-
biotaon the mosquitoresistance¢o infection[29,51].In contrastanimbalancen
Enterobacteriaceasmnpromote vectorcompetencédor [47]. Here,we
showthatthe presencef live trypanosomeincreaseshe abundancef midgut bacterian

, whichin turn increasesectorcompetencédor . In addition,wealso

demonstratedhat Enterobacteriaceaehich weresensitivao the antibioticstreatmentthat
abolishedhe susceptibilityphenotypewerealsoelevated.
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Fig 6. Increasedsusceptibilty to in mosquitoesexposedo is microbiome-dependent.
-Tryp = groupof mosquitoegpreviouslyfed on anaivemouse(without parasites)+ Tryp = groupof mosquitoeprevioudy fed
on amouseinfectedwith parasitesNormal sugar= sugamwithout antibiotics;AB_sugar sugarsupplementd with

antibiotics; : Combinedp-value<0.01 (Fishermethod)from the 2 independembiologicalreplicateobtainedfor theinfectionintensity
(p=0.007)NS:statisticaly not significart p-value(p = 0.201)n = Total numberof dissectednosquitoesPrev:infection prevalenein %.

https://da.org/10.1371durnal.pntdd008059.g006

However additionalbiologicalreplicatesnight benecessario increasehe robustnessf
thesdindingsrelatedto the effectof trypanosomengestionon the bacteriaimicrobiome.ln
addition, somein-depth metagenomi@nalysisvould benecessarto identify the specifichac-
terial taxaunderlyingthe observeghenotypiceffect. The mechanisneadingto the gut bacte-
rial expansioris not consistentvith aresourcecompetitionbetweertrypanosomesndthe
bacteriaasthis would leadto aninversephenotypeTwo hypothesesouldbeproposedi) try-
panosomesould modify the gutenvironmentin suchawaythatit would favourthe develop-
mentof somebacteriaii) theimmunefactorscontrolling the guthomeostasisouldbe
divertedtowardsthe trypanosomesyhich would leadto the gut bacteriaexpansion.

Bloodmealsontainingtrypanosomeseducemosquitoreproductivefitness asmeasured
both by expressiormandthe egghatchingrateof the offspring.Althoughthe
increasen mosquitosusceptibilityto malariaparasiténfectionin the presencef trypano-
somesvasdependenbn the midgut bacterialexpansionthis wasnot the caseor the
decreasedg expressionReductionof hostfecundityhasbeenreportedin otherparasitized
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Fig 7. Decreaseaxpressionof in . . infectedbackgraund is not dependenton the bacterialabundan@increase(A)

$ (Vg) expresmn levelwasquantifiedby gPCRin 2Normal sugar®and?Antibiotic sugar®backgroumisfrom mosquitosamplesedon a
naivemouse(-Tryp) or ona -infected mouse&(+Tryp). Eachbarof the graphshowsmedianfold changeof expressiorin
mosqutoesfedon miceinfectedby (+Tryp) ascomparedo thosefedon naivemice(dotedline). Theribosomalprotein genewas
usedasaninternal calibrator.Theratio of the normalizedVg expressiorin 2+Tryp® a-Tryp° wascalculatedisingtriplicatesfrom the samecDNA
dilution. : Statisticlly significantp-value(p<0.05)relatedto the deltaCtdistribution betweerf+Tryp® and3-Tryp°. (B) Antibiotic efficieng on the
bacteridabundancevasverifiedby measuringhe abundancef the bacteriaby gqPCRdetectionof 16SrDNA) betweertAntibiotic sugar®and
aNormal sugar®(dotedline) backgroumls24hpost-bloodmeal. Theratio of thenormalizd 16 SrDNA detectionin 2Normal sugar®versusAntibiotic
sugar®backgroundsvascomputedusingtriplicatesfrom the samecDNA dilution. In A & B, error barsshowmedianabsolué deviationcomputedby
permutation from 3 indeperdentbiologicalexperimerits.

https:/Hoi.org/10.137ournal.prd.0008059.g007

insectd52]. However jt is not clearwhetherhostfecundityreductionreflectsparasitenanipu-
lation of thevectorin orderto increasecontactswith newhostsand promoteits own transmis-
sionor nutrient competitionwith theinsecthost,or both [53+55].Theinduction of the
$ and throughthe 20Epathwayis triggeredby aminoacidsand nutri-
entsmadeduring the blood digestionproces$42,49,44]The presenc®f activetrypanosomes
in the midgut during atleastthe first 48hfollowing infection could actasa hostcompetitor,
andthereforereducethe amountof nutrientsavailabléor $ and induction throughthe
20Epathwayln otherwords, survivalin the mosquitomidgut might alterthe
activationof the 20Epathwayandthusthe expressiorf downstreanfactorssuchas$ and

, whichin turn wouldimpacton the reproductivefitness Neverthelesslthoughanalter-
ation of the 20Epathwayhasbeenpreviouslycorrelatedwith adecreasedusceptibilityto

[44], wefound thatthe presencef trypanosomeiducesadecreasef$ and
expressionbut anincreasef the s vectorcompetencéor . Therefore,
the effectof trypanosomesn vectorcompetencevould bemostlyrelatedto their
impacton the microbiomeratherthan on the 20EpathwayIn ,  theactivationof
immuneresponsebyimmunogenicwild typetrypanosomestrainsreduceseproductiveout-
put aswellasthe milk glandproteinlevelgrequiredfor larvaldevelopment)while infections
with non-immunogenictrypanosomeslo not [56], revealingabalancednterplaybetween
immune activityandreproductionin tsetsdlies.In , fewstudieshavehighlighteda
potentialtrade-offbetweerimmunity andreproduction.In the mosquitoes
and , wasshownto influencethe bal-

ancebetweerreproductivefitnessandimmune defencesyhichwaslinked to animmune
pathwayinducing apoptosisn ovarianfollicle cells[57,58].Furthermore,n . , the
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low survivalphenotypeassociatetith the /$ knockdownsrelieson ananti-
plasmodialTEP1-relatesmechanisni49]. Consideringour currentdata,it is temptingto pos-
tulatethat . . couldmodulatetheinterplaybetweerimmunity andreproductionin .

Howeverour resultsshowedhat . . only weaklymodulatedimmune factors
andthattheincreasedusceptibilityto wasratherdependenbn the gut bacterial
florathanon adirect effectof trypanosomecells However,in contrastto the vectorcompe-
tencephenotypethe effectson the mosquitoreproductivefitnesstriggeredby . . were
not dependenbn the gut microbiota.Hencethesetwo phenotypesrelikely the resultof dis-
tinct, asyetundescribedmechanisms.

Giventhe sympatricdistribution of malariaandtrypanosomiase, would beinterestingto
asseswhethertheseexperimentallyftrypanosome-induceedffectson laboratorymosquito
strainscouldalsooccurin nature,with somepotentialconsequencdsr the epidemiologyof
malaria.Although . isacommonparasiteand sympatricwith . in anum-
berof African regionsmosquitoesio not successfullfransmitit; neverthelessheycouldbe
exposedo it. More information would be necessarto determinethe complexrelationships
betweermultiple parasiteénfectionsandinterprettransmissiordynamicsn nature.Otherless
studiedprotiststhat arenot necessariljhumanpathogendut ratherinsectparasitessuchas
themonoxenicparasite for instanceareprobablyasabundantin nature,
andmayalsoaffectmosquitobiologyin asimilar manner.In total,adult female
mosquitoesrelikely to beexposedo alargepanelof microorganismsbacteriaandviruses
thatwould altertheir vectorcompetencén distinctwayg[1]. Overall,our resultsemphasize
the potentialinfluenceof eukaryoticorganismsan combinationwith the bacteriaimicrobiome
on vectorcompetencéor

Supporting information

S1Fig. overexpressior8h post-trypanosomeingestion dependson the midgut
bacterialexpansion.(A) Relativequantificationof " and #'"!  geneexpressiofin
femalededon trypanosome-infe@d mouse(+Tryp) or on naivemouse(-Tryp) andmain-
tainedon sucroseysingexpressiorof the ribosomalprotein geneasaninternal calibra-
tor. Thedottedline representshe medianexpressiorin the control (-Tryp). (B) Relative
quantificationof !"  geneexpressiorin femalefedon trypanosome-infe@dmouse
(+Tryp) or on naivemouse(-Tryp) and maintainedon sucrosesupplementedvith anantibi-
otic cocktail,usingexpressiorof the ribosomalprotein geneastheinternal calibrator.In
A andB, theratio of the normalizedgeneof interestin (+Tryp) (-Tryp) controlwas
computedusingtriplicatesfrom the samecDNA dilution. Error barsshowmedianabsolute
deviationcomputedby permutationfrom 3 technicalreplicatedor eachindependenbiologi-
calreplicate(EXPland EXP2).

(TIF)

S2Fig. Trypanosomeparasitesdisplayeda direct effecton reproductivefitness.
A & B.Relativequantificationof and$ geneexpressiornn femalegedon trypanosome-
containingblood (+Tryp) or on bloodwithout trypanosomes$-Tryp), usingexpressiorof the
ribosomalprotein geneastheinternal calibrator.Thedottedline representshe median
expressiorin the2-Tryp® control group. Thegraphin A showsgPCRresultsfrom themouse
infection systemwhile the graphin B showsqPCRfrom culturedtrypanosomesnixedwith
sheeblood. : Statisticallysignificantp-value(p<0.05) relatedto the deltaCtdistribution
betweerf+Tryp® and?-Tryp® across3independenbiologicalreplicatesC. Thegraphshows
thenumberof laid eggerindividual femaleged on culturedtrypanosomesnixedwith
sheeblood. Thedifferencedetweerthe two groupsof femaleg+Tryp) (-Tryp) was
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analysedisingaWilcoxon signed-ranknon-parametridest;n = numberof individual females
from eachgroup.
(TIF)

S3Fig. Ingestion of cultured increaseghe infection prevalenceof to
PanelA showsresultsof infection prevalenceRedcolour showsproportion of
infectedand greenshowsproportion of uninfectedindividuals.PanelB showsresultof infec-
tion intensity.-Tryp = groupof mosquitoegreviouslyfedwith culture mediumonly (without
parasites)+ Tryp = Group of mosquitoegedwith culturemediumcontaining .
. N = numberof biologicalreplicatesCombinedp-valuewasdoneusingFisher
methodfrom the 3independenbiologicalreplicatesn = Total numberof dissecteanosqui-
toes.
(TIF)

S4Fig. ingestionincreaseghe abundanceof Enterobacteriaceaéamily in

at day5 post-feeding.(A) 16Sand23SrDNA detectionof Enterobacteriaceagas
performedby gPCRatday5 (D5) post-bloodmealusingthe expressiorof the ribosomalpro-
tein geneastheinternal calibrator.Thetwo coupleof primers(16Sand 23Swereboth
usedto increaseherobustnes®f the results Thegraphshowsmedianfold changeof the
Enterobacteriacedeadin midgutsof mosquitoeshallengedvith trypanosomeascompared
to mosquitofed on naivemouse(dotedline). With Tryp = group of mosquitoegpreviouslyfed
ona -infected mouse Theratio of the normalized16S(or 23S)YDNA detection
in @With Tryp° aNaive®wascomputedusingtriplicatesfrom the samecDNA dilution.
Error barsshowmedianabsolutedeviationcomputedby permutationfrom 3 experiments. :
Statisticallysignificantp-value(p<0.05) relatedto the deltaCtdistribution betweerf+Tryp®
andaNaive®.NS:Non-significantp-value (B) Antibiotic efficiencyon Enterobacteriacedam-
ily. 16Sand23SrDNA detectionof Enterobateriaceagasperformedby gPCRatday5 (D5)
post-naiveblood mealusingsamplefrom mosquitoegreatedor not with antibiotics.Expres-
sionof theribosomalprotein genewasusedastheinternal calibrator.Thedottedline rep-
resentghelevelof 16Sand23SrDNA in the normal sugambackgroundwithout antibiotic).
Theratio of thenormalized16S(or 23S)YDNA detectionin 2AB sugard(with antibiotic)
aNormal sugaro(without antibiotics)wascomputedusingtriplicatesfrom the samecDNA
dilution. Error barsshowmedianabsolutedeviationcomputedby permutationfrom 3inde-
pendentbiologicalexperiments.
(TIF)

S1Movie. Procyclic-like trypanosomesswimming out of amosquito midgut 48h post-
ingestion. midgutsweredissectedn PBS48hpost-trypanosoméngestionand
scrutinizedunderamicroscopeat the 100xmagnification. Trypanosomesvith aprocyclictry-
pomastigoteshapaverefound to behighly motile in all midguts.

(MPEG)

S1Table.RNAsegidentification of 13 geneswhich expressionsare modulated 48hafter
ingestion. Amongthesel3genestwo areimmunezlikegenes&
and !"  (highlightedin pink). Resultxomefrom threeindependenbiologicalexperi-
ments.For eachgenedifferentialexpressionbetween. . -infected andnaivefeeding
backgroundsreexpresseth Log2fold changep-valuesand adjustedp-valuegpadj) to high-
light statisticadifference.
(XLSX)
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S2Table.RNAseganalysisat 24h after ingestion. For eachgenedifferential
expressionbetween. . -infected andnaivefeedingbackgroundsireexpresseh
Log2fold changep-valuesandadjustedp-valuegpadj) to highlight statisticadifferenceThe
countvaluesarenotedfor eachgeneandfor eachthreebiologicalreplicatesNaiveMouse %
mosquitofedon naivemousefor thefirst biologicalreplicate;TrypaMouse_ ¥ mosquitofed
on. . -infected mousefor thefirst biologicalreplicate.

(XLS)

S3Table.RNAseqganalysisat 48h after ingestion. For eachgenedifferential
expressionbetween. . -infected andnaivefeedingbackgroundsreexpresseth
Log2fold changep-valuesandadjustedp-valuegpadj) to highlight statisticalifference The
countvaluesarenotedfor eachgeneandfor eachthreebiologicalreplicatesNaiveMouse_¥
mosquitofed on naivemousefor thefirst biologicalreplicate;TrypaMouse_E mosquitofed
on. . -infected mousefor thefirst biologicalreplicate.

(XLS)
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