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Abstract

Sib mating increases homozygosity, which therefore increases the risk of inbreeding
depression. Selective pressures have favoured the evolution of kin recognition and avoid-
ance of sib mating in numerous species, including the parasitoid wasp Venturia canescens.
We studied the female neurogenomic response associated with sib mating avoidance after
females were exposed to courtship displays by i) unrelated males or ii) related males or iii)
no courtship (controls). First, by comparing the transcriptional responses of females
exposed to courtship displays to those exposed to controls, we saw a rapid and extensive
transcriptional shift consistent with social environment. Second, by comparing the transcrip-
tional responses of females exposed to courtship by related to those exposed to unrelated
males, we characterized distinct and repeatable transcriptomic patterns that correlated with
the relatedness of the courting male. Network analysis revealed 3 modules of specific “sib-
responsive' genes that were distinct from other “courtship-responsive’ modules. Therefore,
specific neurogenomic states with characteristic brain transcriptomes associated with differ-
ent behavioural responses affect sib mating avoidance behaviour.

Introduction

Matechoiceoftendepend®n individual attractivenessn manyspeciesemalegliscriminate
betweercompetingmaleq1]. Femalematechoicesometime®ccursafterelaborateourtship
displaysandmalesareselectedccordingto their highly heritablequalities("goodgenes'
hypothesisand/ortheir geneticcompatibility with the female(’compatiblegeneshypothesis)
[2]. The ‘goodgeneshypothesipredictsthat femaledavourreproductionwith malescarrying
traitsthatarehonestindicatorsof goodgenesr asaresultof sensonbias[3, 4], henceobtain-
ing genetidbenefitsfor their offspring[5]. The ‘compatiblegeneshypothesipredictsthat off-
springfitnessis correlatedwith geneticdissimilaritybetweermatingpartnerswhereeach
femaleprefersmalesthat possesgenesompatiblewith their own genotypesSibmating
avoidancdits into this secondhypothesig6, 7]; in this casekin recognitionis crucialfor
enablingfemalego discriminatebetweerrelatedand unrelatedmates Sibmatingavoidance
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hasbeenextensivelglocumentedn numerousanimalspeciegincluding specieshataresocial
andsolitary)andreducegherisk of inbreedingdepressions].

In colonialmarineinvertebratescontactbetweer? conspecificoloniesmaytriggerfusion
if the 2 coloniesareidenticalor related or aggressiveejectionif the 2 coloniesarenot related.
Molecularbasedor kin recognitioninvolveseverahighly polymorphicloci thathavebeen
wellcharacterizedh 2 speciesthe cnidaria (reviewedn [9])
andthechordata (reviewedn [10]). In terrestrialanimalsmostof the pres-
entlyidentified mechanismsisuallyrely on individual-specifiolfactorycuesand sensory
organsableto discriminatethesecuesfrom oneanother.In vertebratesnajor histocompati-
bility complexgenesonferindividual olfactoryidentities[11+14].Theseolfactorycueshind
to receptorsftenlocatedon the vomeronasabrganneuronsand areusedby femalego evalu-
atematerelatednespl5+19].In insectsnumerousspeciegliscriminatekin by usingodour dif-
ferencesnherentto divergencen the cuticularhydrocarboncomposition[20+23].0Odour
moleculesind to specificsensoryeceptordocatedon sensillebasiconicaywheredozensof
olfactorysensoryneuronsprojectto the antennalobeg24+26] whereolfactorysecond-order
neuronsprojectto thelateralhorn andmushroombodies27,28]. To the bestof our knowl-
edgeno genome-widestudyhasaddressetiow kin recognitionsignalsareprocesseth the
contextof matechoiceand sib matingavoidanceTranscriptomicstudiesprovidedrecent
insightinto femalematingdecisiong29]. Coordinatedchangesn the expressiorof many
genesn femalebrains, . ., aneurogenomiagesponsehavebeenidentified following courtship
in Poeciliidadisheg30+32].Thisresponsalependn maleattractivenesandis in accor-
dancewith femalepreferences.

Hymenopterangincluding beesants,waspsand sawfliesarerelevantmodelsto explore
thebiologyof matechoice especiallyegardingsib matingavoidanceandits underlyingbio-
chemicalmechanismsThesdansectssharean ancestrahndunusualsexdeterminationsystem
calledsingle-locusomplementansexdetermination(sl-CSD) wheresexis determinedby
heterozygositat the sl-SCDlocus.Heterozygousndividualsdevelopasfemaleshemizygous
individualsdevelopasmalesput homozygousndividualsdevelopnto diploid unviableor
sterilemaleq33+36].Whensibmatingoccurs therisk of genetidincompatibility between
partnerssharingthe samealleleat the sl-CSDlocusis onein two;in that casehalf of the prog-
enywill behomozygousliploid sterilemalegwith notableexceptiong37,38]). Thereforethe
sl-CSDhasanadditionalimmediateeffecton inbreeding.ConsequentlyiHymenopteraare
muchmoreexposedo inbreedingdepressiorthananyotherdiploid specie$39]. In this con-
text,congruentwith the compatiblegenehypothesispneexpectshat selectiorwill favour
femaleghat prefermaleswith adistinctalleleat the sl-CSDlocus thusexcludingsibs.In the
parasitoidwasp ,  whichhassl-CSD[40], femalenly mateonce[41], mak-
ing matechoiceparticularlydecisivelndeed,in this speciefemalesareableto discriminate
kin andnon-kin during malecourtshipbasedn olfactory-mediatedued42]. In laboratory
conditions,the proportion of successfuhatewhenasinglefemalewasin presencef 2 unre-
latedmaleswashigher(79%of succesghanin presencef relatedmaleq . . with 2 brothers)
(41%of succesgy2]. Furthermore the latencyto mateincreasedvhenthe courting malewas
related/42]. Experimentsnvolving choicebetweer?2 malespnebrotherandoneunrelated
presenin asameareahaveshownthat femalematesndifferently with the 2 maleq42].
Hence the two distinct socialcontextypresencef aconspecifiavith andwithout relation)
provoketwo contrastingbehaviouratesponsethat correspondo the definition of beha-
viouralstates,. ., the performanceof a distinct and quantifiablebehaviourfor ameasurable
periodof time [43].

Wetestedwhetherthesecontrastingbehaviouratesponseto relatedneswerecorrelated
to transcriptomicchangesn . femalesWe designedabehaviourakxperiment
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wherefemalesvereexposedor 10minutesto anunrelatedmaleor arelatedmale(abrother)
or werewithout anysocialcontact.Then,weusedRNA sequencingo comparegeneexpres-
sionprofilesfrom the entire headf thesefemalesThistiming coincidedwith aperiod of
activecourtship,wherefemalewaspyerceivedand evaluatednalesgxperienced¢hangedn
receptivityand decidedwhetheror not to mate[44]. Previousstudiesdemonstratedhat this
temporalframeis adequateo detectearlytranscriptionalchangegollowing mateexposuren
differentspecie$30,45,46]. We focusedn the wholehead wheresensorysignalsarepro-
cessea@ndintegratedto mediatecomplexdecisionmaking,including matingdecisions.

We hypothesizedhatinformation processingluring malecourtshipdisplayand mate
choicewererelatedto geneexpressiorthangeskirst, weexaminedf courtshipperceptionwas
mediatedby change$n geneexpressionin this caseweexpectedhetranscriptomicprofiles
of all courtedfemalesvould beanalogouswhatevetherelatednessf the courting male.
Then,weassesseghetherthe differencesn femalereceptivitywereassociatewith gene
expressiorthangesUnder this hypothesisthe expectatiorwasthat non-receptivdemales,.

., solitaryfemalesand femalescourtedby relatedmaleswould havesimilar transcriptomic
profiles.

Materials and methods
Biological model

G. (Hymenopteralchneumonidae)s asolitaryparasiticwaspamaximum
of oneadultemergedrom onehost,regardlessf the numberof parasitoideggsnitially laid in
thehost.In thewild, . femalegarasitizgpyralid moth larvaefeedingon dried
fruits, suchasfigs,carobsalmonds datesor loquatsg[47]. Our knowledgeof how mating part-
nersencountereachotherin thefield is largelyincompleteasa consequencef the smallsize
of the speciesyhich rendersobservationglifficult. Virgin . femaleemit chemicals
that,in combinationwith hostkairomonesattractmaleq42]. In turn, malesdo not attractvir-
gin femalesatadistancg41]. . femalesaremonandrousandonly mateoncein
their lifetime [41]. Converselymalescanmatemorethan once. Theseobservationded usto
considerthat femaleshooséheir mate,andwethusfocusedur studyon femaletranscrip-
tomic response courtship.Moreover femalegsecognizesibson the basisof achemicakig-
natureemittedby malesand canavoidmatingwith their brothersthroughkin recognition
[42]. Thiskin recognitionability hasalsobeenrobustlyestablisheéh this speciedn the con-
textof hostchoice sincefemalegpreferto lay their eggsn hostsalreadyparasitizey conspe-
cificsratherthanin hostsalreadyparasitizedy themselve§t8]. In addition, malesalsohave
the ability to distinguishbetweemon-sibandsibfemalesy usingchemicaimarkersemitted
by femaleg49].

Behaviouralmanipulations

Wild parasitiovaspsverecollected alargefield samplingduring the summerof 2014in
orchardsin southernFrance(ValenceN 44E58'21E 4E55'39°)Waspsveremaintainedon
thehost (LepidopteraPyralidae)n aclimaticchamber25EC60%humid-
ity, DL 12:12)andfedwith a50/50honey/wateisolution.Familieswereproducedasdescribed
by Metzgeretal. (2010).A total of 90newlyemergedsirgin femalesvereindividually placed

in aboxandrandomlysubmittedto oneof the threefollowing conditionsfor amaximum
duration of 10minutes:1) acompatiblemale( . ., unrelatedmale),2) anincompatiblemale( .
., abrother),or 3) isolated(controls).Theexperimentatlesignhasbeenconceivedn orderto
minimize theinfluenceof circadianrhythm and geneticbackgroundon the results Newly
emergedemalesvereisolatedeverymorning andnumbered A randomdrawwasthenmade
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to establistthe order of passagef the femalesandthetreatmentassignedBehaviourakxperi-
mentstook placein the afternoonbetweenl:00and4:00p.m.for all femaleghatwerecap-
turedin themorning in the order establishedby the randomdraw.A maximumof 2 females
from eachfamily havebeenkeptdaily,andrandomizedn onecondition. For eachgivencon-
dition, thetenfemaleselongedo differentfamiliesto avoidan effectof genetichomogeneity
on transcriptomicresults Newfamilieshavebeenproducedfor everybiologicalreplicate. The
10minutesperiod coincideswith anactivemalecourtshipbehaviouf44]. For eachfemale
underconditions1 and2,onesequencef activecourtshipparadevasobservedvithin the 10
minutesfollowing theintroduction of the maleto the boxfor all pairs.Whenevetthis behav-
iour sequencvasnot observedthe pair waseliminatedfrom the study.After thistime, or
within 3 second®f mounting, the femaleand malewereseparated-or eachcondition,
femalesverecaughtin asmalltube(3 x 7 cm) andwereimmediatelyanaesthetizedith CO,
anddecapitatedvith ascalpelAntennaewereremovedfrom the headto focuson the cerebral
transcriptomeof the decision-makingcentreratherthanthe sensorycentre Theheadis ahet-
erogeneousissuedividedinto manyfunctionallydistinctregionsthat could affectinferences
aboutthe functionalsignificanceof geneexpressiomatterng[50]. However the studyof more
specificbrain regionsremainschallenginggiventhe smallsizeof the waspsCollectecheads
wereimmediatelyflash-frozerandstoredat -80EQuntil RNA extraction.A total of 10individ-
ualheadswverecollectedper experimentatondition and pooledto collecthigherRNA
amountsandto averagehe expressiorstateacrossndividuals,thus mitigatingindividual vari-
ability during transcriptomecomparison[51]. The experimentwassequentiallyepeate
timesto obtainbiologicalreplicates.

RNA extraction, library preparation and sequencing

Total RNA extractionwasperformedin onebatchon the 9 biologicalsamplegollected3
experimentatonditionsx 3 biologicalreplicates)Mechanicakelllysiswasperformedwith
metallicbeadsaddedto frozenmicrotubesandshakerwith a TissueLysefQiagen,25hertz45
seconds)RNA wasextractedusingQiazolandan RNeasymini kit accordingto the manufac-
turer'sprotocol (Qiagen) with optional DNasetreatment(ThermoFisherScientific). The
qualityandquantity of total RNAswereassesseth a BioanalyzefAgilent) and a Qubit fluo-
rometer(Life Technologies)Polyadenylate@®NAswereenrichedfrom 1 g of high-quality
total RNAswith oligo-dT magneticoeadsfragmentedand convertedo cDNAs(lllumina Tru-
SegStrandednRNA Library Prepkit). After addingan A to the 3' endof eachcDNA, adapters
wereligated,andfragmentavereamplifiedby PCRto generatdONA colonies Eachlibrary
waslabelledmultiplexedand pooledfor sequencingn aHiSeg2500lllumina sequence(Fas-
teris, Switzerland)with apaired-endprotocol (2x125bp). For eachof the 9 biologicalsamples,
asecondibrary waspreparedndependentlysequencedndconsideredatechnicalreplicate.
Overall,atotal of 18librariesweresequence3 experimentatonditionsx 3 biologicalrepli-
catex 2technicalreplicates)A minimum of 18million paired-readsvereobtainedper
library, representingafinal datasebf morethan 535million paired-reads.

RNA-seqquality control, mapping, transcriptome assemblyand
annotation

The . genomehasheensequencedndis currently availablghttp://bipaa.genaest.
org/sp/venturia_canesceny/,1.0)but thusfar, RNA-seghasnot beenperformedon heads
[52,53].Toincludeall loci detectedn the headtranscriptomethat might be missingfrom the
currentannotation,weconstructeca transcriptomeassemblysingthe genomerefer-
encewith the TopHat-Cufflinkspipeline[54] (v2.2.1) Theglobalquality of sequencewas
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assessadith FastQC-0.10.Low-qualitybasest the endsof readsweretrimmed using
Trimmomatic-0.36 Adaptor-containingreads)ow quality reads(scorephred<30) and N-
containingreadswerefiltered out. Curatedreadswerethenprocessethroughthe TopHat-
Cufflinks pipeline.First, paired-read®f eachsamplewverealignedto the .
genomeTopHatusedthe Bowtiealgorithmto alignreadso thegenomelUnmappedreads
werecutinto segmentshatalignedfar apartfrom oneanother(betweerl00bp to several
hundredkb) to predictpotentialintron/exon structuresNext,anindexof hypotheticakplice
siteswasbuilt without anyprior information. Eachsitehadto beconfirmedby severatead
segmentgonsistentlyshowingthe samealignmentpattern. TopHatwasusedwith eachof
the 18librariesasinput andwith the following parametersstrandedibraries(first strand),5
mismatches/indelallowed,andreportthe bestalignmentpossibl€or eachread.After map-
ping, resultingalignmentfileswereprovidedto Cufflinks, which generatedhtranscriptome
assemblyor eachsampleannotatednto genestranscriptsandisoforms.Then,the 18tran-
scriptomesveremergedinto onemastertranscriptomewith Cuffmerge Thisfinal transcrip-
tomeassemblgontainedatotal of 16,7523enesand providedauniform basidor calculating
geneexpressiorin eachcondition. Thetranscriptomewasthenannotatedo gaininsightinto
thefunctionsof thetranscriptsandthe proteinstheyencode Sequencsimilarity was
searchedor eachof the 16,752 redictedgenesy comparingthe six-frametranslationputa-
tive productsof the nucleotidesequencesgsingBLASTX(v2.2.29+)againsthe NCBI non-
redundantprotein databasel ranscriptomeanalysisvascompletedusinggeneontology
(GO) annotation,whichassociatedeneswith functionsin 3 categoriesmolecularfunction
(molecularactivitiesof geneproducts),cellularcomponent(wheregeneproductsareactive)
andbiologicalprocesgpathwaysandlargerprocessemadeup of the activitiesof multiple
geneproducts).This classificatiorenabledunctionalinterpretationof alargegroup of genes
viaenrichmentanalysis.

Sample-basedlusteringand PCA

To obtainaninitial overviewof geneexpressiomatternsacrossamplesmultivariateanalyses
wereperformedon the 18transcriptomiclibraries,including 3 biologicalreplicatedor eachof
the 3 conditionsrepresentingatotal of 9 samplesgachonerepresentedby 2 technicalrepli-
catesThosel8transcriptomesvererepresentedby isolatedfemaleq6), femalesourtedby
unrelatedmales(6) or femalesourtedby brothers(6). A raw counttablewasobtainedby
usingHTSeq[55] (v0.5.4p1)Thegenemodelproducedwith Cuffmergewascombinedwith
the 18 mappingdfilespreviouslyobtainedwith TopHatfor eachgenein eachibrary. Thisfinal
datasetvasexportedto R (v3.4.3)[56] for downstrearnstatisticabnalysisvith DESeq257]
(v1.30.0)Countswerenormalizedwith the variancestabilizingtransformationmethod(VST),
which producedtransformeddataon the log2scaleand normalizeddatawith respecto library
size.Theoverallvariationof expressiotevelsamongsamplesvasevaluatedvith atwo-
dimensionalPCAandwith hierarchicalclustering both basedn the expressiorof the 500
genewith the highestvarianceacrosdibraries.A hierarchicaklusteringdendrogramwaspro-
ducedbasedn the sample-to-samplEuclidiandistancematrix to obtainan overviewof the
similaritiesand dissimilaritiesbetweersamplesUncertaintyin hierarchicalklusteringwas
assessedith Pvclus58] (v2.0x0usingmultiscalebootstrapresamplingwith anapproxi-
matelyunbiased-value to measurestatisticasupportfor eachcluster(1,000,00®oo0tstraps;
averageagglomerativenethod;correlationmethoddistance) Two technicalreplicategrom
onebiologicalsampleof femalesourtedby brotherswereobviousoutliersin the PCAand
hierarchicalklusteringmostlikely dueto aproblemthat occurredduring sampleconditioning
andwerethusexcludedrom theanalysigS1Fig).
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Differential expressiongco-expressiometwork and functional enrichment
analysis

All pairsof technicalreplicatesveremergedbeforeproceedingo differentialexpressioranal-
ysisandnetworkanalysisasrecommendedy Loveetal. (2014) keepingatotal of 8 samples
(3isolatedfemales3 femalesourtedby unrelatedmalesand 2 femalesourtedby brothers).
To identify geneswith differentexpressiompatternsacrossonditions,weperformedpairwise
comparisondbetweerl) femalesourtedby relatedand unrelatedmalesto controls( . ., iso-
latedfemales)and 2) femalesourtedby unrelatedmalegto femalesourtedby relatedmales.
Differentialexpressionvastestedoy usingnegativebinomial generalizedinear modelsimple-
mentedin the programDESeq2We testedfor differentialexpressiorof all transcriptswith an
averagédevelof expressiorsuperiorto 10readsperlibrary (= 14,034)After normalization,
within-group variability ( . ., thevariability betweerbiologicalreplicateswasmodelledfor
eachgeneby thedispersiorparameterwhich describeshe varianceof countsby sharing
information acrosgjenesassuminghatgenef similar averagexpressiorstrengthhavea
similar dispersionAmongthe 14,034enegestedponly 7 presentedn outlier statuy( . ., an
inconsistenexpressiompatternacrosshe datasetandwerethusexcludedrom thetest,keep-
ing 14,024ranscriptin thefinal referencdranscriptomeFor the subsebf geneghat passed
thefiltering test,aWald test -value wascalculatecandfinally adjustedfor multiple testing
[59]. A genewasconsideredifferentiallyexpresse@henthe falsediscoveryrate (FDR)-
adjusted value waslesshan0.01.We did not applyanylogfold changehreshold.

We performedaweightedgeneco-expressiometworkanalysigWGCNA [60], v1.63)to
identify subgroupsf geneghat sharedcommonexpressiomatternsacrosghe experimental
conditionsandpotentiallydrovethe differencesn matechoice WGCNA isadatareduction
techniquethatregroupsgeneswith similar expressiompatternsinto modulesof co-expressed
genesandteststhe correlationdbetweermodulesandtraits. First,log2-transformednd VST-
normalizedcountswereusedto constructageneco-expressiometworkwith the blockwise-
Modulesfunction. A correlationmatrix wascomputedfor the genesandthe correlationswere
weightedusingapowerfunction (. Then,genesharingsimilar patternsof variationacross
conditionswereregroupedusinghierarchicalkclusteringandadynamictree-cuttingalgorithm
to definemodulesof co-expressedeneskor our analysisthe parametersisedwereasfollows:
maximumblocksize= 15,000enespower(() = 10,minimum modulesize= 30genesThe
remainingparametersverekeptatthe defaultsettings A colournamewasassignedo each
module,andbiologicallyinterestingmoduleswereidentified by correlatingasummaryprofile
for eachmoduleto externalexperimentatonditions; -values <0.05 wereconsideredsignifi-
cantandnumberedfrom 1to 11.Finally,the potential hubgenesin everysignificantmodule
wereidentified. So-callechub genesnayinfluencethe expressiorof othergenesn their mod-
uleandmaybecausafactorsfor atrait of interest.Suchhub genesrepotentiallybiologically
relevantby driving phenotypicvariations[61, 62]. Theidentification of hub genegelieson
both connectivitywith othergenegrom the moduleandthe correlationto thetrait. Accord-
ingly, genesvererankedaccordingto their modulemembershipraluesn eachmodule.The
top 5 hub geneof everymodulewereannotatedandtheir expressiormpattern,which wasrep-
resentativefthe moduletheybelongedo, wasdetailed.

Functionalcharacterizatiorof genesety . ., geneswith differentialexpressionor modules
of co-expressedenesjvasanalysedisingenrichmentanalysisand geneontologyannotations.
An enrichmenttestwasperformedon testsetscomparedo thefull transcriptomewith Blas-
t2GO[63] (v5.0).Theproportion of genesssociatewith GO termswascomparedbetween
thetestsetandthetranscriptome(14,02 aranscripts)with aunilateralFisher'sexacttest(one-
sided), values < 0.01wereconsideredsignificantlyenriched.
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Results

Thetranscriptomic responseo courtship is consistentwith the mate
preferenceof females

Wefirst determinedwhetherthe malecourtshipdisplayprovokedatranscriptomicresponse
in femalesTo do so,webuilt thefirst . headtranscriptomeby sequencingnore
than500million readsusingagenomeguideassembly18to 55million paired-read$rom 18
libraries,S1Table)andusedit asareferencedo comparethe differentheadtranscriptomeof
femalesAfter qualityfiltering ameanof 98.4%of paired-readsverekept,on which 70.8%
weresuccessfullynappedo the genomgrepresentingameanof 20 millions per samplefor a
total of 363million paired-readsS1Table).Suchvaluescorrespondedo the high-qualitystan-
dardsobservedn other Hymenopterarspeciesvith anannotatedgenomg64]. Thetranscrip-
tomeconstructedwith thesesequenceencompasset6, 7523enesOverall,76%of predicted
genegetablasthit (12,740while 4,012sequencegetno hit. Amonggenesnatchingwith
blast,89.4%presentedheir besthit with aninsectsequenceyf which 84.4%matchmorespe-
cificallyto ahymenopterarinsectsequenceg$inally, mostof the genesvereuncharacterized,
sinceonly 33.4%of the predictedgeneg5,589)wereassociatetith atleastone GeneOntol-
ogy(GO) functionalannotation.
Basedn this uniquereferenceheadtranscriptomegrom femalesl) courtedby anunre-
latedmale,2) courtedby arelatedmale,and 3) isolated(controls)werefirst analysedvithout
knowledgePrincipalcomponentanalysi{PCA,Fig 1A) revealedhat transcriptomes
sharedhighersimilarity within agivenexperimentatondition than betweerdifferentexperi-
mentalconditions.PCAdefinedthreeconsistentlustersaccordingto the socialenvironment
proposedthe control groupwherefemaleaverekeptin isolation,the group of femalesourted
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Fig 1. Multivaria te analyss of the 16 RNA-se libraries basedon the geneexpressiorprofiles of the 500geneswith the highestvarianceacrosssamplesThe
samplsareclustereddy the experimetal conditionsthat femalesvereexposedo. Experinentalconditionsarerepresentd by the threedifferentcolours(grey:
control, orangefemalesourtedby relatedmalesblue:courtedby unrelatedmales) shapeéndicatethe threebiologicalreplicatesandthefilling of the shapeshows
the2techntalreplicates(A) Two-dimensionaprincipal componet analysigPCA) plot. (B) Hierardchical clusteringdendrogam basedn sample-to-saiple
distancesStatisticabupportisindicatedby an approximatelyunbiased-value with onemillion multiscde bootstrapresamplirgs(all bootstrapvaluesvere> 50%,
those< 80%werenot shownfor clarity).

https:/Hoi.org/10.137/ournal.pon®©241128.g001
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by unrelatedmalesandthe group of femalesourtedby relatedmales Principalcomponentl
separatedemalesourtedby relatedmalesfrom thetwo other conditionsand explainedhe
largesfraction of variancen geneexpressior{46%).Principalcomponent2 separatedemales
courtedby unrelatedmalesfrom thetwo otherconditionsandaccountedor 17%of the vari-
ancein geneexpressior{Fig 1A). Thesearesultsweresupportedby hierarchicaklusteringanal-
ysisof sample-to-sampldistancewhich establishethat samplesvereclusteredy the
experimentatonditionsthattheywereexposedo (Fig 1B).Bootstrapresamplingorovided
strongstatisticakupportfor this result:the control group (isolatedfemalesformedacluster
with 100%support(Fig 1B),while the group of femalesourtedby unrelatedmalesconstituted
aclusterwith 100%support.Finally,femalesourtedby relatedmalesconstituteda groupwith
95%support(Fig 1B).Togethertheseresultsshowedhati) malecourtshiphadan effecton
thefemaletranscriptomeandii) beingcourtedby arelatedor anunrelatedmaleprovoked
two distincttranscriptomicresponses.

Functional characterizationof differentially expressedjenedollowing
courtship

Thetranscriptomef femalesourtedby relatedand unrelatedmalesverecomparedo those
of isolatedfemalego identify the femaleneurogenomiaesponseo courtship.We identified
1,001differentiallyexpressedenegDEGSs) representing’.1%of the 14,02 enesetsested
(Fig 2A, S2Table). Amongthe 1,001DEGs 463hadhigherexpressionn isolatedfemales
(3.3%0f total transcriptome) geneontologyenrichmentanalysigevealghat this setof gene
wasenrichedin DNA-binding TranscriptionFactorActivity (full listin S2Table).In contrast,
538DEGswereoverexpresseith courtedfemaleg3.8%of total transcriptome) geneontology
enrichmentanalysigevealghat this setof genewasenrichedin ReproductiveBehaviour(full
listin S2Table).

Amongthe DEGs,wenoticedthreeneuropeptidesassociateavith femalereceptivity,

namely, , and , wereall downregulatedn courtedfemaleqFig 2).
Theorthologueto , requiredfor normal regulationof femalesexuareceptivity
[65], wasalsodetectechmongthe genesoverexpresseith courtedfemalesNotably,we
alsoreportedtwo genesassociate@ith dopamine, (downregulatedn courted
females),! " , overexpresseith courtedfemales)andonegene
associateavith serotonin(# !$ , $, overexpresseith courted
females)Fig2).

Relatednessf the courting maleinfluencesthe femaleheadtranscriptome

We comparedemalesourtedby unrelatedmalesto thosecourtedby relatedmalego deter-
mine whethertherelatednes the courting malehadanimpacton the femaletranscriptomic
responseBy comparingthesetwo groups weidentified 831DEGsrepresenting.9%of the
testedgenegFig 3A, S3Table).AmongtheseDEGs481genegpresentedigherexpressiorin
femalesourtedby relatedmales(3.4%) geneontologyenrichmentanalysigevealghat this
setof genewasenrichedincluding ATP metabolismand Ribosomg(full listin S3Table).
Moreover,350DEGswereoverexpresseith femalesourtedby unrelatedmaley2.5%).
Enrichmentanalysigevealed®2associate O termsincluding ReproductiveBehaviourand
MaleMating Behaviour(full listin S3Table).These2 GO termsbothreferto the same2
geneswhichbelongtothe % & & family (Fig 3B,S2Fig),aninsect
genefamily notablyassociate@ith behaviourand castespecificatior{66]. Interestingly we
alsonoticedtheregulationof thetranscriptionfactor '(,  whichisrequiredfor normal
brain structureandfunction, notablylocomotorybehaviour{67] (Fig 3B).
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Fig 2. Transcriptomic responseo courtship: 7.1%of the total transcriptome (grey) wasregulatedin responseto courtship (1,001DEGSs).(A)
Compaisonof femalecourtedby relatedandunrelatedmaleso controlsrevealeb38genesvereoverexressedn courtedfemalegnegativefold
changevaluesiand463genesvereoverexpresslin isolatediemalegpositivefold changevalues)(B) Boxpld showingsignificantexpres®n
changsefollowing courtshipin highlightedgenesnentionedin thetext. The X axesndicategenenamesthe Y axesshownormalizedcountsafter
logtransformatia, andthe boxplotwhiskersshowthe rangeof readcountsbetweerbiologicalreplicates. ,  pigmentdispersindgactor; !,
Dopaninetransporter# !$, SerotonintransporterlA.

https:/Hoi.org/10.137ournal.pon®©241128.9g002

Co-expressiometwork and characterizationof “courtship-responsive'
modulesand “sib-responsivemodules

To bettercharacterizéhe variationsin geneexpressioraccordingto the experimentatondi-
tions experiencedby femalesweapplieda co-expressiometworkanalysigisingWGCNA on
the 14,02 geneghat passedhroughthe expressiotilter. The geneco-expressiometwork
groupedgeneghat shareda similar expressiompatternacrosslifferentexperimentatondi-
tionsinto modules.

Overall,the 14,027genesvereorganizednto 50modulesof highly correlatedgenesym-
bolizedby acolour,with sizesraryingfrom 32to 2,675genegFig 4, Tablel). Amongthe 50
modulesdefinedby the clusteranalysis11 modules(numberedfrom 1 to 11)hadsignificant
correlationswith atleastoneof the experimentatonditionsexperiencedby the females
(Tablel, Fig4B,S3Fig); thesewereconsiderediologicallyrelevantand werefurther
analysed.

First,threemoduleswereassociatewith courtshipdisplayby anunrelatedmale(1, 2 and
3),whichgroupedl,239enesThen,threemoduleswvereassociatewith sib-responsivgenes
(4,5and6; S3Fig; S4Table),which grouped2,824genesespondingonly in the presencef
relatedmalesNext,two moduleswereassociatewith responseo courtship,whateveithe
degreeof relatednessf the courtingmalesimodules7 and 8; S3Fig; S4Table),which grouped
2,780genesFinally,threemoduleswereassociatedith ageneexpressiompatternpeculiarto
eachof the 3 socialenvironmentq9, 10and 11;S3Fig; S4Table).

Discussion

In the currentstudy,we characterizethe femaleneurogenomiagesponsassociatewith sib
matingavoidancéy identifying remarkablaifferencesn the headtranscriptometriggeredby
courtshipdisplaythat differedaccordingto therelatednessf the courtingmale.ln .
femalesiaterelatednessfluencesfemalesexuateceptivityandis estimatedduring male
courtshipdisplayghroughchemicaltueq4?2]. Unrelatedmalesnducesexualeceptivityin
femaleswhereaselatedmalesnduceweaksexuateceptivity. Hence sib matingavoidancecan
beconsideredhbehaviouraktate similarto othertransitorybehavioursuchasaggressiveness
[68] or singing[69]. We showedhat sib matingavoidancés associatedith distinctand
repeatableerebraltranscriptomicpatternsinvolving asignificantpart of the transcriptome
(>5%). Suchresultsfit the definition of neurogenomigstate, . ., adistinctandrepeatablgat-
tern of geneexpressiorin the brain revealedy contrastingbrain transcriptome®f individuals
acrosdifferentbehaviouraktatesDespitethe quite low numberof biologicalreplicatesthe
highly contrastedranscriptome®bservedn the differentsocialcontextssuggesthat sib mat-
ing avoidancéehaviourcould beconsideredaneurogenomicstate Thisresearcipaveghe
wayfor further studyon neurogenomieffectsof sib matingavoidanceén manyspeciesvhere
suchbehaviourdavebeendescribedand,thus,maycontributeto the understandingof the
moleculamechanismsinderlyingthe evolutionof avoidingconsanguinity.

We measurednajor transcriptomicmodificationsoccurringin the femaleheadfollowing a
courtshipdisplay Femalegxhibitedtranscriptomicpatternchangegollowing anencounter
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Fig 3. Influence of relatednes®of courting maleson females'transcriptome expression5.9%of the total transcriptome (grey) was
regulatedaccordingto the relatednesof the courting male.(A) Comparisonof femalesourtedby relatedmalesto femalesourtedby
unrelatedmalesshowed81geneoverexpessedn femalecourtedby relatedmaleg(positivefold changevaluesind 350geneoverexpresd
in femalesourtedby unrelatedmalegnegativefold changevalues)(B) Boxpld showingsignificart expressiorwhangesccordingto the
relatednessf the courtingmalefor highlightedgenesnentionedin thetext. The X axesndicategenenamesy axeshownormalizedcounts
afterlog transformatia, andboxplotwhiskersshowtherangeof readcountsbetweerbiologicalreplicates) %* &:  yellowmajorroyal
jelly proteins; '(:  pairedbox6.

https://da.org/10.1371¢urnal.pon®241128.9g08
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Fig 4. Geneco-expressia network of the full transcriptome (14,027genes)n responseo courtship and
according to relatedneswith the courting male. (A) Clusteringdendrogramof 14,027enegtop side),with
assignatin to 50modulesof co-expressd genesepresentedby colors(bottom side).B) Summary plot of modules
dendrogran andrelationshipwith socialenvironmert experiened. Theright panelshowshe dendrogran of modules
from genenetwork. Theheatmag(left panel)illustratespairwisecorrelation betweermodulesof co-expressdgenes
andsocialenvironmert: red denoteshigh positivecorrelation,white indicatesno correlation, while blueindicateshigh
negativecorrelation. The 11 modulessignificartly correlatedwith atleastoneof the socialenvironmentexperimented
by femalesverenumberal from 1to 11.Sociaknvironmentswerelabelledwith symbols§; control (isolatedfemales)
$; femalesourtedby relatedmalesand&; femalesourtedby unrelatel males.

https://abi.org/10.1371durnal.por.0241128.d04

with apartner,regardlessf therelatednessf the courting male. This suggestthat transcrip-
tomic shiftsimmediatelyarisefollowing the maledisplay evenbeforethe eventuakopulation.
Thesedranscriptomicchangesanbetriggeredby the presencef amale mateevaluationpr
from asocialencounterWith the currentexperimentaprotocol,it is not possibldo distin-
guishtheorigin of thesechangesThe addition of two othercontrolssuchasfemalesn the
presencefi) anunrelatedfemaleor ii) arelatedfemalewould allowfurther specificatiorof
theimpactof socialenvironmenton neurogenomiaesponsesOverall,7.1%of the total tran-
scriptomewasdifferentiallyexpressedt mostwithin ten minutesafterthe courtshipstarted
(1,001DEGSs).Suchaneurogenomiaespons@n thetime scaleof minutesfollowing environ-
mentalchangds mediatedby immediateearlygeneg70]. For suchgenesnear-instantaneous
transcriptionis allowedby the presenc®f RNA polymerasél, which stallsin the promoter
regionsof thesegeneg71].

A recenttranscriptomicstudyconductedon femalematepreferencen the guppy(

)  showedhatthe presencef apotentialmateinducedchangesn the brain tran-
scriptomeafteronly 10minutesof exposurg30]. In insectsfewstudieshaveattemptedo
identify transcriptionalchangesssociatewith courtshipdisplaysto the bestof our knowl-
edgeall havefocusedn [45,46].ImmonenandRitchiesubmitted .
femaledo acourtshipsongdiffusedby aspeakefor 15minutesandfound only 41DEGs

Tablel. Significant correlationsbetweenl1 modulesand courtship experiened by females.

Module name | Module

size
1 (purple) 227
2(green) 935
3(pale 7
turquoise)
4 (blue) 2108
5(red) 643
6 (dark 73
magenta)

7 (turquoise) 2675
8(darkgreen) | 105
9 (floral white) | 38
10(brown) 1989

11(yellow) 1022

NS:not significant

representativeenrichedGO terms Controls (isolated Femalescourted by related | Femalescourted by unrelated
females) males males
molybdenum ion binding NS NS -0.79(0.02)
nucleotidemetabolicprocess NS NS -0.73(0.04)
mitochondrion, respiration NS NS -0.8(0.02)
ribosome sensonperception NS 0.94(5e-04) NS
Methylation NS -0.76(0.03) NS
GDP-mannogs metabolicprocess NS -0.74(0.04) NS
mating behaviour 0.91(0.002) NS NS
cellsurfacereceptorsignalingpathway -0.77(0.03) NS NS
oxidoreducaseactivity NS -0.8(0.02) 0.82(0.01)
responseo stimulus,proteinkinase -0.73(0.04) NS 0.81(0.01)
activity
carbohydrae cataboligprocessmetalion -0.8(0.02) 0.79(0.02) NS
binding

Correlaton coefficientsand -valuesin parenthesesareindicatedwhensignificart ( -value <0.05). Theresultsof enrichmentanalyseareindicatedin the GO terms

column (full listsin S4Table).

https://da.org/10.1371durnal.pon®241128.t001
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(0.3%0f thetranscriptome)oetweercourtedandcontrol femalegin the presencefamale
thatwasunableto performacourtshipdisplay).Veltsosetal. (2017)submitted .

femalego malecourtshipand examinecheadtranscriptomesmmediatelyaftermounting.
Theyidentified only 16 DEGsbetweercourtedand control femalegvirgin isolatedfemales)
(0.1%0of the transcriptome) Togetherthesestudiessuggesthat the femaleneurogenomic
responseo courtshiponly affectsaverysmallset(>1%) of genesn Drosophila.Interestingly,
in contrastwith thosestudieswefound thatthe neurogenomiagesponseo courtshipwas
muchgreaterin thewasp. . Thedifferencesnayrely on the contrastedmatingsys-
temsin thesespeciesDespitethe costof reproduction,femalesnatemultiple timesin the
majority of animalspecies thewild including . [72]and .
[73], mostoftenwith differentmaleq74+76].The benefitsof polyandryfor femalesncludean
adequatespermsupply[77], anincreaseén spermcompetition[74] andareductionin the cost
of inbreeding[7]. In speciesvith sl-CSDsexdetermination,matechoiceis particularlydetermi-
nantfor femalefitness giventherisk of genetiancompatibility. Furthermore,in monandrous
speciessuchas . andamajority of parasitoidwaspg80%)[ 78], all progenywill have
the samegenitor. Thus, it islikely that selectivgressuresegardingmatechoiceshouldbe
strongercomparedo thoseof polyandrousemalesWe suggesthat the matingsystenmight
beanimportant determinantinfluencingthe extentof neurogenomiaesponséo courtship.

From afunctionalpoint of view,transcriptionfactoractivity andreproductivebehaviour
weresomeof the functionsregulatedollowing courtship.Indeed weidentified numerous
transcriptionfactorsregulatedollowing courtship,consistentith the largenumberof DEGs
observedin particular,we emphasizethe transcriptionfactorsorthologousto ! $ and

andthekinase $. All ofthesegenesverealsodifferentiallyexpressetbliow-
ing courtshipin . [45]. Thesecandidatesnayhavea conservedegulationpat-
tern following courtshipand might beassociatedith theresponséo courtshipin insects.
Our resultsalsoindicatedthe regulationof geneselatedto neurotransmitterssuchasdopa-
mine. Thedopaminetransporter !  isoverexpresseith courtedfemalesandthe gene
involvedin dopaminecatabolisnis downregulatedn courtedfemaleswhichis compatible
with anincreasdn dopamineconcentrationfollowing courtship.Dopamineis notablyimpli-
catedin the control of motivation,movementand memoryin thefruit fly .
[79], andincreasediopaminelevelsresultin increasedesponsiveneds courtshipcueq80].
Furthermore wedetectedhreeneuropeptideslownregulatedn femalesourtedby anunre-
latedmale: , and . Theseneuropeptidesireinvolvedin femalesexual
behaviourin thefruit fly, sincereductionor absencef makesemaleextremely
receptivg81],while -mutant femaleshowanincreasedrequencyof re-matingcompared
to wild-typefemaleg482]. Thesehreeneuropeptidesrecandidategor involvementin the
modulationof femalereceptivity. Togethertheseresultsdemonstratéhat the neurogenomic
responseo courtshipin . involvesneurotransmittersand neuropeptidesThese
genesareprime targetdor further functionalanalyses.

Although courtshipaccountedor the majority of the detectedDEGs,our experimental
designnonetheleskighlightedthe major influenceof relatednesbetweerpartnerson female
responseo courtship.In total, 9.1%of the transcriptomewasdifferentiallyexpressewhen
comparingfemalesourtedby relatedmalesto thosecourtedby unrelatedmalesin additionto
the 2,780courtship-respondingieneghat exhibitedthe sameexpressiompatternwhatevethe
relatednessf the courting male(modules7 and 8), the network analysigighlighted3 modules
of sib-responsivgenegmodules4, 5 and6; 2,824genesiand 3 modulesof genesegulatednly
in femalesourtedby unrelatedmalesimodulesl, 2 and 3; 1,23%enes}hat could berelatedto
femalereceptivity.Our resultsclearlyshowedhat the relatednessf the courting malehada
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major influenceon the femaleresponséo courtshipandthat sib matingavoidancéehaviour
observedn this speciess correlatedo complexand massiveehangesn geneexpression.

Concerningthe functionsassociatedith geneghatvaryaccordingto therelatednessf
the courtingmale the GO termsReproductiveBehaviourand Male Mating Behaviourare
notable All genesainderlyingbothtermsarehomologoudo the  %* & &

( % &). The % gendsuniqguetoinsectsandsomebacteriawhilethe &
genefamily is restrictedto Hymenopterarspeciesnd evolvedrom recentduplicationsof the

% geng83].In thehoneybeethe & genefamilyisinvolvedin both groupsocialbehav-
iour (royaljelly is constitutedwith 90%of MRJPproteins),andin individual sexuabehaviour,
with sex-and caste-specifigeneexpressiompatterng81].) % &  functionsin parasitic
waspsareunknown, eventhoughthelargesexpansiorof the family describedsofar came
from the Nasonigparasitiowaspgenomewheregenesareexpressetroadlyin differenttis-
suesandlife stage$84]. In this study,weidentified6 membersofthe % & familythat
wereDEGsfollowing courtship,of which onepresentedlifferentialexpressioraccordingto
therelatednessf the courting male.Furtherfunctionalcharacterizatiomwill berequiredto
testwhetherthe % & genefamilyisinvolvedin sibmatingavoidanceandfemalerecep-
tivity. Amongtheregulatedgeneswealsohighlightedtranscriptionfactorssuchas '( that
coulddrive thetranscriptomicchangegaccompanyindemalematechoice Very fewstudies
haveexploredthe moleculampathwaysinderlyingkin recognition.In theamphibian'

, tadpolesxhibitedplasticityin socialpreferencesccordingto exposurdo kinship
odourantg[85]. Sustainedin odourantsexposuraduring developmentriveschangesn neu-
rotransmitterexpressiorirom GABA to dopamineneuronswhich arestimulatedfrom an
increasen the expressiorof thetranscriptionfactor '( andaccompaniedby abehavioural
preferencdor kin odourants85]. Here,weobservedhatthe . '( orthologueis
downregulatedn females<ourtedby brothers.Furtherstudiesto characterize'(  function
in . ,  particularlyin the contextof kin recognition,couldtestwhethercommon
molecularpathwaysould beelicitedfor kin recognitionin distanttaxasuchasamphibians
andinsects.

We hadformulatedtwo non-mutuallyexclusivehypothesedrirst, the perceptionof court-
shipwasmediatedby achangdn geneexpressionthatwould resultin similar expressiorpat-
ternsin all femalesegardlessf their relationshipto the courting male. We identified such
patternsfor 2,780genegmodules? and 8). Secondchangesn femalereceptivitycouldresult
in changedn transcriptomicprofiles.In this casesimilar expressiompatternswould beexpected
for isolatedfemalesandfemalesourtedby their brothers.We haveidentified suchexpression
patternsfor 1,239genegmodulesl, 2 and 3). Thusour resultssuggesthat both courtshipper-
ceptionandchangesn femalereceptivityinduceadifferentneurogenomiagesponseln addi-
tion to sibmatingavoidance,. femaleexpresskin recognitionin the contextof host
choice sincefemalegreferto laytheir eggsn ahostparasitizedy othersthanby arelative
[48]. Neurogenomianalysiof responseto the presencef arelativein distinctecologicaton-
textswould determinewhethertherearemolecularbasesssociatedith kin recognition.

Supporting information

S1Fig. Exclusionof onebiological replicate from the analysisdueto outlier status.Multi-
variateanalysidasedn the expressiomprofilesof the 500geneswith the highestvariance
acrossll sampleshowedhat onebiologicalreplicatecorrespondingo femalesourtedby
relatedmales(2 emptycirclesrepresenting technicalreplicates)s far from the other points
(full circles)A) in the plandefinedby the two first axe=of the principal componentanalysis
andB) in the samplehierarchicallusteringdendrogram Significantstatisticasupportof
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outlier statuds indicatedby anapproximatelyunbiased-value with onemillion multiscale
bootstrapreplicates.
(TIF)

S2Fig. Boxplot showingexpressionpatterns of the 6 membersof the family
wereregulatedfollowing courting displaysand/or accordingthe relatednessetweenthe
femaleandthe courting male.Boxplotcoloursindicatebiologicalcondition: grey,isolated
femalesblue,femalesourtedby unrelatedmalesprange femalesourtedby relatedmales.
TheY axesshowthe normalizedcountsafterlog transformationand VST normalization,and
the boxplotwhiskersshowthe rangeof readsbetweerbiologicalreplicates., -adj (FDR)<
0.01;NS,not significant.

(TIF)

S3Fig. Boxplots showingthe expressionpatterns of the top 5 hub genedor eachof the 11
modulesvaried accordingto experimentalconditions. The Y axeshowthe normalized
countsafterlogtransformationand VST normalization,andthe boxplotwhiskersshowthe
rangeof readshetweerbiologicalreplicates.

(TIF)

S1Table.Summarystatisticsof the sequencinguns and transcriptome assembly.
(XLSX)

S2Table. Control femaleversusemalesourtedby both relatedandunrelatedmalesA) list
of 1,001DEGs;B) 7 GO termsenrichedin control females{C) 36 GO termsenrichedin
courtedfemales.

(XLSX)

S3Table. Femalegsourtedby relatedmalesversusemalesourtedby unrelatedmalesA) list
of 831DEGs;B) 22 GO termsenrichedin femalesourtedby unrelatedmalesC) 66 GO terms
enrichedin femalesourtedby relatedmales.

(XLSX)

S4Table.Enriched GO terms associatedvith the 11 significant modulesof co-expressed
genes.
(XLSX)
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