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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
Matechoiceoftendependson individual attractiveness.In manyspecies,femalesdiscriminate
betweencompetingmales[1]. Femalematechoicesometimesoccursafterelaboratecourtship
displays,andmalesareselectedaccordingto their highlyheritablequalities(`goodgenes'
hypothesis)and/or their geneticcompatibilitywith thefemale(`compatiblegenes'hypothesis)
[2]. The`goodgenes'hypothesispredictsthat femalesfavourreproductionwith malescarrying
traits thatarehonestindicatorsof goodgenesor asaresultof sensorybias[3, 4], henceobtain-
ing geneticbenefitsfor their offspring[5]. The`compatiblegenes'hypothesispredictsthatoff-
springfitnessiscorrelatedwith geneticdissimilaritybetweenmatingpartners,whereeach
femaleprefersmalesthatpossessgenescompatiblewith their owngenotypes.Sibmating
avoidancefits into thissecondhypothesis[6, 7]; in thiscase,kin recognitioniscrucialfor
enablingfemalesto discriminatebetweenrelatedandunrelatedmates.Sibmatingavoidance
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hasbeenextensivelydocumentedin numerousanimalspecies(includingspeciesthataresocial
andsolitary)andreducestherisk of inbreedingdepression[8].

In colonialmarineinvertebrates,contactbetween2 conspecificcoloniesmaytriggerfusion
if the2coloniesareidenticalor related,or aggressiverejectionif the2 coloniesarenot related.
Molecularbasesfor kin recognitioninvolveseveralhighlypolymorphicloci thathavebeen
wellcharacterizedin 2 species:thecnidaria��������	�� 
����
�
	�������
 (reviewedin [9])
andthechordata�
������
 
��


��� (reviewedin [10]). In terrestrialanimals,mostof thepres-
entlyidentifiedmechanismsusuallyrelyon individual-specificolfactorycuesandsensory
organsableto discriminatethesecuesfrom oneanother.In vertebrates,majorhistocompati-
bility complexgenesconferindividual olfactoryidentities[11±14].Theseolfactorycuesbind
to receptorsoftenlocatedon thevomeronasalorganneuronsandareusedby femalesto evalu-
atematerelatedness[15±19].In insects,numerousspeciesdiscriminatekin byusingodourdif-
ferencesinherentto divergencein thecuticularhydrocarboncomposition[20±23].Odour
moleculesbind to specificsensoryreceptorslocatedon sensillabasiconica,wheredozensof
olfactorysensoryneuronsprojectto theantennallobes[24±26],whereolfactorysecond-order
neuronsprojectto thelateralhorn andmushroombodies[27,28].To thebestof our knowl-
edge,no genome-widestudyhasaddressedhowkin recognitionsignalsareprocessedin the
contextof matechoiceandsibmatingavoidance.Transcriptomicstudiesprovidedrecent
insightinto femalematingdecisions[29]. Coordinatedchangesin theexpressionof many
genesin femalebrains,�.�., aneurogenomicresponse,havebeenidentifiedfollowingcourtship
in Poeciliidaefishes[30±32].Thisresponsedependson maleattractivenessandis in accor-
dancewith femalepreferences.

Hymenopterans(including bees,ants,waspsandsawflies)arerelevantmodelsto explore
thebiologyof matechoice,especiallyregardingsibmatingavoidanceandits underlyingbio-
chemicalmechanisms.Theseinsectsshareanancestralandunusualsexdeterminationsystem
calledsingle-locuscomplementarysexdetermination(sl-CSD),wheresexisdeterminedby
heterozygosityat thesl-SCDlocus.Heterozygousindividualsdevelopasfemales,hemizygous
individualsdevelopasmales,but homozygousindividualsdevelopinto diploid unviableor
sterilemales[33±36].Whensibmatingoccurs,therisk of geneticincompatibilitybetween
partnerssharingthesamealleleat thesl-CSDlocusisonein two; in thatcase,halfof theprog-
enywill behomozygousdiploid sterilemales(with notableexceptions[37,38]).Therefore,the
sl-CSDhasanadditionalimmediateeffecton inbreeding.Consequently,Hymenopteraare
muchmoreexposedto inbreedingdepressionthananyotherdiploid species[39]. In thiscon-
text,congruentwith thecompatiblegenehypothesis,oneexpectsthatselectionwill favour
femalesthatprefermaleswith adistinctalleleat thesl-CSDlocus,thusexcludingsibs.In the
parasitoidwasp��	����� ��	�
��	
, whichhassl-CSD[40], femalesonly mateonce[41], mak-
ing matechoiceparticularlydecisive.Indeed,in thisspecies,femalesareableto discriminate
kin andnon-kin during malecourtshipbasedon olfactory-mediatedcues[42]. In laboratory
conditions,theproportion of successfulmatewhenasinglefemalewasin presenceof 2unre-
latedmaleswashigher(79%of success)thanin presenceof relatedmales(�.�. with 2 brothers)
(41%of success)[42]. Furthermore,thelatencyto mateincreasedwhenthecourtingmalewas
related[42]. Experimentsinvolvingchoicebetween2males,onebrotherandoneunrelated
presentin asameareahaveshownthat femalematesindifferentlywith the2 males[42].
Hence,thetwo distinct socialcontexts(presenceof aconspecificwith andwithout relation)
provoketwo contrastingbehaviouralresponsesthatcorrespondto thedefinition of beha-
viouralstates,�.�., theperformanceof adistinctandquantifiablebehaviourfor ameasurable
periodof time [43].

Wetestedwhetherthesecontrastingbehaviouralresponsesto relatednesswerecorrelated
to transcriptomicchangesin �. ��	�
��	
 females.Wedesignedabehaviouralexperiment
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wherefemaleswereexposedfor 10minutesto anunrelatedmaleor arelatedmale(abrother)
or werewithout anysocialcontact.Then,weusedRNA sequencingto comparegeneexpres-
sionprofilesfrom theentireheadsof thesefemales.This timing coincidedwith aperiodof
activecourtship,wherefemalewaspsperceivedandevaluatedmales,experiencedchangein
receptivityanddecidedwhetheror not to mate[44]. Previousstudiesdemonstratedthat this
temporalframeisadequateto detectearlytranscriptionalchangesfollowingmateexposurein
differentspecies[30,45,46].Wefocusedon thewholehead,wheresensorysignalsarepro-
cessedandintegratedto mediatecomplexdecisionmaking,includingmatingdecisions.

Wehypothesizedthat information processingduring malecourtshipdisplayandmate
choicewererelatedto geneexpressionchanges.First,weexaminedif courtshipperceptionwas
mediatedbychangesin geneexpression.In thiscase,weexpectedthetranscriptomicprofiles
of all courtedfemaleswouldbeanalogous,whatevertherelatednessof thecourtingmale.
Then,weassessedwhetherthedifferencesin femalereceptivitywereassociatedwith gene
expressionchanges.Under thishypothesis,theexpectationwasthatnon-receptivefemales,�.
�., solitaryfemalesandfemalescourtedbyrelatedmales,wouldhavesimilar transcriptomic
profiles.

Materials and methods

Biological model
��	����� ��	�
��	
 G.(Hymenoptera:Ichneumonidae)isasolitaryparasiticwasp;amaximum
of oneadultemergesfrom onehost,regardlessof thenumberof parasitoideggsinitially laid in
thehost.In thewild, �. ��	�
��	
 femalesparasitizepyralidmoth larvaefeedingon dried
fruits, suchasfigs,carobs,almonds,datesor loquats[47]. Our knowledgeof howmatingpart-
nersencountereachotherin thefield is largelyincompleteasaconsequenceof thesmallsize
of thespecies,whichrendersobservationsdifficult. Virgin �. ��	�
��	
 femalesemit chemicals
that,in combinationwith hostkairomones,attractmales[42]. In turn, malesdo not attractvir-
gin femalesatadistance[41]. �. ��	�
��	
 femalesaremonandrousandonly mateoncein
their lifetime[41]. Conversely,malescanmatemorethanonce.Theseobservationsledusto
considerthat femaleschoosetheir mate,andwethusfocusedour studyon femaletranscrip-
tomic responsesto courtship.Moreover,femalesrecognizesibson thebasisof achemicalsig-
natureemittedbymalesandcanavoidmatingwith their brothersthroughkin recognition
[42]. Thiskin recognitionability hasalsobeenrobustlyestablishedin thisspeciesin thecon-
textof hostchoice,sincefemalespreferto laytheir eggsin hostsalreadyparasitizedbyconspe-
cificsratherthanin hostsalreadyparasitizedby themselves[48]. In addition,malesalsohave
theability to distinguishbetweennon-sibandsibfemalesbyusingchemicalmarkersemitted
by females[49].

Behaviouralmanipulations
Wild parasiticwaspswerecollected��� alargefield samplingduring thesummerof 2014in
orchardsin southernFrance(Valence,N 44Ê58'21ºE4Ê55'39º).Waspsweremaintainedon
thehost����
��� ����	����� (Lepidoptera:Pyralidae)in aclimaticchamber(25ÊC,60%humid-
ity, DL 12:12)andfedwith a50/50honey/watersolution.Familieswereproducedasdescribed
byMetzgeretal.(2010).A totalof 90newlyemergedvirgin femaleswereindividually placed
in aboxandrandomlysubmittedto oneof thethreefollowingconditionsfor amaximum
durationof 10minutes:1) acompatiblemale(�.�., unrelatedmale),2) anincompatiblemale(�.
�., abrother),or 3) isolated(controls).Theexperimentaldesignhasbeenconceivedin orderto
minimize theinfluenceof circadianrhythm andgeneticbackgroundon theresults.Newly
emergedfemaleswereisolatedeverymorning andnumbered.A randomdrawwasthenmade
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to establishtheorderof passageof thefemalesandthetreatmentassigned.Behaviouralexperi-
mentstook placein theafternoonbetween1:00and4:00p.m.for all femalesthatwerecap-
turedin themorning in theorderestablishedby therandomdraw.A maximumof 2 females
from eachfamilyhavebeenkeptdaily,andrandomizedin onecondition.Foreachgivencon-
dition, thetenfemalesbelongedto differentfamiliesto avoidaneffectof genetichomogeneity
on transcriptomicresults.Newfamilieshavebeenproducedfor everybiologicalreplicate.The
10minutesperiodcoincideswith anactivemalecourtshipbehaviour[44]. Foreachfemale
underconditions1 and2,onesequenceof activecourtshipparadewasobservedwithin the10
minutesfollowing theintroduction of themaleto theboxfor all pairs.Wheneverthisbehav-
iour sequencewasnot observed,thepair waseliminatedfrom thestudy.After this time,or
within 3 secondsof mounting,thefemaleandmalewereseparated.Foreachcondition,
femaleswerecaughtin asmalltube(3 x 7 cm) andwereimmediatelyanaesthetizedwith CO2

anddecapitatedwith ascalpel.Antennaewereremovedfrom theheadto focuson thecerebral
transcriptomeof thedecision-makingcentreratherthanthesensorycentre.Theheadisahet-
erogeneoustissuedividedinto manyfunctionallydistinct regionsthatcouldaffectinferences
aboutthefunctionalsignificanceof geneexpressionpatterns[50]. However,thestudyof more
specificbrain regionsremainschallenginggiventhesmallsizeof thewasps.Collectedheads
wereimmediatelyflash-frozenandstoredat -80ÊCuntil RNA extraction.A totalof 10individ-
ualheadswerecollectedperexperimentalcondition andpooledto collecthigherRNA
amountsandto averagetheexpressionstateacrossindividuals,thusmitigatingindividual vari-
ability during transcriptomecomparison[51]. Theexperimentwassequentiallyrepeated3
timesto obtainbiologicalreplicates.

RNA extraction, library preparation andsequencing
TotalRNA extractionwasperformedin onebatchon the9 biologicalsamplescollected(3
experimentalconditionsx 3 biologicalreplicates).Mechanicalcelllysiswasperformedwith
metallicbeadsaddedto frozenmicrotubesandshakenwith aTissueLyser(Qiagen,25hertz45
seconds).RNA wasextractedusingQiazolandanRNeasymini kit accordingto themanufac-
turer'sprotocol(Qiagen),with optionalDNasetreatment(ThermoFisherScientific).The
qualityandquantityof totalRNAswereassessedon aBioanalyzer(Agilent) andaQubit fluo-
rometer(Life Technologies).PolyadenylatedRNAswereenrichedfrom 1 �g of high-quality
totalRNAswith oligo-dTmagneticbeads,fragmentedandconvertedto cDNAs(Illumina Tru-
SeqStrandedmRNA LibraryPrepkit). After addinganA to the3' endof eachcDNA, adapters
wereligated,andfragmentswereamplifiedbyPCRto generateDNA colonies.Eachlibrary
waslabelled,multiplexedandpooledfor sequencingon aHiSeq2500Illumina sequencer(Fas-
teris,Switzerland),with apaired-endprotocol(2x125bp).Foreachof the9 biologicalsamples,
asecondlibrary waspreparedindependently,sequencedandconsideredatechnicalreplicate.
Overall,atotalof 18librariesweresequenced(3 experimentalconditionsx 3 biologicalrepli-
catesx 2 technicalreplicates).A minimum of 18million paired-readswereobtainedper
library, representingafinal datasetof morethan535million paired-reads.

RNA-seqquality control, mapping, transcriptome assemblyand
annotation
The�. ��	�
��	
 genomehasbeensequencedandiscurrentlyavailable(http://bipaa.genouest.
org/sp/venturia_canescens/,v.1.0)but thusfar,RNA-seqhasnot beenperformedon heads
[52,53].To includeall loci detectedin theheadtranscriptomethatmight bemissingfrom the
currentannotation,weconstructeda�� 	
�
 transcriptomeassemblyusingthegenomerefer-
encewith theTopHat-Cufflinkspipeline[54] (v2.2.1).Theglobalqualityof sequenceswas
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assessedwith FastQC-0.10.1.Low-qualitybasesat theendsof readsweretrimmed using
Trimmomatic-0.36.Adaptor-containingreads,low qualityreads(scoresphred<30) andN-
containingreadswerefilteredout.CuratedreadswerethenprocessedthroughtheTopHat-
Cufflinkspipeline.First,paired-readsof eachsamplewerealignedto the�. ��	�
��	

genome.TopHatusedtheBowtiealgorithmto alignreadsto thegenome.Unmappedreads
werecut into segmentsthatalignedfar apartfrom oneanother(between100bp to several
hundredkb) to predictpotentialintron/exonstructures.Next,anindexof hypotheticalsplice
siteswasbuilt without anyprior information.Eachsitehadto beconfirmedbyseveralread
segmentsconsistentlyshowingthesamealignmentpattern.TopHatwasusedwith eachof
the18librariesasinput andwith thefollowingparameters:strandedlibraries(first strand),5
mismatches/indelsallowed,andreport thebestalignmentpossiblefor eachread.After map-
ping,resultingalignmentfileswereprovidedto Cufflinks,whichgeneratedatranscriptome
assemblyfor eachsampleannotatedinto genes,transcriptsandisoforms.Then,the18tran-
scriptomesweremergedinto onemastertranscriptomewith Cuffmerge.This final transcrip-
tomeassemblycontainedatotal of 16,752genesandprovidedauniform basisfor calculating
geneexpressionin eachcondition.Thetranscriptomewasthenannotatedto gaininsight into
thefunctionsof thetranscriptsandtheproteinstheyencode.Sequencesimilarity was
searchedfor eachof the16,752predictedgenesbycomparingthesix-frametranslationputa-
tiveproductsof thenucleotidesequencesusingBLASTX(v2.2.29+)againsttheNCBI non-
redundantproteindatabase.Transcriptomeanalysiswascompletedusinggeneontology
(GO) annotation,whichassociatedgeneswith functionsin 3 categories:molecularfunction
(molecularactivitiesof geneproducts),cellularcomponent(wheregeneproductsareactive)
andbiologicalprocess(pathwaysandlargerprocessesmadeup of theactivitiesof multiple
geneproducts).Thisclassificationenabledfunctionalinterpretationof a largegroupof genes
viaenrichmentanalysis.

Sample-basedclusteringandPCA
To obtainaninitial overviewof geneexpressionpatternsacrosssamples,multivariateanalyses
wereperformedon the18transcriptomiclibraries,including3biologicalreplicatesfor eachof
the3 conditionsrepresentingatotalof 9 samples,eachonerepresentedby2 technicalrepli-
cates.Those18transcriptomeswererepresentedby isolatedfemales(6), femalescourtedby
unrelatedmales(6) or femalescourtedbybrothers(6).A rawcounttablewasobtainedby
usingHTSeq[55] (v0.5.4p1).Thegenemodelproducedwith Cuffmergewascombinedwith
the18mappingfilespreviouslyobtainedwith TopHatfor eachgenein eachlibrary.This final
datasetwasexportedto R(v3.4.3)[56] for downstreamstatisticalanalysiswith DESeq2[57]
(v1.30.0).Countswerenormalizedwith thevariancestabilizingtransformationmethod(VST),
whichproducedtransformeddataon thelog2scaleandnormalizeddatawith respectto library
size.Theoverallvariationof expressionlevelsamongsampleswasevaluatedwith atwo-
dimensionalPCAandwith hierarchicalclustering,bothbasedon theexpressionof the500
geneswith thehighestvarianceacrosslibraries.A hierarchicalclusteringdendrogramwaspro-
ducedbasedon thesample-to-sampleEuclidiandistancematrix to obtainanoverviewof the
similaritiesanddissimilaritiesbetweensamples.Uncertaintyin hierarchicalclusteringwas
assessedwith Pvclust[58] (v2.0±0)usingmultiscalebootstrapresamplingwith anapproxi-
matelyunbiased�-value to measurestatisticalsupportfor eachcluster(1,000,000bootstraps;
averageagglomerativemethod;correlationmethoddistance).Two technicalreplicatesfrom
onebiologicalsampleof femalescourtedbybrotherswereobviousoutliersin thePCAand
hierarchicalclustering,mostlikely dueto aproblemthatoccurredduring sampleconditioning
andwerethusexcludedfrom theanalysis(S1Fig).
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Differential expression,co-expressionnetwork and functional enrichment
analysis
All pairsof technicalreplicatesweremergedbeforeproceedingto differentialexpressionanal-
ysisandnetworkanalysisasrecommendedbyLoveetal.(2014),keepingatotalof 8 samples
(3 isolatedfemales,3 femalescourtedbyunrelatedmalesand2 femalescourtedbybrothers).
To identify geneswith differentexpressionpatternsacrossconditions,weperformedpairwise
comparisonsbetween1) femalescourtedby relatedandunrelatedmalesto controls(�.�., iso-
latedfemales);and2) femalescourtedbyunrelatedmalesto femalescourtedby relatedmales.
Differentialexpressionwastestedbyusingnegativebinomialgeneralizedlinearmodelsimple-
mentedin theprogramDESeq2.Wetestedfor differentialexpressionof all transcriptswith an
averagelevelof expressionsuperiorto 10readsperlibrary (	 = 14,034).After normalization,
within-group variability(�.�., thevariabilitybetweenbiologicalreplicates)wasmodelledfor
eachgeneby thedispersionparameter,whichdescribesthevarianceof countsbysharing
information acrossgenes,assumingthatgenesof similaraverageexpressionstrengthhavea
similardispersion.Amongthe14,034genestested,only 7 presentedanoutlier status(�.�., an
inconsistentexpressionpatternacrossthedataset)andwerethusexcludedfrom thetest,keep-
ing 14,027transcriptin thefinal referencetranscriptome.For thesubsetof genesthatpassed
thefiltering test,aWald test�-value wascalculatedandfinally adjustedfor multiple testing
[59]. A genewasconsidereddifferentiallyexpressedwhenthefalsediscoveryrate(FDR)-
adjusted��value waslessthan0.01.Wedid not applyanylogfold changethreshold.

Weperformedaweightedgeneco-expressionnetworkanalysis(WGCNA [60], v1.63)to
identify subgroupsof genesthatsharedcommonexpressionpatternsacrosstheexperimental
conditionsandpotentiallydrovethedifferencesin matechoice.WGCNA isadatareduction
techniquethat regroupsgeneswith similarexpressionpatternsinto modulesof co-expressed
genesandteststhecorrelationsbetweenmodulesandtraits.First,log2-transformedandVST-
normalizedcountswereusedto constructageneco-expressionnetworkwith theblockwise-
Modulesfunction.A correlationmatrix wascomputedfor thegenes,andthecorrelationswere
weightedusingapowerfunction û. Then,genessharingsimilarpatternsof variationacross
conditionswereregroupedusinghierarchicalclusteringandadynamictree-cuttingalgorithm
to definemodulesof co-expressedgenes.Forour analysis,theparametersusedwereasfollows:
maximumblocksize= 15,000genes;power(û) = 10,minimum modulesize= 30genes.The
remainingparameterswerekeptat thedefaultsettings.A colournamewasassignedto each
module,andbiologicallyinterestingmoduleswereidentifiedbycorrelatingasummaryprofile
for eachmoduleto externalexperimentalconditions;�-values<0.05wereconsideredsignifi-
cantandnumberedfrom 1 to 11.Finally,thepotential`hubgenes'in everysignificantmodule
wereidentified.So-calledhubgenesmayinfluencetheexpressionof othergenesin their mod-
uleandmaybecausalfactorsfor atrait of interest.Suchhubgenesarepotentiallybiologically
relevantbydriving phenotypicvariations[61,62].Theidentificationof hubgenesrelieson
bothconnectivitywith othergenesfrom themoduleandthecorrelationto thetrait. Accord-
ingly,geneswererankedaccordingto their modulemembershipvaluesin eachmodule.The
top 5 hubgenesof everymodulewereannotated,andtheir expressionpattern,whichwasrep-
resentativeof themoduletheybelongedto, wasdetailed.

Functionalcharacterizationof genesets(�.�., geneswith differentialexpression,or modules
of co-expressedgenes)wasanalysedusingenrichmentanalysisandgeneontologyannotations.
An enrichmenttestwasperformedon testsetscomparedto thefull transcriptomewith Blas-
t2GO[63] (v5.0).Theproportion of genesassociatedwith GOtermswascomparedbetween
thetestsetandthetranscriptome(14,027transcripts)with aunilateralFisher'sexacttest(one-
sided),��values < 0.01wereconsideredsignificantlyenriched.
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Results

The transcriptomic responseto courtship is consistentwith the mate
preferenceof females
Wefirst determinedwhetherthemalecourtshipdisplayprovokedatranscriptomicresponse
in females.To do so,webuilt thefirst �. ��	�
��	
 headtranscriptomebysequencingmore
than500million readsusingagenomeguideassembly(18to 55million paired-readsfrom 18
libraries,S1Table)andusedit asareferenceto comparethedifferentheadtranscriptomesof
females.After qualityfiltering ameanof 98.4%of paired-readswerekept,on which70.8%
weresuccessfullymappedto thegenome(representingameanof 20millions persample,for a
totalof 363million paired-reads,S1Table).Suchvaluescorrespondedto thehigh-qualitystan-
dardsobservedin otherHymenopteranspecieswith anannotatedgenome[64]. Thetranscrip-
tomeconstructedwith thesesequencesencompassed16,752genes.Overall,76%of predicted
genesgetablasthit (12,740)while4,012sequencesgetno hit. Amonggenesmatchingwith
blast,89.4%presentedtheir besthit with aninsectsequence,of which84.4%matchmorespe-
cificallyto ahymenopteraninsectsequences.Finally,mostof thegeneswereuncharacterized,
sinceonly 33.4%of thepredictedgenes(5,589)wereassociatedwith at leastoneGeneOntol-
ogy(GO) functionalannotation.

Basedon thisuniquereference,headtranscriptomesfrom females1) courtedbyanunre-
latedmale,2) courtedbyarelatedmale,and3) isolated(controls)werefirst analysedwithout
� ���
�� knowledge.Principalcomponentanalysis(PCA,Fig1A) revealedthat transcriptomes
sharedhighersimilarity within agivenexperimentalcondition thanbetweendifferentexperi-
mentalconditions.PCAdefinedthreeconsistentclustersaccordingto thesocialenvironment
proposed:thecontrol groupwherefemaleswerekeptin isolation,thegroupof femalescourted

Fig 1. Multivaria te analysisof the 16RNA-seq libraries basedon the geneexpressionprofiles of the 500geneswith the highestvarianceacrosssamples.The
samplesareclusteredby theexperimental conditionsthat femaleswereexposedto. Experimentalconditionsarerepresented by thethreedifferentcolours(grey:
control; orange:femalescourtedbyrelatedmales;blue:courtedbyunrelatedmales),shapesindicatethethreebiologicalreplicates, andthefilling of theshapeshows
the2 technicalreplicates.(A) Two-dimensionalprincipalcomponent analysis(PCA)plot. (B) Hierarchicalclusteringdendrogrambasedon sample-to-sample
distances.Statisticalsupportis indicatedbyanapproximatelyunbiased�-value with onemillion multiscalebootstrapresamplings(all bootstrapvalueswere> 50%,
those< 80%werenot shownfor clarity).

https://doi.org/10.1371/journal.pone.0241128.g001
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byunrelatedmales,andthegroupof femalescourtedbyrelatedmales.Principalcomponent1
separatedfemalescourtedby relatedmalesfrom thetwo otherconditionsandexplainedthe
largestfractionof variancein geneexpression(46%).Principalcomponent2 separatedfemales
courtedbyunrelatedmalesfrom thetwo otherconditionsandaccountedfor 17%of thevari-
ancein geneexpression(Fig1A).Theseresultsweresupportedbyhierarchicalclusteringanal-
ysisof sample-to-sampledistance,whichestablishedthatsampleswereclusteredby the
experimentalconditionsthat theywereexposedto (Fig1B).Bootstrapresamplingprovided
strongstatisticalsupportfor this result:thecontrol group(isolatedfemales)formedacluster
with 100%support(Fig1B),whilethegroupof femalescourtedbyunrelatedmalesconstituted
aclusterwith 100%support.Finally,femalescourtedbyrelatedmalesconstitutedagroupwith
95%support(Fig1B).Together,theseresultsshowedthat i) malecourtshiphadaneffecton
thefemaletranscriptome,andii) beingcourtedbyarelatedor anunrelatedmaleprovoked
two distinct transcriptomicresponses.

Functional characterizationof differentially expressedgenesfollowing
courtship
Thetranscriptomesof femalescourtedbyrelatedandunrelatedmaleswerecomparedto those
of isolatedfemalesto identify thefemaleneurogenomicresponseto courtship.Weidentified
1,001differentiallyexpressedgenes(DEGs),representing7.1%of the14,027genesetstested
(Fig2A,S2Table).Amongthe1,001DEGs,463hadhigherexpressionin isolatedfemales
(3.3%of total transcriptome),geneontologyenrichmentanalysisrevealsthat thissetof gene
wasenrichedin DNA-binding TranscriptionFactorActivity (full list in S2Table).In contrast,
538DEGswereoverexpressedin courtedfemales(3.8%of total transcriptome),geneontology
enrichmentanalysisrevealsthat thissetof genewasenrichedin ReproductiveBehaviour(full
list in S2Table).

AmongtheDEGs,wenoticedthreeneuropeptidesassociatedwith femalereceptivity,
namely,����������, ��� and��������, wereall downregulatedin courtedfemales(Fig2).
Theorthologueto ��
������	�, requiredfor normal regulationof femalesexualreceptivity
[65], wasalsodetectedamongthegenesoverexpressedin courtedfemales.Notably,we
alsoreportedtwo genesassociatedwith dopamine,��
	� (downregulatedin courted
females),� ! "�
����	� ���	
�
����, overexpressedin courtedfemales),andonegene
associatedwith serotonin(#��!$ , 
��
�
	�	 ������
� $ , overexpressedin courted
females)(Fig2).

Relatednessof the courting maleinfluencesthe femaleheadtranscriptome
Wecomparedfemalescourtedbyunrelatedmalesto thosecourtedbyrelatedmalesto deter-
minewhethertherelatednessto thecourtingmalehadanimpacton thefemaletranscriptomic
response.Bycomparingthesetwo groups,weidentified831DEGsrepresenting5.9%of the
testedgenes(Fig3A,S3Table).AmongtheseDEGs,481genespresentedhigherexpressionin
femalescourtedbyrelatedmales(3.4%),geneontologyenrichmentanalysisrevealsthat this
setof genewasenrichedincludingATPmetabolismandRibosome(full list in S3Table).
Moreover,350DEGswereoverexpressedin femalescourtedbyunrelatedmales(2.5%).
Enrichmentanalysisrevealed22associatedGOtermsincludingReproductiveBehaviourand
MaleMating Behaviour(full list in S3Table).These2GOtermsboth referto thesame2
genes,whichbelongto the����
%���&
� �
��� &���� ��
���	 family (Fig3B,S2Fig),aninsect
genefamilynotablyassociatedwith behaviourandcastespecification[66]. Interestingly,we
alsonoticedtheregulationof thetranscriptionfactor� '(, which is requiredfor normal
brain structureandfunction,notablylocomotorybehaviour[67] (Fig3B).
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Co-expressionnetwork andcharacterizationof `courtship-responsive'
modulesand`sib-responsive'modules
To bettercharacterizethevariationsin geneexpressionaccordingto theexperimentalcondi-
tionsexperiencedby females,weappliedaco-expressionnetworkanalysisusingWGCNA on
the14,027genesthatpassedthroughtheexpressionfilter. Thegeneco-expressionnetwork
groupedgenesthatsharedasimilarexpressionpatternacrossdifferentexperimentalcondi-
tionsinto modules.

Overall,the14,027geneswereorganizedinto 50modulesof highlycorrelatedgenessym-
bolizedbyacolour,with sizesvaryingfrom 32to 2,675genes(Fig4,Table1).Amongthe50
modulesdefinedby theclusteranalysis,11modules(numberedfrom 1 to 11)hadsignificant
correlationswith at leastoneof theexperimentalconditionsexperiencedby thefemales
(Table1,Fig4B,S3Fig);thesewereconsideredbiologicallyrelevantandwerefurther
analysed.

First,threemoduleswereassociatedwith courtshipdisplaybyanunrelatedmale(1,2 and
3),whichgrouped1,239genes.Then,threemoduleswereassociatedwith sib-responsivegenes
(4,5 and6;S3Fig;S4Table),whichgrouped2,824genesrespondingonly in thepresenceof
relatedmales.Next,two moduleswereassociatedwith responseto courtship,whateverthe
degreeof relatednessof thecourtingmales(modules7 and8;S3Fig;S4Table),whichgrouped
2,780genes.Finally,threemoduleswereassociatedwith ageneexpressionpatternpeculiarto
eachof the3 socialenvironments(9,10and11;S3Fig;S4Table).

Discussion
In thecurrentstudy,wecharacterizedthefemaleneurogenomicresponseassociatedwith sib
matingavoidanceby identifyingremarkabledifferencesin theheadtranscriptometriggeredby
courtshipdisplaythatdifferedaccordingto therelatednessof thecourtingmale.In �. ��	�
��	

females,materelatednessinfluencesfemalesexualreceptivityandisestimatedduring male
courtshipdisplaysthroughchemicalcues[42]. Unrelatedmalesinducesexualreceptivityin
females,whereasrelatedmalesinduceweaksexualreceptivity.Hence,sibmatingavoidancecan
beconsideredabehaviouralstate,similar to othertransitorybehaviourssuchasaggressiveness
[68] or singing[69]. Weshowedthatsibmatingavoidanceisassociatedwith distinctand
repeatablecerebraltranscriptomicpatternsinvolvingasignificantpartof thetranscriptome
(>5%). Suchresultsfit thedefinition of neurogenomicstate,�.�., adistinctandrepeatablepat-
tern of geneexpressionin thebrain revealedbycontrastingbrain transcriptomesof individuals
acrossdifferentbehaviouralstates.Despitethequitelow numberof biologicalreplicates,the
highlycontrastedtranscriptomesobservedin thedifferentsocialcontextssuggestthatsibmat-
ing avoidancebehaviourcouldbeconsideredaneurogenomicstate.Thisresearchpavesthe
wayfor further studyon neurogenomiceffectsof sibmatingavoidancein manyspecieswhere
suchbehaviourshavebeendescribedand,thus,maycontributeto theunderstandingof the
molecularmechanismsunderlyingtheevolutionof avoidingconsanguinity.

Wemeasuredmajor transcriptomicmodificationsoccurringin thefemaleheadfollowinga
courtshipdisplay.Femalesexhibitedtranscriptomicpatternchangesfollowinganencounter

Fig 2. Transcriptomic responseto courtship: 7.1%of the total transcriptome(grey)wasregulatedin responseto courtship (1,001DEGs).(A)
Comparisonof femalescourtedbyrelatedandunrelatedmalesto controlsrevealed538geneswereoverexpressedin courtedfemales(negativefold
changevalues)and463geneswereoverexpressedin isolatedfemales(positivefold changevalues).(B) Boxplot showingsignificantexpression
changesfollowingcourtshipin highlightedgenesmentionedin thetext.TheX axesindicategenenames,theY axesshownormalizedcountsafter
logtransformation, andtheboxplotwhiskersshowtherangeof readcountsbetweenbiologicalreplicates.���, pigment-dispersingfactor;� !,
Dopamine transporter; #��!$ , Serotonintransporter1A.

https://doi.org/10.1371/journal.pone.0241128.g002
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Fig 3. Influenceof relatednessof courting maleson females'transcriptomeexpression: 5.9%of the total transcriptome(grey)was
regulatedaccordingto the relatednessof the courting male.(A) Comparisonof femalescourtedbyrelatedmalesto femalescourtedby
unrelatedmalesshowed481genesoverexpressedin femalescourtedbyrelatedmales(positivefold changevalues)and350genesoverexpressed
in femalescourtedbyunrelatedmales(negativefold changevalues).(B) Boxplot showingsignificant expressionchangesaccordingto the
relatednessof thecourtingmalefor highlightedgenesmentionedin thetext.TheX axesindicategenenames,Y axesshownormalizedcounts
afterlogtransformation, andboxplotwhiskersshowtherangeof readcountsbetweenbiologicalreplicates.)���
%*��&�: yellowmajor royal
jellyproteins;� '(: pairedbox6.

https://doi.org/10.1371/journal.pone.0241128.g003
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with apartner,regardlessof therelatednessof thecourtingmale.Thissuggeststhat transcrip-
tomic shiftsimmediatelyarisefollowingthemaledisplay,evenbeforetheeventualcopulation.
Thesetranscriptomicchangescanbetriggeredby thepresenceof amale,mateevaluation,or
from asocialencounter.With thecurrentexperimentalprotocol,it isnot possibleto distin-
guishtheorigin of thesechanges.Theadditionof two othercontrolssuchasfemalesin the
presenceof i) anunrelatedfemaleor ii) arelatedfemalewouldallowfurther specificationof
theimpactof socialenvironmenton neurogenomicresponses.Overall,7.1%of thetotal tran-
scriptomewasdifferentiallyexpressedatmostwithin tenminutesafterthecourtshipstarted
(1,001DEGs).Suchaneurogenomicresponseon thetime scaleof minutesfollowingenviron-
mentalchangeismediatedby immediateearlygenes[70]. Forsuchgenes,near-instantaneous
transcriptionisallowedby thepresenceof RNA polymeraseII, whichstallsin thepromoter
regionsof thesegenes[71].

A recenttranscriptomicstudyconductedon femalematepreferencein theguppy(�
������
����������) showedthat thepresenceof apotentialmateinducedchangesin thebrain tran-
scriptomeafteronly 10minutesof exposure[30]. In insects,fewstudieshaveattemptedto
identify transcriptionalchangesassociatedwith courtshipdisplays;to thebestof our knowl-
edge,all havefocusedon ��


����� [45,46].ImmonenandRitchiesubmitted�. ����	
��
���
femalesto acourtshipsongdiffusedbyaspeakerfor 15minutesandfoundonly 41DEGs

Fig 4. Geneco-expression network of the full transcriptome(14,027genes)in responseto courtship and
according to relatednesswith the courting male.(A) Clusteringdendrogramof 14,027genes(top side),with
assignation to 50modulesof co-expressedgenesrepresentedbycolors(bottomside).B)Summaryplot of modules
dendrogram andrelationshipwith socialenvironment experienced.Theright panelshowsthedendrogram of modules
from genenetwork.Theheatmap(left panel)illustratespairwisecorrelation betweenmodulesof co-expressedgenes
andsocialenvironment: reddenoteshighpositivecorrelation,whiteindicatesno correlation, whileblueindicateshigh
negativecorrelation. The11modulessignificantly correlatedwith at leastoneof thesocialenvironmentexperimented
by femaleswerenumbered from 1 to 11.Socialenvironmentswerelabelledwith symbols:§;control (isolatedfemales),
$;femalescourtedbyrelatedmales,and&; femalescourtedbyunrelated males.

https://doi.org/10.1371/journal.pone.0241128.g004

Table1. Significant correlationsbetween11modulesandcourtship experiencedby females.

Module name Module
size

representativeenrichedGO terms Controls (isolated
females)

Femalescourtedby related
males

Femalescourtedby unrelated
males

1 (purple) 227 molybdenum ion binding NS NS -0.79(0.02)

2 (green) 935 nucleotidemetabolicprocess NS NS -0.73(0.04)

3 (pale
turquoise)

77 mitochondrion, respiration NS NS -0.8(0.02)

4 (blue) 2108 ribosome, sensoryperception NS 0.94(5e-04) NS

5 (red) 643 Methylation NS -0.76(0.03) NS

6 (dark
magenta)

73 GDP-mannosemetabolicprocess NS -0.74(0.04) NS

7 (turquoise) 2675 matingbehaviour 0.91(0.002) NS NS

8 (darkgreen) 105 cellsurfacereceptorsignalingpathway -0.77(0.03) NS NS

9 (floral white) 38 oxidoreductaseactivity NS -0.8(0.02) 0.82(0.01)

10(brown) 1989 responseto stimulus,proteinkinase
activity

-0.73(0.04) NS 0.81(0.01)

11(yellow) 1022 carbohydratecatabolicprocess,metalion
binding

-0.8(0.02) 0.79(0.02) NS

NS:not significant

Correlation coefficientsand�-values in parenthesesareindicatedwhensignificant (�-value <0.05).Theresultsof enrichmentanalysesareindicatedin theGOterms

column(full listsin S4Table).

https://doi.org/10.1371/journal.pone.0241128.t001
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(0.3%of thetranscriptome)betweencourtedandcontrol females(in thepresenceof amale
thatwasunableto performacourtshipdisplay).Veltsosetal.(2017)submitted�. �
���

�
�
���� femalesto malecourtshipandexaminedheadtranscriptomesimmediatelyaftermounting.
Theyidentifiedonly 16DEGsbetweencourtedandcontrol females(virgin isolatedfemales)
(0.1%of thetranscriptome).Together,thesestudiessuggestthat thefemaleneurogenomic
responseto courtshiponly affectsaverysmallset(>1%) of genesin Drosophila.Interestingly,
in contrastwith thosestudies,wefound that theneurogenomicresponseto courtshipwas
muchgreaterin thewasp�. ��	�
��	
. Thedifferencesmayrelyon thecontrastedmatingsys-
temsin thesespecies.Despitethecostof reproduction,femalesmatemultiple timesin the
majority of animalspeciesin thewild including �. ����	
��
��� [72] and�. �
���

�
����
[73], mostoftenwith differentmales[74±76].Thebenefitsof polyandryfor femalesincludean
adequatespermsupply[77], anincreasein spermcompetition[74] andareductionin thecost
of inbreeding[7]. In specieswith sl-CSDsexdetermination,matechoiceisparticularlydetermi-
nant for femalefitness,giventherisk of geneticincompatibility.Furthermore,in monandrous
species,suchas�. ��	�
��	
 andamajority of parasitoidwasps(80%)[78], all progenywill have
thesamegenitor.Thus,it is likely thatselectivepressuresregardingmatechoiceshouldbe
strongercomparedto thoseof polyandrousfemales.Wesuggestthat thematingsystemmight
beanimportantdeterminantinfluencingtheextentof neurogenomicresponseto courtship.

Fromafunctionalpoint of view,transcriptionfactoractivityandreproductivebehaviour
weresomeof thefunctionsregulatedfollowingcourtship.Indeed,weidentifiednumerous
transcriptionfactorsregulatedfollowingcourtship,consistentwith thelargenumberof DEGs
observed.In particular,weemphasizedthetranscriptionfactorsorthologousto !��$ and
��
������	� andthekinase��	�$. All of thesegeneswerealsodifferentiallyexpressedfollow-
ing courtshipin �. ����	
��
��� [45]. Thesecandidatesmayhaveaconservedregulationpat-
tern followingcourtshipandmight beassociatedwith theresponseto courtshipin insects.
Our resultsalsoindicatedtheregulationof genesrelatedto neurotransmitters,suchasdopa-
mine.Thedopaminetransporter� ! isoverexpressedin courtedfemalesandthe��
	� gene
involvedin dopaminecatabolismisdownregulatedin courtedfemales,whichiscompatible
with anincreasein dopamineconcentrationfollowingcourtship.Dopamineisnotablyimpli-
catedin thecontrol of motivation,movementandmemoryin thefruit fly �. ����	
��
���
[79], andincreaseddopaminelevelsresultin increasedresponsivenessto courtshipcues[80].
Furthermore,wedetectedthreeneuropeptidesdownregulatedin femalescourtedbyanunre-
latedmale:����������, ��� and��������. Theseneuropeptidesareinvolvedin femalesexual
behaviourin thefruit fly, sincereductionor absenceof �������� makesfemalesextremely
receptive[81], while���-mutant femalesshowanincreasedfrequencyof re-matingcompared
to wild-typefemales[82]. Thesethreeneuropeptidesarecandidatesfor involvementin the
modulationof femalereceptivity.Together,theseresultsdemonstratethat theneurogenomic
responseto courtshipin �. ��	�
��	
 involvesneurotransmittersandneuropeptides.These
genesareprime targetsfor further functionalanalyses.

Althoughcourtshipaccountedfor themajority of thedetectedDEGs,our experimental
designnonethelesshighlightedthemajor influenceof relatednessbetweenpartnerson female
responseto courtship.In total,9.1%of thetranscriptomewasdifferentiallyexpressedwhen
comparingfemalescourtedby relatedmalesto thosecourtedbyunrelatedmales.In addition to
the2,780courtship-respondinggenesthatexhibitedthesameexpressionpatternwhateverthe
relatednessof thecourtingmale(modules7and8),thenetworkanalysishighlighted3modules
of sib-responsivegenes(modules4,5and6;2,824genes)and3modulesof genesregulatedonly
in femalescourtedbyunrelatedmales(modules1,2and3;1,239genes)thatcouldberelatedto
femalereceptivity.Our resultsclearlyshowedthat therelatednessof thecourtingmalehada
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major influenceon thefemaleresponseto courtshipandthatsibmatingavoidancebehaviour
observedin thisspeciesiscorrelatedto complexandmassivechangesin geneexpression.

Concerningthefunctionsassociatedwith genesthatvaryaccordingto therelatednessof
thecourtingmale,theGOtermsReproductiveBehaviourandMaleMating Behaviourare
notable.All genesunderlyingboth termsarehomologousto the����
%*��&
� �
��� &���� ��
�
���	
 (����
%���&�). The����
% geneisuniqueto insectsandsomebacteria,while the��&�
genefamily is restrictedto Hymenopteranspeciesandevolvedfrom recentduplicationsof the
����
% gene[83]. In thehoneybee,the��&� genefamily is involvedin bothgroupsocialbehav-
iour (royal jelly isconstitutedwith 90%of MRJPproteins),andin individual sexualbehaviour,
with sex-andcaste-specificgeneexpressionpatterns[81]. )���
%���&� functionsin parasitic
waspsareunknown,eventhoughthelargestexpansionof thefamilydescribedsofar came
from theNasoniaparasiticwaspgenome,wheregenesareexpressedbroadlyin differenttis-
suesandlife stages[84]. In thisstudy,weidentified6 membersof the����
%���&� family that
wereDEGsfollowingcourtship,of whichonepresenteddifferentialexpressionaccordingto
therelatednessof thecourtingmale.Furtherfunctionalcharacterizationwill berequiredto
testwhetherthe����
%���&� genefamily is involvedin sibmatingavoidanceandfemalerecep-
tivity. Amongtheregulatedgenes,wealsohighlightedtranscriptionfactorssuchas� '( that
coulddrive thetranscriptomicchangesaccompanyingfemalematechoice.Very fewstudies
haveexploredthemolecularpathwaysunderlyingkin recognition.In theamphibian'�	
��

�����
, tadpolesexhibitedplasticityin socialpreferencesaccordingto exposureto kinship
odourants[85]. Sustainedkin odourantsexposureduring developmentdriveschangesin neu-
rotransmitterexpressionfrom GABAto dopamineneurons,whicharestimulatedfrom an
increasein theexpressionof thetranscriptionfactor� '( andaccompaniedbyabehavioural
preferencefor kin odourants[85]. Here,weobservedthat the�. ��	�
��	
 � '( orthologueis
downregulatedin femalescourtedbybrothers.Furtherstudiesto characterize� '( function
in �. ��	�
��	
, particularlyin thecontextof kin recognition,couldtestwhethercommon
molecularpathwayscouldbeelicitedfor kin recognitionin distanttaxasuchasamphibians
andinsects.

Wehadformulatedtwo non-mutuallyexclusivehypotheses.First,theperceptionof court-
shipwasmediatedbyachangein geneexpression,thatwouldresultin similarexpressionpat-
ternsin all femalesregardlessof their relationshipto thecourtingmale.Weidentifiedsuch
patternsfor 2,780genes(modules7and8).Second,changesin femalereceptivitycouldresult
in changesin transcriptomicprofiles.In thiscase,similarexpressionpatternswouldbeexpected
for isolatedfemalesandfemalescourtedby their brothers.Wehaveidentifiedsuchexpression
patternsfor 1,239genes(modules1,2and3).Thusour resultssuggestthatbothcourtshipper-
ceptionandchangesin femalereceptivityinduceadifferentneurogenomicresponse.In addi-
tion to sibmatingavoidance,�. ��	�
��	
 femalesexpresskin recognitionin thecontextof host
choice,sincefemalespreferto laytheir eggsin ahostparasitizedbyothersthanbyarelative
[48]. Neurogenomicanalysisof responsesto thepresenceof arelativein distinctecologicalcon-
textswoulddeterminewhethertherearemolecularbasesassociatedwith kin recognition.

Supporting information
S1Fig.Exclusionof onebiological replicatefrom the analysisdueto outlier status.Multi-
variateanalysisbasedon theexpressionprofilesof the500geneswith thehighestvariance
acrossall samplesshowedthatonebiologicalreplicatecorrespondingto femalescourtedby
relatedmales(2 emptycirclesrepresenting2 technicalreplicates)is far from theotherpoints
(full circles)A) in theplandefinedby thetwo first axesof theprincipalcomponentanalysis
andB) in thesamplehierarchicalclusteringdendrogram.Significantstatisticalsupportof
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outlier statusis indicatedbyanapproximatelyunbiased�-value with onemillion multiscale
bootstrapreplicates.
(TIF)

S2Fig.Boxplot showingexpressionpatternsof the 6 membersof the ���������	
 family
wereregulatedfollowing courting displaysand/or accordingthe relatednessbetweenthe
femaleand the courting male.Boxplotcoloursindicatebiologicalcondition:grey,isolated
females;blue,femalescourtedbyunrelatedmales;orange,femalescourtedbyrelatedmales.
TheY axesshowthenormalizedcountsafterlogtransformationandVSTnormalization,and
theboxplotwhiskersshowtherangeof readsbetweenbiologicalreplicates.� , �-adj (FDR)<
0.01;NS,not significant.
(TIF)

S3Fig.Boxplotsshowingthe expressionpatternsof the top 5 hub genesfor eachof the 11
modulesvariedaccordingto experimentalconditions. TheY axesshowthenormalized
countsafterlogtransformationandVSTnormalization,andtheboxplotwhiskersshowthe
rangeof readsbetweenbiologicalreplicates.
(TIF)

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

S2Table. Control femalesversusfemalescourtedbyboth relatedandunrelatedmales:A) list
of 1,001DEGs;B) 7GOtermsenrichedin control females;C) 36GOtermsenrichedin
courtedfemales.
(XLSX)

S3Table. Femalescourtedby relatedmalesversusfemalescourtedbyunrelatedmales:A) list
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(XLSX)

S4Table.EnrichedGO termsassociatedwith the 11significant modulesof co-expressed
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