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Abstract

This study describes two longitudinal serological surveys of European Bat Lyssavirus type 1

(EBLV-1) antibodies in serotine bat (Eptesicus serotinus) maternity colonies located in the

North-East of France. This species is currently considered as the main EBLV-1 reservoir.

Multievent capture-recapture models were used to determine the factors influencing bat

rabies transmission as this method accounts for imperfect detection and uncertainty in dis-

ease states. Considering the period of study, analyses revealed that survival and recapture

probabilities were not affected by the serological status of individuals, confirming the capac-

ity of bats to be exposed to lyssaviruses without dying. Five bats have been found with

EBLV-1 RNA in the saliva at the start of the study, suggesting they were caught during virus

excretion period. Among these bats, one was interestingly recaptured one year later and

harbored a seropositive status. Along the survey, some others bats have been observed to

both seroconvert (i.e. move from a negative to a positive serological status) and serorevert

(i.e. move from a positive to a negative serological status). Peak of seroprevalence reached

34% and 70% in site A and B respectively. On one of the 2 sites, global decrease of sero-

prevalence was observed all along the study period nuanced by oscillation intervals of

approximately 2±3 years supporting the oscillation infection dynamics hypothesized during

a previous EBLV-1 study in a Myotis myotis colony. Seroprevalence were affected by signifi-

cantly higher seroprevalence in summer than in spring. The maximum time observed

between successive positive serological statuses of a bat demonstrated the potential
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persistence of neutralizing antibodies for at least 4 years. At last, EBLV-1 serological status

transitions have been shown driven by age category with higher seroreversion frequencies

in adults than in juvenile. Juveniles and female adults seemed indeed acting as distinct driv-

ers of the rabies virus dynamics, hypothesis have been addressed but their exact role in the

EBLV-1 transmission still need to be specified.

Author summary

A multi-annualsurveyof two serotinebat(��������� ��	
�����) maternitycoloniesprevi-
ouslyfoundexposedto EuropeanBatLyssavirustype1 (EBLV-1)wasassessedusingcap-
ture-recapturemethodology.Thetwo roostingsitewerelocatedin theNorth-Eastof
France.Animalsweretrapped,banded,andbloodsampleswerecollectedto studytheir
statusregardingEBLV-1exposure.Usingcapture-recapturemodels,theauthorsfound
thatseropositivestatusof batsdid not affectthesurvivalabilitiesof individuals.Seropreva-
lenceof EBLV-1antibodieswithin thestudyshowedanoscillationintervalof approxi-
mately2±3yearsandahigherevidenceof contactwith thevirus in summerthanin
spring.Themaximumdurationobservedbetweensuccessivepositiveserologicalstatuses
in thebatpopulationalsodemonstratedasurvivalfor at least4 yearsaftertheexposition.
Thisstudyconfirmstheability of batsto survivedespitecirculationof lyssaviruseswithin
thecolony.Batscouldindeedprovideavaluablekeyto improvinghumanhealth,cur-
rently facingnumerouszoonoticepidemicissues.

Introduction
Chiropterais thesecondlargestorderof mammalsafterRodentia.Theyhaveaworldwidegeo-
graphicalrange,with theexceptionof Antarcticaandarerepresentedbymorethan1 100dif-
ferentspecies[1], of which36arefound in Europe.Of these36,34arereportedin France,and
all of themarestrictlyprotectedbynational[2, 3] andinternational[4] legislationastheyare
sensitiveto thedestructionof their habitat.With their long lifespanregardlessof their size,
their uniqueflying ability asamammal,andtheir overactiveimmunesystem,theyareconsid-
eredexceptionalmammalsandsuchfundamentalinnateabilitieshaverecentlyattractedthe
interestof thescientificcommunity[5±8].More than200viruseshavebeenassociatedwith
bats[9].Theywererecentlydiscoveredto bepotentiallyat theorigin of theZaireEbolavirus
[10,11],andtheyhavealsobeenlinked to otherillnessesrelatedto coronaviruses(Severe
AcuteRespiratorySyndrome,Middle EasternRespiratorySyndrome),filoviruses(Ebolaand
Marburg),henipaviruses(HendraandNipah),andLyssaviruses[12±14].

Rabiesisasevereandlethaldiseasetransmittedby thesalivaof aninfectedanimalthrough
bite,dogsbeingthemainsourceof humaninfection.Thecurrent lyssavirustaxonomy
includes14lyssavirusspeciesof theRhabdoviridaefamily,orderMononegavirales[15], of
which12specieshavebeenisolatedin bats(reservoirsof theMokolavirus(MOKV) and
Ikomalyssavirus(IKOV) still remainto beidentified[16,17]).Phylogeneticanalysessuggest
thatall theselyssaviruseshavebatorigins[18±20].Thenumberof recordedspecieswill cer-
tainly increasein thefutureassuggestedby thelatestisolationsof GannoruwaBatLyssavirus
in afruit bat(���	
��� 
�����) in SriLanka,anewcandidatein theformalclassificationof lys-
saviruses[21].
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In Europe,batlyssaviruswasdocumentedfor thefirst time in 1954in Hamburg,Germany
[22]. From1977to 2016,1,175batlyssaviruscaseswererecordedfrom theNorth to theSouth
of thecontinent[23]. To date,4 differentlyssavirusspecieshavebeenisolatedin European
bats.Initially, Europeanbatlyssavirusesweregeneticallydescribedinto 2differentgroups
namedEuropeanbatlyssavirustype1 (EBLV-1)andEuropeanbatlyssavirustype2 (EBLV-2)
[24]. Recently,2 newlyssavirusspeciesrepresentedby theBokelohBatLyssavirus(BBLV)
locatedin Germanyandin France[25,26]andtheWestCaucasianBatVirus (WCBV) located
in southernRussia[27] havebeenidentified.A putativeLleidabatviruswasdetectedin Spain
in ����
���	�� ���	����	��� but doesnot yethaveataxonomicstatus[28]. MostEuropeanbat
caseshavebeenrecordedasbelongingto EBLV-1(>95%),which isassociatedwith thesero-
tine bat,��������� ��	
����� [29], andwith �. ����������� in Spain,asiblingspeciesof �. ��	
���
��� [30]. EBLV-1molecularcharacterizationhasseparatedthisspeciesinto 2 sublineages,
EBLV-1aandEBLV-1b[31]. Lineage1ashowsawestern-easternEuropeandistribution from
Russiato centralFrance,whilevariant1bexhibitsasouthern-northernEuropeandistribution
from Spainto Denmark[32]. Exceptfor 5 EBLV-2casesin Pondbats(��
��� �������
�) in
theNetherlands[33], all otherEBLV-2caseswereisolatedfrom Daubenton'sbats(��
��� ����
����
���� within adistribution areaincluding theNetherlands,United Kingdom,Switzerland,
GermanyandFinland[34±36].Amongthisviruses,only EBLV-1andEBLV-2havebeenasso-
ciatedwith humancaseswith two identifiedcasepervirusspecies[37].

In France,batlyssaviruswasidentifiedfor thefirst time in 1989in theLorraineregion
(North-EastFrance)(BrieyandBainville)andabatrabiessurveillanceprogramwasconse-
quentlyinitiated [38]. Epidemiosurveillanceandresearchprogramsto estimatethepublic
healthrisksassociatedwith theinfectionof nativebatsbyLyssaviruswerethenstrengthened
following thereportof theFrenchMinistry of Agriculture[39], leadingto theconsolidationof
thenetworkinvolvingboth localveterinaryservicesandtheFrenchNationalBatConservation
Network(SFEPM).From1989to present,78batlyssaviruscasesÐ75EBLV-1casesin com-
mon serotinebats,1 EBLV-1casein commonpipistrelle�������	����� ������	������ and2 cases
of BBLVin Natterer'sbats���
��� �����	�	���have beendiagnosedin France(E.Picard-
Meyer,underrevision)andtheissueof seasonalityin theprobabilityof detectingcaseshas
beenraisedrecently[40]. To gainabetterunderstandingof virustransmission,activesurveil-
lanceprogramsduring populationmonitoring weresetup in addition to thepassivesurveil-
lanceprogram.Asshownin thesynthesismadebyPicard-Meyerfor the2004±2009period,
thesamplingof suchprogramsinvolvedbloodandsalivasamplesfrom morethan300batson
18sites[41]. In suchcross-sectionalsurveys,thebatsweresampledon varioussitesthroughout
Franceandno datafrom markedindividualswereavailableto allowalongitudinalstudy.This
studyproposesthefirst longitudinalsurveyof EBLV-1in mono-specificserotinecolonies,the
mainbatspeciesfound infectedby this lyssavirus.Multi-statemodels,acategoryof capture-
recaptureanalysis,havebeenusedto attemptexplainingEBLV-1virusexposure.Originally
developedfor estimatingtheabundanceof animalpopulations,capture-recapturemethods
haverecentlyattractedattentionin thefield of veterinaryepidemiology[42,43].Whenappro-
priatedataareavailable,capture-recapturemodelscanalsobeuseddirectlyto estimatedis-
ease-associatedmortality andepidemiologicalparameters,suchasinfectionandrecoveryrates
[44]. In thisstudy,astheserologicalstatusof individualscouldchange,datawereanalyzed
usingamultistatecapture-recaptureapproach[45]. Multistatemodelsindeedallowindividu-
alsin apopulationto bedistributedacrossmultiple sitesor amongdifferentdiseasestates[46,
47].More precisely,weusedmultieventcapture-recapturemodels[48], anextensionof multi-
statemodels,to determinethefactorsinfluencingbatrabiestransmissionwhileaccountingfor
imperfectdetectionanduncertaintyin diseasestates.Survival,capture,transitionandjudg-
mentprobabilitieswereassessedbyhypothesizing,basedon lyssavirusesliterature,thatEBLV-
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1exposurein batmaternitycolonywasdrivendifferentlyaccordingto theageof individuals
andtheperiodof time.To our knowledge,this is thefirst attemptof describingEBLV-1circu-
lation in its reservoir,overtime,andbysuchapproachandmethodology.

Materials and methods

Study sites
Twomaternityroostsitesof serotinebatcolonieslocatedin theEastof France(Fig1) were
monitored.Thesiteswerelocatedin UniversalTransverseMercator(UTM) 32Uzonein vil-
lagesborderedbyMoselleRiverandsurroundedbyhardwoodforest,croplandandgrassland.
Theclimateissemi-continentalandthelandscaperelativelyflat with altituderangingfrom
167to 374meters.SiteA wastheroof of ahousein Ancy-sur-Mosellein theMoselledepart-
ment,whilesiteBÐ8.5km from siteAÐwas thegardenshedof ahousein Pagny-sur-Moselle
in theMeurthe-et-Moselledepartment.Bothsiteswerechosenfollowing thedetectionof bat
cadaversin 2009and2012for siteA and2011for siteB (E.Picard-Meyer,underrevision).On
siteA, 6 deadanimalsin 2009andonedeadanimalin 2012testedpositivefor lyssaviruswith
referencetechniques[49±51].On siteB,2deadindividualstestedpositivein 2011.Theinfec-
tion wasshownto becausedby theEBLV-1bvariant,whichisendemicin theregion.They
werethefirst detectionof EBLV-1infectionsin thesemunicipalities.

Field data collection
Capture-recapturesessionswerecompletedin summer(JulyandAugust)andspring(May)
between2009and2015(during 7years)for siteA, andbetween2011and2015(during 5

Fig 1. Geographic location of roost sites A (Ancy-sur-Moselle) and B (Pagny-sur-Moselle).

https://doi.org/10.1371/journal.pntd.0006048.g001
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years)for siteB.Capturesessionswereorganizedby theFrenchAgencyfor Food,Environ-
mentalandOccupationalHealth& Safety(ANSES)andtheCommissionfor theProtectionof
Water,Heritage,Environment,SubsoilandChiroptera(CPEPESC)of LorraineRegion,the
naturalistassociationin chargeof thestudyandprotectionof batsin theregion.Residentspro-
videdfull informedconsentto havetheir residencesusedin thestudy.Thetrappingsession
datesweresetup to avoiddisturbingthebatsduring theparturition period.

Captureswereheldatnightfall,whenserotinebatsareknownto leavetheir roostto forage.
Harp trapswereusedbecausetheyarethemostsuitabledevicewhenalargenumberof ani-
malscanbeexpected[52]. Moreover,thesetrapsareconsideredthemosteffectivefor captur-
ing batswithout harmingthem[53]. Trapswereplacedat theexitsof theroof from wherethe
batsusuallyemerged.To avoidinjury, theywerehandledcarefullyandfirmly by trainedpeo-
plewearingglovesandadequatelyvaccinatedagainstrabies.Assoonasthebatswereremoved
from thetraps,theywereplacedtemporarilyin cottonbagsandthenheldin thepalmof the
handwith fingerscurledaroundthebody[54]. Thesexandageclasswererecordedfor each
animalandbiologicalsamplescollected.

Dry syntheticfiber swabs(classiqSwabs,COPAN,France)weresoakedwith salivato assess
EBLV-1virusexcretionaswellasviral RNA detection.Bloodwascollectedfrom theantebra-
chialveinalongthepropatagium,andmorerecentlyon theuropatagium,amethodfound
moreeffective,to evaluatetheserologicalstatusof eachindividual with respectto EBLV-1
exposure.Bloodwascollectedusingfilter paperasdescribedbyWasniewskietal.[55] andsub-
sequentlystoredat -16ÊCtill theanalysis.Swabswerestoredin 0.3mL of DMEM culture
medium(Dulbecco'sminimum essentialmedium,Invitrogen,France)at -80ÊCfor further
testingin thelaboratory.Lippedbatbands(split metalbatrings,PORZANAZTD,EastSussex,
United Kingdom)positionedon theforearmwereusedto mark theanimals[56]. Eachbat
capturedwasassignedasinglerecordnumber,allowingfor follow-upoverthesuccessivecap-
turesessions.After sampling,all thebatswereimmediatelyreleasedat thesiteof night-time
capture.Noneof thebatsappearedsickor wereeuthanizedduring thestudyperiod.

Ethics statement
All theanimalswerehandledin strict accordancewith goodanimalpracticesandaccordingto
theEUROBATguideline[57]. Fieldwork andanimalsamplingwereperformedin accordance
with Frenchlegislation.Becausebatsareprotectedspeciesin France,prior formalauthoriza-
tion by theFrenchMinistry of theEnvironmentwasgrantedfor their trapping,handling,and
sampling[58] andcolonymonitoring wasundertakenfollowing localauthorizationby the
Prefectof theLorraineRegion[59]. In Franceandwithin theEuropeanUnion, thelegalframe-
work for usingunderexperimentationpurposesisgovernedbyRegulation2010/63/EUof the
Europeanparliamentandof thecouncilof 22September2010(applicableandtranslatedin
Frenchin 2013)andhandlingof wildlife animalin thefield doesnot requireanyprior specific
ethicalapproval.

Laboratory testing
Salivaanalysis. Onesalivasamplewascollectedpertrappedindividual in orderto assess

if animalswereexcretingEBLV-1.Oral swabs(n = 320for siteA and469for siteB) wereana-
lyzedbyRTCIT (RabiesTissueCultureInfectionTest)on murineneuroblastomacells
(ATCC-CCL31)to detectanyinfectiouslyssavirus[49,60]andbyRT-PCRto identify viral
EBLV-1RNA.Viral RNA wasextractedfrom 200�l of salivasampleusingtheIprepPure
LineRVirus kit (Invitrogen,France)accordingto themanufacturer'sinstructions.Thecon-
ventionalhnRT-PCRtechniquepreviouslydescribedbyPicard-Meyeretal.[61] wasused
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between2009and2011for siteA andin 2011for siteB.Thistechniqueincludeduniversal
primers(JW12-JW6)in thefirst round andspecificprimersof thelyssavirusspeciesEBLV-1
(JW12-JEBL1)in thesecondround [61]. TheconventionalRT-PCRwith specificrabiesprim-
ersenabledanend-pointof 10�5.93 MouseIntracranialMedianLethalDoses(MICLD)50,
while theend-pointdetectionfor MIT andRTCIT were,respectively,10�0.42, and10�0.2

MICLD50 [61]. OnestepReal-timeSYBRGreenRT-PCRdescribedbyPicard-Meyeretal.
[62] wasusedfor bothsitesbetween2012and2015usingPan-Lyssavirusprimers(JW12-
N165-146).This techniqueallowsthedetectionof thenucleoproteingeneof all known lyssa-
virusesandhasbeenshownrabiesspecific[63] andsensitivewith alimit of detection(LOD
95%)of 20copies/�L of RNA [62]. Usualprecautionsfor bothconventionalandreal-time
PCRwerestrictly followedin thelaboratoryto avoidfalse-positiveresults.Negativeandposi-
tivecontrolswerealsousedin eachrun to assessthereliability of PCR.

Blood sampleanalysis. Bloodsampleswerecollectedto evaluateif animalshadbeen
exposedto EBLV-1.A modifiedFluorescentAntibody Virus Neutralisationtest(mFAVNt)
[64] wasperformedwith anEBLV-1bvirusstrain(ANSES,NÊ121411,France,2000)in order
to detectEBLV-1b-specificneutralizingantibodiesin bloodsamples(n = 309bloodsamples
for siteA and389for siteB) [41]. Briefly,samplesweretestedin athreefolddilution on Baby
HamsterKidney(BHK)-21cells(ATCC-CCL10)with astartingdilution of 1/27.Controls
includeduninfectedBHK-21cells,OIE positivedogserum[65], negativedogserum(ANSES
collection)andback-titrationof thespecificEBLV-1virus.Levelsof virus-neutralizinganti-
bodieswereexpressedin logD50.Thethresholdof antibodydetectionwascalculatedusing
theSpearman-Karberformulaandsetat1.67logD50[41]. Asthepurposeof thestudywasto
reliablyidentify positiveindividuals,thecut-off valueof 1.67(in logD50)hasbeenchosento
reachspecificityequalto 100%.Indeedthepositivesamples(havingatitre equalto or above
thiscut-off value)detectedby themodifiedFAVNt are100%concordantwith resultsobtained
with theFAVNt [66].

Statistical analysis
During eachcapturesession,thecapturedanimalswererecordedandclassifiedinto different
serologicalstatesconcerningEBLV-1neutralizingantibodies,ªSº (ªNEGº/ ªPOSº/ªINCº).
TheªNEGº stateincludedEBLV-1seronegativeindividuals,i.e.batsthathadneverbeenin
contactwith thevirus,andconsequentlysusceptibleto future infectionor previouslyexposed
but with anon-detectablelevelof EBLV-1antibodies.TheªPOSºstateincludedEBLV-1sero-
positiveanimals.Seropositiveanimalsweredefinedasanimalsthathadbeenin contactwith
thevirusandseroconverted.Thisstateincludedbothbatsthatwerepotentiallyprotected
againstinfectionbyantibodies,andsickbats.Becausetheserologicaltestwasoccasionally
inconclusive(analysisnot feasible),or no bloodwassampled,anªINCº statewasincluded.To
addressthisparticularissueandto allowtheuseof suchadataset,anextensionof themulti-
statecapture-recaptureframeworkwasused.Thisextensionisknownasthemultieventmodel
[47,67].Whenanindividual isobservedin thefield, its statuscanstill remainunknownor
uncertain,e.g.sexstatus[68], reproductivestatus[69] but alsoepidemiologicalstatus[42,47]
andsuchamodelaccountsfor uncertaintiesin theassessmentof astate.

Thedifferentprobabilitiesassessedduring thestudywereasfollows:

· Survivalprobability(�): theprobabilitythatanindividual (with ªPOSºor ªNEGº status)
remainsaliveoveragivenperiodof time.

· Recaptureprobability(p): theprobabilitythataliving individual (with ªPOSºor ªNEGº sta-
tus)isencounteredduring acapturesession.
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· Transitionprobability(�): theprobabilitythat,overagivenperiodof time,anindividual
ªmovesºfrom oneserologicalstateto another,i.e.from seronegativeto seropositivestatus
(ªNEGº to ªPOSº)or from seropositiveto seronegativestatus(ªPOSºto ªNEGº),or remains
in its currentstate.

· Judgmentprobability(��): theprobabilitythatanªINCº statusindividual hadaseropositive
(ªPOSº)or seronegative(ªNEGº) status.

Themodelswerefitted usingtheE-SURGEprogram[70]. Bothsiteswerematernitycolo-
niesmainlycomposedof femaleswith roostsitefidelity andjuvenilemalesleavingthecolony
at theendof their first summer[71], maleswereconsequentlydiscardedfrom thedatasetto
avoidbiasin thesurvivalanalysis.Multiple capturesessionswereconductedoccasionally
within thesameseason(between2 and5),andthedetection/non-detectiondataweremerged
into asinglecapturesessionperyearandseason.Survival,recapture,transitionandjudgment
probabilitieswereall computedbyconsideringtheserologicalstatusªSº(POS/NEG/INC)as
explanatoryvariable.Ageclassªaº (juvenile/adult)wasalsoconsideredasapotentialexplana-
tory variablefor survivalprobabilitiesasjuvenilescouldharborhighermortality rateasdem-
onstratedin serotinebatbiologystudy[72]. Regardingserologicaltransitionprobabilities,a
previousEBLV-1studysuggestedseasonalfluctuationin ��
��� 
�
��� colonies[73], wecon-
sequentlyhypothesizedthatserotinecolonycouldbydriveenbyacomparabledynamicand
includedtheseasonªsº (spring/summer)asexplanatoryvariable.Thisstudybeingtheonly
knownEBVL-1longitudinalstudieson serotinemonospecificcolonies,wealsoassumedbased
on classicalbatrabiesvirus(RABV)studiesthat transmissionratecouldvaryaccordingthe
age[74] andincludedageclassªaº (juvenile/adult)in candidatesmodels.Theyearªyº and/or
seasonªsº (spring/summer)effectsandtheir interactionwereconsideredwith regardto recap-
tureprobabilitiesasweathervariationsaresuspectedto impacttrappingefficiency.Possible
interactionswith theserologicalstatuswerealsoassessedto determinewhethertherewereany
specificinfectionpatterns.All modelcombinationsto estimatesurvival,transition,capture
andjudgmentprobabilitiesfit accordingly.

Akaike'sInformation Criterion with acorrectionfor smallsamplesizes(AICc) wasusedto
assesstherelativemodelfit. Themodelwith thelowestAICc wasselectedasthemodelthat fit-
tedthedatabest[75]. Whenthe�ïAICc waslowerthan2 (�ïi = differencebetweenAICc and
thelowestAICc value),themostparsimoniousmodelwasselected(i.e.theonewith thefewest
variables).

To computeantibodyprevalenceandits standarderror,weusedthetraditionalabundance
estimateandcorrectedthenumberof animalsthat testedpositiveor negativein eachsession
by thecorrespondingrecaptureprobability[46]. To accountfor ªINCº observations,batswere
assignedaªPOSºor ªNEGºstatususingtheViterbi algorithm[76]. Foreachsite,alogistic
regressionwasusedto assesstheeffectof seasonandyearon theestimatedprevalence.The
numberof positiveandnegativescaseswasusedastheresponsevariable,andtheAICc was
usedto comparemodelseitherincorporatingor excludingtime variables.

Results

Sampling, serological history and transitions
On siteA, 15capturesessionswereundertakenbetween2009and2015,correspondingto a
totalof 320batcaptures(including singlecapturesandrecaptures).Thedistribution of the
numberof capturesandrecapturesperyearandseasonispresentedin Table1.Amongthe
214markedanimals,81individuals(38%)wererecapturedonce,19individuals(9%)were
recapturedtwice,5 individuals(2%)wererecaptured3 timesand1 individual wascaptured5
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timeswithin thestudyperiod.Within thestudied201individualswerefemales(94%)and13
weremales(6%).All malesbut 2 wereidentifiedasjuveniles.Bothadultshadasinglecapture
history.

Bycomparison,on siteB,where12capturesessionswereundertakenbetween2009and
2015,therewasatotalof 473batcaptures,singlecapturesandrecapturescombined.Thedis-
tribution of thenumberof capturesandrecapturesperyearandseasonisalsopresentedin
Tables1 and2.Amongthe221markedanimals,125individuals(57%)wererecapturedonce,
60individuals(27%)wererecapturedtwice,36individuals(16%)wererecaptured3 times,21
individuals(10%)wererecaptured4 times,7 individuals(3%)wererecaptured5 timesand1
individual werecaptured7 times,8 timesand9 timeswithin thestudyperiod.156captured
batswerefemales(71%)while65weremales(30%).It shouldbenotedthatno otherbatspe-
cieshavebeenidentifiedwithin thestudyperiod,exceptedonetime wherea����
���	��
���	����	��� individual wastrapped.

Manydifferentserologicalstatushistorieswereobservedduring thestudy(S1Table).Thus,
someanimalsevolvedfrom anegativeto positivestatus,somedid thereverse,andoccasionally
somechangedseveraltimes(SeeSupplementarymaterialdescribingthefrequenciesof the

Table 1. Raw data summar y: Total number of captures and recaptures in site A.

Site A Number of 1st captures
(marked animals)

Number of recaptures

Time period Total juvenile
males

juvenile
females

adult
females

Total juvenile
males

juvenile
females

adult
females

Summer 09 79 6 6 67 27 3 0 24

Spring 10 10 0 0 10 2 0 0 2

Summer 10 32 3 11 18 15 0 0 15

Spring 11 18 0 0 18 14 0 0 14

Summer 11 6 0 2 4 3 0 0 3

Spring 12 19 0 0 19 10 0 0 10

Summer 12 18 1 1 16 15 0 0 15

Spring 13 6 0 0 6 3 0 0 3

Summer 13 14 2 9 3 5 0 0 5

Spring 15 12 1 0 11 12 0 0 12

Total 214 13 29 172 106 3 0 103

https://doi.org/10.1371/journal.pntd.0006048.t001

Table 2. Raw data summar y: Total number of captures and recaptures in site B.

Site B Number of 1st captures
(marked animals)

Number of recaptures

Time period Total juvenile
males

juvenile
females

adult
females

Total juvenile
males

juvenile
females

adult
females

Summer 11 44 7 12 25 14 1 6 7

Spring 12 22 0 0 22 7 0 0 7

Summer 12 65 22 16 27 54 2 3 49

Spring 13 4 0 0 4 6 0 0 6

Summer 13 26 9 14 3 20 0 0 20

Spring 14 10 0 0 10 37 0 0 37

Summer 14 46 27 14 5 67 10 7 50

Spring 15 4 0 0 4 47 5 0 42

Total 221 65 56 100 252 18 16 218

https://doi.org/10.1371/journal.pntd.0006048.t002
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differentcapturehistories,inconclusiveresultswereignoredfor abetterclarity).Thisprocess
revealedthat it wasmorefrequentfor aseropositivestatusto becomeseronegativethanthe
opposite(Table3). Indeed,5 and9 animalsseroconverted(from NEGto POS)while10and21
animalsseroreverted(from POSto NEG)on sitesA andBrespectively.

Whenanalyzingoralswabs,all thetestedanimalswerefoundnegativefor RNA detection
in thesaliva,apartfrom 5 individualsall capturedin July2009on siteA. Viral RNA was
detectedduring afirst capturefor 4 animalsandduring asecondcapturefor oneanimal.
Amongtheanimalscapturedfor thefirst time,3 animals(2 femalesÐoneadult,andonejuve-
nileÐand onejuvenilemale)wereonly capturedonce.Amongthetwo recapturedbats,one
adult femalewassampledagainduring thenextcapturesessionbut wassurprisinglyfound to
beseronegative,with no RNA detection.Thehistoryof thesecondrecapturedbat,found
RNA-positivein thesecondcaptureof thesameyear,wasnotable.Theadult femalebatwas
indeednegativefor bothRNA andserologyin July2009then,3 dayslater,positivefor RNA
but inconclusiveasto its serologicalstatus(thebloodsamplecouldnot beassessed)andnega-
tive for virusexcretionyetseropositivefor EBLV-1antibodydetectionin August2010,mean-
ing oneyearlatersalivahasbeendetectedRNA-positive.All thevirus isolationtestsfailedto
detectalivevirusexceptfor oneseropositivejuvenilefemalecapturedonly oncein July2009
on siteA, justafterthepositivetestingof deadbats.All thesamplesfrom siteBwerenegative
for thepresenceof aninfectiousvirus.Individual movementsbetweenthe2 colonies,8kilo-
metersaway,werepossiblebut difficult to quantifyasonly onefemalemarkedon siteB in July
2012wasfoundon siteA in August2013.

Survival, transition, capture and judgement probabilities
Thebestmodelsfor bothsitesA andB includedeffectsfor theyearandseasonon recapture
probabilities(Tables4 and5).No specificpatternwasdetectedfor survivalprobabilityon
eithersite,neitheragecategorynor serologicalstatusaffectingsurvival.Wefoundaneffectof
theinteractionof serologicalstatusandageon thetransitionprobabilityfor siteB,while the
judgmentprobabilitydependedon theserologicalstatusfor siteA only.

On siteA, thebest-rankedmodelindicatedthat thesurvivalprobabilityof femalebatswas
0.86[0.76±0.93].Thetransitionprobabilityfrom seropositiveto seronegativewas0.99[0.02±
0.99](aboundaryestimatethatwasdifficult to interpret)and0.21[0.09±0.40]from seronega-
tive to seropositive.Theprobabilityof judgingapositiveresultaspositivewas1 while the
probabilityof judginganegativeresultasnegativewas0.81[0.75±0.86].

Table 3. Serological transitions observed in multiple capture/ recapture sessions of bats (inconclusiv e statuse s are excluded and consecuti ve
identical statuses were merged to improve clarity).

n individuals
on site A

n individuals
on site B

Serolog ical transitions observed

123� 108 NEG

50�� 56 POS

5 9 NEG POS

10 21 POS NEG

1 6 NEG POS NEG

1 1 POS NEG POS

0 1 NEG POS NEG POS

0 1 POS NEG POS NEG

� one individual detected with EBLV-1rabies RNA in the saliva (potentially excreting the virus)

�� one individual detected with EBLV-1RNA in the saliva; and one individual excreting the virus (both PCR and RTCIT were found positive).

https://doi.org/10.1371/journal.pntd.0006048.t003
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On siteB,thebest-rankedmodelindicatedthat thesurvivalprobabilityof femalebatswas
0.78[0.73±0.83].Thetransitionprobabilityfrom seropositiveto seronegativewas0.89[0.53±
0.98]and0.25[0.06±0.61]from seronegativeto seropositivefor adult femalebatsand0.15
[0.07±0.27]and0.05[0.02±0.12]for juvenilesfemalebatsrespectively.

Evolution of corrected seroprevalence
Theevolutionof correctedbatEBLV-1seroprevalenceon bothsitesA andBarepresentedin
Fig2.On siteA, seroprevalencevariedfrom 34%in summer2010[28.0±41.0]andsummer
2012[27.5±41.9]to 0%in spring2013[0±1.5]andspring2015[0±6.1].Thetrendappearedto
indicateaconstantdecreasein seroprevalenceovertime during thestudy,with anapproxi-
mate2±3yearoscillationinterval(2011±2013).Thelogisticregressiondetectedasignificantly

Table 4. Top ten ranked models along with a null model describin g factors affecting survival (�), recapture (p), transition (�%),and judgment (�/)
probabilit ies on site A. The best-ranked model is in bold.

Model n Parameter Devianc e AICc �ûAICc

�(i), �%(S),p(s.y), �/(S) 15 960.26 992.25 0

�(a), �%(S),p(s.y), �/(S) 16 958.47 992.74 0.49

�(S), �%(S),p(s.y), �/(S) 16 960.10 994.37 2.12

�(i), �%(S),p(s.y), �/(i) 14 964.64 994.38 2.13

�(a), �%(S),p(s.y), �/(i) 15 962.86 994.85 2.60

�(i), �%(a.S),p(s.y), �/(S) 17 960.02 996.58 4.33

�(i), �%(s.S),p(s.y), �/(S) 17 960.03 996.59 4.34

�(S), �%(S),p(s.y), �/(i) 15 964.64 996.64 4.38

�(a), �%(a.S),p(s.y), �/(S) 18 958.23 997.11 4.86

�(a), �%(s.S),p(s.y), �/(S) 18 958.24 997.11 4.80

null model:
�(i), �%(i),p(i), �/(i)

5 1022.65 1032.88 40.63

Note: AICc: Akaike's information criterion corrected for a small sample size; �ûAICc:differences in AICc.

I = intercept; S: health status (POS, NEG, INC); s: season (spring/summer); y: year; a: age (juvenile/adult).

https://doi.org/10.1371/journal.pntd.0006048.t004

Table 5. Top ten ranked models along with a null model describin g factors affecting survival (�), recapture (p), transition (�3),and judgment (�/)
probabilit ies on site B. The best-ranked model is in bold.

Model n Paramete r Deviance AICc �ûAICc

�(i), �%(a.S),p(s.y), �/(i) 14 1237.23 1265.23 0

�(S), �%(a.S),p(s.y), �/(i) 15 1235.58 1265.58 0.55

�(a), �%(a.S),p(s.y), �/(i) 15 1236.83 1266.83 1.80

�(i), �%(a.S),p(s.y), �/(S) 15 1237.12 1267.12 2.08

�(S), �%(a.S),p(s.y), �/(S) 16 1235.53 1267.53 2.71

�(i), �%(s.S),p(s.y), �/(i) 14 1239.81 1267.81 2.58

�(a.S), �%(a.S),p(s.y), �/(i) 17 1234.47 1268.47 3.87

�(a), �%(s.S),p(s.y), �/(S) 16 1236.72 1268.72 3.89

�(a.S), �%(a.S),p(s.y), �/(S) 18 1234.43 1270.43 6.07

�(S), �%(S),p(s.y), �/(i) 13 1256.15 1282.15 16.74

null model:
�(i), �%(i),p(i), �/(i)

5 1356.19 1366.38 99.81

Note: AICc: Akaike's information criterion corrected for a small sample size; AICc: differences in AICc.

I = intercept; S: health status (POS, NEG, INC); s: season (spring/summer); y: year; a: age (juvenile/adult).

https://doi.org/10.1371/journal.pntd.0006048.t005
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lowerfrequencyof seropositivecasesfrom 2011to 2013thanin 2010(OR2011= 0.26[0.19±
0.37];OR2012= 0.65[0.47±0.90];OR2013= 0.40[0.29±0.55])andalowerfrequencyof seroposi-
tivecasesin springthanin summer(ORspring= 0.46[0.35±0.60]).

On siteB,seroprevalencepeakedat70%[59.9±78.9]in spring2013thenprogressively
decreasedto reach21.6%[11.5±34.9]in May2015.Thelogisticregressiondid not detectany
significantdifferencesbetweenseasons,but thefrequencyof seropositivecasesin 2013was
higherthanin 2012(OR2013= 2.40[1.61±3.60]).

Discussion
MostEuropeanbatrabiescaseshavebeendetectedin serotinebats,currentlyconsideredto bethe
mainEBLV-1reservoir[40].Despiteits evidentrole in thetransmissionof EBLV-1,themodality
anddynamicsof transmissionin serotinebatsarestill poorlyunderstood.Thiswork focuseson a
uniquelongtermcapture-recapturestudyof two serotinebatmaternitycoloniesexposedto
EBLV-1.Batsinfectedwith EBLV-1wereindeeddetectedin 2009and2012on siteA andin 2011
on siteB.It shouldbenotedthatasmarkingabatisstrictly forbiddenin Europeandin France
requiresaspecialauthorizationdeliveredbytheMinistry of theEnvironment,suchfield studies
aredifficult to implementandlimited in number,makingthemasourceof preciousdata.

Survival and recapture probabilities for seropositive and seronegative
animals
Theanalysisof thetwo roostsitecoloniesusingmultieventmodelswithin thestudyperiod
did not evidenceanyimpactof theserologicalstatuson individuals'survivalor recapture

Fig 2. Evolution of corrected seroprevalence on sites A and B.

https://doi.org/10.1371/journal.pntd.0006048.g002
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probabilities.Thissupportspreviousobservationsthatbatscouldharborexposureeventswith-
out anyimpacton their mortality rate.Theseresultsareindeedcomparableto thesurvival
analysiscomputedfor bigbrownbats(��������� ������) affectedbyRABVin theUnited States
[77] andfor a��
��� 
�
��� colonyaffectedbyEBLV-1in Spain[73].

Thedetectionratesof batswerealsodemonstratedto beuncorrelatedto theserologicalsta-
tus,indicatingthatseropositivitydoesnot induceapotentialbehavioralchangein batsthat
couldimpacttherecaptureprobability.This finding supportsthehypothesisthat,in our study,
observedseroprevalenceof acapturesessioncanberegardedasanunbiasedestimationof the
percentageof animalswohavebeenexposedto EBLV-1in thecolony.Recaptureprobabilities
on bothsiteswereshownto beaffectedbyseasonalandannualvariations.This temporal
dependencycouldbedueto changesin climateandweatherconditionsoverseasonsand
years,known to affecttheemergenceof batsandconsequentlytheeffectivenessof captures
usingaharptrap [78].

Serological transition scenarios and virus excretion
EBLV-1virus-neutralizingantibodieshavebeenfound in variousbatfield studies,principally
throughsinglecaptures[41,79,80]or in successivecapturesof mono-specificcolonieslike
��
��� 
�
��� [73], ��������� ����������� [81] andalsoin longitudinalstudiesof multi-species
colonies[82±84].In thesepreviousstudies,seroprevalencevariedgreatlyaccordingto thesite
location,speciesandtime (month andyear).Thisstudy,to our knowledge,is thefirst extensive
longitudinalanalysisof 2mono-speciesserotinecolonies,aspeciescurrentlyconsideredasthe
mainEBLV-1reservoir.

Our studydemonstratedthat individual serologicaltransitionscenariosarehighlyvariable.
Wefoundseroconversions(from seronegativeto seropositive),seroreversions(from seroposi-
tive to seronegative)in addition to occasionalmultiple seroreversionsandseroconversionsin
succession(about10/393individuals).It shouldbenotedthatsuchmultiple reversionscould
bequestionableastheymayalsoreflectlimitationsof theserologicaltests[85] performedfur-
thermoreon smallamountsof blood.Globally,on bothsites,seroreversionsweremorefre-
quentthanseroconversions,suggestingthat the2 studiescouldhaveoccurredat theendof the
rabiesepizooticwave.Thishypothesiscouldbesupportedby thefactthatprior to thefirst
establishedEBLV-1casein July2009,approximately30to 40individualswerefounddeadby
thehouseowner,but theanimalswereunfortunatelynot collectedandanalyzed.Previouslon-
gitudinalstudiesin Spainhaveshowntheseropositivestatusof ��
��� ��
��� over3 years
[84]. Themaximumlengthof time observedbetweenpositiveserologicalstatusesin our own
studywas4 years(2 individualson siteA), suggestingthepossiblepersistenceof seropositivity
overseveralyears.In thisstudy,cut-off levelusedto discriminatepositivefrom negativeani-
malswasdeterminedto minimize therisk of falsepositiveresults.Thiscautionwastakento
providereliableidentificationof positiveindividualsandto avoidfalseconclusionin thestatis-
ticalanalysis,but couldhaveresultedin anunderestimationof seroprevalenceandin low sta-
tisticalpower.

Lyssavirusesareexcretedonly atcertainperiods,andthechanceof finding thevirusor
RNA in batsalivaduring activesurveillancefield studiesis relativelypoor [41,79].Interest-
ingly,andfor thefirst time in EBLV-1longitudinalstudy,5 individualsfrom siteA werefound
with viral RNA in salivain July2009(four weresampledin thesamecapturesession,in the
beginningof Julyand1 wassampledthreedayslater),during thesameperiodin whichbat
mortality wasobserved.Of the5 positivesamples,onewasdemonstratedaseffectivelyinfec-
tious,showingthatRNA in themouth cavitycanbeconcomitantto virusexcretion.Oneini-
tially seronegativeanimalwascapturedseveraltimesin succession.SalivawasfoundRNA
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positive3dayslaterand,whencapturedagain1 yearlater,theanimalwasagainfoundsero-
positive,supportingthehypothesisthatseropositivitypersistsfor alongtime afterinfectionor
thatalternatesubclinicalinfectionoccurred.Therisk of cross-contaminationregardingthe
four RNA positivesamplescollectedduring thesamecapturesessioncan'tbecompletelyruled
out with certaintyalthoughusualprecautionsto avoidfalse-positivePCRresultswerestrictly
followedduring bathandlingandin thelaboratory.However,theraw-dataof thiscapture
shownthat theRT-PCRpositiveswabswerecollectedandanalyzedintercalatedwith RT-PCR
negativeswabs,suggestingthat laboratorycross-contaminationisunlikely.

Temporal variation of seroprevalences
Thefirst attemptto definethetemporaldynamicinfectionof serotinebatcolonieswasunder-
takenthroughaone-yearstudy[86]. In this latterstudy,seroprevalencedeclinedfrom 74%to
below10%within afewmonths(from springto fall). In contrast,Sera-Coboatal.(2013)
foundasignificantlyhigherantibodyprevalencein summerwhenmaternitycoloniesarepres-
ent in mostlocalities.Thispatternwasmagnifiedby thepresenceof multi-speciescolonies
comparedto mono-specificcolonies,with socialcontactsbetweenbats.Colonyformation,
conferringthermodynamicandsocialadvantagesto reproductivefemalesduring pregnancy
andlactation,couldindeedincreasetherateof rabiesexposuredueto hypotheticallyhigher
probabilitiesof inter-individual andinter-speciesinteractions.In our study,siteA data
revealedhigherprevalencein summerthanin spring,supportingtheconclusionthatnumer-
ousinter-individual interactionsof thecolonyduring thepost-partumseason(carefor the
juveniles)couldincreasetheprobabilityof exposure.

On siteA, correctedseroprevalencedecreasedovertime with significantlyhigherseroposi-
tive frequenciesin 2010(34%of seropositivebats)thanin 2011±2013,whileon siteB,apeak
of infectionwasobservedin 2013(70%of seropositivebats),midwaythroughthe5-year-
study.Our dataon serotinecoloniesthusappearto confirm thecyclictemporalhypothesisof
batinfectionsalreadyproposedfor ��
��� ��
���, with anestimated2±3yearcyclefor siteA
at thetime of thestudy[73]. Themodelsuggeststhataftertheinitial introduction of EBLV-1
into thesusceptiblebatcolony,theseroprevalenceof thecolonyincreasesthen,dependingon
theperiod,tendsto oscillate,its amplitudedecreasingyearafteryear.

Ecologicalstudiesperformedin theborderingof LuxembourgandGermany,ahundred
kilometersfar from thestudyarea,haveshownthat femaleswereforming maternitycolonies
at themiddleof April andhadaphilopatricbehavior,meaningthateachyearthebreedingcol-
ony investsthesamematernitysite[72]: Thiseightyearsstudyalsoshownthatmedianperiod
of birth washappeningin themiddleof June.Theyoungbatsusuallymaketheir first flightsat
aroundthreeweeksold,andatsixweekstheycanforagefor themselves.Breedingcolonies
usuallydispersebyearlySeptember,althoughafewbatsmayusethecolonysiteasaroost
until earlyOctober[72]. Reproductionseemsto takeplacein theautumn,but verylittle is
knownaboutthematingbehavior.Hibernationof serotinebatsoccursbetweenOctoberand
endof March.However,veryfewinformation is indeedknownaboutthisperiod.Basedon
RABVrabiesmodeltransmissionin theUnited States,thepotentialimpactof hibernationon
thevirus'scapacityto remainin animalspopulationshasbeenraised[74]. Thehypothesisis
thathibernationcouldallowinfectedindividualsandtheir pathogensto survive,infectedvirus
particlesbeingpotentiallyhostedandpreservedin brown fat [87]. Therelationshipbetween
theincubationperiod,hibernationseasonandannualbirth pulsecouldindeedgeneratecom-
plexdynamicsthatshouldattractmoreattentionin batrabiesstudies.With alongincubation
period,infectedbatscouldsurvivelongenoughto enterhibernationandberesponsiblefor
infectiouscontactsin themain transmissionseasonthat follows,maintainingareservoiruntil
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thebirth pulseprovidesanewsupplyof immunologicallyna�vebats.Furthermodelpredic-
tionsfitted thisassumptionandshowedthatadult femalebatswereinfectiousearlierin the
year,whereasinfectiousjuvenilesappearedlaterin thesummer[74].

Characterization of transmission by age
In apreviousstudy,femaleserotinebatswereshownto bemoreexposedto EBLV-1than
males,probablydueto their gregarioussocialbehavior,malesbeingmoresolitary[88]. Similar
findingswerealsohighlightedin theframeworkof RABVtransmissionin Brazilianfree-tailed
bats[89] bigbrownbats[77] andin vampirebats[90]. In our study,occurringin breedingcol-
onies,only femaleswereassessedandwehaveshownevidencefrom siteB thatseroreversions
weresignificantlymorefrequentthanseroconversions.Theseroreversionfrequenciesof adult
femaleswerehigherthanthoseof othertransitionstatesin juvenilefemales.Hence,adult
femaleserotinebatsappearto beagoodindicatorof EBLV-1epizooticdynamics.Thisraises
thequestionof whetheradult femalebatsaremoreexposedto thevirusdueto themating
periodin Septemberandwhethertheycouldplayamajor role in virusmaintenance,actingas
apotentialsourceof virustransmission.Becausethereproductivestatusof adult femalescould
potentiallydrive inter-individual exposureandtransmissiondifferently,it wouldbevaluable
to considerthereproductivestatusas`pregnant',̀ lactating'and`nonreproductive'for further
studies.However,suchage-relatedrabiesdynamicswedetectedcouldalsoreflectthegreater
difficultiesin characterizingEBLV-1dynamicsin juvenilesdueto their loweroccurrencethan
adultsin thepopulation.Thepossibilityof maternalantibodiestransferin juvenilesviathepla-
centaor during lactationalsoraisesquestions.Indeed,althoughthisphenomenonhasbeen
knownandmeasuredfor in experimentalanimalsor domesticanimals[91±93],thesituation
regardingbatsandEBLV-1isunknown.Its impacton theantibodylevelin juveniles,and
therefore,on theevaluationof exposure,wouldneedto beclarified.All theEBLV-1cases
detectedon sitesA andBweredetectedfrom endof Juneto startof Augustandall determined
in deadbatsidentifiedmorphologicallyasjuveniles(E.Picard-Meyer,underrevision),again
raisingthequestionof thekeyroleof agein thevirus'stransmission.Theinflux of susceptible
youngin summercouldactasacrucialdriver of EBLV-1dynamics.Theroleof susceptible
youngin transmissiondynamicshasindeedalreadybeenraisedin previousdiscussionon zoo-
notic diseases[94,95].Suchbiologicalenigmasneedto beclarifiedandadditionalstudiesare
still needed,especiallyin theframeworkof age-relatedbatEBLV-1characterization.

Health risk and issues
Themeansandrateof bat-to-battransmissionin serotinepopulationsstill needto beclarified.
This isadifficult questionto solvein field studiesandthelegalstatusof batsin Europedueto
thedeclineof batpopulations(all the36speciesarestronglyprotectedbyEuropeanregulation
(CouncilDirective92/43/EEC1992)[96]) hasmadeexperimentalstudiesdifficult to imple-
ment.Only oneexperimentalstudyof EBLV-1infectionin cagedserotinebatswascarriedout
in 2009throughdifferentmeansof inoculation[97]. It appearedthat theenvironmentalcon-
taminationof batsisunlikelyasnoneof theintranasally-inoculated batsseroconverted.Infec-
tion throughbiteswasindicatedashavingthegreatestpotentialfor inter-battransmission,as
thesubcutaneousrouteof inoculationwasfound to berelativelyefficient[97].

Despiteliving in closeproximity to humans,humancontactswith serotinebatsarerarely
reported.It shouldbenotedthatduring thisstudy,despitethediscoveryof two infectedbat
colonies,no sanitaryincidencehasbeenreported,nor in humanneitherin domesticanimals.
To date,only 2 EBLV-1inducedhumandeathshavebeenreportedin Voroshilovgrad,
Ukraine(1977)andin Belgorod,Russia(1985)[98]. Experimentalinfectionshavealsoshown
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evidenceof averylimited risk of anEBLVspilloverfrom batto fox [99]. A fewnaturalEBLV-1
spillovercaseshavebeensofar reportedin asheep,astonemarten,2 catsandafruit bat[29,
100].Therisk of transmissionto otherspeciesthusappearsverylow.However,to avoidany
risk of contamination,protectivemeasuressuchaspersonalprotectiveequipment,post-expo-
surerabiesprophylaxisor aboosterdosein theeventof exposurehavebeenestablishedfor bat
biologistsin Europe[96] andFrance[101,102].

EBLV-1antibodycarriagein serotinebatswasnot correlatedwith mortality probability.In
bothsiteA andB,peak-seroprevalences(34and70%respectively)weredetectedoneor two
yearsafterthefirst detectionof EBLV-1positivecarcasses.While wedetectedoscillationsero-
prevalencesin time,atannuallevel,seroprevalenceswerefoundhigherin summercompareto
spring,suggestingthat rearingperiodcouldincreaseviruscirculation.Wepointedout differ-
encesof serologicalstatusesbetweenadult femaleandjuvenilesandtheneedfor further assess-
ment.A betterunderstandingof thismechanism,whetherof ecological,biologicaland/or
immunologicalorigin, is indeedarealchallengeandof greatinterestaselucidatingzoonotic
viruspersistencein batsconcomitantto unaffectedsurvivalcouldhelpto solvehumanhealth
challenges.
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