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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

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0006048 November 17, 2017

1/20


https://doi.org/10.1371/journal.pntd.0006048
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pntd.0006048&domain=pdf&date_stamp=2017-11-17
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pntd.0006048&domain=pdf&date_stamp=2017-11-17
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pntd.0006048&domain=pdf&date_stamp=2017-11-17
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pntd.0006048&domain=pdf&date_stamp=2017-11-17
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pntd.0006048&domain=pdf&date_stamp=2017-11-17
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pntd.0006048&domain=pdf&date_stamp=2017-11-17
https://doi.org/10.1371/journal.pntd.0006048
https://doi.org/10.1371/journal.pntd.0006048
http://creativecommons.org/licenses/by/4.0/

@‘ PLOS NEGLECTED
Z) : TROPICAL DISEASES Serological longitudinal survey of two serotine bat colonies exposed to EBLV-1

studydesigndatacollectiorandanalysisdecision
to publish,or preparatiorf themanuscript.

Competingnterests Theauthorshavedeclared
thatno competingnterestsexist.

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-annual surveyof two serotinebat ( )  maternitycoloniesprevi-
ouslyfound exposedo EuropearBatLyssavirusype 1l (EBLV-1)wasassesseasingcap-
ture-recapturanethodologyThetwo roostingsitewerelocatedin the North-Eastof
France Animalsweretrapped bandedandblood samplesverecollectedo studytheir
statusregardingeBLV-1exposureUsing capture-recapturenodels the authorsfound
that seropositivestatusof batsdid not affectthe survivalabilitiesof individuals.Seropreva-
lenceof EBLV-1antibodieswithin the studyshowedan oscillationinterval of approxi-
mately2+3yearsandahigherevidenceof contactwith the virusin summerthanin
spring. Themaximumduration observedetweersuccessivpositiveserologicabtatuses
in thebatpopulationalsodemonstratea survivalfor atleast4 yearsafterthe exposition.
This studyconfirmsthe ability of batsto survivedespitecirculation of lyssavirusewithin
the colony.Batscouldindeedprovideavaluablekeyto improving humanhealth,cur-
rently facingnumerouszoonoticepidemicissues.

Introduction

Chiropterais the secondargesorder of mammalsafterRodentiaTheyhaveaworldwidegeo-
graphicalrange with the exceptionof Antarcticaandarerepresentedby morethan 1 100dif-
ferentspecie$l], of which36arefoundin Europe.Of these36,34arereportedin Franceand
all of themarestrictly protectedby national[2, 3] andinternational[4] legislationastheyare
sensitiveo the destructionof their habitat.With their long lifespanregardlessf their size,
their uniqueflying ability asamammal,andtheir overactivédmmune systemtheyareconsid-
eredexceptionamammalsand suchfundamentainnateabilitieshaverecentlyattractedthe
interestof the scientificcommunity [5+8]. More than 200viruseshavebeenassociatedith
bats[9]. Theywererecentlydiscoveredo bepotentiallyat the origin of the Zaire Ebolavirus
[10,11],andtheyhavealsobeenlinked to otherillnesseselatedto coronavirusegSevere
AcuteRespiratorySyndromeMiddle EasterrRespiratorySyndrome)filoviruses(Ebolaand
Marburg),henipaviruse¢Hendraand Nipah),andLyssaviruseld 2+14].

Rabieds aseveraandlethaldiseaséransmittedby the salivaof aninfectedanimalthrough
bite, dogsbeingthe main sourceof humaninfection. The currentlyssavirugaxonomy
includesl4lyssaviruspecie®f the Rhabdoviridadamily, order Mononegaviralegl 5], of
which 12 speciefiavebeenisolatedn bats(reservoirsof the Mokolavirus (MOKV) and
IkomalyssaviruglKOV) still remainto beidentified[16, 17]). Phylogeneti@analysesuggest
thatall thesdyssavirusebavebatorigins[18+20].Thenumberof recordedspeciesvill cer-
tainly increasen thefuture assuggestetly the latestisolationsof GannoruwaBatLyssavirus
in afruit bat( ) in SriLankaanewcandidaten theformal classificatiorof lys-
saviruse§?1].
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In Europe batlyssavirusvasdocumentedor thefirst time in 1954in Hamburg,Germany
[22]. From 1977to 2016,1,1750atlyssavirucasesvererecordedrom the North to the South
of the continent[23]. To date 4 differentlyssaviruspeciefavebeenisolatedn European
bats.Initially, Europearbatlyssaviruseweregeneticallydescribednto 2 differentgroups
namedEuropearbatlyssavirugypel (EBLV-1)and Europearbatlyssavirusype2 (EBLV-2)
[24]. Recently2 newlyssaviruspeciesepresentedy the BokelohBatLyssavirugBBLV)
locatedin Germanyandin Francg25, 26] andthe WestCaucasiamatVirus (WCBV) located
in southernRussid27] havebeenidentified. A putativeLleidabatvirus wasdetectedn Spain

in but doesnot yethaveataxonomicstatug28]. Most Europearbat
casedavebeenrecordedasbelongingto EBLV-1(>95%), whichis associatewith the sero-
tine bat, [29], andwith . in Spainasiblingspeciesf .

[30]. EBLV-1molecularcharacterizatiomasseparatedhis specieinto 2 sublineages,
EBLV-laandEBLV-1b[31]. Lineagelashowsawestern-easterBuropeardistribution from
Russido centralFrancewhile variant1b exhibitsa southern-northernEuropeandistribution
from Spainto Denmark[32]. Exceptfor 5 EBLV-2case# Pondbats( ) in
the Netherlandg33], all other EBLV-2casesvereisolatedfrom Daubenton'shats(

within adistribution areaincluding the NetherlandsPnited Kingdom, Switzerland,
GermanyandFinland[34+36].Amongthis virusespnly EBLV-1andEBLV-2havebeenasso-
ciatedwith humancasesvith two identified casepervirus specie$37].

In Francebatlyssavirusvasidentifiedfor thefirst time in 1989in the Lorraineregion
(North-EastFrance)BrieyandBainville)andabatrabiessurveillancgprogramwasconse-
quentlyinitiated [38]. Epidemiosurveillancandresearctprogramsto estimatethe public
healthrisksassociate@ith the infection of nativebatsby Lyssavirusverethen strengthened
following thereport of the FrenchMinistry of Agriculture[39], leadingto the consolidationof
thenetworkinvolving both localveterinaryserviceandthe FrenchNationalBatConservation
Network (SFEPM)From 1989to present/8batlyssavirucasesb7EBLV-1casein com-
mon serotinebats,1 EBLV-1casan commonpipistrelle and2 cases
of BBLVin Natterer'shats have beendiagnosedn France(E. Picard-
Meyer,underrevision)andtheissueof seasonalityn the probability of detectingcasedas
beenraisedrecently[40]. To gainabetterunderstandingpf virus transmissionactivesurveil-
lanceprogramsduring populationmonitoring weresetup in addition to the passivesurveil-
lanceprogram.As shownin the synthesisnadeby Picard-Meyeifor the 2004+2009eriod,
the samplingof suchprogramsinvolvedblood and salivasamplegrom morethan 300batson
18siteq41]. In suchcross-sectionaurveysthe batsweresampledn varioussitesthroughout
Franceandno datafrom markedindividualswereavailabldo allowalongitudinal study.This
studyproposeshefirst longitudinal surveyof EBLV-1in mono-specificserotinecoloniesthe
main batspecie$ound infectedby this lyssavirusMulti-state modelsa categoryof capture-
recaptureanalysishavebeenusedto attemptexplainingEBLV-1virus exposureQriginally
developedor estimatingthe abundancef animalpopulations capture-recapturenethods
haverecentlyattractedattentionin thefield of veterinaryepidemiologyf42,43]. Whenappro-
priatedataareavailablegapture-recapturenodelscanalsobeuseddirectly to estimatedis-
ease-associatedortality and epidemiologicaparameterssuchasinfectionandrecoveryrates
[44]. In this study,asthe serologicabtatusof individualscould changedatawereanalyzed
usingamultistatecapture-recapturapproach45]. Multistatemodelsindeedallowindividu-
alsin apopulationto bedistributedacrossnultiple sitesor amongdifferentdiseasstateg46,
47].More preciselywe usedmultieventcapture-recapturenodels[48], an extensiorof multi-
statemodelso determinethe factorsinfluencingbatrabiestransmissiorwhile accountingfor
imperfectdetectionanduncertaintyin diseasastatesSurvival,capture transitionandjudg-
mentprobabilitieswereassessduy hypothesizingbasedn lyssavirusebterature,that EBLV-
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1 exposuren batmaternity colonywasdriven differentlyaccordingto the ageof individuals
andtheperiodof time. To our knowledgethisisthefirst attemptof describingeBLV-1circu-
lationin its reservoir overtime, and by suchapproachand methodology.

Materials and methods

Study sites

Two maternityroostsitesof serotinebatcoloniedocatedin the Eastof France(Fig 1) were
monitored. Thesiteswerelocatedin UniversalTransversélercator(UTM) 32Uzonein vil-
lagedorderedby MoselleRiverand surroundedby hardwoodforest,croplandandgrassland.
Theclimateis semi-continentabndthe landscapeelativelyflat with altituderangingfrom
167to 374meters SiteA wastheroof of ahousein Ancy-sur-Mosellén the Moselledepart-
ment,while siteBD8.5 km from site Abwas the gardenshedof ahousein Pagny-sur-Moselle
in the Meurthe-et-MosellelepartmentBoth siteswerechoserfollowing the detectionof bat
cadaveri 2009and2012for site A and2011for siteB (E. Picard-Meyerunderrevision).On
siteA, 6 deadanimalsin 2009and onedeadanimalin 201 2testedpositivefor lyssavirusvith
referenceechnique449+51].0n site B, 2 deadindividualstestedpositivein 2011.Theinfec-
tion wasshownto becausedy the EBLV-1bvariant,whichis endemicin theregion.They
werethefirst detectionof EBLV-1infectionsin thesemunicipalities.

Field data collection

Capture-recaptursessionsverecompletedn summer(Julyand August)andspring (May)
betweer2009and2015(during 7 years)or siteA, andbetweer2011and2015(during 5

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

https://doi.org/1A.371/journal ptd.000608.g001
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years)or siteB. Capturesessionsvereorganizedoy the FrenchAgencyfor Food,Environ-
mentaland OccupationaHealth& Safetyf ANSES)yandthe Commissionfor the Protectionof
Water,Heritage Environment,Subsoiland Chiroptera(CPEPESC)f LorraineRegion the
naturalistassociatiorin chargeof the studyandprotectionof batsin theregion.Residentgro-
videdfull informed consento havetheir residencesisedin the study.Thetrappingsession
dateswveresetup to avoiddisturbingthe batsduring the parturition period.

Capturesvereheldat nightfall, whenserotinebatsareknown to leavetheir roostto forage.
Harp trapswereusedbecaus¢heyarethe mostsuitabledevicewhenalargenumberof ani-
malscanbeexpected52]. Moreover thesetrapsareconsideredhe mosteffectivefor captur-
ing batswithout harmingthem[53]. Trapswereplacedat the exitsof theroof from wherethe
batsusuallyemergedTo avoidinjury, theywerehandledcarefullyandfirmly by trained peo-
plewearingglovesand adequatelyaccinatedagainsrabies As soonasthe batswereremoved
from thetraps,theywereplacedtemporarilyin cottonbagsandthenheldin the palmof the
handwith fingerscurledaroundthe body[54]. The sexand ageclassvererecordedfor each
animalandbiologicalsampleollected.

Dry syntheticfiber swabgclassiqSwab§OPAN,France)weresoakedvith salivato assess
EBLV-1virus excretionaswell asviral RNA detection Bloodwascollectedrom the antebra-
chialveinalongthe propatagiumand morerecentlyon the uropatagiumamethodfound
more effectivefo evaluatehe serologicastatusof eachindividual with respecto EBLV-1
exposureBloodwascollectedusingfilter paperasdescribedy Wasniewsketal.[55] andsub-
sequentlystoredat-16EQill the analysisSwabsverestoredin 0.3mL of DMEM culture
medium (Dulbecco'sminimum essentiaiedium, Invitrogen, France)at -80Eor further
testingin the laboratory Lippedbatbands(split metalbatrings,PORZANAZTD,EastSussex,
United Kingdom) positionedon the forearmwereusedto mark the animals[56]. Eachbat
capturedwasassigneésinglerecordnumber,allowingfor follow-up overthe successiveap-
ture sessiondAfter sampling all the batswereimmediatelyreleasedt the siteof night-time
capture Noneof the batsappearedickor wereeuthanizedluring the studyperiod.

Ethics statement

All theanimalswerehandledin strict accordancevith goodanimalpracticesandaccordingto
the EUROBATQguideling[57]. Fieldwork andanimalsamplingwereperformedin accordance
with Frenchlegislation Becausbatsareprotectedspeciesn France prior formal authoriza-
tion by the FrenchMinistry of the Environmentwasgrantedfor their trapping,handling,and
sampling[58] and colonymonitoring wasundertakenfollowing localauthorizationby the
Prefeciof the LorraineRegion[59]. In Franceandwithin the Europearnion, thelegalframe-
work for usingunderexperimentatiorpurposess governediy Regulatior?010/63/EWof the
Europearparliamentand of the councilof 22 Septembe2010(applicableandtranslatedn
Frenchin 2013)andhandlingof wildlife animalin thefield doesnot requireanyprior specific
ethicalapproval.

Laboratory testing

Salivaanalysis. Onesalivasamplewascollectedpertrappedindividual in orderto assess
if animalswereexcretingEBLV-1.0ral swabgn = 320for site A and469for siteB) wereana-
lyzedby RTCIT (RabiesTissueCulture Infection Test)on murine neuroblastomaells
(ATCC-CCL31)to detectanyinfectiouslyssavirug49, 60] andby RT-PCRto identify viral
EBLV-1RNA. Viral RNA wasextractedrom 200 | of salivasampleusingthe Iprep Pure
LineRVirus kit (Invitrogen, France)accordingto the manufacturer'snstructions.Thecon-
ventionalhnRT-PCRtechniquepreviouslydescribedy Picard-Meyeretal.[61] wasused

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0006048 November 17, 2017 5/20



@‘ PLOS NEGLECTED
Z) : TROPICAL DISEASES Serological longitudinal survey of two serotine bat colonies exposed to EBLV-1

betweer2009and 201 Ifor siteA andin 201 1for siteB. Thistechniqueincludeduniversal
primers(JW12-JW6)n thefirst round andspecificprimersof the lyssaviruspecieE€BLV-1
(JW12-JEBL1in thesecondound [61]. TheconventionaRT-PCRwith specificrabiesprim-
ersenabledan end-pointof 10°°% MouselntracranialMedian LethalDosegMICLD)50,
while the end-pointdetectionfor MIT andRTCIT were respectively10°4%, and 10°-2
MICLD50 [61]. OnestepReal-timeSYBRGreenRT-PCRdescribedy Picard-Meyeletal.
[62] wasusedfor both sitesbetweer2012and 2015usingPan-Lyssaviruprimers(JW12-
N165-146)Thistechniqueallowsthe detectionof the nucleoproteingeneof all known lyssa-
virusesand hasbeenshownrabiesspecifid63] and sensitivevith alimit of detection(LOD
95%)of 20copies/ L of RNA [62]. Usualprecautiondor both conventionalandreal-time
PCRwerestrictly followedin thelaboratoryto avoidfalse-positiveesults Negativeand posi-
tive controlswerealsousedin eachrun to assesthe reliability of PCR.

Blood sampleanalysis. Bloodsamplesverecollectedo evaluatéf animalshadbeen
exposedo EBLV-1.A modified FluorescenfAntibody Virus Neutralisationtest(mFAVNt)
[64] wasperformedwith an EBLV-1bvirus strain(ANSESNE 121411 rance2000)in order
to detectEBLV-1b-specifineutralizingantibodiesn blood samplegn = 309blood samples
for site A and 389for siteB) [41]. Briefly,samplesveretestedn athreefolddilution on Baby
HamsterKidney (BHK)-21 cells(ATCC-CCL10)with astartingdilution of 1/27.Controls
includeduninfectedBHK-21 cells,OIE positivedogserum[65], negativedogserum(ANSES
collection)andback-titrationof the specificEBLV-1virus. Levelof virus-neutralizinganti-
bodieswereexpresseth log D50. Thethresholdof antibodydetectionwascalculatedising
the Spearman-Karbdiormulaandsetat1.67log D50[41]. Asthe purposeof the studywasto
reliablyidentify positiveindividuals,the cut-off valueof 1.67(in logD50)hasbeenchoserto
reachspecificityequalto 100%Indeedthe positivesampleghavingatitre equalto or above
this cut-off value)detectedby the modified FAVNt are100%concordantwith resultsobtained
with the FAVNt [66].

Statistical analysis

During eachcapturesessionthe capturedanimalswererecordedand classifiednto different
serologicaktatesoncerningeBLV-1neutralizingantibodies2S° (ANEG®/ 2POS°/2INC?).
TheaNEG®° stateincludedEBLV-1seronegativendividuals,i.e.batsthathadneverbeenin
contactwith thevirus,andconsequenthgusceptibléo future infection or previouslyexposed
but with anon-detectabléevelof EBLV-1antibodiesThe2POS°stateincludedEBLV-1sero-
positiveanimals.Seropositivanimalsweredefinedasanimalsthat hadbeenin contactwith
thevirusandseroconvertedr his stateincludedboth batsthat werepotentiallyprotected
againsinfectionby antibodiesandsickbats.Becausghe serologicatestwasoccasionally
inconclusivglanalysisot feasible)pr no bloodwassampledan2INC® statewasincluded.To
addresshis particularissueandto allowthe useof sucha datasetan extensiorof the multi-
statecapture-recapturérameworkwasused.This extensioris known asthe multieventmodel
[47,67].Whenanindividual is observedn thefield, its statuscanstill remainunknown or
uncertain,e.g.sexstatug68], reproductivestatug69] but alsoepidemiologicastatug42,47]
andsuchamodelaccountdor uncertaintiedn theassessmeinlf a state.
Thedifferentprobabilitiesassesseatlring the studywereasfollows:

- Survivalprobability (): the probabilitythatanindividual (with 2POS°or 2NEGP status)
remainsaliveoveragivenperiodof time.

- Recapturgrobability (p): the probability thataliving individual (with 2POSCor aNEG° sta-
tus)is encounteredluring acapturesession.
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- Transitionprobability (): theprobabilitythat,overagivenperiodof time, anindividual
amovesrom oneserologicattateto another,i.e.from seronegativéo seropositivestatus
(BNEG°to 2POS°)or from seropositiveo seronegativetatus®POS°to 2NEGP), or remains
in its currentstate.

- Judgmenprobability ( ): the probabilitythatan2INC° statusindividual hada seropositive
(BPOS)or seronegativ@NEG®) status.

Themodelswerefitted usingthe E-SURGEprogram[70]. Both siteswerematernity colo-
niesmainly composedf femaleswith roostsitefidelity andjuvenilemaledeavingthe colony
attheendof their first summer|[71], maleswereconsequentlgiscardedrom the dataseto
avoidbiasin the survivalanalysisMultiple capturesessiongvereconductedoccasionally
within the sameseasorfbetweer? and5), andthe detection/non-detectiomlataweremerged
into asinglecapturesessiomperyearandseasonSurvivalrecapturefransitionandjudgment
probabilitieswereall computedby consideringthe serologicastatus2S{POS/NEG/INC)as
explanatoryariable Ageclas$a® (juvenile/adult)\wasalsoconsideredasa potentialexplana-
tory variablefor survivalprobabilitiesasjuvenilescould harborhighermortality rateasdem-
onstratedn serotinebatbiologystudy[72]. Regardingserologicatransition probabilities a
previousEBLV-1studysuggestedeasondluctuationin colonieq 73], wecon-
sequenthhypothesizedhat serotinecolonycould by driveenby acomparablalynamicand
includedthe seasors® (spring/summer)asexplanatoryariable This studybeingthe only
known EBVL-1longitudinal studieson serotinemonospecificolonieswealsoassumedbased
on classicabatrabiesvirus (RABV) studieshat transmissiorratecould varyaccordingthe
age[74] andincludedageclass$a® (juvenile/adult)in candidatesnodels.Theyear?y® and/or
seasonls® (spring/summer)effectandtheir interactionwereconsideredvith regardto recap-
ture probabilitiesasweathevariationsaresuspectedtb impacttrappingefficiency Possible
interactionswith the serologicastatuswverealsoassessetty determinewhethertherewereany
specifidnfection patterns All modelcombinationsto estimatesurvival transition,capture
andjudgmentprobabilitiesfit accordingly.

Akaike'sinformation Criterion with acorrectionfor smallsamplesizegAlCc) wasusedto
assestherelativemodelfit. Themodelwith the lowestAlCc wasselectedsthe modelthat fit-
tedthe databest[75]. Whenthe TAICc waslowerthan2 (i = differencebetweenAlCc and
thelowestAlCc value) the mostparsimoniousnodelwasselectedi.e.the onewith thefewest
variables).

To computeantibodyprevalencendits standarderror, weusedthe traditional abundance
estimateand correctedhe numberof animalsthattestedpositiveor negativen eachsession
by the correspondingecaptureprobability [46]. To accountfor 8NC° observationshatswere
assigne@d2POSCor 2NEGP° statususingthe Viterbi algorithm[76]. For eachsite,alogistic
regressiowasusedto assesthe effectof seasormndyearon the estimatecprevalenceThe
numberof positiveand negativegasesvasusedastheresponsevariable andthe AICc was
usedto comparemodelseitherincorporatingor excludingtime variables.

Results
Sampling, serological history and transitions

On siteA, 15capturesessionsvereundertakerbetweer2009and 2015 correspondingo a
total of 320batcapturegincluding singlecapturesandrecaptures)Thedistribution of the
numberof capturesandrecaptureperyearandseasors presentedn Tablel. Amongthe
214markedanimals 81individuals(38%)wererecapturecbnce,19individuals(9%)were
recapturedwice,5 individuals(2%)wererecaptured3 timesand 1 individual wascaptureds
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Table 1. Raw data summar y: Total number of captures and recaptures in site A.

Site A Number of 1st captures Number of recaptures
(marke d animals)
Time period Total juvenile juvenile adult Total juvenile juvenile adult
males females females males females 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://da.org/10.1371¢urnal.pntdd006048.t01

timeswithin the studyperiod.Within the studied201individualswerefemaleg94%)and13
weremaleg6%).All malesbut 2 wereidentified asjuveniles Both adultshadasinglecapture
history.

By comparisonpn siteB, wherel2 capturesessionsvereundertakerbetweer?009and
2015therewasatotal of 473batcapturessinglecapturesandrecapturecombined.Thedis-
tribution of the numberof capturesandrecapturegperyearandseasoris alsopresentedn
Tablesl and2. Amongthe 221 markedanimals,125individuals(57%)wererecapturednce,
60individuals(27%)wererecapturedwice,36individuals(16%)wererecaptured times,21
individuals(10%)wererecaptured4 times,7 individuals(3%)wererecaptured timesand 1
individual werecaptured? times,8 timesand 9 timeswithin the studyperiod.156captured
batswerefemaleg71%)while 65weremaleg30%).It shouldbenotedthatno otherbatspe-
cieshavebeenidentified within the studyperiod,exceptednetime wherea

individual wastrapped.

Many differentserologicastatushistorieswereobservediuring the study(S1Table).Thus,
someanimalsevolvedrom anegativeo positivestatussomedid thereverseandoccasionally
somechangedseveratimes(SeeSupplementarynaterialdescribingthe frequencie®f the

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

Site B Number of 1st captures Number of recaptures
(marke d animals)
Time period Total juvenile juvenile adult Total juvenile juvenile adult
males females females males females 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 a7 5 0 42
Total 221 65 56 100 252 18 16 218

https://da.org/10.1371durnal.pntdd006048.t02

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0006048 November 17, 2017 8/20



@' PLOS NEGLECTED
Z) : TROPICAL DISEASES Serological longitudinal survey of two serotine bat colonies exposed to EBLV-1

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 n individuals Serolog ical transitions observed
on site A on site B

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://da.org/10.137 1§urnal.pntdd006048.t03

differentcapturehistories,nconclusiveresultswereignoredfor abetterclarity). This process
revealedhatit wasmorefrequentfor aseropositivestatuso becomeseronegativéhanthe
opposite(Table3).Indeed,5 and9 animalsseroconvertedfrom NEGto POS)while 10and21
animalsserorevertedfrom POSto NEG) on sitesA and B respectively.

Whenanalyzingoral swabsall the testedanimalswerefound negativefor RNA detection
in the salivaapartfrom 5individualsall capturedin July20090on siteA. Viral RNA was
detectedduring afirst capturefor 4 animalsandduring asecondcapturefor oneanimal.
Amongthe animalscapturedfor thefirst time, 3 animals(2 femalesboneadult,and onejuve-
nileBand onejuvenilemale)wereonly capturedonce. Amongthetwo recapturedoats,one
adultfemalewassampledagainduring the nextcapturesessiorbut wassurprisinglyfound to
beseronegativayith no RNA detection.Thehistory of the secondecapturedbat,found
RNA-positivein the secondcaptureof the sameyear,wasnotable Theadultfemalebatwas
indeednegativeor both RNA andserologyin July2009then,3 dayslater, positivefor RNA
butinconclusiveasto its serologicastatus(the blood samplecould not beassesse@ndnega-
tive for virus excretionyetseropositivdor EBLV-1antibodydetectionin August2010 mean-
ing oneyearlatersalivahasbeendetectedRNA-positive All thevirusisolationtestsfailedto
detectalive virus excepffor oneseropositivguvenilefemalecapturedonly oncein July2009
on siteA, justafterthe positivetestingof deadbats All the samplesrom siteB werenegative
for the presencef aninfectiousvirus. Individual movementsetweerthe 2 colonies 8 kilo-
metersaway werepossibléut difficult to quantifyasonly onefemalemarkedon siteBin July
2012wasfound on site A in August2013.

Survival, transition, capture and judgement probabilities

Thebestmodelsfor both sitesA andB includedeffectdor theyearand seasoron recapture
probabilities(Tablest and5). No specificpatternwasdetectedor survivalprobability on
eithersite,neitheragecategorynor serologicastatusaffectingsurvival. We found an effectof
theinteractionof serologicastatusandageon the transition probability for siteB, while the
judgmentprobability dependecdn the serologicastatusfor site A only.

On siteA, the best-rankednodelindicatedthatthe survivalprobability of femalebatswas
0.86[0.76+0.93]Thetransition probabilityfrom seropositivdo seronegativevas0.99[0.02+
0.99](aboundaryestimatethat wasdifficult to interpret) and0.21[0.09+0.40from seronega-
tive to seropositiveThe probability of judging a positiveresultaspositivewasl while the
probability of judginganegativeesultasnegativenvas0.81[0.75+0.86].
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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 modelis in bold.

Model n Parameter Devianc e AlCc O0AICc

@A), %(S)p(s.y), /(S) 15 960.26 992.25 0
(@), %(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
@), %(S)p(s.y), /(i) 14 964.64 994.38 2.13
(@), %(S)p(s.y), /(i) 15 962.86 994.85 2.60
(), %(@.S)p(s.y), /(S) 17 960.02 996.58 4.33
(), %(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.S)p(s.y), /(S) 18 958.23 997.11 4.86
(@), %(s.S)p(s.y), /(S) 18 958.24 997.11 4.80
null model: 5 1022.65 1032.88 40.63

(), %()p(), /()

Note: AlCc: Akaike's information criterion corrected for a small sample size; O0AICc:differences in AlCc.
| = intercept; S: health status (POS, NEG, INC); s: season (spring/summer); y: year; a: age (juvenile/adult).

https://da.org/10.1371durnal.pntd006048.t04

On site B, the best-rankednodelindicatedthat the survivalprobability of femalebatswas
0.78[0.73+0.83]Thetransition probabilityfrom seropositivdo seronegativevas0.89[0.53+
0.98]and0.25[0.06+0.61from seronegativéo seropositivdor adultfemalebatsand0.15
[0.07+0.276nd 0.05[0.02+0.12for juvenilesfemalebatsrespectively.

Evolution of corrected seroprevalence

Theevolutionof correctecbat EBLV-1seroprevalencen both sitesA andB arepresentedn
Fig2.0n siteA, seroprevalenceariedfrom 34%in summer2010[28.0+41.0dAndsummer
2012[27.5+41.9t0 0%in spring2013[0+1.5]andspring2015[0+6.1].Thetrend appearedo
indicatea constantdecrease seroprevalencevertime during the study,with anapproxi-
mate2+3yearoscillationinterval (2011+2013)Thelogisticregressiordetectedasignificantly

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 modelis in bold.

Model n Parameter Deviance AlCc OAICc

@), %(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.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
(@.8), %(a.S)p(s.y), /(i) 17 1234.47 1268.47 3.87
(@), %(s.S)p(s.y), /(S) 16 1236.72 1268.72 3.89
(a.8), %(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: 5 1356.19 1366.38 99.81

@), %@)pd@), /()

Note: AlCc: Akaike's information criterion corrected for a small sample size; AlCc: differences in AlCc.
| = intercept; S: health status (POS, NEG, INC); s: season (spring/summer); y: year; a: age (juvenile/adult).

https://da.org/10.1371durnal.pntdd006048.t05
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Fig 2. Evolution of corrected seroprevalence on sites A and B.

https://abi.org/10.1371durnal.pntdd006048.9002

lowerfrequencyof seropositiveeasegrom 2011to 2013thanin 2010(ORxg;1,=0.26[0.19+
0.37];0Rx01o=0.65[0.47+£0.90]0Rx013= 0.40[0.29+£0.55]pnd alowerfrequencyof seroposi-
tive casedn springthanin summer(ORgping= 0.46[0.35+0.60]).

On siteB, seroprevalencpeakedat 70%[59.9+78.9in spring2013thenprogressively
decreasetb reach21.69411.5+34.9|n May 2015.Thelogisticregressiordid not detectany
significantdifferencedetweerseasondyut the frequencyof seropositiveasesn 2013was
higherthanin 2012(OR513= 2.40[1.61+3.60]).

Discussion

Most Europearbatrabiescasedavebeendetectedn serotinebats,currently consideredo bethe
main EBLV-1reservoilf40]. Despiteits evidentrole in thetransmissiorof EBLV-1,the modality
anddynamicsof transmissiorin serotinebatsarestill poorly understoodThiswork focuse®n a
uniquelongterm capture-recapturstudyof two serotinebatmaternity coloniesexposedo
EBLV-1.Batsinfectedwith EBLV-1wereindeeddetectedn 2009and2012on siteA andin 2011
on siteB. It shouldbenotedthatasmarkingabatis strictly forbiddenin Europeandin France
requiresaspeciabuthorizationdeliveredoby the Ministry of the Environment,suchfield studies
aredifficult to implementandlimited in number,makingthemasourceof preciousdata.

Survival and recapture probabilities for seropositive and seronegative
animals

Theanalysiof the two roostsitecoloniesusingmultieventmodelswithin the studyperiod
did not evidenceanyimpactof the serologicastatuson individuals'survivalor recapture
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probabilities.This supportspreviousobservationshat batscould harborexposureeventswith-
outanyimpacton their mortality rate. Theseresultsareindeedcomparabldo the survival
analysicomputedfor big brown bats( ) affectecby RABVin the United States
[77]andfor a colonyaffectedoy EBLV-1in Spain[73].

Thedetectionratesof batswerealsodemonstratedo beuncorrelatedo the serologicasta-
tus,indicatingthat seropositivitydoesnot inducea potentialbehaviorathangen batsthat
couldimpacttherecaptureprobability. This finding supportsthe hypothesighat,in our study,
observederoprevalencef acapturesessiortanberegardedasan unbiasecdestimationof the
percentagef animalswo havebeenexposedo EBLV-1in the colony.Recapturgrobabilities
on both siteswereshownto beaffectedby seasonadndannualvariations.Thistemporal
dependencyouldbedueto changesn climateandweatherconditionsoverseasonand
yearsknownto affectthe emergencef batsand consequentlyhe effectivenessf captures
usingaharptrap[78].

Serological transition scenarios and virus excretion

EBLV-1virus-neutralizingantibodieshavebeenfound in variousbatfield studiesprincipally
throughsinglecaptureg41,79,80] or in successiveaptureof mono-specificcoloniedike

[73], [81] andalsoin longitudinal studiesof multi-species
colonieg82+84].In thesepreviousstudiesseroprevalenceariedgreatlyaccordingto the site
location,speciesindtime (month andyear).This study,to our knowledgejs thefirst extensive
longitudinal analysisf 2 mono-specieserotinecoloniesaspeciegsurrently consideredasthe
main EBLV-1reservoir.

Our studydemonstratedhatindividual serologicatransition scenariogrehighly variable.
We found seroconversionffrom seronegativéo seropositive)seroreversiondrom seroposi-
tive to seronegativein additionto occasionamultiple seroreversionandseroconversionis
successiofabout10/393individuals).lt shouldbenotedthat suchmultiple reversionsould
bequestionablastheymayalsoreflectlimitations of the serologicatest§85] performedfur-
thermoreon smallamountsof blood. Globally,on both sites seroreversiongeremorefre-
gquentthanseroconversionsuggestinghat the 2 studiescould haveoccurredat the endof the
rabiesepizooticwave This hypothesisould besupportedoy the factthat prior to thefirst
establishedBLV-1casean July2009 approximately\30to 40individualswerefound deadby
the houseowner,but the animalswereunfortunatelynot collectedand analyzedPrevioudon-
gitudinal studiesn Spainhaveshownthe seropositivestatusof over3years
[84]. Themaximumlengthof time observedetweerpositiveserologicaktatuses our own
studywas4 yearq2 individualson site A), suggestinghe possiblgersistencef seropositivity
overseverayearsin this study,cut-off levelusedto discriminatepositivefrom negativeani-
malswasdeterminedto minimize therisk of falsepositiveresults This cautionwastakento
providereliableidentification of positiveindividualsandto avoidfalseconclusionin the statis-
ticalanalysisbut couldhaveresultedin anunderestimatiorof seroprevalencandin low sta-
tisticalpower.

Lyssaviruseareexcretednly at certainperiods,andthe chanceof finding the virus or
RNA in batsalivaduring activesurveillancdield studieds relativelypoor [41, 79]. Interest-
ingly, andfor thefirst time in EBLV-1longitudinalstudy,5 individualsfrom site A werefound
with viral RNA in salivain July2009(four weresampledn the samecapturesessionin the
beginningof Julyand 1 wassampledhreedayslater),during the sameperiodin which bat
mortality wasobservedOf the 5 positivesamplespnewasdemonstratedaseffectivelyinfec-
tious,showingthat RNA in the mouth cavitycanbeconcomitantto virus excretion.Oneini-
tially seronegativanimalwascapturedseveratimesin successiorBalivavasfound RNA
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positive3 dayslaterand,whencapturedagainl yearlater,the animalwasagainfound sero-
positive supportingthe hypothesighat seropositivitypersistdor along time afterinfection or
thatalternatesubclinicalinfection occurred.Therisk of cross-contaminatiomegardingthe
four RNA positivesamplegollectedduring the samecapturesessiorcan'tbecompletelyruled
out with certaintyalthoughusualprecautiongo avoidfalse-positivé®CRresultswerestrictly
followedduring bathandlingandin thelaboratory However the raw-dataof this capture
shownthatthe RT-PCRpositiveswabsverecollectedandanalyzedntercalatedvith RT-PCR
negativeswabssuggestinghat laboratorycross-contaminatios unlikely.

Temporal variation of seroprevalences

Thefirst attemptto definethe temporaldynamicinfection of serotinebatcolonieswasunder-
takenthroughaone-yearstudy[86]. In this latter study,seroprevalenceeclinedfrom 74%to
below10%within afewmonths(from springto fall). In contrast,Sera-Coba@tal. (2013)
found asignificantlyhigherantibodyprevalencén summerwhenmaternity coloniesarepres-
entin mostlocalities.This patternwasmagnifiedby the presencef multi-speciesolonies
comparedo mono-specificolonieswith socialcontactdbetweerbats.Colonyformation,
conferringthermodynamicandsocialadvantaget reproductivefemalegiuring pregnancy
andlactation,couldindeedincreasehe rateof rabiesexposuredueto hypotheticallyhigher
probabilitiesof inter-individual andinter-speciesnteractionsIn our study,siteA data
revealechigherprevalencén summerthanin spring,supportingthe conclusionthat numer-
ousinter-individual interactionsof the colonyduring the post-partumseasorfcarefor the
juveniles)ouldincreasehe probability of exposure.

On siteA, correctedseroprevalencdecreasedvertime with significantlyhigherseroposi-
tive frequencie$n 2010(34%of seropositivébats)thanin 2011+2013yhile on siteB, apeak
of infectionwasobservedn 2013(70%of seropositivébats) midwaythroughthe 5-year-
study.Our dataon serotinecoloniesthusappeato confirm the cyclictemporalhypothesiof
batinfectionsalreadyproposedor ,  with anestimated2+3yearcyclefor siteA
atthetime of the study[73]. Themodelsuggestthat aftertheinitial introduction of EBLV-1
into the susceptiblédatcolony,the seroprevalencef the colonyincreaseshen,dependingon
the period,tendsto oscillatejts amplitudedecreasingearafteryear.

Ecologicaktudiegperformedin the borderingof Luxembourgand Germanyahundred
kilometersfar from the studyareahaveshownthat femalesvereforming maternitycolonies
atthemiddle of April andhada philopatricbehaviormeaningthat eachyearthe breedingcol-
onyinvestthe samematernitysite[72]: This eightyearsstudyalsoshownthat medianperiod
of birth washappeningn the middle of June Theyoungbatsusuallymaketheir first flights at
aroundthreeweek9ld, and at sixweekgheycanforagefor themselveBreedingcolonies
usuallydisperseby earlySeptemberalthoughafewbatsmayusethe colonysiteasaroost
until earlyOctober[72]. Reproductionseemdo takeplacein theautumn,but verylittle is
known aboutthe matingbehavior Hibernation of serotinebatsoccurshetweerOctoberand
endof March.However veryfewinformation is indeedknown aboutthis period.Basen
RABV rabiesmodeltransmissionin the United Statesthe potentialimpactof hibernationon
thevirus'scapacityto remainin animalspopulationshasbeenraised[74]. The hypothesiss
that hibernationcould allowinfectedindividualsandtheir pathogenso survive infectedvirus
particlesbeingpotentiallyhostedandpreservedn brown fat[87]. Therelationshipbetween
theincubationperiod, hibernationseasorandannualbirth pulsecouldindeedgenerateom-
plexdynamicsthat shouldattractmore attentionin batrabiesstudiesWith alongincubation
period,infectedbatscould survivelong enoughto enterhibernationandberesponsibldor
infectiouscontactgn the main transmissiorseasonhat follows,maintainingareservoiruntil
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thebirth pulseprovidesanewsupplyof immunologicallyna vebats.Furthermodelpredic-
tionsfitted this assumptiorand showedhat adultfemalebatswereinfectiousearlierin the
year,whereasnfectiousjuvenilesappearedaterin the summer[74].

Characterization of transmission by age

In apreviousstudy,femaleserotinebatswereshownto bemoreexposedo EBLV-1than
malesprobablydueto their gregariousocialbehaviormalesbeingmore solitary[88]. Similar
findingswerealsohighlightedin the frameworkof RABV transmissionn Brazilianfree-tailed
bats[89] big brown bats[77] andin vampirebats[90]. In our study,occurringin breedingcol-
onies,only femalesvereassesseahd we haveshownevidencdrom siteB that seroreversions
weresignificantlymorefrequentthan seroconversiong.he seroreversiorfrequencie®f adult
femalesverehigherthanthoseof othertransition statesn juvenilefemalesHence adult
femaleserotinebatsappeato beagoodindicator of EBLV-1epizooticdynamicsThisraises
the questionof whetheradultfemalebatsaremore exposedo the virus dueto the mating
periodin Septembeandwhethertheycouldplayamajorrolein virus maintenanceactingas
apotentialsourceof virustransmissionBecaus#he reproductivestatusof adultfemalescould
potentiallydrive inter-individual exposureandtransmissiordifferently,it would bevaluable
to considerthe reproductivestatusas pregnant’, lactatingand nonreproductivefor further
studiesHowever,suchage-relatedabiesdynamicswe detecteccould alsoreflectthe greater
difficultiesin characterizindeBLV-1dynamicsin juvenilesdueto their loweroccurrencehan
adultsin the population.The possibilityof maternalantibodiegransferin juvenilesviathe pla-
centaor during lactationalsoraiseqjuestionsindeed,althoughthis phenomenorhasbeen
known andmeasuredor in experimentabnimalsor domesticanimals[91+93],the situation
regardingbatsand EBLV-1is unknown. Its impacton the antibodylevelin juvenilesand
therefore pn the evaluationof exposurewould needto beclarified.All the EBLV-1cases
detectedn sitesA and B weredetectedrom endof Juneto startof Augustandall determined
in deadbatsidentified morphologicallyasjuveniles(E. Picard-Meyerunderrevision),again
raisingthe questionof the keyrole of agein the virus'stransmissionTheinflux of susceptible
youngin summercouldactasacrucialdriver of EBLV-1dynamicsTherole of susceptible
youngin transmissiordynamicshasindeedalreadybeenraisedin previousdiscussioron zoo-
notic diseasefd4, 95]. Suchbiologicalenigmaseedto beclarifiedandadditionalstudiesare
still neededespeciallyn the frameworkof age-relatethat EBLV-1characterization.

Health risk and issues

Themeansandrate of bat-to-battransmissiorin serotinepopulationsstill needto beclarified.
Thisis adifficult questionto solvein field studiesandthe legalstatusof batsin Europedueto
thedeclineof bat populations(all the 36 speciesirestronglyprotectedby Europearregulation
(Council Directive92/43/EECL1992)[96]) hasmadeexperimentabktudiedifficult to imple-
ment.Only oneexperimentabtudyof EBLV-1infectionin cagedserotinebatswascarriedout
in 2009throughdifferentmeansof inoculation[97]. It appearedhatthe environmentalcon-
taminationof batsis unlikely asnoneof theintranasally-inoculate batsseroconvertednfec-
tion throughbiteswasindicatedashavingthe greatespotentialfor inter-battransmissionas
the subcutaneousoute of inoculationwasfound to berelativelyefficient[97].

Despiteliving in closeproximity to humans humancontactswith serotinebatsarerarely
reported.lt shouldbenotedthat during this study,despitehe discoveryof two infectedbat
coloniesno sanitaryincidencehasbeenreported,nor in humanneitherin domesticanimals.
To date,only 2 EBLV-1linducedhumandeathshavebeenreportedin Voroshilovgrad,
Ukraine (1977)andin Belgorod Russig1985)[98]. Experimentainfectionshavealsoshown
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evidenceof averylimited risk of an EBLV spilloverfrom batto fox [99]. A fewnatural EBLV-1
spillovercase$avebeensofar reportedin asheepastonemarten,2 catsandafruit bat[29,
100].Therisk of transmissiorto otherspecieshusappearverylow. However to avoidany
risk of contamination protectivemeasuresuchaspersonaprotectiveequipmentpost-expo-
surerabiesprophylaxisor aboosterdosein the eventof exposuréhavebeenestablishedor bat
biologistsin Europe[96] and France[101,102].

EBLV-1antibodycarriagen serotinebatswasnot correlatedwith mortality probability.In
both siteA and B, peak-seroprevalencé34and 70%respectivelyyveredetectecbneor two
yearsafterthefirst detectionof EBLV-1positivecarcasse®Vhile wedetectedscillationsero-
prevalence time, atannuallevel,seroprevalencegerefound higherin summercompareto
spring,suggestinghat rearingperiod couldincreaserirus circulation.We pointedout differ-
ence®f serologicastatusebetweeradultfemaleandjuvenilesandthe needfor further assess-
ment. A betterunderstandingpf this mechanismyhetherof ecologicalbiologicaland/or
immunologicalorigin, isindeedarealchallengeand of greatinterestaselucidatingzoonotic
virus persistencén batsconcomitantto unaffectedsurvivalcould helpto solvehumanhealth
challenges.
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