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Abstract

Fossils entombed in amber are a unique resource for reconstructing forest ecosystems, and

resolving relationships of modern taxa. Such fossils are famous for their perfect, life-like

appearance. However, preservation quality is vast with many sites showing only cuticular

preservation, or no fossils. The taphonomic processes that control this range are largely

unknown; as such, we know little about potential bias in this important record. Here we

employ actualistic experiments, using, fruit flies and modern tree resin to determine whether

resin type, gut microbiota, and dehydration prior to entombment affects decay. We used

solid phase microextraction gas chromatography-mass spectrometry (SPME GC-MS) to

confirm distinct tree resin chemistry; gut microbiota of flies was modified using antibiotics

and categorized though sequencing. Decay was assessed using phase contrast synchro-

tron tomography. Resin type demonstrates a significant control on decay rate. The composi-

tion of the gut microbiota was also influential, with minor changes in composition affecting

decay rate. Dehydration prior to entombment, contrary to expectations, enhanced decay.

Our analyses show that there is potential significant bias in the amber fossil record, espe-

cially between sites with different resin types where ecological completeness and preserva-

tional fidelity are likely affected.

Introduction
Fossilassemblagesin amberprovideauniqueandexceptionally-wellpreservedrecordof
small,soft-bodiedorganismsthatarenot typicallypreservedthroughothermechanismsof fos-
silization[1]. Theimportanceof this fossilreserveisbestillustratedin whatit hasrevealed
abouttheevolutionaryhistoryof insects:for example,it providesevidencefor macroevolu-
tionarypatternssuchasamid-Cretaceoustransitionbetweentwo major insectevolutionary

PLOS ONE | https://doi.org/10.1371/journal.pone.0195482 April 5, 2018 1 / 16

a1111111111
a1111111111
a1111111111
a1111111111
a1111111111

�2�3�(�1�$�&�&�(�6�6

Citation:McCoyVE,SorianoC,PegoraroM,LuoT,
BoomA,FoxmanB,etal.(2018)Unlocking
preservationbiasin theamberinsectfossilrecord
throughexperimental decay.PLoSONE13(4):
e0195482.https://doi.org/10.1371/journal.
pone.0195482

Editor:DongHoonShin,SeoulNationalUniversity
Collegeof Medicine,REPUBLICOFKOREA

Received:October27,2017

Accepted:March24,2018

Published:April5,2018

Copyright:�‹ 2018McCoyetal.Thisis anopen
accessarticledistributedunderthetermsof the
CreativeCommonsAttributionLicense,which
permitsunrestricteduse,distribution,and
reproductioninanymedium,providedtheoriginal
authorandsourcearecredited.

DataAvailabilityStatement:Allrelevantdataare
withinthepaperandits SupportingInformation
files.Forgenesequences,detailsof genbank
accessionnumbersaretoolongto list here,butare
giveninasupplemental table.

Funding:Thisresearchis supportedbyaRoyal
SocietyNewtonInternational Fellowship (nogrant
numberassigned) toVictoriaE.McCoy;https://
royalsociety.org/grants-schemes-awards/grants/
newton-international/.Thefundershadnorolein

https://doi.org/10.1371/journal.pone.0195482
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0195482&domain=pdf&date_stamp=2018-04-05
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0195482&domain=pdf&date_stamp=2018-04-05
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0195482&domain=pdf&date_stamp=2018-04-05
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0195482&domain=pdf&date_stamp=2018-04-05
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0195482&domain=pdf&date_stamp=2018-04-05
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0195482&domain=pdf&date_stamp=2018-04-05
https://doi.org/10.1371/journal.pone.0195482
https://doi.org/10.1371/journal.pone.0195482
http://creativecommons.org/licenses/by/4.0/
https://royalsociety.org/grants-schemes-awards/grants/newton-international/
https://royalsociety.org/grants-schemes-awards/grants/newton-international/
https://royalsociety.org/grants-schemes-awards/grants/newton-international/


faunas,whichcorrespondswith thegymnosperm-angiospermshift [1]. Furthermore,preser-
vationfidelity in amberissuchthat insectsretainmicron-scalemorphologicaldetailsallowing
for accuratecomparativeanatomicalstudieswith extanttaxa:manyfossilinsectspreservedin
ambercanbeconfidentlyplacedinto moderntaxonomicgroupson thisbasis.

However,thefossilrecordin amberissubjectto bias,whichmaylimit anddistort the
extentto whichthefossilassemblagerepresentstheliving assemblage.Therearetwo compo-
nentsto thisbias:entrapmentbias,whichinvolvesthenon-randompatternsbywhichorgan-
ismsbecomeengulfedin resin;andpreservationbias,effectivelythenon-randompatternsby
whichentrappedorganismsdecayor fossilize.To dateresearchefforthasfocusedon entrap-
mentinto theresin[1±8],andanumberof variablessuchasresinviscosity,insectbehaviour
andhabitatandplantdefenceshavebeenfound to beinfluential [1, 2]. Forexample,fossil
assemblagesin amberfavourthepreservationof small,terrestrialinclusions,becausetheseare
mosteasilyentrappedin resinflows[1, 2,4]. Subsequentto entrapmentandentombmentin
resinit hasbeensuggestedthatessentiallyall organismsarepreserved[2]. However,recent
advancesin 3D scanningtechniqueshaverevealedacrypticandsurprisingvariabilityof pres-
ervationqualityof internalanatomy,evenwhereexternalpreservationqualityisclose-toªlife-
likeº. Thevariationrangesfrom internallycompletefossils,retainingminutedetailsof the
mostdecay-pronetissues,throughto fossilspreservingonly themostdecayresistantfeatures,
to somewhicharehollowmoulds.This indicatesthatdecayandpreservationbiasesareoperat-
ing oncecarcassesareentombedin resin[1, 2,9,10].Suchbiasmayresponsiblefor someof
thepatternsin theamberfossilrecordthatcannotbeexplainedbyentrapment;for example,
theoccurrenceof non-fossiliferousambersites[1, 2], andtaxawhoseoverrepresentationin
amber(for exampleantsin someCenozoicamber)cannoteasilybeexplainedby their behav-
iour [1]. Theassessmentof theecologicalcompletenessof amberfossilassemblagesrequires
understandingof biasin thepreservationprocessof insects,aswellasentrapmentbias.

Hereweuseactualistictaphonomicexperimentsto determinewhetherdecayandpreser-
vationpotentialof insectsin amber,andthereforebiasin theamberfossilrecord,is affected
by �. resin-type;��. dehydrationprior to entombment;and,���. thecompositionof thegut
microbiota.

Variablesto accountfor insectpreservationfidelity
Bothresintypeandthedegreeof dehydrationof partially-entrappedinsectsprior to their full
entombmenthavebeensuggestedto affectpreservationqualityin amber[9, 11],whichiswhy
wetestthesevariableshere.Weaddthegutmicrobiomeasanadditionvariablein our experi-
mentsfor two reasons:first, in sediment-hostedexceptionally-preservedfossilsit hasbeen
demonstratedto beanimportant control in decayand/orpreservation[12±18];andsecond,
wild populationsof fruit fliesdemonstratesignificantvariationin gutmicrobiotabetweenpop-
ulations[19].

1. Resintype:ResinÐincludingmodernresin,subfossilcopal,andfossilamberÐexhibits
extensivechemicalandphysicalvariation[1, 20±23]andthepreservationof fossilsin
amberÐbothpresence/absenceof completetaxaandtheir preservationalqualityÐvaries
betweenthemajoramberchemicalgroups[9]. Thus,resinproperties(physicalandchemi-
cal)arelikely to exertasignificantcontrol on fossilpreservationin amber.Physically,resin
actsasabarrier to infiltration byexternaldecayagentssuchasscavengers,fungi,andbacte-
ria [1, 2]; variationsin physicalpropertiessuchaspermeabilityandviscositymayinfluence
theeffectivenessof thephysicalbarrier.But it is thechemistryof theresinwhichis thought
to becritical for exceptionalpreservationof fossilsin amber[1, 24,25],influencingdecay
byactingasanantiseptic,inhibiting bacterialandfungalgrowthanddehydratingthe
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tissues[25±27].Themajoramberchemicalgroupsshowvariationin preservationquality
[9]; thereisgenerallybetterpreservationin ClassD amber(e.g.Dominicanamber,with
93%of specimenspreservinginternalsofttissues)thanin ClassA amber(e.g.FrenchChar-
entesamberwith 0%of specimenspreservinginternalsofttissues[9]). However,thisbroad
patterniscomplicatedbypreservationalvariationwithin themajoramberchemicalgroups,
(e.g.Lebaneseamber,whichis in ClassA, hasexceptionalpreservationreminiscentof atyp-
icalClassD amber[9]). To datetheinfluenceof resinchemistryon decayhasnot been
experimentallyinvestigated.Theonly experimentdesignedto testtheroleof theentombing
mediumin preservationencasedfliesin waxandmaplesyrup,andcomparedthemto afly
left in air [24]. Waxandmaplesyruparechemicallyverydistinct,but arenot goodproxies
for treeresinin anumberof waysincluding,significantlytheir chemistry.However,this
experimentdid showenhanceddecayin waxanddecreaseddecayin maplesyrupcom-
paredto thecontrol [24], suggestingthat thechemicalcompositionof theentombment
mediaismoreimportant thanthephysicalbarrierprovidedthroughentombment.

2. Dehydrationprior to entombment:It hasbeensuggestedthatdehydrationof thecarcass
prior to entombmentwill resultin betterpreservationof theresultingfossilinclusion,and
mayparticularlypromotethepreservationof labileinternal tissues[11]. Thisscenariomay
occurif, for example,aninsectisstuckon thesurfaceof aresinflow,diesandsubsequently
dehydratesin air prior to anotherflow entombingit.

3. Gut microbiota:Microbesarecentralto exceptionalpreservationof soft-bodiedanimalsin
sediments;their actionon organically-composedanatomymayresultin its lossthrough
decay,or its preservationbymediationof authigenicmineralreplacement[28,29].
Microbesmaybeexogenousor endogenous,andthelatterarelikely to bemoreimportant
in amberpreservationbecauseonceentombedanorganismisprotectedfrom exogenous
bacteria[1,24].Wefocushereon thegutmicrobiotaastheyareknownto beabundantand
important in preservation[18].

Materials and methods

Generalexperimentaldesign
Wedesignedexperimentsto examinewhetherresintype,dehydrationprior to entombment
andgutmicrobiota,influenceddecay.To mimic ascloselyaspossiblenaturalentombmentof
insectsin resinflies(���������	 
��	��	����) wereembeddedin freshlyexudedresin,while
alivebut unconscious;all fliesentombedin resinwerestoredat room temperature(~23ÊC)for
thedurationof theexperiments.�����
�	 ������� treeswerepurchasedfrom wollemipine.co.
uk and����� ���������� treeswerepurchasedfrom Cole'sPlantCentrein Leicester,UK; fresh
resinwascollectedfrom cutson thetrunk of eachtree.Thevolumeof resinfor eachexperi-
mentwasnot measuredbut wasapproximatelyequal.Flieswererenderedunconscious
throughbrief exposureto freezingtemperatures,but importantly fly tissueswerenot frozen,
asevincedby their revivalafterexposureif theywerenot quicklyentombed.In all treatment
groups,thefly isconsideredto beentrappedwhenit isstuckto thesurfaceof resin,and
entombedwhenit isentirelycoveredin resin[1].

Resintypeexperiments
Twospeciesof resin-producingtrees,with distinct resinchemistries,wereused:�����
�	
������� and����� ����������. �����
�	 ������� isanAraucariacean,afamily of treeswhoseresin
(belongingto Class1bin themassspectroscopyresinchemistryclassificationscheme)is

Experimental fossilization in amber

PLOS ONE | https://doi.org/10.1371/journal.pone.0195482 April 5, 2018 3 / 16

https://doi.org/10.1371/journal.pone.0195482


generallycharacterizedby thepresenceof labanoidterpenoidsandtheabsenceof succinic
acid[1, 20,21].Thereisevidenceof Araucariaceanresinproductionfrom theCretaceousto
theRecent[20]; anumberof well-knownfossiliferousamberassemblagesarethoughtto have
beenproducedbyAraucariaceans,includingBurmeseamber,Lebaneseamber,Spanishamber
andFrenchCharentesamber[30±37].

����� ���������� isaPinaceaen,afamily of treeswhoseresin(belongingto Class5 in amass
spectroscopyresinchemistryclassificationscheme)ischaracterizedbyditerpenoidssuchas
abietaneandpimarane[1, 22].Class5 resinin general,and����� resinin particular,doesnot
polymerizewellandis thereforeveryuncommonin thefossilrecord[1, 9,21].

Basedon taxonomy,weexpectedthat thetwo resinchemistryvariablestatesin thisexperi-
mentweresignificantlydifferent;weconfirmedthis throughsolidphasemicroextractiongas
chromatographymassspectrometry(SPMEGC-MS)to characterisethevolatileandsemi-vol-
atilecomponentsin theresinfollowingpreviousmethods[38±41].A 0.5gsampleof resin
from eachtreespecieswasdriedandpowdered.Prior to analyseseachvialof resinpowderwas
equilibratedat80ÊCfor onehour andexposedto a65�m Polydimethylsiloxane/Divinylben-
zene(PDMS/DVB)SPMEfibre for onehour,andanalysedon aThermoScientificTrace1310
GC.A liquid injectionof astandardmixture containingaseriesof �-alkaneswasusedto cali-
brateretentionindicesto aid in identifying thepeaks.Thechromatogramsfor eachsample
wereimportedinto theprogramAMDIS andthemajorpeaksin eachchromatogramwere
identifiedthroughaNationalInstituteof StandardsandTechnology(NIST)MSdatabase
search.

Thechemicalcharacterizationof the�. ���������� and�. ������� resinsconfirmsthat they
aredistinct (S1Fig,S1Table).Of the52identifiedcompounds,18wereonly found in oneof
thetwo resins(S1Table,boldedcompounds).Of theremaining34compounds,eightwere
found in muchhigherconcentrationsin oneresinthantheother(thedifferencein thetotal
percentof thatcompoundin thetwo resins> 5%,S1Table).In totalwefound twenty-three
compoundsthatdiffer between�. ���������� and�. ������� resin(S2Table).

Gut microbiota anddehydration experiments
Thevariablesdehydrationprior to entombmentandgutmicrobiotaandweretestedon fliesin
�. ������� resin.Thisresinwasselectedbecauseit isabetterproxyfor amberin thefossil
recordandbecausedecayin pineresinwassorapid thatcaptureof dataon decaywouldhave
beendifficult usingavailablesynchrotronintervals.

In thegutmicrobiotatreatmentgroupweuseduntreatedwild-typefliesandfliestreated
with anantibiotic to altertheir bacterialcompositionandabundances.Wild-type ���������	

��	��	���� werecollectedin October2015bynettingaftertheharvestin avineyardin Mar-
ketHarborough(UK). Immediately,fertilizedfemaleswereisolatedto generateisofemale
lines.Theisofemalelineswerecontinuouslymaintainedat18ÊCin a12hr:12hrLight:Dark
(LD) cycleon standardcornmealfooduntil thetime of theexperiment.Groupsof 10males
(3±4daysold) werecollectedfrom 28isofemalelinesandhousedin 20antibiotic treatedor 20
untreatedvials(for theantibiotic treatmentgroupsandwild typetreatmentgroups,respec-
tively).A solutionof Ampicilin andCloranphenicol(7mg/mleachin 50%Ethanol)was
dropped(100ul)on thesurfaceof thefood in theantibiotic treatedvials.Treatedvialswere
alsoexposedto UV O/N. Thevialswerereplacedevery2 daysfor atotalof 10daysin LD12:12
at25ÊC.Theflieswerethencollected3 hoursafterlight on (ZeitgeberTimeZT 3) in UV
treated15mlfalcontubein ice,andwerethenentombedin resin.

Weconfirmedthat theantibiotic treatmentalteredthewild-typefruit fly gutmicrobiotas,
andinvestigatedthegutmicrobiotacompositionin moredetail,through16SrRNA ion torrent
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sequencingof theV1 regionof thegutmicrobiotasof tenuntreatedfliesandnineantibiotic
treatedfliesfrom thesameisofemalelinesasthefliesusedin theexperiments.Operationaltax-
onomicunitswerebinnedby97%similarity andclassifiedusingtheGreenGenes13_8refer-
encedatabase.Thegutmicrobiotacompositionof thewild-typeandantibiotic-treatedflies
werecomparedusingnonmetricmultidimensionalscalingon threemetrics[42,43]:weighted
UniFracdistance;unweightedUniFracdistance;andtheJaccardindex.Diversitydistributions
(basedon theShannonindex[44] for alphadiversityandtheJaccardindex[43] for betadiver-
sity)wereassessedandstatisticallycomparedusingKruskal-Wallistests[45]. All bioinformat-
icssequenceprocessingup to OTU tablegenerationwasconductedusingQIIME version1.9.1
[46]. Statisticalanalysesandgraphicaloutputwereperformedwith Rstudioversion0.99.484.
Theprimary Rpackageusedfor analysisof theOTU tablewasPhyloseq1.12.2[47].

UnweightedNMDSclusteranalysiswith eitherUniFracor Jaccarddistancemeasurements
completelyseparatesthetwo treatmentgroups(S3Fig).In particular,thereisasignificantdif-
ferencein alphadiversity(S5Fig),basedon theShannonindex(p = 0.04).Therearesimilari-
tiesin microbiotacommunitydistribution of generaandphyla(S2Fig)betweenthewild-type
andantibiotically-treatedgroups.All flies,bothwild-typeandantibiotic-treated,hadmicro-
biotasdominatedby thegenus����	���	 (with arelativeabundanceof 96%and98%,respec-
tively,S2Fig,S3Table),anendoparasiticbacteriumcommonin thecellbodiesof fruit flies
andotherinsects[48]. ����	���	 isnot partof thegutmicrobiota,but isaninternalbacterium
thatmaycontributeto microbialdecay.Thenextmostcommongenerain bothgroupsare
�	����	������, ������	����, and������������� (S2Fig,S3Table),all of whicharecommonly
reportedasdominantgenerain fruit fly gutmicrobiotas[19].

To summarize,16SrRNA sequencingof both typesof fly showeddifferencesin theminor
componentsof thegutmicrobiome.Differencesin theseless-abundantgeneraaresufficientto
separatetheuntreatedandantibiotic treatedfliesinto two distinctgutbiotagroups,whichare
cohesiveandsignificantlydifferentfrom eachother.Theantibiotic treatedflieshavealess
diversegutbiota,containing25generacomparedto the44generain thewild-typeflies(S3±S5
Figs,S3Table).

Theeffectof dehydrationon decaywasinvestigatedusingbothuntreatedwild-typeflies
andantibiotic treatedflies(Fig1).Threestatesof dehydrationweretested:not dehydrated;
dehydratedat50ÊCfor threedayswhileentrappedon theresinsurface,but beforeentomb-
ment;anddehydratedisolatedfrom theresinat50ÊCfor threedaysbeforeentombment.

Assessmentof decay
Theassessmentof decayin differenttreatmentgroupsrequiredobservationof theexternal
andinternal featuresof thefliesin theresin,for whichweusedphasecontrastsynchrotron
tomography,followingstandardmethodsfor fossilinclusionsin amber[10]. Weimagedthe
experimentsusingdifferenttreeresinsat18monthspost-entombment.At thispoint, theflies
in �. ���������� resinlackedall internalanatomy,sosubsequentexperimentsto testgutmicro-
biotaanddehydration(fliesin �. ������� resin)wereanalysedafter2weeksto capturepossible
variationsin early-actingdecay.Bothsetsof experiments(resintypeandgutbiota/dehydra-
tion) includeduntreatedfliesin �. ������� resin;thesedirectlycomparabletreatmentgroups
showedverysimilaramountsof decayatboth2 weeksand18months.Thissuggests,thatafter
ashortburstof earlydecay,decayproceedsextremelyslowly.Importantly, for theassessment
of decaysufficientmorphologicallossandmodificationto distinguishbetweentreatments
groupsoccurswithin a2 weektimeframe.

Thesynchrotronscanswereanalysedin theprogramVGStudiosMax.For eachfly, we
notedthepresenceor absenceof cuticle,internal tissuesandrupturedabdomens.Thesedata
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provideadirect indicationof morphologicaldecay.Thepresenceof internalbubbleswas
alsonotedandprovidesaproxyfor decay.Wherebubblesoccurthefly cuticleshowsno sig-
nificant expansion,but becausebubblestakeup spacewithin thebodymargininternal tis-
suesmustbelost,severelydiminishedand/ordistortedby beingpushedasidebybubble
formation.It wasdifficult from thesynchrotronimagesto distinguishbetweenlossor distor-
tion of tissues,but eitherwaypreservationfidelity of internal tissuesis reducedthroughbub-
bleformation.

Thepreservationstateof fruit fliesin resinin eachtreatmentgroupisbasedupontheper-
centageof fliesshowingfeaturesconsistentwith decaysuchas:lossof cuticle,lossof internal
tissues,presenceof bubbleswithin bodymargin,andpresenceof rupturedabdomens.Weuse
FisherExactteststo determineif thedifferenttreatmentgroupsaresignificantlyassociated
with differencesin decay.Analyseswerecarriedout usingtheonlinecalculatoravailableat
http://www.physics.csbsju.edu/stats/exact_NROW_NCOLUMN_form.html [49].

Results

Resintype
After 18monthsall 16fliesembeddedin �. ������� resinretainedextensivepreservationof
cuticleandinternalsofttissuein thehead,thorax,abdomenandlegsandrupturedabdomens.
Sixspecimensdisplayedinternalbubblesindicativeof decay(Fig2,Table1,S4Table).

Fig 1. Experimental schematic. Schematic representingthevariablestested(resintype,gutmicrobiotaand
dehydration state)andtreatmentgroupsin experiments.Thenumberin eachresincirclerepresentsthenumberof
replicates.

https://doi.org/10.1371/journal.pone.0195482.g001
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In contrast,overthesametime intervalall 13fliesembeddedin �. ���������� resinpresented
asemptymouldswherecuticleis frequentlypresentbut internalstructuresarealwaysabsent
(Fig2,Table1,S5Table).All fliesin this treatmentgroupshowedrupturedabdomensand
internalbubblesand,some(n = 10)showagap(rangingfrom 5 to 50�m) betweenthe
remainingcuticleandtheresin,presumablyasaresulteitherof tissuesshrinkingasthefly
dehydratesin theresin,or resinshrinkagedueto thelossof volatiles(Fig2,S2Table).

Retentionof internal tissuesandthepresenceof bubbleswerethedecayfeaturesthatwere
mostsignificantlydifferentbetweenthefliesembeddedin differentresins(p-values= 1.5E-08
for internal tissuepreservation,and4.1E-04,for bubblepresence).Fliesin �. ���������� resin
weresignificantlymorelikely to haveinternalbubblesandto lackinternalsofttissuepreserva-
tion, indicatingthatdecayproceedsmorequickly in �. ���������� resinthanin �. ������� resin.
Theseresultsareconsistentwith thehypothesisthat resintypeinfluencesdecay.

Fig 2. Synchrotron scansfor resinchemistry experiments.Synchrotrontomographic images(A,B)anddrawings(C,
D) of fliesin resinshowingstateof decayafter18monthsentombmentin (A) �. ������� resin,andin (B) �. ����������
resin.(A,C) Thefly retainsmostof thecuticle,someof theinternalsofttissues(blackarrows)andbubbleswithin the
bodymarginaresmall.(B,D)Thefly retainssomecuticle;thereisagapbetweenresinandcuticle(whitearrows)and
extensive,andlargebubbles.Internalsofttissueisabsent.Insteadthebodymarginsarefilled with amediumof the
samedensityastheresin(comparetheareasindicatedbyblackcircles)andwhichconnectsto theresin(blackarrow),
indicatingthat this is resin,not softtissues.In thedrawings(C,D),orangerepresentsresin,whiterepresentscuticle,
greyrepresentsinternalsofttissue,andredrepresentsbubbles.Scalebars= 1mm.

https://doi.org/10.1371/journal.pone.0195482.g002

Table1. Resultsof the resin typeexperiments. Thecalculatedpercentof ruptured abdomensusesonly specimensin whichtheabdomen(eitherrupturedor not) canbe
clearlyseen.

Treatment group Cuticle preserved Internal organspreserved Bubbles Ruptured abdomens

�����
�	 ������� 16(100%) 16(100%) 6 (38%) 14(100%)

����� ���������� 13(100%) 0 (0%) 13(100%) 12(100%)

https://doi.org/10.1371/journal.pone.0195482.t001
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Gut microbiota anddehydration
After 2 weeksall flies(n = 47),regardlessof treatmentgroup,embeddedin �. ������� resin
showedextensivepreservationof cuticleandinternalsofttissue.However,thereweresignifi-
cantdifferencesin theproportionsof fliesfrom eachtreatmentgroupwith internalbubbles
andrupturedabdomens(p = 2.5E-7and1.9E-5,respectively),indicatingvariabledecay
betweenthetreatmentgroups(Fig3,Table2,S3Table).

Theantibiotic treatedflieshadfewerbubblesandrupturedabdomensthanthewild-type
flies.Fliessubjectedto dehydrationshowedagreaterincidenceof bubblesandrupturedabdo-
mensthanfliesthatwerenot dehydrated,andthiswasmostfrequentlyobservedin fliesdehy-
dratedin isolationprior to entombment,thenin fliesthatweredriedwhileentrappedon
resin,andleastin non-dehydratedflies(Fig3,Table2,S3Table).

Themostcompleteanatomicalpreservation,andlowestfrequencyof bubblesandruptured
abdomenswasseenin antibiotic treatedflieswhichwerefreshlyembeddedwithout dehydra-
tion. Themostanatomicallossandhighestfrequencyof bubblesandrupturedabdomenswas
seenin untreatedfliesthatweredehydratedwhile isolatedfrom theresinbeforeentombment
(Fig3,Table2,S3Table).

Theseresultsareconsistentwith theideathat thecompositionof thegutmicrobiotainflu-
encesthedecayprocess,andthereforepreservationpotential.However,theideathatdehydra-
tion prior to entombmentinhibits decayisnot supported.Fliesdried isolatedfrom resinshow
moredecaythanthosedriedon theresin,wheresomeof thefly is in contactwith theresin.
This isbestexplainedbecauseanydelayin embeddingafly in resinallowsdecayto proceed.A
corollarybeingthat resindoeshaveaprohibitiveeffecton decay.

Discussion

Resintype
Wedemonstrateexperimentallythat resintypeoperatesastrongcontrol on thedecayof fruit
flies:overidenticaltime periods,fliesin �. ������� resinretainedanatomicaldetailsincluding
non-cuticularinternal features,whereasfliesin �. ���������� showedpoorpreservationor loss
of mostfeatures,includingcuticle.Thissuggeststhat resintypedoesimpart apreservational
biasin theamberfossilrecord.This is thefirst, but important,stepin developingamorecom-
pleteunderstandingof theresin-typebiasin theamberfossilrecord.To addto thisweneedto
determinewhichspecificcharacteristicsof thesetwo resinswereresponsiblefor thedifferences
in decay.Then,differentamberscouldbeassessedon thebasisof thesecharacteristicsto deter-
minehowsuccessfullytheycouldinhibit thedecayof labiletissuesor organisms.

Resinsinfluencedecayin anumberof ways:physicallyblockingscavengersandexternal
microbesfrom theentombedcarcass,dehydratingtissuesto indirectly inhibit microbialactiv-
ity, and/oror directlyinhibiting microbialactivitythroughantisepticproperties.Thetwo
resinsusedin theseexperimentscoulddiffer in anyof thesefactors,for example,differentper-
meabilitycouldvarymicrobeaccessto thecarcass,anddifferentresinchemistrycouldresultin
differentialdehydrationor decay-inhibitionrate.Therearethreepotentiallinesof evidenceto
understandhowthevolatileandsemi-volatilechemicalcompoundsthatdiffer betweenthetwo
experimentalresinsmight influencegutmicrobiotaactivity:(1) identifyingkeyantibioticvola-
tile compoundsthatdiffer betweenthetwo resins;(2) investigatetheantibioticeffectsof all the
23compoundsof intereston thespecificbacteriapresentin thegutmicrobiotasof thefruit flies
usedin theseexperiments;and(3) comparingtheoverallvolatilecompositionof thetwo resins
to otheressentialoils thataremoreor lesseffectiveat inhibiting theactivityof bacteriafound in
fruit fly gutmicrobiotas.Hereweexaminetheliteratureon all threelinesof evidence.
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Fig 3. Synchrotron scansfor gut microbiotaanddehydration experiments.Synchrotrontomographic images(A,B,
E,F,I,J)anddrawings(C,D,G,H,K,L) of: (a,c)anantibiotic treatedfly and(B,D)anuntreated,wildtypefly, both fresh
whenentombed;(e,g)anantibiotic treatedfly and(F,H) anuntreatedwildtypefly, bothdriedon thesurfaceof the
resinbeforecompleteentombment;and(I,K) anantibiotic treatedfly, and(J,L)anuntreated,wildtypefly, bothdried
isolatedfrom theresinprior to completeentombment.Coloursidenticalto Fig2.White arrowsindicateruptured
abdomens,andblackarrowsindicatebubbles.Scalebars= 1mm.

https://doi.org/10.1371/journal.pone.0195482.g003
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In essentialoils,phenoliccompoundssuchasthymol andcarvacrolareconsideredto be
keycompoundsfor robustantibacterialactivity[50±52].Thesecompoundsin isolationshow
strongantibacterialproperties,andareeffectiveagainstawidespectrumof bacteria[50]; they
arealsooftenenrichedin essentialoils thathavestrongantibacterialeffects[51,52].Carvacrol
isoneof the23compoundsthatdiffer between�. ���������� resinand�. ������� resin(S1and
S2Tables).It ispresentin �. ���������� resinbut not in �. ������� resin,whichseemsto suggest
that �. ���������� resinismoreeffectiveat inhibiting gutbacteriaactivitythan�. ������� resin.
However,carvacrolonly makesup 0.07%of the�. ���������� resin,whereasit isamajorcompo-
nentof antibacterialessentialoils (e.g.it makesup 81.4%of thymeessentialoil [52]) andits
antibacterialeffectsin isolationhavebeentestedat100%concentration.Therefore,thepres-
enceof traceamountsof carvacrolin �. ���������� resinisunlikely to besignificantfor decay
inhibition.

Manyvolatilecompoundscommonlyfound in essentialoilshavebeenassessedfor antibac-
terialactivity,but their effectivenessvariesdependingon thebacterium.Forexample,(-)-limo-
nene(which is found in similaramountsin both resinsusedin thisstudy),inhibits thegrowth
of ����������	 ���� and������
��	� 	�������	, but doesnot inhibit thegrowthof �	����	����
��� ��	��	��
 or ������������ �	��	��� [50] (two bacteriacommonlyfound in fruit fly gut
microbiotas[19]). Thissignificantlyreducestheamountof datawehaveto determinetheanti-
bacterialactivityof thetwo resins:only sixof the23compoundsof interestÐcarvacrol,carva-
crol methylether,and3-carene,(-)-terpin-4-ol, sabinene,and��-pineneÐhavebeenstudied,
andtheir antibacterialeffectivenesshasonly beenassessedagainst1 (�. ��	��	��
� of the
manybacteria(at least44genera)found in our fruit fly gutmicrobiotas(S6Table).In our anal-
ysis,weonly identifiedthegutmicrobiotabacteriato thegenuslevel;howeverthegenus�	����
�	������ wasfound in our samplesand�. ��	��	��
 isaverycommonspeciesin afruit fly gut
[19]. ����� ���������� resinisenrichedrelativeto �. ������� resinin carvacrol,carvacrolmethyl
ether,and3-carene:carvacrolandcarvacrolmethyletherinhibit �. ��	��	��
; and3-carene
doesnot inhibit �. ��	��	��
. �����
�	 ������� resinisenrichedrelativeto �. ���������� resin
in (-)-terpin-4-ol, sabinene,and��-pinene:(-)-terpin-4-ol inhibits �. ��	��	��
; sabineneand
��-pinenedo not inhibit �. ��	��	��
. Theseresultsonly illustrateatiny fractionof thecom-
plexchemicalinteractionsbetweentheresinandgutmicrobiotaactivity,andtheyarethere-
foreinconclusive.Basedon thisweonceagaincannotdeterminewhichresinshouldhavea
strongerinfluenceon decaydueto theinteractionof volatilecompoundsandgutmicrobiota
activity.

Mixturesof volatilecompoundsmayalsoinhibit bacterialactivity,andsowecomparedthe
resincompositionto thecompositionof essentialoils thatdo or do not inhibit theactivityof �.
��	��	��
. Aswith investigatingthecompoundsindividually,thisonly reflectsasmallpropor-
tion of thecomplexity:only 10compoundswereincludedto describethechemicalcomposi-
tion of eachsample;andthesamplesweretestedagainstonly onecomponentof thefruit fly

Table2. Resultsof the gut microbiota anddehydrationexperiments. Thecalculatedpercentof rupturedabdomensusesonly specimensin whichtheabdomen(either
rupturedor not) canbeclearlyseen.

Treatment group Cuticlepreserved Internal organspreserved Bubbles Ruptured abdomens

Untreated/Not dried 5 (100%) 5 (100%) 0 (0%) 5 (100%)

Untreated/Dried on resin 7 (100%) 7 (100%) 5 (71.4%) 4 (80%)

Untreated/Dried isolated 11(100%) 11(100%) 11(100%) 11(100%)

Antibiotics/Not dried 9 (100%) 9 (100%) 1 (11.1%) 3 (37.5%)

Antibiotics/Driedon resin 8 (100%) 8 (100%) 3 (37.5%) 4 (66.7%)

Antibiotics/Driedisolated 8 (100%) 8 (100%) 8 (100%) 4 (50%)

https://doi.org/10.1371/journal.pone.0195482.t002
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gutmicrobiota(�. ��	��	��
�. Multiple correspondenceanalysis(MCA) doescompletelysep-
aratetheessentialoil samplesinto thosethatdo anddo not inhibit �. ��	��	��
 activity(S6
Fig).However,thetwo resinsamplesdo not fall into eitherof thesegroups.Moreover,it isnot
clearwhichgroupthesamplesresemblemoreclosely;dependingon whetherinhibiting activ-
ity increasesalongcoordinate1 or ataslightangleto coordinate1 (S6Fig),either�. ����������
resinor �. ������� resinismorecloselyalliedwith theessentialoils that inhibit �. ��	��	��

activity.Soonceagain,theresultsareinconclusiveasto whichresinshouldmoreeffectively
inhibit decay.In summary,only asmallsubsetof theresinchemicalcompounds,andasmall
subsetof thefruit fly gutmicrobiota,havebeenpreviouslyinvestigated,andthereforethepub-
lishedliteraturedoesnot capturethefull complexityof theinteractionsbetweenresinchemis-
try andgutmicrobiotaactivity.Moreover,evenat thisoversimplifiedlevel,theresultsof our
experimentsareinconclusiveasto whichchemicalcompoundsandwhichgutbacteriahave
thestrongestinfluenceon decay.

Althoughwecannotexplainhowspecificcompoundswithin resinsalterdecaytrajectory,
wecanilluminatesomeof thewaysin whichresinchemistryis influencedthat likely contrib-
utesto resin-chemistrybiasesin theamberfossilrecord.Resinchemistryismostobviously
influencedby thetaxonomyof thetreeandenvironmentalfactors[53,54].But,evensmall
chemicaldifferencesin resinchemistrybetweencloselyrelatedtreesmaybeimportant.Such
chemicaldistinction is thoughtto bestronglycontrolledbyherbivorefaunalcomposition,[38,
53],suggestingthateventhemake-upof plant-eatinganimalsin anecosystemmayinfluence
whetheror not that faunaispreservedin amber.

Thatresintypestronglyinfluencespreservationpotentialmeansthat thediversityof taxa
recordedbyamberis likely to berelatedto thetree/resintypeatanylocality;thismayexplain
themajorpreservationalpatterns(suchaswhichsiteshavefossils,andwhichsiteshavethe
bestpreservedfossils)in theamberfossilrecord,in both thepresence/absenceof fossilsor the
presence/absenceof labileinternal tissues[1, 2,9]).

Gut microbiota
Our experimentalresultsindicatethatverysmallvariationsin thegut microbiotainfluence
decay.This is important becausegutmicrobiotain fruit fliesareeasilyaltered,allowingfor
thepotentialto createasystematicbiasesin theamberfossilrecord.Wild populationsof
fruit fliesdemonstratesignificantvariationin gutmicrobiomebetweenpopulations,which
maybebasedon thefoodavailablein theregion[19]; thiscouldresultin differentpopula-
tionsof thesamespecieshavingdifferentfossilizationpotentialwhenentombedin amber.In
addition,becausethegutmicrobiotamustbeconstantlyreplenishedthrougheating[19] an
organismthathasnot fedfor recentlymayhaveno gut biota.In fact,in laboratoryanalyses
of gutmicrobiota,simplyswitchingfliesto anewfoodmediumisenoughto significantly
reducethedensityof gutbacteria,evenwithout aperiodof starvation[55]. Therefore,even
within thesamespeciesthetypes,consistencyandquantitiesof foodavailablein acertain
environment,or acrossdifferentenvironmentsmayinfluenceits preservationpotentialin
amber.A gutmicrobiotabiascouldexplainpreservationalvariationbetweenambersitesthat
aregeographicallylocalizedandchemicallysimilar,but whichvaryin presenceor absenceof
anentombedfauna.For example,only 17of over300Lebaneseamberoutcropscontainfos-
sils[35]; andonly sevenout of morethan100Spanishamberoutcropscontainfossils[56].
Thesimilaritiesin amberchemistrysuggestthat resinchemistrywasnot sufficientlydifferent
betweenthesesitesto explainpreservationvariation.It ispossiblethatgutmicrobiotasmay
havevariedbetweenthesepopulations,andthis might explainthepresenceor absenceof
fossils.
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Conclusions
To conclude,thesurprisingvariability in preservationqualityof insectsin ambermeansthat
to readthis fossiltreasuretrovecorrectly,usingit to investigateterrestrialecosystemsand
insectevolution,wemustunderstandthebiasesthatoperatein creatingsuchfossils.Herewe
showthatdecayexperimentsprovideausefulplatformwith whichto investigatebiasbetween
differentaspectsof theamberfossilrecord.

Supporting information
S1Fig.Chromatogramsandselectedpeaks.Chromatograms(A, C) andselectedpeaks
highlightingthecompoundsof interest(B,D) from SPMEGC/MSanalysisof �����
�	 �������
resin(A, B) and����� ���������� resin(C,D). Eachselectedpeakisnumberedusingthelabels
from S2Table.
(TIF)

S2Fig.Community distribution of gut microbiota in different treatment groups.(A)
Genusdistribution. (b) Phylumdistribution.Thereisverylittle differencein communitydis-
tribution at thegenusor phylumlevelbetweentheuntreatedandantibiotic treatedflies.The
biggestcommunitydifferencesarein theleast-abundantgenera.
(TIF)

S3Fig.NMDS clusteringof fruit flies basedon variousmeasuresof gut microbiota similar-
ity. (A) WeightedUniFracdistance.Theuntreatedandantibiotic treatedgutmicrobiota
communitiesareall dominatedbyonegenus,����	���	, andthereforetheycannotbedistin-
guishedin aweightedNMDSanalysis.(B) UnweightedUniFracdistance.Thetwo treatment
groupsaredistinct in anunweightedNMDSanalysisusingtheUniFracdistance,because
therearemeaningfuldifferencesin thelessabundantcomponentsof thegutmicrobiotas.(C)
Jaccarddistance.Onceagain,anunweighteddistancemetricalsodistinguishesthetwo gut
microbiotatreatmentgroups.
(TIF)

S4Fig.Jaccardindex of betadiversity. Comparingthediversitywithin andbetweenthetwo
fruit fly treatmentgroups,indicatingthat thegroupsarecohesiveanddistinct from eachother.
Cohesive:thereisno significantdifferencein gutmicrobiotasimilarity within eachtreatment
group(p = 0.066).Distinct: thereisasignificantdifferencein thesimilarity within eachgroup
andthesimilarity betweenthegroups(p-valuesof 0.001and<0.001).
(TIF)

S5Fig.Shannonalphadiversity. Showingthedifferencein gutmicrobiotadiversitybetween
theuntreatedfliesandtheantibiotic treatedflies.Thisdifferencebetweenthetreatmentgroups
issignificant,with ap-valueof 0.0412,indicatingthetwo treatmentgroupsaredistinct.
(TIF)

S6Fig.MCA analysisof �. ��������	� and 
. ��	�	� resinandvariousessentialoils whose
antibacterial propertiesareknown. Notethat theMCA doesseparatetheessentialoils into
thosethatdo anddo not inhibit theactivityof �. ��	��	��
. However,theresinsdo not fall
clearlyinto eithergroup.(A) MCA, assumingthatcoordinate1 representstheantibacterial
effectivenessof thecompoundagainst�. ��	��	��
, in whichcase�. ���������� resinseemsto
bemorelikely to effectivelyinhibit decay.(B) MCA assumingthatantibacterialeffectiveness
correspondsto avectorintermediatebetweencoordinates1 and2,in whichcase�. �������
resinseemslikely to beslightlymoreeffectiveat inhibiting decay.
(TIF)
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S1Table.Chemicalcomposition of �	��� ��������	� and 
�����	� ��	�	� resin.Compounds
in boldareonly presentin oneof thetwo resins.Thecompoundsareorderedbasedon thedif-
ferencein %areabetweenthetwo resins;thefirst rowsaremoreconcentratedin �. ����������
resin,andthebottomrowsaremoreconcentratedin �. ������� resin.
(XLSX)

S2Table.Specificcompoundsof interest.Chemicaldescriptionof the23compoundsthat
differ between�. ���������� and�. ������� resin.
(XLSX)

S3Table.Gut microbiota composition.Relativeabundanceof microbial taxaidentifiedby
treatmentgroupandmockcommunity,in orderof abundance.
(XLSX)

S4Table.All datafrom resinchemistryexperiments.Thisdetailsthepresence/absenceof
variousfeaturesin eachbodypart,for eachfly. `?'indicatesthat thefeaturecannotberesolved,
typicallybecausethewindowof thescandoesnot encompasstheentirefly.
(XLSX)

S5Table.All datafrom gut microbiota/dehydration experiments.Thisdetailsthepresence/
absenceof variousfeaturesin eachbodypart,for eachfly. `?'indicatesthat thefeaturecannot
beresolved,typicallybecausethewindowof thescandoesnot encompasstheentirefly.
(XLSX)

S6Table.Influenceof resinchemicalcompoundson the componentsof the fruit fly gut
microbiota. Only sixof the23potentiallyimportant compoundshavebeenstudiedfor their
antibacterialeffects,andonly on onespeciesof the44identifiedbacteriagenerafrom thefruit
fly gutmicrobiotas.No researchhasbeendoneon howthesecompoundswould influencethe
fungi or the����	���	, bothof whichalsoarepresentin fruit fly guts;����	���	 dominates
thefruit fly microbiota.
(XLSX)

S7Table.Chemicalcomposition of variousessentialoils comparedto the chemicalcompo-
sition of �. ��������	� and 
. ��	�	� resin.All essentialoil sampleswerepurified from plants
usinghydrodistillation,andthenanalysedwith GC-MS.
(XLSX)

S8Table.Detailed taxonomic information andgenbankaccessionnumbersfor gut micro-
biota sequencing.
(XLSX)
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