


specimenis incomplete,traditionalmorphologicalmethodscanonly generatereliableclassifi-
cationsathighertaxonomiclevels.Consideringmoleculartechniquesarefast,moreaccessible
andaffordable,scientistsgloballyarecapitalizingon thediscriminatoryinformation contained
in rapidlyevolvingregionsof thegenometo achievespecies-levelidentifications.

Acrosstheentiretreeof life,asimilarsetof coregeneregions,suchasthenuclearinternal
transcribedspacers(ITS), ribosomalRNAs(e.g.,12S,16S,and18S),andprotein-codinggenes
from themitochondrialgenome(e.g.,cytochromeb [cyb], cytochromeoxidasesubunitI and
II [COI andCOII] genes),haveprovenparticularlyusefulfor taxonomicdiscrimination.The
fungalcommunityhasbeenusingrDNA markersto identify unknownfungi sincethe1990's
[1]. In 2003,Hebertandcolleagues[2] coinedDNA barcoding,in whichtheyproposedthata
648bp fragmentofCOI couldpermit species-levelresolutionamongall animals.DNA barcod-
ing hasbeenbroadlyacceptedasareliablemethodof identification,andthebarcodingconcept
hasextendedbeyondanimals;a2-locusbarcodeof ribulose1,5-biphosphatecarboxylase
(rbcL) andmaturaseK (matK) canresolvelandplants[3] anda645bp regionof ITS (spanning
subunits1 and2) isusedfor fungi identifications[4]. Onemainadvantageof DNA barcoding
is thatextensivepublic referencedatabasesof barcodesequencesalreadyexist;anunknown
sequencecaneasilybesearchedagainstadatabaseto determinetheclosestspeciesmatch(e.g.,
providingameasureof similarity).

TheBarcodeof LifeDataSystems(BOLD) [5] andGenBank[6] arethetwo mainpublic
databasesof DNA barcodedatafor animals,plants,andfungi.BOLDcurrentlycontains
sequencesfor ~296,000formallydescribedspecies(~7 million specimens)(accessed04/26/
2019).Forasequenceto obtaina`formal'barcodestatusin BOLD,severalelementsmustbe
provided[5]: speciesname,voucherdata(storinginstitution andcataloginformation), collec-
tion record,identifier of thespecimen,sequenceof>500bp,primer information,andtheraw
sequencedatafiles.Onceuploaded,BOLDadministratorsperformqualitychecksof dataprior
to makingit public (i.e.,confirmationthesequenceisnot thatof acontaminant,isatrue func-
tional copy,andisof adequatequality)[5]. GenBankismuchlargerandcontains>212million
sequences(accessed04/26/2019).GenBankalsoperformsbasicqualitycheckson all newsub-
missions,suchasvectorcontamination,propertranslationof codingregions,correctbiblio-
graphiccitationsandcorrecttaxonomy.However,unlikeBOLD,GenBankdoesnot store
sequencechromatograms,collectionmetadataor photographs[6]. BOLDisacurationtool
thatalsostoressequences,whileGenBankis justasequencerepository.Manysequencesare
duplicatedbetweendatabases,asall BOLDsequencesareautomaticallysubmittedto GenBank
(denotedby thekeyterm ªBARCODEº)andBOLDperiodically`mines'barcodesequences
from GenBank[7,8]. Ideally,all barcodesequencescontainedin eitherdatabaseshouldhave
beenderivedfrom avoucheredspecimen,whichwasinitially identifiedbyataxonomicexpert.
However,giventheinherentnatureof anypublicdatabase,it is inevitablethatsomeerroneous
datawill bepresent.Thegenerationandsubmissionof incorrectsequenceslikely occursdue
to misidentificationof theoriginalmaterial,poor isolationtechniques(primarily for fungi),
contaminationof cultures,endoparasitesin insects(e.g.,Wolbachia) andplants(e.g.,fungal
endophytes),duplicaterecordsdueto instancesof synonymyandPCR-basederrors(e.g.,chi-
mericsequencesor theunintentionalsequencingof pseudo-genes)[9±11].Only afewstudies
haveassessedtheaccuracyof sequencedatacontainedin publicdatabases,andthesehave
largelybeentaxaspecific[10,12±17].For fungi, two independentstudiescompletedovera
decadeagoestimatedthatup to 20%of thesequencescontainedin publicdatabasesareunreli-
able[10,13].Additionally, thesestudiesalsohighlightedthatover80%of thesequencesin such
databaseslackreferenceto avoucheredspecimenandarefrom environmentalsamples(e.g.,
unculturedfrom soilor root tips) [18].
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Universalprimer designandstandardcyclingconditionshavemeantthatgeneratingDNA
barcodesequencesis typicallystraight-forwardacrossabroadrangeof taxaandsampletypes.
Thus,DNA barcodingholdssubstantialpotentialfor identifyingpotentiallycompromised
unknownbiologicalmaterials[19±21].Thisstudywasaimedatperforminganinitial assess-
mentof both thequalityandreliability of datacontainedin BOLDandGenBankfor obtaining
taxonomicidentificationsof insect,macro-fungi,andplant taxa.To achievethis,curatedrefer-
encematerial(n = 94)from theNationalMuseumof NaturalHistory (USNM;Washington,
DC) andtheU.S.Departmentof AgricultureAgriculturalResearchService(USDA-ARS)U.S.
NationalFungusCollections(Beltsville,MD) wereobtainedandtheappropriatebarcode
regionsadvocatedfor by theConsortiumfor theBarcodeof Life (CBOL)(i.e.,COI, rbcL,
matK, trnH-psbA, ITS) amplifiedandsequenced.Usingthisdata,weexamined:1) theaccuracy
andreliability of BOLDandGenBankasreferencesequencedatabasesfor taxonomicidentifi-
cationsat thegenusandspecieslevels,and2) theoptimalsetof algorithmparameters(i.e.,
BOLDidentificationengineandBLASTsearchmethods)to usewhensearchingBOLDand
GenBankfor reliabletaxonomicidentificationsof unknownmaterials.Our aimwasto test
thesedatabasesastheyaremostcommonlyaccessedandusedin appliedscientificdisciplines.
While thereisoverlapin thebarcodesequencespresentin bothdatabases,exclusionof such
duplicatesequences(i.e.,BOLDsequencesfrom GenBanksearchesandviceversa)isnot
straightforwardandwouldnot beperformedprior to routinesearching.Thus,whileour
assessmentcomparesbothdatabasesseparately,theywerenot examinedexclusively.

Materials and methods

Specimens

Curatedreferencematerialfor insects(n = 17)andplants(n = 61)wereobtainedfrom the
EntomologyandBotanyDepartmentsof USNM.Macro-fungi(n = 16)wereobtainedfrom
theUSDA-ARSU.S.NationalFungusCollections(Beltsville,MD). Taxaincludedin thisstudy
encompassedsomethatpossessaforensicimportance(e.g.,plantsandmacro-fungithatpro-
ducepoisonoustoxins,alongwith insectscommonlyassociatedwith decomposingcorpses),
but alsothosefrom adiverserangeof ordersandfamilies.It shouldbenotedthatall taxa
includedin thisstudyhadpre-existingDNA barcodesequencesin bothBOLDandGenBank.
Information on thespecimens,including taxonomyandcollectiondate,aregivenin S2±S4
Tables.

DNA extraction

Prior to extraction,eachtissuesubsamplewasweighedusinganAB304-S/FACTAnalytical
Balance(Mettler Toledo,Crescent,Singapore),with on average0.9(± 1.7),18.3(± 8.5)and9.5
(± 5.9)mgof tissueusedin insect,macro-fungiandplantextractions,respectively.Tissuewas
homogenizedprior to extractionusingasterileKimbleBiomasherII closedsystemmicrotissue
homogenizer1.5mL tube(FisherScientific,Hampton,NH, USA).

Insects. TotalgenomicDNA wasisolatedusingtheQiagenDNeasyBloodandTissue
DNA PurificationKit (Qiagen,Hilden,Germany).Themanufacturer'sprotocolswerefol-
lowedfor extractionwith thefollowingexceptions:5μL of ProteinaseK (20mg/mL;VWR
International[E195],Radnor,PA,USA)wasaddedto tissuehomogenizedin 75μL of buffer
ATL andincubatedin a56ÊCshakingwaterbathfor 2 h; 50μL of bufferAL and50μL of etha-
nol (96±100%;Sigma-Aldrich[E7023],St.Louis,MO, USA)wereaddedfollowing incubation
at56ÊC;theDNA waselutedin asingleeluateof 50μL of bufferAE,to maximizethefinal
DNA concentration.
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Macro-fungi and plants. A cetyltrimethylammoniumbromide(CTAB)bufferwasused
for lysisandcontainedthefollowing:2%CTAB(VWR International[VWRV0833]),100mM
Tris-HCl pH 8.0(ThermoFisher[AM9855G],Waltham,MA, USA),20mM EDTA (Sigma-
Aldrich [E7889])and1.4M NaCl(ThermoFisher[AM9759]). Immediatelyprior to extraction,
0.04g/mL polyvinylpyrrolidone(PVP;molecularweightof 360,000;Sigma-Aldrich[P5288]),
0.4%ProteinaseK (20mg/mL;VWR International[E195]),and0.5%β-mercaptoethanol
(Sigma-Aldrich[M3148])wasaddedto theCTABlysisbuffer,whichwassubsequentlyplaced
in a56ÊCwaterbathfor ~15min to facilitatethedissolutionof PVP.A totalof 500μL of the
CTABlysisbufferwasaddedto thefinelygroundtissueandincubatedin a65ÊCshakingwater
bathfor 1hr. Followingincubation,500μL of Phenol:Chloroform:Isoamylalcohol (25:24:1;
Sigma-Aldrich[AM9732]) wasadded,mixedwellandcentrifugedfor 10min at12,000x g.
Theaqueousphasewastransferredto anewsterile1.5mL tubecontaining500μL of 100%
chloroform(FisherScientific[C606-1])andmixedvigorouslyprior to centrifugingat12,000x
g for 8 min. Theaqueousphasewastransferredto anothernewsterile1.5mL tubecontaining
900μL of absoluteethanol(Sigma-Aldrich[E7023])andplacedin a-20ÊCfreezerovernight
(~18hrs).After removalfrom the-20ÊCfreezer,tubeswerecentrifugedfor 5 min at12,000x g
andall theliquid wascarefullyremoved(asto not disturbtheDNA pellet).Thepelletwassub-
sequentlywashedtwice,oncewith 70%ethanolandoncewith absoluteethanol,asfollows:
700μL of icecoldethanol(either70%or absolute)wasadded,thetubewasinvertedonceto
mix, centrifugedfor 1min at12,000x g andall theliquid wascarefullyremoved.Thewashed
pelletwassubsequentlydriedusinga55ÊChot plate(~5 min) andre-suspendedin 50μL of TE
Buffer(10mMTrizmaHCl (Sigma-Aldrich[T3038]),1mM EDTA (Sigma-Aldrich[E7889])).
Extractswerepurified with AgencourtAMPureXPbeads(BeckmanCoulter[A63880],Brea,
CA,USA)permanufacturer'srecommendationsfor genomicDNA.

Amplification, purification and quantification

All amplificationswereperformedon aGeneAmpPCRSystem9700ThermalCycler(Applied
Biosystems,FosterCity, CA,USA).Usingthemanufacturer'ssuggestedreactionmix constitu-
ents,theQ5Hot StartHigh-FidelityDNA polymerase(NewEnglandBioLabsInc [M0494S],
Ipswich,MA, USA)wasusedfor insectamplifications,andtheKAPA3GPlantDNA polymer-
ase(KAPA Biosystems[KK7251],Wilmington, MA, USA)for plantandmacro-fungiamplifi-
cations.Thebarcoderegionstargetedfor amplificationwerethoseadoptedandadvocatedfor
useby thebarcodingcommunityandCBOL:1) insects,COI [2]; 2) macro-fungi,ITS (subunits
1and2) [4]; and3) plants,rbcL andmatK [3]. Consideringalternateloci havebeenidentified
byCBOLandareoftenusedassupplementalmarkersfor theidentificationof landplants,data
for theintergenicspacertrnH-psbA andITS2 werealsocollectedfor plant taxa.S1Tableout-
linestheprimer pairsandcyclingconditionsusedin amplifications.Giventhat thetaxa
includedin thisstudyspannednumerousorders,successfulamplificationof regionssuchas
matK andtrnH-psbA wasnot possiblefor all taxausingasingleprimer pair;amplificationof
theseregionswereonly achievedafterscreeningwith multiple primer pairs.PCRproducts
werescreened,purified andquantifiedasoutlinedin Meiklejohnet al. (2018)[21].

Sequencing and data analysis

Sangersequencingof plantandinsectPCRampliconswascompletedasoutlinedin Meikle-
john et al. (2018)[21] andmacro-fungiITS ampliconswereprocessedfollowing thesamepro-
tocolusedto sequenceplants.After theremovalof primer sequencesandambiguousbases
usingSequencherv5.4.5(GeneCodes,Ann Arbor, MI, USA),eachreferencesequencewas
queriedagainstBOLDandGenBankusingtheir built-in searchtools(i.e.,BOLDidentification
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engineandGenBank'sBLAST).It is important to notethat for macro-fungi,sequencedata
from ITS subunits1 and2weresearchedbothaloneandin combination.

Unlike GenBank,theBOLDdatabaseisorganizedsuchthatsequencesfor eachtaxonomic
grouparesegregated(i.e.,COI for animals,rbcL andmatK for plants,andITS for macro-
fungi).Moreover,searchalgorithmsbehindBOLDandGenBankdiffer;BOLDsearchesthe
translatedglobalproteinsequence,whileGenBankcomparesnucleotidequerysequenceto
databasesequences.Usingtheidentificationsystems(IDS)searchalgorithm[5] in BOLD,
eachbarcodesequencewassearchedagainsttheappropriatecollectionof barcodesequences.
In GenBank,aMegaBlast search,whichisoptimizedfor highlysimilarsequencesandis the
defaultnucleotideBLASTin theonline interface,wasusedto searchagainstall `other'nucleo-
tidesequencesusingthecommand-lineinterface(accessedJuly2017-January2018).Thiswas
facilitatedthroughtheuseof acustompythonscript,whichautomatedthesubmissionof indi-
vidualsequencesfor aMegaBlast search(provideduponrequest).Thedefaultsettingsfor
MegaBlast wereemployedasfollows:1)max target sequence, maximumnumberof aligned
sequencesto bewritten to theoutput file,10;2)word size, lengthof initial exactmatch,28;and
3) reward/penalty, reward/penaltyfor anucleotidematch/mismatch,1/-2 respectively[22].
Theoutput from searchesagainstbothBOLDandGenBankweretreatedasfollows:species
wereconsideredcorrectlyidentified(i.e.,accurate)if arecordwith thesametaxonomicname
hadthetop matchstatistic(i.e., theloweste-value,numberof hitsonecanexpectto seeby
chancewhensearchingadatabaseof aparticularsize;highestbit score,measuresthesequence
similarity independentof querysequencelengthanddatabasesize;andhighestpercentiden-
tity, percentageof similarity betweentwo sequences).Querycoverage(percentof query
sequencethatalignsto asequencein GenBank)isanotherimportant metric thatcanbeused
to definegoodqualityhits.However,asthismetric isexclusiveto GenBank,it wasnot exam-
inedin thisstudy.Identificationswereconsideredreliableif multiple independentrecords
with thesametop matchstatisticshadthecorrecttaxonomicname.In instanceswheremulti-
plerecordswith differenttaxonomicnameshadthesametop matchstatistics(excluding
knownsynonyms),theidentificationwastreatedasanambiguouscorrectmatch.

In attemptsto increasethestringencyandreducetheambiguityof identificationsusing
bothdatabases,modifiedsearcheswerecompletedto identify theoptimalsetof algorithm
parametersor sequencesubsets.Foreachdatabase,modificationswererestrictedto those
availablefor usewith eithertheonlinesearchtool (i.e.,BOLD)or commandline interface(i.e.,
GenBank).Assessingtheimpactof modifying theunderlyingalgorithm,thatcouldbepossible
with advancedcomputingandprogrammerresources(e.g.,classificationmethods[k-mer,
machinelearning,phylogenetichybrids] in conjunctionwith thedatabases),wasnot explored.
ForBOLD,thesettingsfor theonlineIDSsearchalgorithmcannotbeconfigured.However,
for COI, therearedifferentsubsetsof sequencesthatcanbesearched:all barcoderecordson
BOLD,only species-levelbarcoderecords(default),only publicbarcoderecords,only full-
lengthbarcodes(>640bp).Thus,allCOI sequencesgeneratedin thisstudyweresearched
againstthesevarioussequencesubsets.ForGenBank,blastn searchesagainstthe`other'nucle-
otidesequenceswerecompletedusingthecommand-lineinterface,with modificationsto the
word size andreward/penalty (defaultsof 11and2/-3,respectively).Thesetwo parameters
werechosenfor modificationastheyarelinked to thespecificityof sequencematches:1) a
largeword size (e.g.,28,theMegaBlast default)isoptimizedfor intra-speciescomparison
(~99%conserved),whileashorterword size (e.g.,11,theblastn default)isbettersuitedfor
inter-speciescomparisons(~95%conserved);2) areward/penalty ratio of 1/-2 isoptimizedfor
inter-speciescomparisons,whereasaratio of 1/-3 isbettersuitedfor intra-speciescomparisons
[22]. In thisstudy,thefollowingparameterswereindependentlymodifiedfor blastn searches
(all otherparametersremainedat thedefaultsettings):1)word size of 17,2) reward/penalty of
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1/-2,and3) reward/penalty of 1/-3.Two-samplet-testsandone-wayANOVAs wereusedto
determineif therewasastatisticallysignificantdifferencebetweenthetwo publicdatabases
andbetweenthedifferentsearchparameterstestedfor eachtaxonomicgroup.

Results and discussion

Insects

Amplification of thefull-lengthCOI barcoderegionwasinitially attemptedfor all 17insect
taxarepresenting12orders(usingtheprimer pairsoutlinedin S1Table).Ampliconsof the
expectedsizewereonly obtainedfor 12taxa(averagelength,614± 34bp).Thisreducedampli-
ficationsuccesscanbeattributedto thematerialavailablefor extraction(e.g.,only singlelegs,
no flight muscle),suchthat theDNA extractedlikely washighlydegradedrestrictingthe
amplificationof thefull COI barcoderegion.For thefivetaxathat failedto amplifythefull
region,amplificationsof smallerbarcoderegionsweresequentiallyattempted(i.e.,~250±400
bp;S2Table)andweresuccessful(averagelength,340± 65bp).

Of the17sequencesqueriedagainstbothdatabases,GenBankoutperformedBOLDfor
bothgenusandspecieslevelidentifications,althoughthis failedto meetstatisticalsignificance
(p>0.30)(Fig1A).Forbothdatabases,<70%of taxawerecorrectlyassignedatboth thegenus
andspecieslevel(Fig1A).Thisresultwaslowerthanpreviouslyreportedfor flies(Diptera
[15,20],beetles(Coleoptera[23]), butterfliesandmoths(Lepidoptera[24]), whensearching
againsteitheror bothof thesedatabases.Sixtaxawereclassifiedasbeinganambiguousmatch
(i.e.,multiple species,including theexpected,with thesametop matchstatistics)whensearch-
ing againstbothdatabases(Fig2A).For taxathatweremisidentifiedat thespecieslevelin
BOLDandGenBank(n = 8),correctclassificationathighertaxonomiclevels(i.e.,genus,fam-
ily, order,class)wasstill achievedin themajority of cases(Fig2B).TheBOLDpercentof simi-
larity statisticwasidentifiedasanaccurateindicatorof anincorrectmatch(p = 2.02x10-4),
while thecomparableGenBanksimilarity statistic(i.e.,percentidentity) wasnot. Forexample,
in instanceswheretaxaweremisidentified,theBOLDpercentsimilarity statisticwas
60± 15%,whereasthepercentidentity from GenBankwas98± 2%.It shouldbenotedthat
althoughtherearedifferencesin howBOLDandGenBanksearchtheir respectivedatabases(i.
e., translatedglobalproteinalignmentsandpairwisenucleotidealignmentsfor BOLDand
GenBank,respectively),bothsimilarity statisticsdefinetheunderlyingnumberof nucleotide
differencesbetweenthequeryandreference.

Lowspecieslevelidentificationsuccesswasunexpectedgiventhat taxawerechosenin part
basedon their inclusionin BOLDandGenBank,but alsogiventhat insectshavebeenwell
characterizedusingDNA barcoding(~76%and75%of allCOI animalsequencesin BOLD
andGenBank,respectivelyarefrom insects[accessed11/26/2018]).Species-levelmisidentifi-
cationscouldbeattributedto theinclusionof misidentifiedspecimensin publicdatabases,
giventhatmorphologicalidentificationsbetweencloselyrelatedspeciesarechallengingin
manyorders.Forexample,Chrysomya saffranea andChrysomya megacephala (Diptera:Calli-
phoridae)[25],Eurygaster maura andEurygaster testudinaria (Hemiptera:Scutelleridae)[26],
Appasus japonicus and Appasus major (Heteroptera:Belostomatidae)[27] arecommonlymis-
identifiedmorphologically.It isalsopossiblethat,givenapproximately30%of theCOI
sequencesobtainedin thisstudywerelessthan430bp,thediscriminatorypowerneededto
facilitatespecies-levelidentificationsmayhavebeendiminished(reducedquerylengthoften
negativelyaffectstheability to getagoodmatch;S2Table).Nevertheless,Grywaczandcol-
leagues[20] examinedtheimpactof barcodesequencelengthon identificationsuccessin Dip-
tera.In their study,theyappliedabestmatchcriteriawith SpeciesIdentifierv1.8using
sequencesin BOLDandGenBankrelatingto DipteranFamily(Fannidae),andobtained
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similar resultswhenusingfragmentsof 650bp and130bp (96%and94%,respectively).In this
study,misidentificationswerenot observedexclusivelyfor taxain whichamid-lengthCOI
barcodesequencewasusedto searchagainstpublicdatabases.Species-levelmisidentification
ratesof approximately42%and60%wereobservedwhenusingfull- andmid-length
sequences,respectively,for searchingagainsteitherpublicdatabase(S2Table).

Macro-fungi

Usingarangeof primer pairs,theamplificationandsequencingof ITS1 andITS2 wassuccess-
ful; averageseparatelengthsof 241± 73bpand295± 52bpwereobtainedrespectively,with a
combinedaveragelengthof 536± 93bp (S3Table).Ascompletehigh-qualitysequencedata
for both ITS1 andITS2 werenot obtainedfor Amanita ocreata andConocybe filaris (S3Table),
thesetaxawereexcludedfrom analyses.SearchesagainstBOLDandGenBankwerecompleted
for ITS1 andITS2 bothaloneandin combination.Similarto resultsobservedbyPorras-Alfaro
andcolleagues[28], no significantdifference(p>0.59)in thediscriminationpowerbetween
ITS1 andITS2 wasobserved(S3Table).

Fig 1. Overall classification accuracies from BOLD and GenBank for: A) COI insect sequences (n = 17), B) ITS macro-fungi sequences (n = 14), and C) plant

taxa using either a 2-locus (rbcL and matK; n = 53) and 4-locus approach (rbcL, matK, trnH-psbA and ITS2; n = 28). Theidentification successfor genusis
denotedby thelight colorandspeciesby thedarkcolor.Bluebarscorrespondto resultsfrom searchesagainstBOLDandgreenagainstGenBank.

https://doi.org/10.1371/journal.pone.0217084.g001
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Whensearchingbothdatabaseswith thecombinedITS1 andITS2 sequence,all taxawere
assignedto thecorrectgenusandtheaveragesimilarity percentageof top matcheswas
98± 3%.Correctspecieslevelidentificationswereonly achievedfor 57%of taxa,whensearch-
ing againsteitherBOLDor GenBank(Fig1B).Forcorrectlyidentifiedtaxathathadmultiple
recordswith thesametop matchstatistics(n = 3 and7 for BOLDandGenBank,respectively),
ambiguousmatcheswereonly observedwhensearchingagainstGenBank(albeitonly 43%of
thetime) (Fig2C).In theseinstances,theadditionalrecordswerefrom unculturedor undeter-
minedspecies.For theeighttaxathatweremisidentifiedat thespecieslevel,theserepresented
fiveof ninegenerasampledin thisstudy.Thesemisidentificationswerenot restrictedto asin-
gledatabase;four weremisidentifiedin bothdatabases,two from BOLDandtwo from Gen-
Bank(S3Table).In theseinstances,therecord(s)with thetop matchstatisticswereeithera
congenericspecies(i.e.,differentspeciesfrom thesamegenus)or anundeterminedspeciesof
thecorrectgenus(e.g.,Amanita sp.)(Fig2D).

It hasbeendocumentedthat the~97,000currentlydescribedfungi taxalikely only repre-
sent~2%of all existingspecies[29]. Giventhis,it isnot surprisingthatpublicdatabases
includeahighproportion of recordsthatareundeterminedor uncultured,limiting their utility
for species-levelidentifications[18,30±31];speciesnamesarenot givenfor ~11%and48%of
ITS sequencesfound in BOLDandGenBank,respectively(accessed11/26/2018).Asidefrom
thedifficultieswith documentingthebreadthof fungi biodiversity,accurateidentificationof
adequatelydescribedspeciesischallengingfor non-experts,asonly subtlemorphologicalvari-
ationsmayseparatespeciesandtheITS regionisnot equallyvariableamongall groupsof
fungi [13,32±34].Additionally, thegenerationof clean,reliablesequencedatafrom fungalcul-
turescanbedifficult, ascross-contaminationfrom symbioticorganismsispossible[10].

Plants

Giventhemoreconservednatureof therbcL locus[35], amplificationandsequencingwere
successfulfor all but onespeciessampledin thisstudy(S4Table).In contrast,thegeneration
of barcodesequencesfor matK, trnH-psbA, andITS2 wasnot asseamless,evenafterscreening
with multiple primer pairs(S1Table);high-qualitysequenceswereonly generatedfor 85%,
78%,and73%of taxa,respectively(S4Table).ConsideringCBOLcurrentlyonly advocatesfor
theuseof a2-locusbarcodefor species-levelidentificationsin landplants[3] (despitelisting
supplementalbarcodeloci),BOLDonly currentlycontainsrbcL andmatK sequences.In this
study,referencebarcodesequencesfrom rbcL andmatK weresearchedagainstbothBOLD
andGenBank,but trnH-psbA andITS2 sequenceswereonly ableto besearchedagainst
GenBank.

No significantdifference(p>0.48)wasobservedin thediscriminationpowerat thegenus
andspecieslevelsbetweenthefour loci (averageaccuracy,79± 6%and63± 5%,respectively).
Additionally, for rbcL andmatK, no significantdifference(p>0.70)in accuracyateithertaxo-
nomic levelwasobservedbetweenBOLDandGenBank.DespiteITS2 havingthelowestdis-
crimination powerin thisstudy,previousstudieshavedocumentedsuccessfulidentifications
usingonly ITS2 for medicinalplants[36], daisies(Asteraceae)[37] andcitrus(Rutaceae)[38].

Fig 2. Classification using BOLD and GenBank for: A-B) COI insect sequences (n = 17), C-D) ITS macro-fungi sequences (n = 14), and E-F)

plant taxa using either a 2-locus approach (rbcL and matK; n = 53) or 4-locus approach (rbcL, matK, trnH-psbA, and ITS2; n = 28). A,C,E)
Assessment of thespecificityof thetop match(es)in bothdatabases:reliablematch,whereall recordswith thesametop matchstatisticsmatched
theexpectedtaxa(darkblue),or ambiguousmatch,whererecordswith thesametop statisticmatchrepresentmorethanonespecies(othercolors;
e.g.,gray= undeterminedspecies,light blue= congeneric species,etc). B,D,F)Taxonomic levelclassification.Taxawerecorrectlyidentifiedto the
species-level (darkblue)or highertaxonomic level(othercolors;e.g.,light blue= genus,green= class,etc).

https://doi.org/10.1371/journal.pone.0217084.g002
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Furthermore,for speciesthat lackchloroplasts(e.g.,parasiticplants),ITS2 canbeaninforma-
tivemarkerto permit speciesidentifications.

Whenexaminingtheaccuracyof identificationsusingtheCBOLrecommended2-locus
barcode(n = 53),therewasno significantdifferencebetweenBOLDandGenBank(p>0.82),
with correctidentificationsto genusandspeciesobtainedfor approximately91± 0%and
80± 1%,respectively(Fig1C).Parkandcolleagues(2017)[39] alsoreportedsimilarsuccess
whenusingthe2-locusbarcodefor thespecies-levelidentificationof thirty landplants(84%).
For taxathatwerecorrectlyidentifiedbut hadmultiple recordswith thesametop matchstatis-
tics(n = 34±35),68%and57%of thesematcheswereconsideredunambiguousfrom BOLD
andGenBank,respectively(Fig2E).In instanceswheretaxawereincorrectlyidentifiedat the
specieslevel,assignmentathighertaxonomiclevelswasstill possibleusingeitherdatabase(Fig
2F).

Sequencesfor all 4barcodeloci wereobtainedfor 28taxa,with thesequencessubsequently
searchedagainstGenBank.Greaterresolutionwasachievedusingthe4-locusbarcode,with
correctidentificationto genusandspeciesfor 86%and82%,respectively.Forcorrectlyidenti-
fied taxathathadmultiple recordswith thesametop matchstatistics(n = 15),80%of these
matcheswereconsideredunambiguous(i.e.,all multiple recordscorrespondedto theknown
species;Fig2F).To date,therehasnot beenanyotherstudiesthathaveexaminedtheutility of
thecombined4-locusbarcodefor speciesidentificationwhensearchingagainstGenBank.
Thisstudydemonstratesthatadoptingthe4-locusbarcodefor landplantsnot only provides
betterdiscrimination,but alsodecreasestheambiguityof identifications(whencomparedto
the2-locusapproach)(Fig2E).

Database search parameters

Theexperimentaldesignof thisstudyenabledtheassignmentof correctmatchesaseither
unambiguous(i.e.,all top matcheswereto theexpectedspeciesof thevoucheredspecimens)
or ambiguous(i.e.,multiple species,including theexpected,with thesametop matchstatistics
of thetop tenin theoutput).WhensearchingagainstbothBOLDandGenBank,22± 12%of
all correctmatcheswereclassifiedasambiguous.In ascenariowhereno prior taxonomic
information aboutasampleisknown,it wouldbedifficult to discernthecorrectspeciesif mul-
tiple recordsrepresentingnumerousspecieshadthesametop matchstatistics.To addressthis,
weassessedwhetherapplyingmorestringentsearchparameterswouldreducethenumberof
ambiguouscorrectmatchesfrom bothBOLDandGenBank.

Modified searchesagainstBOLDwereonly possiblefor COI, in whichsamealgorithmis
usedto queryfour differentsequencesubsets.Whencomparingtheoutput from thefour sub-
sets,no significantdifferenceswereobservedwith respectto numberof correctspecieslevel
classifications(p = 0.12)andambiguity(p = 0.22).However,therewasasignificantdifference
in correctgenuslevelclassifications(p = 0.002)andsimilarity percentages(p = 4.99x10-3). For
sequencesthat returned<96%similarity againsttheªallº sequencesubset,aªno matchºwas
obtainedfrom theothersequencesubsets(i.e.,full, publicandspecies).Therefore,it is recom-
mendedto searchanunknownagainsttheªallº sequencesubset(ratherthanthedefault`spe-
cies'sequencesubset),andusethepercentsimilarity to determinetheconfidenceof amatch.
A totalof four differentsearcheswerecompletedagainstGenBankfor all sequences;the
defaultMegaBlast alongwith threemodifiedblastn searches.Whencomparingtheoutput
from thesesearchesin GenBankfor all threetaxonomicgroups,no significantdifferences
wereobservedwith respectto thenumberof correctgenusandspecieslevelclassifications,the
numberof correctambiguousmatches,or thetop matchstatistics(i.e.,percentsimilarity,
score).
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In thisstudy,themodifiedsearchesagainstpublicdatabasesdid not effectivelydecreasethe
numberof ambiguouscorrectmatches.It shouldbenotedthat thisstudysolelylookedat
straight-forwardmodificationsto theexistingsearchparametersprovidedbyBOLDandGen-
Bank,to reflecthowthemajority of userswould interactwith thesedatabases.Further
advancedclassificationtoolscanbeutilizedin conjunctionwith BOLDandGenBankto
increasetaxonomicconfidence(e.g.,machinelearning,RDPclassifier,Pro-Tax)[40±41].
Additionally,othershavedevelopedtoolsto locallymergesequencesfrom GenBankand
BOLDto maximizetaxonomiccoverageandreliability [42]. Althoughmodificationswerenot
exhaustivelytestedin thisstudy,amorestraight-forwardsolutionto addressambiguouscor-
rectmatchescouldbeto expandthenumberof sequencesin publicdatabases[8,31].Efforts
shouldbefocusednot only on obtainingfull-lengthsequences,but alsoon obtainingsequences
to fill intra- andinter-specificgaps.Theimportanceof havingacompletereferencedatabase
for searching,wheretheintra-specificandinter-specificvariationisadequatelycharacterized,
wasdemonstratedbyWilkinson andcolleagues[43]. In their study,whenrbcL andmatK
sequencedatabaseswereincomplete,erroneousspecies-levelidentificationswereobservedin
up to 40%of cases.While erroneoussequencescannotbeeasilyremovedfrom GenBank,
effortsshouldbedirectedto expandthetaxonomiccoveragein curateddatabasesbygenerat-
ing barcodesequencesfrom voucheredmaterial[14].

Conclusions
Thisstudydemonstratedthat theuncuratedGenBankdid not underperform,with respectto
thenumberof correctgenusandspecieslevelidentifications,whencomparedto thewell
curatedBOLD.Ambiguouscorrectmatcheswereobservedwhensearchingagainsteitherdata-
base.In scenarioswherethesequencerepresentsacompleteunknown,accuratelyinterpreting
andreportingon anambiguouscorrectmatchposesachallenge.Modifying thesearchalgo-
rithms (GenBank)or thesequencesusedin searches(BOLD)did not significantlyreducecor-
rectmatchambiguity.Rather,usingamulti-barcodeapproachin plantsandmacro-fungi
reducedambiguity(e.g.,4-lociasopposedto 2-loci in plants,and2-loci for macro-fungi)and
enabledreliablespecies-levelidentifications;usingmultiple loci for insectsisexpectedto have
similar favorableresults.Anothersolutionto addressconcernswith incorrectspeciesidentifi-
cationswouldbeto report thetaxonomyatahigherlevel;accurateidentificationsto thegenus
andfamily levelswereobtainedusingeitherdatabasein thisstudy.Thisstudyhighlightssome
of theprecautionsthatshouldbetakenwhenusingpublicsequencedatabasesto identify
unknownnon-humanbiologicalmaterials,especiallyprudentin appliedscientificdisciplines.
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