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specimeris incomplete traditional morphologicaimethodscanonly generatereliableclassifi-
cationsat highertaxonomiclevels Consideringmoleculartechniquesrefast,moreaccessible
andaffordable scientistgloballyarecapitalizingon the discriminatoryinformation contained
in rapidly evolvingregionsof the genomeo achievespecies-levadlentifications.

Acrossthe entiretreeof life, asimilar setof coregeneregions suchasthe nuclearinternal
transcribedspacergITS), ribosomalRNAs(e.g.,12516S and 18S) and protein-codinggenes
from themitochondrialgenome(e.g., cytochromeb [cyb], cytochromeoxidasesubunitl and
Il [COI and COII] genes)haveprovenparticularlyusefulfor taxonomicdiscrimination. The
fungalcommunity hasbeenusingrDNA markersto identify unknown fungi sincethe 1990's
[1]. In 2003 Hebertandcolleaguef?] coinedDNA barcoding,n whichtheyproposedhata
648bp fragmentof COI could permit species-leveesolutionamongall animals DNA barcod-
ing hasbeenbroadlyacceptedsareliablemethodof identification,andthe barcodingconcept
hasextendedeyondanimals;a2-locusbarcodeof ribulosel,5-biphosphatearboxylase
(rbcL) andmaturaseK (matK) canresolvdand plants[3] anda645bp regionof ITS (spanning
subunitsl and?2) is usedfor fungi identifications[4]. Onemain advantag@f DNA barcoding
isthat extensiveublic referencedatabasesf barcodesequencealreadyexist;an unknown
sequenceaneasilybesearche@gainsidatabaséo determinethe closesspeciesnatch(e.g.,
providing ameasuref similarity).

TheBarcodeof Life DataSystem@OLD) [5] and GenBanl6] arethe two main public
databasesf DNA barcodedatafor animals plants,andfungi. BOLD currently contains
sequencefr ~296,00Gormally describedspecieg~7 million specimensjaccesset4/26/
2019) Forasequencéo obtaina “formal'barcodestatusn BOLD, severaklementsnustbe
provided[5]: speciesiame voucherdata(storinginstitution and catalognformation), collec-
tion record,identifier of the specimensequencef >500bp, primer information, andthe raw
sequenceéatafiles.Onceuploaded BOLD administratorgperform quality checksof dataprior
to makingit public (i.e., confirmationthe sequencés not that of acontaminant,is atrue func-
tional copy,andis of adequatejuality) [5]. GenBankis muchlargerand contains>212million
sequence@@ccesse4/26/2019)GenBankalsoperformsbasicquality checkon all newsub-
missionssuchasvectorcontamination propertranslationof codingregions correctbiblio-
graphiccitationsand correcttaxonomy.However,unlike BOLD, GenBankdoesnot store
sequencehromatogramsgollectionmetadataor photographg6]. BOLD is acurationtool
thatalsostoressequencesyhile GenBankis justasequenceepository.Many sequenceare
duplicatedbetweerdatabasessall BOLD sequenceareautomaticallysubmittedto GenBank
(denotedby the keyterm 2BARCODE®)and BOLD periodically'minesbarcodesequences
from GenBanK7,8].Ideally,all barcodesequencesontainedin eitherdatabasshouldhave
beenderivedfrom avoucheredspecimenwhichwasinitially identified by ataxonomicexpert.
However giventheinherentnatureof anypublic databasét isinevitablethat someerroneous
datawill bepresentThegeneratiorand submissiorof incorrectsequencelikely occursdue
to misidentificationof the original material ,poor isolationtechniquegprimarily for fungi),
contaminationof cultures endoparasites insectye.g., Wolbachia) andplants(e.g.,fungal
endophytes)duplicaterecordsdueto instance®f synonymyand PCR-baseérrors(e.g., chi-
meric sequencesr the unintentionalsequencingf pseudo-genegp+11].0Only afewstudies
haveassesséithe accuracyof sequenceéatacontainedin public databasesndthesehave
largelybeentaxaspecifid10,12+17]Forfungi, two independenstudiescompletedovera
decadeagoestimatedhat up to 20%0f the sequencesontainedin public databaseareunreli-
able[10,13].Additionally, thesestudiesalsohighlightedthat over80%of the sequencei such
databaselmckreferencdo avoucheredspecimerandarefrom environmentalsamplege.g.,
unculturedfrom soil or root tips) [18].
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Universalprimer designandstandardcyclingconditionshavemeantthat generatingDNA
barcodesequenceis typicallystraight-forwardacrossabroadrangeof taxaand sampletypes.
Thus,DNA barcodingholdssubstantiapotentialfor identifying potentiallycompromised
unknown biologicalmateriald19+21].This studywasaimedat performinganinitial assess-
mentof both the quality andreliability of datacontainedin BOLD and GenBankor obtaining
taxonomicidentificationsof insect macro-fungi,andplanttaxa.To achievehis, curatedrefer-
encematerial(n = 94) from the NationalMuseumof Natural History (USNM; Washington,
DC) andthe U.S.Departmentof Agriculture Agricultural ResearciservicUSDA-ARS)U.S.
NationalFungusCollectiong(Beltsville MD) wereobtainedandthe appropriatebarcode
regionsadvocatedor by the Consortiumfor the Barcodeof Life (CBOL)(i.e., COI, rbcL,
matK, trnH-psbA, ITS) amplifiedandsequencedJsingthis data,weexaminedl) theaccuracy
andreliability of BOLD and GenBankasreferencesequenceéatabasefor taxonomicidentifi-
cationsatthe genusandspeciefevelsand2) the optimal setof algorithmparametergi.e.,
BOLD identificationengineand BLASTsearchmethods)o usewhensearchingdOLD and
GenBanKor reliabletaxonomicidentificationsof unknown materials Our aim wasto test
thesedatabaseastheyaremostcommonlyaccessedndusedin appliedscientificdisciplines.
While thereis overlapin the barcodesequencegresentin both databasegxclusionof such
duplicatesequence§.e.,BOLD sequenceom GenBanksearcheandviceversa)s not
straightforward andwould not be performedprior to routine searchingThus,while our
assessmerbmparedoth databaseseparatelytheywerenot examinedexclusively.

Materials and methods
Specimens

Curatedreferencematerialfor insectgn = 17)andplants(n = 61)wereobtainedfrom the
Entomologyand BotanyDepartmentof USNM. Macro-fungi(n = 16)wereobtainedfrom
the USDA-ARSU.S.NationalFungusCollectiongBeltsville MD). Taxaincludedin this study
encompassesomethat possesaforensicimportance(e.g., plantsand macro-fungithat pro-
ducepoisonougoxins,alongwith insectscommonlyassociateaith decomposingorpses),
but alsothosefrom adiverserangeof ordersandfamilies.lt shouldbenotedthatall taxa
includedin this studyhadpre-existingDNA barcodesequenceis both BOLD and GenBank.
Information on the specimensncluding taxonomyand collectiondate,aregivenin S2+S4
Tables.

DNA extraction

Prior to extraction,eachtissuesubsamplevasweighedusingan AB304-S/FACTAnalytical
Balance€Mettler Toledo,CrescentSingapore)with on averag®.9(+ 1.7),18.3(+ 8.5)and 9.5
(+ 5.9)mg of tissueusedin insectmacro-fungiand plant extractionsrespectivelyTissuewas
homogenizegrior to extractionusingasterileKimble Biomashetl closedsystenmicrotissue
homogenizer.5mL tube (FisherScientific Hampton,NH, USA).

Insects. TotalgenomicDNA wasisolatedusingthe QiagenDNeasyBloodand Tissue
DNA PurificationKit (QiagenHilden, Germany).The manufacturer'rotocolswerefol-
lowedfor extractionwith thefollowing exceptions5 ulL of Proteinas&K (20mg/mL; VWR
International[E195],Radnor,PA, USA)wasaddedto tissuehomogenizedn 75ulL of buffer
ATL andincubatedin a56EGshakingwaterbathfor 2 h; 50uL of buffer AL and50uL of etha-
nol (96+100%Sigma-Aldrich[E7023],St.Louis,MO, USA)wereaddedfollowing incubation
at56ECthe DNA waselutedin asingleeluateof 50yl of buffer AE, to maximizethefinal
DNA concentration.
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Macro-fungi and plants. A cetyltrimethylammoniumbromide (CTAB) bufferwasused
for lysisand containedthe following: 2% CTAB (VWR International[VWRV0833]),100mM
Tris-HCI pH 8.0(ThermoFishefAM9855G],Waltham,MA, USA),20mM EDTA (Sigma-
Aldrich [E7889])and 1.4M NaCl(ThermoFishefAM9759]). Immediatelyprior to extraction,
0.04g/mL polyvinylpyrrolidone(PVP;molecularweightof 360,000Sigma-Aldrich[P5288]),
0.4%Proteinas& (20mg/mL; VWR International[E195]),and 0.5%3-mercaptoethanol
(Sigma-Aldrich[M3148]) wasaddecdto the CTAB lysisbuffer,which wassubsequentlplaced
in a56EGvaterbathfor ~15min to facilitatethe dissolutionof PVP.A total of 500uL of the
CTABIlysisbufferwasaddedto thefinely groundtissueandincubatedin a65EGshakingwater
bathfor 1 hr. Followingincubation,500uL of Phenol:Chloroform:lIsoamylalcoh({®5:24:1;
Sigma-Aldrichf]AM9732]) wasadded mixedwell and centrifugedfor 10min at12,000x g.
Theaqueouphasewvastransferredo anewsterilel.5mL tubecontaining500puL of 100%
chloroform (FisherScientific[C606-1])and mixedvigorouslyprior to centrifugingat 12,000«
g for 8min. Theaqueougphasewastransferredo anothernewsterile1.5mL tubecontaining
900uL of absolutesthanol(Sigma-Aldrich[E7023])andplacedn a-20EGreezemnvernight
(~18hrs). After removalfrom the -20ECreezertubeswerecentrifugedfor 5 min at 12,000k g
andall theliquid wascarefullyremoved(asto not disturbthe DNA pellet).The pelletwassub-
sequentlywvashedwice,oncewith 70%ethanoland oncewith absolutesthanol asfollows:
700pL of icecold ethanol(either 70%or absolute)vasadded the tubewasinvertedonceto
mix, centrifugedfor 1 min at12,00x ¢ andall the liquid wascarefullyremoved.Thewashed
pelletwassubsequentlgried usinga 55E Chot plate(~5 min) andre-suspendeéh 50uL of TE
Buffer(10mM TrizmaHCI (Sigma-Aldrich[T3038]),1mM EDTA (Sigma-Aldrich[E7889])).
Extractswerepurified with AgencourtAMPure XP beadgBeckmanCoulter[A63880],Brea,
CA, USA) permanufacturer'secommendationgor genomicDNA.

Amplification, purification and quantification

All amplificationswereperformedon aGeneAmpPCRSysten®700ThermalCycler(Applied
BiosystemdrosterCity, CA, USA).Usingthe manufacturer'suggestedeactionmix constitu-
ents,the Q5 Hot StartHigh-Fidelity DNA polymeras¢New EnglandBioLabdnc [M0494S],
Ipswich,MA, USA)wasusedfor insectamplificationsandthe KAPA3GPlantDNA polymer-
asg KAPA Biosystem§KK7251],Wilmington, MA, USA)for plantand macro-fungiamplifi-
cations.Thebarcoderegionstargetedor amplificationwerethoseadoptedandadvocatedor
useby the barcodingcommunityand CBOL.:1) insectsCOI [2]; 2) macro-fungi,ITS (subunits
1and2) [4]; and 3) plants,rbcL andmatK [3]. Consideringalternatdoci havebeenidentified
by CBOLandareoftenusedassupplementamarkersfor theidentification of land plants,data
for theintergenicspacetrnH-psbA andITS2 werealsocollectedor planttaxa.S1Tableout-
linesthe primer pairsand cyclingconditionsusedin amplifications Giventhatthetaxa
includedin this studyspannechumerousorders,successfuamplificationof regionssuchas
matK andtrnH-psbA wasnot possibldor all taxausingasingleprimer pair; amplificationof
theseregionswereonly achievedafterscreeningvith multiple primer pairs.PCRproducts
werescreenedpurified and quantifiedasoutlinedin Meiklejohnet al. (2018)[21].

Sequencing and data analysis

Sangesequencingf plantandinsectPCRampliconswascompletedasoutlinedin Meikle-
john et al. (2018)[21] andmacro-fungiITS ampliconswereprocessedbllowing the samepro-
tocolusedto sequencelants.After theremovalof primer sequenceandambiguoushases
usingSequencher5.4.5GeneCodesAnn Arbor, Ml, USA),eachreferencesequencevas
queriedagainsBOLD and GenBankusingtheir built-in searchools(i.e., BOLDidentification
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engineand GenBank'BLAST).It isimportantto notethatfor macro-fungi,sequencéata
from ITS subunitsl and 2 weresearchedboth aloneandin combination.

Unlike GenBankthe BOLD databasés organizedsuchthat sequencefor eachtaxonomic
grouparesegregated.e., COI for animalsybcL andmatK for plants,andITS for macro-
fungi). Moreover,searchalgorithmsbehindBOLD and GenBanldiffer; BOLD searchethe
translatedglobalprotein sequenceyhile GenBankcomparesiucleotidequerysequencéo
databassequencedJsingtheidentification systemgIDS) searchalgorithm[5] in BOLD,
eachbarcodesequencavassearche@gainsthe appropriatecollectionof barcodesequences.
In GenBanka MegaBlast searchwhichis optimizedfor highly similar sequenceandis the
defaultnucleotideBLASTin the online interface wasusedto searchagainsill “other'nucleo-
tide sequencessingthe command-lineinterface(accesseduly2017-January2018).Thiswas
facilitatedthroughthe useof acustompython script,which automatedhe submissiorof indi-
vidualsequencefr a MegaBlast search{provideduponrequest) Thedefaultsettingsfor
MegaBlast wereemployedasfollows:1) max target sequence, maximumnumberof aligned
sequencet® bewritten to the outputfile, 10;2) word size, lengthof initial exactmatch,28;and
3) reward/penalty, reward/penaltyfor anucleotidematch/mismatch/-2 respectively22].
Theoutput from searcheagainsboth BOLD and GenBankweretreatedasfollows:species
wereconsiderectorrectlyidentified (i.e., accurate)f arecordwith the sametaxonomicname
hadthetop matchstatistic(i.e., the loweste-valuenumberof hits onecanexpecto seeby
chancewvhensearchingadatabasef a particularsize highestbit score measureshe sequence
similarity independenbf querysequencéengthanddatabassize;and highestpercentiden-
tity, percentagef similarity betweertwo sequencesfQuerycoveragépercentof query
sequencghatalignsto asequencén GenBank)is anotherimportant metric that canbeused
to definegoodquality hits. However asthis metric is exclusiveao GenBankijt wasnot exam-
inedin this study.ldentificationswereconsideredeliableif multiple independentecords
with the sameop matchstatisticchadthe correcttaxonomicname.ln instancesvheremulti-
plerecordswith differenttaxonomicnameshadthe sametop matchstatisticgexcluding
known synonyms)theidentificationwastreatedasan ambiguousorrectmatch.

In attemptso increasehe stringencyandreducethe ambiguityof identificationsusing
both databasesnodified searchesrerecompletedo identify the optimal setof algorithm
parameter®r sequencsubsets-or eachdatabasenodificationswererestrictedto those
availablgfor usewith eithertheonline searchool (i.e., BOLD) or commandline interface(i.e.,
GenBank)Assessinghe impactof modifying the underlyingalgorithm,that couldbepossible
with advancecdomputingand programmerresourcege.g., classificatiormethodsk-mer,
machinelearning,phylogenetidybrids]in conjunctionwith the databasesjyasnot explored.
For BOLD,thesettinggfor theonline IDS searchalgorithm cannotbeconfigured However,
for COI, therearedifferentsubset®f sequencethat canbesearchedall barcoderecordson
BOLD,only species-levddarcoderecords(default),only public barcoderecordsonly full-
lengthbarcodeg>640bp). Thus,all COI sequencegeneratedn this studyweresearched
againsthesevarioussequencsubsets-or GenBankplastn searcheagainsthe “other'nucle-
otide sequencewerecompletedusingthe command-lineinterface with modificationsto the
word size andreward/penalty (defaultsof 11and 2/-3, respectively)Thesewo parameters
werechoserfor modificationastheyarelinked to the specificityof sequencenatches1) a
largeword size (e.g.,28,the MegaBlast default)is optimizedfor intra-speciegomparison
(~99%conserved)while ashorterword size (e.g.,11,the blastn default)is bettersuitedfor
inter-speciegomparisong~95%conserved)2) areward/penalty ratio of 1/-2 is optimizedfor
inter-speciegomparisonswhereasratio of 1/-3is bettersuitedfor intra-speciesomparisons
[22]. In this study,thefollowing parametersvereindependentlymodified for blastn searches
(all otherparametersemainedat the defaultsettings)1) word size of 17,2) reward/penalty of
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1/-2,and3) reward/penalty of 1/-3. Two-sampléd-testsand one-wayANOVAs wereusedto
determineif therewasa statisticallysignificantdifferencebetweerthe two public databases
andbetweerthe differentsearctparametersestedior eachtaxonomicgroup.

Results and discussion
Insects

Amplification of the full-length COI barcoderegionwasinitially attemptedfor all 17insect
taxarepresentindl2 orders(usingthe primer pairsoutlinedin S1Table). Ampliconsof the
expectedizewereonly obtainedfor 12taxa(averagéength,614+ 34bp). Thisreducedampli-
fication successanbeattributedto the materialavailabldor extraction(e.g., only singlelegs,
no flight muscle) suchthatthe DNA extractedikely washighly degradedestrictingthe
amplificationof thefull COI barcoderegion.For thefive taxathatfailedto amplify the full
region,amplificationsof smallerbarcoderegionsweresequentialhattempted(i.e.,~250+400
bp; S2Table)andweresuccessfulaveragéength,340+ 65bp).

Of the 17 sequencegueriedagainsboth database&enBankoutperformedBOLD for
both genusand speciesevelidentifications,althoughthis failedto meetstatisticakignificance
(p>0.30)(Fig 1A). For both databases; 70%o0f taxawerecorrectlyassigneét both the genus
andspeciesevel(Fig 1A). Thisresultwaslowerthan previouslyreportedfor flies(Diptera
[15,20],beetlegColeopterd23]), butterfliesand moths(Lepidoptergd24]), whensearching
againseitheror both of thesedatabaseSixtaxawereclassifiedasbeingan ambiguousmatch
(i.e.,multiple speciesncluding the expectedwith the sametop matchstatisticswwhensearch-
ing againsboth databaseg-ig 2A). For taxathat weremisidentifiedat the speciesevelin
BOLD andGenBank(n = 8), correctclassificatiorat highertaxonomicleveldi.e., genusfam-
ily, order,classwasstill achievedn the majority of casegFig 2B). The BOLD percentof simi-
larity statisticwasidentified asan accuraténdicator of anincorrectmatch(p = 2.02x1d),
whilethe comparablésenBanlsimilarity statistic(i.e., percentidentity) wasnot. For example,
in instancesvheretaxaweremisidentified,the BOLD percentsimilarity statisticwas
60+ 15% whereashe percentidentity from GenBankwas98+ 2%.It shouldbenotedthat
althoughtherearedifferencesn how BOLD and GenBanksearcttheir respectivelatabase§.
e., translatedglobalprotein alignmentsand pairwisenucleotidealignmentsor BOLD and
GenBankrespectively)hoth similarity statisticslefinethe underlyingnumberof nucleotide
differenceetweerthe queryandreference.

Low speciesevelidentification succeswasunexpectedjiventhat taxawerechoserin part
basedn their inclusionin BOLD and GenBankbut alsogiventhatinsectshavebeenwell
characterizedisingDNA barcoding(~76%and 75%of all COI animalsequences BOLD
andGenBankrespectivelyrefrom insectdaccessed1/26/2018]) Species-levehisidentifi-
cationscould beattributedto theinclusionof misidentifiedspecimené public databases,
giventhatmorphologicalidentificationsbetweercloselyrelatedspeciesrechallengingn
manyorders.For example Chrysomya saffranea and Chrysomya megacephala (Diptera:Calli-
phoridae)[25], Eurygaster maura and Eurygaster testudinaria (Hemiptera:Scutelleridae]26],
Appasus japonicus and Appasus major (HeteropteraBelostomatida€gP 7] arecommonlymis-
identified morphologicallylt is alsopossibleghat, givenapproximately30%of the COI
sequencesbtainedin this studywerelesshan 430bp, thediscriminatorypowerneededo
facilitatespecies-levétientificationsmayhavebeendiminished(reducedquerylengthoften
negativehaffectghe ability to getagoodmatch;S2Table).Neverthelesszrywaczandcol-
league$20] examinedheimpactof barcodesequencéengthon identificationsuccesm Dip-
tera.In their study,theyappliedabestmatchcriteriawith Speciesldentifiev1.8using
sequenceim BOLD and GenBankrelatingto Dipteran Family (Fannidae)and obtained

PLOS ONE | https://doi.org/10.1371/journal.pone.0217084  June 19, 2019 6/14


https://doi.org/10.1371/journal.pone.0217084

@ PLOS | O N E Accuracy and reliability of BOLD and GenBank for taxonomic identifications

BOLD-Genus
B BOLD-Species
GenBank-Genus

Insect Macro-fungi Plant g GenBank-Species
100% 100% 100%
90% 90% — — 90%
80% 80% — —  80%
70% 70% — — 70%
60% 60% — —  60%
50% —— 50% 50%
40% — 40% 40%
30% 30% 30%
20% 20% 20%
10% 10% 10%
0% cor1 0% ITS % 2-loci 4-loci
A) B) )

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 succesfor genuss
denotedby thelight color andspecie®y the dark color. Bluebarscorrespondo resultsirom searcheagainsBOLD andgreenagainstGenBank.

https://doi.org/1A.371/journal pne.0217084001

similar resultswhenusingfragmentsof 650bp and 130bp (96%and 94% respectively)ln this
study,misidentificationswerenot observedxclusivelyor taxain whichamid-length COI
barcodesequencevasusedto searchagainspublic databasespecies-levehisidentification
ratesof approximately42%and 60%wereobservedvhenusingfull- andmid-length
sequencesespectivelyfor searchingagainseitherpublic databaséS2Table).

Macro-fungi

Usingarangeof primer pairs,the amplificationand sequencingf ITS1 and ITS2 wassuccess-
ful; averageeparatdéengthsof 241+ 73bp and 295+ 52 bp wereobtainedrespectivelywith a
combinedaveragdéengthof 536+ 93bp (S3Table).As completehigh-qualitysequencéata

for both ITSI andITS2 werenot obtainedfor Amanita ocreata and Conocybe filaris (S3Table),
thesdaxawereexcludedrom analysesSearcheagainsBOLD and GenBankwerecompleted
for ITS1 andITS2 both aloneandin combination.Similarto resultsobservedy Porras-Alfaro
andcolleaguef?8], no significantdifference(p>0.59)in the discrimination powerbetween
ITS1 andITS2 wasobservedS3Table).
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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)
Assessmerof the specificityof thetop match(es)n both databaseseliablematch,whereall recordswith the sametop matchstatisticanatched
theexpectedaxa(dark blue),or ambiguaismatch,whererecordswith the sametop statisticmatchrepresentmorethanonespeciegothercolors;
e.g.,gray= undetermiredspeciedjght blue= congeneic speciestc). B,D,F)Taxonomt levelclassificatin. Taxawerecorrectlyidentifiedto the
species-levédark blue)or highertaxonomt level(othercolors;e.g., light blue= genusgreen= classetc).

https://da.org/10.1371durnal.por.0217084.90R

Whensearchingoth databasewith the combinedITS1 andITS2 sequenceqll taxawere
assignedo the correctgenusandthe averageimilarity percentagef top matchesas
98+ 3%.Correctspecietevelidentificationswereonly achievedor 57%of taxa,whensearch-
ing againskeitherBOLD or GenBanl(Fig 1B).For correctlyidentified taxathat had multiple
recordswith the sametop matchstatistic§n = 3and7 for BOLD and GenBankrespectively),
ambiguousnatchesvereonly observedvhensearchingagainsiGenBankalbeitonly 43%of
thetime) (Fig 2C).In thesdanstancesthe additionalrecordswerefrom unculturedor undeter-
mined speciedr-or the eighttaxathat weremisidentifiedat the specie¢evel theserepresented
five of nine generassampledn this study.Thesemisidentificationswerenot restrictedto asin-
gledatabasepur weremisidentifiedin both databaseswo from BOLD andtwo from Gen-
Bank(S3Table).In thesenstancestherecord(s)with thetop matchstatisticavereeithera
congenericspeciegi.e., differentspeciesrom the samegenus)or anundeterminedspecie®f
thecorrectgenug(e.g., Amanita sp.)(Fig 2D).

It hasbeendocumentedhatthe ~97,00Ccurrently describedungi taxalikely only repre-
sent~2%of all existingspecie$29]. Giventhis, it is not surprisingthat public databases
includeahigh proportion of recordsthat areundeterminedor uncultured,limiting their utility
for species-levétientifications[18,30+31]speciemamesarenot givenfor ~11%and 48%o0f
ITS sequence®undin BOLD and GenBankrespectiveljaccesseiti1l/26/2018)Asidefrom
thedifficultieswith documentingthe breadthof fungi biodiversity,accuratedentification of
adequatelylescribedspeciess challengingor non-expertsasonly subtlemorphologicalvari-
ationsmayseparatspeciesndthe ITS regionis not equallyvariableamongall groupsof
fungi[13,32+34]Additionally, the generatiorof clean reliablesequenceéatafrom fungalcul-
turescanbedifficult, ascross-contaminatiofirom symbioticorganismss possiblg10].

Plants

Giventhe more conservedatureof the rbcL locus[35], amplificationand sequencingvere
successfubr all but onespeciesampledn this study(S4Table).In contrastthe generation
of barcodesequence®r matK, trnH-psbA, andITS2 wasnot asseamlesgvenafterscreening
with multiple primer pairs(S1Table);high-qualitysequencesereonly generatedor 85%,
78% .,and 73%of taxa respectivelyS4Table).ConsideringCBOL currently only advocate$or
theuseof a2-locusbarcodefor species-levédlentificationsin land plants[3] (despitdisting
supplementabarcoddoci), BOLD only currently containsrbcL and matK sequencesn this
study,referencebarcodesequenceom rbcL andmatK weresearche@gainsboth BOLD
andGenBankbut trnH-psbA andITS2 sequencewereonly ableto besearchegainst
GenBank.

No significantdifference(p>0.48)wasobservedn the discrimination poweratthegenus
andspeciegevelshetweerthefour loci (averageccuracyy79+ 6%and 63+ 5%,respectively).
Additionally, for rbcL and matK, no significantdifference(p>0.70)in accuracyat eithertaxo-
nomic levelwasobservedetweerBOLD and GenBankDespitel TS2 havingthe lowestdis-
crimination powerin this study,previousstudieshavedocumentedsuccessfutentifications
usingonly ITS2 for medicinalplants[36], daisieqAsteracead)3 7] andcitrus (Rutaceae])38].
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Furthermore for specieshatlackchloroplastge.g., parasiticplants),ITS2 canbeaninforma-
tive markerto permit speciesdentifications.

Whenexaminingthe accuracyof identificationsusingthe CBOLrecommende®-locus
barcodgn = 53),therewasno significantdifferencebetweerBOLD and GenBank(p>0.82),
with correctidentificationsto genusand specie®btainedfor approximately91+ 0%and
80+ 1%,respectivelyFig 1C).Parkandcolleague$2017)[39] alsoreportedsimilar success
whenusingthe 2-locusbarcodéfor the species-levédientification of thirty land plants(84%).
For taxathat werecorrectlyidentified but hadmultiple recordswith the sametop matchstatis-
tics (n = 34+35) 68%and 57%of thesematchesvereconsidereduinambiguousrom BOLD
and GenBankrespectivelyFig 2E).In instancesvheretaxawereincorrectlyidentified atthe
specie$evel assignmenat highertaxonomiclevelavasstill possiblausingeitherdatabaséFig
2F).

Sequencefor all 4 barcoddoci wereobtainedfor 28taxa,with the sequencesubsequently
searche@gainsiGenBankGreateresolutionwasachievedisingthe 4-locusbarcodewith
correctidentificationto genusand speciegor 86%and82% respectivelyt-or correctlyidenti-
fied taxathathadmultiple recordswith the sameop matchstatisticgn = 15),80%0f these
matchesvereconsideredinambiguougi.e.,all multiple recordscorrespondedo the known
speciesig 2F).To date therehasnot beenanyother studieghat haveexaminedhe utility of
thecombined4-locusbarcodefor speciesdentificationwhensearchingagainsiGenBank.
This studydemonstrateshat adoptingthe 4-locusbarcodefor land plantsnot only provides
betterdiscrimination,but alsodecreasethe ambiguityof identifications(whencomparedo
the 2-locusapproach)(Fig 2E).

Database search parameters

Theexperimentatesignof this studyenabledhe assignmenbf correctmatchesaseither
unambiguougi.e., all top matchesvereto the expectedpecie®f the voucheredspecimens)
or ambiguouq(i.e., multiple speciesncluding the expectedwith the sametop matchstatistics
of thetop tenin the output). Whensearchingagainsboth BOLD and GenBank22 + 12%of
all correctmatcheswvereclassifiedasambiguousin ascenariovhereno prior taxonomic
information abouta samples known, it would bedifficult to discernthe correctspecie§ mul-
tiple recordsrepresentingiumerousspeciefiadthe sametop matchstatisticsTo addresshis,
weassesseagdthetherapplyingmore stringentsearchparametersvould reducethe numberof
ambiguouscorrectmatchesrom both BOLD and GenBank.

Modified searcheagainsBOLD wereonly possiblgor COI, in which samealgorithmis
usedto queryfour differentsequencsubsetsWhencomparingthe output from the four sub-
setsno significantdifferencesvereobservedvith respecto numberof correctspeciesevel
classificationgp = 0.12)andambiguity(p = 0.22) However therewasasignificantdifference
in correctgenudevelclassificationgp = 0.002)andsimilarity percentage§ = 4.99x10%). For
sequencethat returned <96%similarity againsthe2all® sequencsubseta®no match®was
obtainedfrom the othersequencsubsetgi.e., full, publicand species)Thereforejt isrecom-
mendedto searchanunknown againsthe2all®° sequencsubsefratherthanthe default spe-
cies'sequencsubset)andusethe percentsimilarity to determinethe confidenceof amatch.
A total of four differentsearchesverecompletedagainsiGenBankfor all sequenceshe
defaultMegaBlast alongwith threemodified blastn searchesVhencomparingthe output
from thesesearcheg GenBankfor all threetaxonomicgroups,no significantdifferences
wereobservedvith respecto the numberof correctgenusand speciegevelclassificationghe
numberof correctambiguougmatchespr thetop matchstatisticg(i.e., percentsimilarity,
score).
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In this study,the modified searcheagainsipublic databasedid not effectivelydecreas¢he
numberof ambiguouscorrectmatcheslt shouldbenotedthatthis studysolelylookedat
straight-forwardmodificationsto the existingsearchparametergrovidedby BOLD and Gen-
Bank,to reflecthowthe majority of userawvouldinteractwith thesedatabases$:urther
advanceclassificatiortoolscanbeutilizedin conjunctionwith BOLD and GenBanko
increasdaxonomicconfidence(e.g., machinelearning,RDP classifierPro-Tax)[40+41].
Additionally, othershavedevelopedoolsto locallymergesequenceom GenBankand
BOLD to maximizetaxonomiccoveragandreliability [42]. Althoughmodificationswerenot
exhaustivelyestedn this study,a morestraight-forwardsolutionto addres@mbiguouscor-
rectmatchesouldbeto expandthe numberof sequencem public databasef,31].Efforts
shouldbefocusedot only on obtainingfull-length sequence$ut alsoon obtainingsequences
to fill intra- andinter-specificgapsTheimportanceof havingacompletereferencalatabase
for searchingwheretheintra-specificandinter-specificvariationis adequatelgharacterized,
wasdemonstratedy Wilkinson andcolleague§t3]. In their study,whenrbcL andmatK
sequenceatabasewereincomplete erroneousspecies-levétientificationswereobservedn
up to 40%of caseswWhile erroneoussequencesannotbeeasilyremovedfrom GenBank,
effortsshouldbedirectedto expandthe taxonomiccoveragen curateddatabasely generat-
ing barcodesequencesom voucherednaterial[14].

Conclusions

This studydemonstratedhat the uncuratedGenBanlkdid not underperform with respecto
thenumberof correctgenusandspeciegevelidentifications whencomparedo the well
curatedBOLD.Ambiguouscorrectmatchesvereobservedvhensearchingagainseitherdata-
baseln scenariosvherethe sequenceepresents completeunknown,accuratelynterpreting
andreportingon anambiguousorrectmatchposesa challengeModifying the searchalgo-
rithms (GenBank)or the sequencessedin searcheBOLD) did not significantlyreducecor-
rectmatchambiguity.Ratherusingamulti-barcodeapproachin plantsand macro-fungi
reducedambiguity(e.g., 4-lociasopposedo 2-lociin plants,and2-locifor macro-fungi)and
enabledeliablespecies-levatlentifications;usingmultiple loci for insectds expectedo have
similar favorableresults Another solutionto addresgoncernswith incorrectspeciesdentifi-
cationswould beto reportthe taxonomyatahigherlevel;accuratdédentificationsto the genus
andfamily levelswvereobtainedusingeitherdatabasén this study.This studyhighlightssome
of the precautionghat shouldbetakenwhenusingpublic sequenceéatabaset identify
unknown non-humanbiologicalmaterials gspeciallprudentin appliedscientificdisciplines.
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