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"!Introduction!"!

En!1988,! l’Organisation!Météorologique!Mondiale! et! le!Programme!des!Nations!

Unies! pour! l’Environnement! créaient! le! Groupe! d’experts! Intergouvernemental! sur!

l’Evolution!du!Climat!(GIEC).!La!mission!du!GIEC!est!d’évaluer!les!informations!d’ordre!

scientifique! nécessaires! pour! mieux! comprendre! les! risques! liés! aux! changements!

climatiques,! et! d’envisager! d’éventuelles! stratégies! d’adaptation! et! d’atténuation.! La!

création! d’un! tel! groupe! marquait! une! étape! importante! dans! la! prise! de! conscience!

planétaire!concernant!les!changements!climatiques,!et!plus!généralement!les!problèmes!

environnementaux! à! l’échelle! du! globe.! Quelques! années! plus! tard,! le! Sommet! de! la!

Terre!se!tenant!à!Rio!de!Janeiro,!en!1992,!consacrait!l’existence!de!la!Convention!sur!la!

Diversité!Biologique,!confirmant!un!véritable!tournant!dans!cette!prise!de!conscience,!et!

en!particulier!concernant!la!crise!de!la!biodiversité.!Cette!convention!reconnaît,!pour!la!

première! fois,! la! conservation! de! la! biodiversité! comme! étant! une! «! préoccupation!

commune!à!l’humanité!»!et!une!partie!intégrante!au!processus!de!développement.!Lors!

de! cette! convention,! trois! niveaux! de! biodiversité! sont! définis! :! la! diversité! intra"

spécifique! (diversité! génétique),! la! diversité! des! espèces! (diversité! spécifique),! et! la!

diversité! des! écosystèmes! (diversité! écosystémique).! Les! stratégies! internationales! de!

protection!de!l’environnement,!et!notamment!la!Convention!sur!la!Diversité!Biologique,!

sont! largement! inspirées! par! les! travaux! de! la! biologie! de! la! conservation! (Shrader"

Frechette! 1996;! Lackey! 2007;! Chan! 2008).! Ce! domaine! scientifique! est! dédié! aux!

questions! de! perte,! maintien! et! restauration! de! la! biodiversité! (Soulé! 1985).!!

L'établissement!de!mesures!de!conservation!d'un!écosystème!demande!avant!tout!de!le!

décrire,!notamment!par!le!biais!d’inventaires.!L’inventaire!des!taxons!présents!dans!un!

milieu!permet!d’évaluer!sa!diversité!spécifique,!et!la!répétition!de!ces!inventaires!dans!

le!temps!permet!le!suivi!de!la!diversité!dans!ce!milieu.!!

Afin!de!permettre!le!développement!des!mesures!de!suivi!de!la!biodiversité!utiles!

à! sa! conservation,! il! est! de! plus! en! plus! important! de! développer! des! méthodes!

permettant! de! faire! efficacement! des! inventaires! taxinomiques.! Idéalement,! les!

inventaires! produits! par! ces! nouvelles! méthodes! devraient! être! les! plus! exhaustifs!

possibles,!en!couvrant!les!différents!domaines!du!vivant,!et!les!moins!coûteux!possibles,!

aussi! bien! en! temps! qu’en! argent.! Les!méthodes! actuelles! d’inventaires! taxinomiques!

reposent! sur! un! processus! en! deux! étapes! :! l’échantillonnage! d’un! nombre! suffisant!

d’individus!appartenant!à! l’écosystème!que! l’on! souhaite!analyser! ;! l’identification!des!

espèces! auxquelles! appartiennent! ces! individus! échantillonnés.! Chacune!de! ces! étapes!
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"!Introduction!"!

est! potentiellement! un! frein! à! la! réalisation! d’inventaires! taxinomiques! à! très! grande!

échelle.!

!

A. L’identification#morphologique#des#espèces#

!

Depuis!les!débuts!de!la!taxinomie,!plusieurs!siècles!avant!J."C.,!la!méthode!la!plus!

utilisée!pour!identifier!des!espèces!est!l’identification!morphologique.!Le!principe!est!de!

définir!des!caractères!morphologiques!discriminant! les!différentes!espèces!connues,!et!

d’utiliser!ces!caractères!pour!assigner!chaque!individu!étudié!à!une!espèce!(figure!1.1).!

Malgré! son! utilisation! encore! très! répandue,! la! méthode! de! l’identification!

morphologique!pose!de!nombreux!problèmes!détaillés!dans!les!paragraphes!suivants.!!

!

1. Problèmes#liés#aux#espèces#cryptiques#
!!

Un!groupe!d’espèces!est!qualifié!de!«!cryptique!»! lorsque!les!différentes!espèces!

le!composant!satisfont!la!notion!d’espèce!d’un!point!de!vue!biologique,!soit!par!exemple!

en!terme!de!barrière!reproductive!(l’inter"fécondité!n’existe!plus!entre!les!individus!des!

deux! groupes),! ou! bien! en! terme! évolutif! avec! la! monophylie1!de! chacun! des! deux!

groupes,! mais! sont! impossibles! à! distinguer! d’un! point! de! vue!morphologique! (Mayr!

1948).! Ces! caractéristiques! contradictoires! peuvent! provenir! d’un! phénomène! de!

convergence!de!phénotypes!entre!des!espèces!non!apparentées!(exemple!:!figure!1.2),!

ou! bien! d’un! phénomène! où! les! divergences! morphologiques! n’ont! pas! suivi! les!

divergences!génétiques.!

!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
1 Un groupe d’individus est dit monophylétique si l’ensemble des individus du groupe partage 

un ancêtre commun qui n’est l ancêtre d’aucun individu appartenant à un autre groupe. 
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échapper! à! la! plupart! des! inventaires.! D’autres! taxons! peuvent! ne! présenter! les!

caractères!permettant!de!les!discriminer!qu’à!certaines!périodes!de!l’année,!ou!de!leur!

cycle! de! vie! ou! de! reproduction.! À! titre! d’exemple,! de! nombreux! taxons,! dont! les!

copépodes,!ne!sont!pas!différentiables!morphologiquement!au!stade!larvaire!(McManus!

&! Katz! 2009).! Chez! d’autres! espèces,! les! caractères! discriminants! ne! peuvent! être!

observables!que!chez!l’un!des!deux!sexes.!Ceci!peut!être!illustré!par!les!araignées!de!la!

familles!des!Leptonetidae!dont!l’identification!morphologique!est!principalement!fondée!

sur!l’observation!des!organes!sexuels!mâles!(Ledford!et*al.!2012).!!

Les! besoins! sont! très! différents! pour! l’identification! des! différents! groupes!

taxinomiques.!Il!existe!donc!de!très!nombreux!protocoles!d’inventaire,!adaptés!à!chaque!

groupe! et! très! différents.! Il! est! par! conséquent! extrêmement! difficile! d’effectuer! un!

inventaire! couvrant! tous! les! groupes! taxinomiques.! Les! inventaires! basés! sur!

l’identification! morphologique! sont! donc! souvent! effectués! sur! un! seul! groupe!

taxinomique,! avec! le! protocole! adapté! à! ce! groupe.! Cela! mène! à! des! inventaires!

incomplets,! non! standardisés,! donc! non! comparables! entre! groupes! taxinomiques,! et!

plus!souvent!faits!sur!les!groupes!dont!les!protocoles!d’inventaire!sont!les!plus!simples,!

plutôt!que!sur! les!groupes!cruciaux!d’un!point!de!vue!biologique!pour! le!milieu!étudié!

souvent!nommées!espèces!‘clé!de!voûte’,!(Paine!1969,!1995).!

!

3. Problèmes#liés#à#la#délimitation#des#espèces#
!

La! systématique!classique!était! fondée!presque!entièrement! sur!des! critères!de!

ressemblance! morphologique.! Cette! manière! de! penser! les! espèces! influence! encore!

aujourd’hui! les! taxinomistes,! même! si,! au! fur! et! à! mesure! de! l'avancée! des!

connaissances,!notamment!à!partir!des!travaux!de!Jean"Baptiste!de!Lamarck!et!Charles!

Darwin,!on!a!cherché!à!refléter!les!relations!évolutives!dans!la!classification!des!taxons!

(Wilkins!2009).!

Une! tude! conduite! en! 2013! par! Gomes! et* al.! (2013)! illustre! et! quantifie! les!

probl mes! que! la! d limitation! et! l identification!morphologiques! peuvent! poser.! Pour!

cette!étude,!quatorze!sp cialistes!furent!invit s! !s parer!en!morphotypes,!c est! !dire!

en! groupes! construits! en! fonction! des! caract ristiques! morphologiques,! les! individus!

d chantillons!contenant!huit!groupes!de!plantes!tropicales,!chacun!de!ces!groupes! tant!
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reconnu! comme! probl matique ! de! ce! point! de! vue.! Le! r sultat! fut! une! diff rence!

remarquablement! importante! entre! les! listes! de!morphotypes! tablies! (52! ! 67%! de!

similarit !m diane!deux! !deux,! sauf!pour! l un!des!groupes!o !une!similarit !de!95%!

tait!obtenue).!Cette!étude!montre!que! l’interprétation!des!caractères!morphologiques!

d’un! spécimen! varient! énormément! selon! les! taxinomistes,! et! pose! définitivement! le!

problème!de!la!fiabilité!de!ces!identifications,!et!du!sens!de!la!délimitation!des!espèces!

en!fonction!de!critères!morphologiques.!

!

La! conséquence!de! ces! problèmes! liés! à! l’identification!morphologique! est! que,!

lors! d’un! inventaire! réalisé! en! taxinomie! ‘classique’,! seuls! les! organismes! facilement!

observables,! clairement! décrits! et! distinguables!morphologiquement! sont! répertoriés.!

Or,! ces! taxons! ne! représentent! qu’une! faible! partie! de! la! biodiversité,! et! ne! sont! pas!

forcément!des!espèces!importantes!pour!le!milieu!étudié.!

!

!

B. L’identification#moléculaire#:#le#barcoding#ADN#

!

1. Les#débuts#de#l’identification#moléculaire#
!

À! partir! des! années! 1960,! parallèlement! au! développement! de! la! biologie!

moléculaire!et!des!techniques!de!séquençage!d’ADN,!les!microbiologistes!ont!commencé!

à! s’intéresser! aux!méthodes!moléculaires! pour! l’identification! taxinomique.! Elles! leur!

permettaient! d’outrepasser! les! problèmes! liés! à! l’identification! des!micro"organismes.!

L’identification!des!bactéries!reposaient!historiquement!sur!l’observation!de!caractères!

morphologiques! microscopiques! ou! macroscopiques,! ou! sur! des! caractères!

biochimiques! qui! requièrent! dans! tous! les! cas! la! mise! en! culture! des! organismes! à!

identifier.! Malheureusement,! les! conditions! de! culture! de! près! de! 99%! des! espèces!

bactériennes! sont! non! définies! (Amann! et*al.! 1995).! En! 1965,! Zuckerkandl! et! Pauling!

proposaient!d’utiliser! les!séquences!d’ADN!comme!un!reflet!de! l’histoire!évolutive!des!

espèces,!pouvant!ainsi!servir!de!base!à!leur!classification!(Zuckerkandl!&!Pauling!1965).!

Les!techniques!de!séquençage!d’ADN!ne!se!développèrent!cependant!pas!avant!la!fin!des!
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années!70!avec!le!séquençage!Sanger!(Sanger!et*al.!1977!;!pour!une!revue!sur!l’histoire!

du!séquençage!voir!:!Pettersson!et*al.!2009).!En!1977,!suite!à!des!travaux!sur!les!gènes!

ribosomaux,!intéressants!pour!étudier!les!relations!entre!organismes!même!distants!car!

très!conservés,!les!archées!étaient!classées!en!un!groupe!indépendant!pour!la!première!

fois!(Woese!&!Fox!1977).!!

!

2. Développement#et#standardisation#de#l’identification#moléculaire#en#
utilisant#des#marqueurs#amplifiés#par#PCR#

!

Avec! l’invention! de! la! PCR! (Mullis! et* al.! 1986),! une! méthode! moléculaire!

d’identification!en!particulier!se!répandit!de!plus!en!plus!en!microbiologie,!consistant!en!

l’utilisation! d’un! marqueur! assez! court! (plusieurs! centaines! de! paires! de! bases,! à!

l’origine! provenant! en! général! des! gènes! ribosomaux)! permettant! de! discriminer! les!

espèces!après!amplification!par!PCR,!et!séquençage.!!

Plus! récemment,! au! début! des! années! 2000,! les! scientifiques! travaillant! sur! la!

microfaune! et! la!mésofaune! s’intéressèrent! à! ces!méthodes! à! leur! tour.! En!2003,!Paul!

Hebert! parlait! de! ‘barcodes’! pour! qualifier! les!marqueurs! utilisés,! initiant! l’emploi! du!

terme! ‘barcoding!ADN’!pour! la! technique,!et!prônant! la!standardisation!de! la!méthode!

(Hebert! et* al.! 2003a).! Il! proposait! alors! l’utilisation! d’un! fragment! de! 658! paires! de!

bases!(pb)!du!gène!mitochondrial!COI!(sous"unité!1!de!la!cytochrome!c!oxydase)!comme!

marqueur!standard!pour!l’identification!des!animaux.!À!la!suite!de!cet!article,!de!plus!en!

plus! de! groupes! s’interessèrent! au! barcoding! ADN,! et! peu! à! peu,! la! communauté!

scientifique!s’est!organisée,!avec!la!création!du!Consortium*for*the*Barcode*of*Life!(CBOL)*

en!2004,!et!la!mise!en!place!de!bases!de!données!et!de!marqueurs!communs!standards,!

dont! la!plate"forme!web!officielle!du!CBOL,!BOLD!(Ratnasingham!&!Hebert!2007),!qui!

inclut! les!bases!de!données!officielles.!En!plus!de!COI!pour!les!animaux,! les!marqueurs!

chloroplastiques! rbcL! (ribulose! 1,5"biphosphate! carboxylase,! 553! pb)! et! matK!

(maturase!K,!879!pb)!furent!désignés!comme!les!marqueurs!standards!pour!les!plantes!

en!2009!(CBOL!Plant!Working!Group!et*al.!2009).!Plus!récemment,!un!marqueur!a!été!

choisi!pour!les!protistes,!au!niveau!de!la!région!V4!de!l’ARN!ribosomique!18S,!ainsi!que!

des! marqueurs! spécifiques! pour! chaque! sous"groupe! (Pawlowski! et* al.! 2012).!

L’espaceur! interne! transcrit! (ITS,! Internal! Transcribed! Spacer,! 450"700! pb)! de! l’unité!

ribosomique! nucléaire! pour! les! champignons! (Schoch! et* al.! 2012),! et! des! régions! de!
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l’ADN!ribosomique!16S!(1,500!pb!environ)!(Liu!et*al.!2008;!Sun!et*al.!2009;!Langille!et*al.!

2013)!pour! les!bactéries! sont! communément!utilisés!mais!n’ont!pas!été!officiellement!

reconnus!comme!marqueurs!standards.!!

!

3. Usages#et#critiques#du#barcoding#ADN#
!

Aujourd’hui,!le!barcoding!ADN!est!utilisé!à!la!fois!comme!un!outil!d’identification,!

et! comme!un!moyen!de!délimiter! les! groupes!d’espèces! cryptiques,! bien!que! l’idée!de!

délimiter! des! espèces! sur! la! base! de!marqueurs! de! barcoding! ADN! soit! très! discutée!

(Brower! 2006;! Wiemers! &! Fiedler! 2007;! Collins! &! Cruickshank! 2012).! En! effet,! cela!

demande!l’établissement!d’un!seuil!de!similarité!(appelé!«!DNA!barcoding!gap!»!dans!les!

articles!scientifiques)!permettant!de!décider!si!deux!séquences!proviennent!de!la!même!

espèce! ou! non.! Il! a! été! défini! que! ce! seuil! repose! sur! l’assurance! d’une! distance!

interspécifique! moyenne! toujours! au! moins! 10! fois! supérieure! à! la! distance!

intraspécifique! moyenne! (Hebert! et* al.! 2004).! Cela! est! très! discutable! (Wiemers! &!

Fiedler!2007;!Virgilio!&!Backeljau!2010),!et!dépend!notamment!des!différents!groupes!

taxinomiques! et! du!marqueur! utilisé! (Candek! &! Kuntner! 2014),! rendant! cette! valeur!

seuil! difficile! à! estimer! et! à! utiliser! de! manière! standardisée! pour! la! délimitation! de!

taxons.!

!

!

C. L’identification#moléculaire#hautKdébit#:#le#metabarcoding#ADN#

!

1. Définition#
!

Le! metabarcoding! ADN! est! défini! comme! étant! l’identification! simultanée! de!

plusieurs!espèces! (ou! taxons)! en!utilisant! l’ADN! total! et! généralement!dégradé!extrait!

d’un! échantillon! environnemental! (Taberlet! et* al.! 2012a).! Cette! méthode! est! née! du!

besoin!qui!se!faisait!ressentir!en!écologie,!et!spécialement!en!écologie!microbienne,!de!

faire!des!inventaires!de!diversité!en!outrepassant!les!problèmes!liés!à!l’impossibilité!de!

cultiver! la!grande!majorité!des!micro"organismes.!Les!microbiologistes! furent!donc! les!

premiers!à!développer!la!technologie,!d’abord!par!clonage!(Zhou!et*al.!1996;!Pace!1997;!
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Wilson!1997;!Frostegård!et*al.!1999),!puis!avec!l’aide!du!séquençage!haut"débit!(Venter!

et*al.!2004;!Sogin!et*al.!2006;!Zinger!et*al.!2009).!Parallèlement!au!développement!des!

nouvelles!technologies!de!séquençage,!au!fil!des!dix!dernières!années,!les!écologues!non!

microbiologistes! se! sont!à! leur! tour! intéressés!au!metabarcoding!ADN!(Valentini!et*al.!

2009b),!leur!permettant!notamment!de!faire!des!inventaires!taxinomiques!standardisés!

et! à! grande! échelle.! Le!metabarcoding!ADN! tel! qu’il! est! pratiqué! aujourd’hui! est! donc!

fortement!lié!au!séquençage!haut"débit!et!à!son!évolution.!

Les! échantillons! environnementaux! analysés! en! metabarcoding! ADN! peuvent!

provenir!de!sol!(Andersen!et*al.!2012;!Bienert!et*al.!2012;!Yoccoz!et*al.!2012;!Baldwin!et*

al.! 2013),! d’eau! (Dejean! et*al.! 2011;! Thomsen! et*al.! 2012a;! b),! de! fèces! (Deagle! et*al.!

2010;!Bohmann!et*al.!2011;!Pompanon!et*al.!2012;!Shehzad!et*al.!2012b;!Soininen!et*al.!

2013),! de! permafrost! (Sonstebo! et* al.! 2010;! Jørgensen! et* al.! 2012a;! Bellemain! et* al.!

2013;! Willerslev! et* al.! 2014),! ou! encore! de! sédiments! (Chariton! et* al.! 2010,! 2014;!

Fonseca! et* al.! 2010;! Jørgensen! et* al.! 2012b).! Des! marqueurs! plus! courts! que! ceux!

classiquement!utilisés!en!barcoding!ADN!sont!généralement!utilisés!en!metabarcoding!

ADN,! afin! de! pouvoir! amplifier! et! séquencer! plus! facilement! les! fragments! provenant!

d’ADN! environnemental! souvent! dégradé! (Valentini! et* al.! 2009b).! L’identification!

d’espèces!ou!de!taxons!provenant!d’échantillons!contenant!plusieurs!organismes!entiers!

(et! parfois! encore! vivants)! («! bulk! samples! »,! (Chariton!et*al.! 2010;! Creer!et*al.! 2010;!

Porazinska! et* al.! 2010;! Hajibabaei! et* al.! 2011),! où! les! organismes! sont! isolés! avant!

analyse,! peut! aussi! être! considérée! comme! du! metabarcoding! ADN,! bien! que! les!

contraintes! soient!moindres! en! raison! du! travail! sur! de! l’ADN! en!meilleur! état! qu’en!

metabarcoding! ADN! ‘classique’,! ce! qui! permet! en! théorie! l’utilisation! des! marqueurs!

standards!de!barcoding!ADN!(Taberlet!et*al.!2012b).!L’usage!de!marqueurs!de!barcoding!

ADN!sur!des!échantillons!contenant! les!ADN!de!plusieurs!espèces!pose!cependant!des!

problèmes,! en! raison! de! phénomènes! d’amplification! préférentielle! lors! de! la! PCR!

(Deagle! et* al.! 2014).! Ce! problème! n’est! pas! aussi! présent! avec! les! marqueurs! de!

metabarcoding! ADN,! dont! les! amorces! PCR! sont! choisies! de! manière! à! être! mieux!

conservées! entre! espèces! cibles,! afin! de! limiter! le! phénomène! d’amplification!

préférentielle.!

!

!
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2. Le#séquençage#d’ADN#haut#débit#
!
!

Le! séquençage! d’ADN! haut! débit! (NGS! pour!next=generation* sequencing)! est! un!

ensemble!de!technologies!apparues!depuis!2005!produisant!des!millions!de!séquences!

en! une! expérience,! pour! un! coût! relativement! faible.! Elles! se! caractérisent! par!

l'utilisation!d'approches!massivement!parallèles,!permettant!de!séquencer!des!centaines!

de! milliers! de! fragments! d’ADN! simultanément.! Elles! s'affranchissent! des! étapes! de!

clonage! et! de! constitution! de! banques! génomiques.! Les! deux! technologies!

principalement!utilisées!en!metabarcoding!ADN!sont!la!technologie!454!de!Roche!et!les!

technologies!d’Illumina.!

!

2.1 La#technologie#454#de#Roche#
!
!

La! technologie! 454,! initialement! développée! par! 454! Life! Sciences,! est! une!

version! parallélisée! de! la! technologie! de! pyroséquençage.! Cette! technologie! amplifie!

l’ADN!à! l’intérieur!de!gouttes!d’eau!dans!une!phase!huileuse,!un!processus!appelé!PCR!

par!émulsion.!Le!pyroséquençage!utilise!la! luciférase,!une!enzyme!capable!de!produire!

de! la! lumière,! pour! détecter! le! pyrophosphate! libéré! lors! de! l’incorporation! des!

nucléotides!(Ronaghi!et*al.!1998).!L’intensité!de!la!lumière!émise!permet!de!déterminer!

le! nombre! de! nucléotides! identiques! incorporés! à! la! suite.! Cela! génère! beaucoup!

d’erreurs!de!séquençage!au!niveau!des!homopolymères!(trois!nucléotides!identiques!ou!

plus! consécutifs),! en! raison! de! la! non"linéarité! de! l’intensité! lumineuse! accumulée!

(Margulies!et*al.!2005;!Quince!et*al.!2009;!Luo!et*al.!2012).!En!conséquence,!les!erreurs!

les!plus!fréquentes!sont!de!type!insertion/délétion,!avec!un!taux!d’erreur!global!de!1%!

par! base! (Glenn! 2011).! Le! résultat! d’une! expérience! de! pyroséquençage! produit! les!

flowgrams!représentant!l’intensité!lumineuse!à!chaque!position!(figure!1.3).!

Le! séquenceur!454!GS20! fût! la!première!plateforme!NGS!mise!sur! le!marché.! Il!

produisait!environ!200,000!séquences!de!longueurs!comprises!entre!100!et!150!pb.!Les!

séquenceurs! 454! récents! produisent! environ! un!million! de! séquences! par! expérience,!

avec!des!lectures!de!tailles!généralement!comprises!entre!400!et!500!pb.!Ces!tailles!sont!

relativement! longues! pour! une! technologie! NGS,! et! rendent! les! plateformes! 454!

intéressantes! pour! le! séquençage! de! longs! fragments.! Elles! ont! longtemps! été! les!
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lectures.!Cette!approche!appelée!séquençage!‘paired"end’!permet!d’obtenir!au!final!des!

séquences!assemblées!plus!longues!que!les!lectures!dont!elles!proviennent.!

Les! plateformes! Illumina! présentent! leurs! propres! biais! de! séquençage.! Les!

principaux! problèmes! concernent! une! qualité! inégale! des! lectures! selon! les! pistes!

(Dolan!&!Denver!2008)!et!une!association!des!motifs!GGC!avec!une!augmentation!des!

erreurs! (Nakamura! et* al.! 2011).! Globalement,! les! plateformes! Illumina! génèrent!

cependant!des!erreurs!réparties!de!manière!plus!aléatoire!que!les!plateformes!454!(Luo!

et* al.! 2012),! avec! des! erreurs! principalement! composées! de! substitutions! et! un! taux!

d’erreur!environ!dix!fois!moins!important!que!celui!des!séquenceurs!454!(environ!0.1%!

par!base,!Glenn!2011).!!

!

2.3 L’utilisation#des#technologies#NGS#en#metabarcoding#ADN##

!

Les! technologies! de! séquençage! haut! débit! permettent! donc! aujourd’hui! de!

produire! plusieurs! millions! de! séquences! par! expérience,! et! le! metabarcoding! ADN!

exploite!largement!ces!nouvelles!possibilités.!Le!séquençage!avec!les!séquenceurs!454!a!

longtemps!été! la! technologie! la!plus!adaptée!pour! faire!du!metabarcoding!ADN,!et!par!

conséquent! la! plus! populaire,! surtout! chez! les!microbiologistes.! Au! fil! des! années,! de!

nombreux!outils!informatiques!ont!été!développés!pour!l’analyse!de!données!issues!de!

séquençage! 454! (Sun! et* al.! 2009;! Quince! et* al.! 2009,! 2011;! Edgar! 2010),! rendant! la!

transition! vers! d’autres! technologies! difficile,!malgré! l’arrêt! prévu! courant! 2016!de! la!

maintenance!de!Roche!pour! ces! séquenceurs.! La! technologie!HiSeq!d’Illumina! est! une!

alternative! intéressante,! et! est!déjà! la!plateforme!de!choix!depuis!plusieurs!années!au!

Laboratoire!d’Ecologie!Alpine!notamment!(Shehzad!et*al.!2012a;!Schmidt!et*al.!2013;!De!

Barba!et*al.!2014;!Giguet"Covex!et*al.!2014).!En!effet,!pour!des!études!portant! sur!des!

marqueurs! plus! courts! (<150! pb),! typiquement! utilisés! pour! faire! du! metabarcoding!

ADN!sur!les!plantes!et!les!animaux,!la!technologie!d’Illumina!est!très!bien!adaptée,!tout!

en!étant!moins!coûteuse!(Coissac!et*al.!2012)!et!avec!un!taux!d’erreur!moins!important.!!

!

!

!
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1) Préparation!de!l’expérience.!Les!problématiques!sont!identifiées.!

!

2) Choix!des!marqueurs!et!des!sites!d’échantillonnage.!Les!sites!d’échantillonnage!

sont! sélectionnés,! ainsi! que! les! marqueurs! qui! seront! amplifiés! et! séquencés.! Ces!

marqueurs!doivent!être!adaptés!au!but!de! l’étude!et!bien!sûr,!aux! taxons!d’intérêt.!

Les!codes"barres!standards!choisis!par!le!CBOL!ne!sont!en!général!pas!adaptés!à!des!

études!environnementales!(Valentini!et*al.!2009b;!Ficetola!et*al.!2010;!Deagle!et*al.!

2014).!En!effet,!en!barcoding!ADN,!l’ADN!est!en!général!extrait!d’organismes!entiers!

et! bien! conservés! ;! par! conséquent,! il! est! de! bonne!qualité! et! se! trouve! en! grande!

quantité,! et! il! n’est! pas! trop! difficile! d’en! obtenir! des! séquences! de! plusieurs!

centaines!de!bases.!L’amplification!d’un!seul!individu!permet!par!ailleurs!d’éviter!les!

phénomènes! d’amplification! préférentielle.! Par! contraste,! en! metabarcoding! ADN,!

l’ADN!extrait!provient!souvent!de!restes!d’organismes!présents!dans!les!échantillons!

environnementaux,!et!sa!dégradation!rend!difficile!l’obtention!de!séquences!de!plus!

de! 150! pb! (Goldstein! &! Desalle! 2003;!Wandeler! et* al.! 2007).! Par! conséquent,! des!

marqueurs! différents! doivent! être! conçus! pour! le! metabarcoding! ADN.! Les! trois!

qualités!principales!d’un!bon! code"barres!de!metabarcoding!ADN!sont!1)!qu’il! soit!

court,! 2)! que! les! amorces! l’entourant! soient! bien! conservées! afin! d’avoir! la!

couverture! la! meilleure! possible! des! taxons! que! l’on! souhaite! amplifier! et! que!

l’amplification!par!PCR!ne!soit!pas!biaisée!(Bellemain!et*al.!2010),!et!enfin!3)!que!le!

code"barres! lui"même!présente!assez!de!différences!pour!pouvoir!discriminer! tous!

les!taxons!amplifiés!aux!rangs!d’intérêt,!se!situant!parfois!au!niveau!du!genre,!de!la!

famille,! voire! de! l’ordre! en!metabarcoding! ADN! (Valentini! et* al.! 2009a;! Riaz! et* al.!

2011).!

!

3) Echantillonnage.!Les!échantillons!d’ADN!environnemental!sont!recueillis.!

!

4) Extraction!de!l’ADN.!L’ADN!environnemental!est!extrait!des!échantillons.!

!

5) Amplification!par!PCR.!Les!marqueurs!sont!amplifiés!par!PCR.!

!

6) Multiplexage.! Les! technologies!NGS! produisent! trop! de! séquences! par! expérience!

pour!un!seul!échantillon!environnemental!(jusqu’à!un!million!pour!les!séquenceurs!
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454!et! jusqu’à!six!milliards!pour! les! technologies!HiSeq!d’Illumina).!Des!protocoles!

permettent! de! séparer! les! expériences! faites! avec! les! technologies! 454! en! huit!

régions,! tandis! que! les! expériences! faites! avec! les! technologies! HiSeq! d’Illumina!

peuvent!être!divisées!en!seize!pistes.!Malgré!cela,!le!nombre!de!séquences!produites!

reste! trop! important.! Afin! d’optimiser! l’utilisation! des! capacités! de! séquençage! de!

ces! technologies,! des! méthodes! de! multiplexage! de! plusieurs! échantillons!

indépendants! dans! une! expérience! ont! été! développées! (Margulies! et* al.! 2005;!

Binladen! et* al.! 2007;! Hoffmann! et* al.! 2007).! Chaque! séquence! doit! alors! pouvoir,!

après! séquençage,! être! associée! à! l’échantillon! dont! elle! provient.! Dans! ce! but,! un!

«!mot!»! d’ADN! court! (moins! de! dix! nucléotides)! est! ajouté! à! l’une! ou! aux! deux!

extrémités! des! amorces! de! PCR,! afin! de! permettre! leur! association! après! le!

séquençage! à! chacun! des! échantillons! multiplexés.! Ces! «!mots!»! sont! appelés! soit!

«!Multiplex!Identifiers!»,!soit!«!tags!»!(l’appellation!utilisée!dans!ce!manuscrit).!

!

7) Séquençage.! Les! librairies! de! séquençage! sont! d’abord! préparées,! permettant! un!

autre!niveau!de!multiplexage!des!échantillons,!grâce!à!des!adaptateurs!spécifiques!à!

chaque!librairie.!Les!amplicons!sont!ensuite!séquencés!avec!la!plateforme!choisie.!

!

8) Alignement!des!lectures!pairedFend.!Si!la!technologie!Illumina!est!utilisée,!celle"ci!

produisant! des! lectures! de! séquences! assez! courtes,! les! approches! «!paired"end!»!

sont!souvent!utilisées,!qui!consistent!à!séquencer!chaque!amplicon!à! la! fois!depuis!

l’extrémité!5’!et!depuis!l’extrémité!3’.!On!cherche!alors!à!reconstruire!les!amplicons!

en!alignant!les!lectures!de!séquence!faites!depuis!chaque!extrémité.!

!

9) Démultiplexage.! Si! les! échantillons! ont! été! multiplexés,! chaque! séquence! est!

réassignée! à! l’échantillon! dont! elle! provient! en! fonction! des! tags! et! amorces! à! ses!

extrémités.!Les!séquences!ne!présentant!pas!de!combinaisons!de!tags!acceptées!sont!

éliminées,!en!tolérant!plus!ou!moins!d’erreurs!(Hamady!et*al.!2008;!De!Barba!et*al.!

2014).!

!

10) !Déréplication.!Les!séquences!strictement!identiques!sont!regroupées!et!comptées,!

éventuellement!de!manière!séparée!pour!chaque!échantillon.!!

!
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11) !Elimination!des!singletons.!On!peut!éliminer!les!séquences!singletons,!c’est!à!dire!

n’ayant!été!observées!qu’une! fois! au! sein!de! la!même!expérience,! si! l’on! considère!

qu’elles!constituent!probablement!des!séquences!erronées.!

!

12) !Filtrage!des!séquences!erronées.!Les!séquences!peuvent!d’abord!être!filtrées!sur!

la!base!de!leur!longueur,!afin!d’éliminer!les!séquences!trop!courtes!ou!trop!longues!

étant!donné!le!marqueur!utilisé.!Il!faut!ensuite!détecter!les!séquences!contenant!des!

erreurs!de!séquençage,!des!erreurs!ponctuelles!de!PCR,!et! les!chimères! (voir!sous"

partie!suivante!sur!les!séquences!erronées).!

!

13) !Regroupement! en! MOTU.! Selon! l’étude,! on! cherche! à! créer! des! groupes! de!

séquences!très!similaires,!contenant!idéalement!toutes!les!séquences!correspondant!

à! un! même! taxon,! et! dont! les! différences! sont! le! résultat! de! la! variabilité!

intraspécifique.! Ces! groupes! sont! communément! appelés! MOTU! (Molecular*

Operational* Taxonomic* Units).! Leur! principale! utilité! est! de! permettre! des!

estimations! de! biodiversité,! notamment! lorsque! l’assignation! taxinomique! des!

séquences!est!difficile!ou!impossible,!généralement!en!raison!de!l’absence!de!base!de!

données!de!référence!(Blaxter!et*al.!2005).!

!

14) !Assignation! taxinomique.! Si! une! base! de! données! de! référence! fiable! est!

disponible,!on!assigne!chaque!séquence!à!un!taxon,!à!un!niveau!taxinomique!qui!peut!

varier!selon!l’étude.!

!

15) !Analyse! de! biodiversité...!Les!analyses!de!biodiversité!ou!autres!peuvent!ensuite!

être!conduites.!

!

!

Des! outils! sont! nécessaires! à! chacune! de! ces! étapes.! Les! outils! informatiques!

permettant!de! traiter! les!données!de!metabarcoding!ADN!doivent!être!adaptés!à! leurs!

volumes! importants! ainsi! qu’à! leurs! propriétés,! qui! dépendent! notamment! de! la!

technologie! de! séquençage! utilisée.! Comme,! historiquement,! le! metabarcoding! ADN! a!

débuté! avec! la! technologie! 454! et! avec! des! marqueurs! très! longs,! les! outils!

informatiques! populaires! dans! la! communauté! scientifique! sont! majoritairement!
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adaptés!à!ce! type!de!données.!Cela!signifie!que!ces!outils!sont!développés!pour!traiter!

des! séquences! longues! et! souvent! partiellement! séquencées,! et! présentant! les! types!

d’erreurs!produits!par!les!séquenceurs!454.!

!

!

4. La#problématique#des#séquences#erronées#
!

L’un!des!problèmes!les!plus!importants!rencontrés!en!metabarcoding!ADN!est!la!

présence!d’un!grand!nombre!de!séquences!erronées!dans! les! jeux!de!données.! Il!a!été!

montré!qu’au!moins!50%!des!MOTU!obtenus!à!partir!d’une!étude!utilisant!la!technologie!

454! représentent! en! fait! des! artéfacts! qui! devraient! être! retirés! des! jeux! de! données!

avant! les! analyses!biologiques! (Gilbert!et*al.! 2009;!Pommier!et*al.! 2010).! En! effet,! ces!

séquences,! si! elles! sont! conservées,! peuvent! avoir! des! conséquences! très! importantes!

sur! les! résultats! finaux! d’une! analyse! de! metabarcoding! ADN.! Un! exemple! connu! est!

celui!de!la!découverte!de!la!«!biosphère!rare!»!publiée!dans!(Sogin!et*al.!2006),!discutant!

l’existence! d’une! biodiversité! bactérienne! insoupçonnée! dans! l’Atlantique! Nord.!

Quelques!années!plus!tard,!d’autres!études!remettaient!en!question!l’existence!de!cette!

biosphère!rare,! l’expliquant!par!une!surestimation! importante!de! la!biodiversité!due!à!

un!mauvais!filtrage!des!séquences!erronées!(Quince!et*al.!2009,!2011;!Kunin!et*al.!2010;!

Huse!et*al.!2010).!Ces!séquences!erronées!biaisent!aussi!les!estimations!de!biodiversité!

dans! les! études! sur! les! plantes! et! les! animaux! (Sefc! et*al.! 2006).! Il! est! donc! essentiel!

d’avoir!des!méthodes!de!filtrage!et!de!détection!de!ces!séquences!erronées!permettant!

de!supprimer!leur!impact!sur!les!résultats!finaux!des!analyses.!

!

4.1 Les#sources#de#séquences#erronées#

!

Les!sources!de!ces!séquences!erronées!sont!diverses.!On!peut!en!identifier!quatre!

principales!:! la!dégradation!de! l’ADN,! les! contaminations,! la!PCR,! et! le! séquençage.!On!

peut! distinguer! deux! types! d’erreurs! de! PCR!:! les! erreurs! ponctuelles,! et! les! chimères!

(Acinas! et* al.! 2005).! Les! erreurs! ponctuelles! proviennent! généralement! de!

l’incorporation! d’un! mauvais! nucléotide! par! l’enzyme! performant! la! réplication! de!

l’ADN!;!cela!est!discuté!plus!en!détail!dans!le!chapitre!2.!Les!chimères!de!PCR!se!forment!
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importantes! dans! les! analyses! finales,! et! peuvent! influer! celles"ci! de! manière! non!

négligeable.!!

!

4.2 Détection#des#séquences#erronées#

!

En!amont!de!l’utilisation!de!programmes!dédiés!à!la!détection!d’erreurs,!l’un!des!

meilleurs! moyens! de! faciliter! la! détection! des! séquences! erronées! est! de! faire! des!

réplicats!à! toutes! les!étapes!des!protocoles!de!biologie!moléculaire.!Par!exemple,!pour!

les! études! portant! sur! de! l’ADN! ancien,! généralement! dégradé! et! présent! en!

concentrations! faibles,! il! est! recommandé! de! faire! jusqu’à! huit! réplicats! de! PCR! si!

possible! (Ficetola!et*al.! 2014).! En! effet,! pour! ce! type!d’études,! de!nombreux! cycles!de!

PCR!sont!nécessaires!pour!amplifier!suffisamment!de!molécules,!maximisant!les!risques!

d’erreurs!de!PCR.!Si!une!séquence!n’est!pas!présente!dans!au!moins!deux!réplicats!de!

PCR,! il! est! recommandé! de! la! supprimer! du! jeu! de! données! (Willerslev! et* al.! 2014;!

Giguet"Covex!et*al.!2014;!Ficetola!et*al.!2014).!

Pour!détecter!les!chimères!de!PCR,!une!solution!est!de!concevoir!des!amorces!de!

PCR!avec!des!tags!identiques!à!l’extrémité!des!amorces!complémentaires.!Les!séquences!

présentant!des!tags!différents!à!leurs!extrémités!peuvent!alors!être!considérées!comme!

étant!très!probablement!des!chimères!de!PCR!(Willerslev!et*al.!2014).!Des!programmes!

dédiés!à!la!détection!de!chimères!existent,!comme!PERSEUS!(Quince!et*al.!2011)!ou!UCHIME!

(Edgar!et*al.!2011).!

Concernant! les!contaminations,! les!contrôles!négatifs!et!positifs!sont! le!meilleur!

outil! pour! leur! détection! (Cooper! &! Poinar! 2000;! De! Barba! et* al.! 2014).! Une! autre!

approche! est! d’exclure! les! taxons! qui! n’ont! été! détectés! qu’une! seule! fois! sur! tous! les!

réplicats!(Willerslev!et*al.!2014;!Giguet"Covex!et*al.!2014;!Ficetola!et*al.!2014).!!!

!

Le!principal!problème!des!approches! liées!à! l’utilisation!de!réplicats!est!que! les!

erreurs! de! PCR! et! de! séquençage! tendent! à! être! biaisées! et! reproductibles,! rendant!

possible! la! présence! de! séquence! erronées! identiques! dans! de! multiples! réplicats!

(Coissac! et* al.! 2012;! Ficetola! et* al.! 2014).! L’utilisation! de! programmes! dédiés! à! la!

détection!de! séquences! erronées! est!donc! le! seul!moyen!de!détecter! certaines!d’entre!

elles.!De! nombreux!programmes! existent! pour! traiter! cette! problématique! (voir! sous"
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partie!D)1.2)(2),!et!pour!une!revue!Coissac!et*al.!2012).!La!plupart!visent!cependant!à!

détecter! les! chimères! de! PCR! et! les! erreurs! de! séquençage! provenant! de! plateformes!

454,!alors!que!les!séquenceurs!Illumina!sont!de!plus!en!plus!utilisés,!et!les!erreurs!ayant!

l’impact! le!plus! important!sont! les!erreurs!ponctuelles!de!PCR.!Beaucoup!de!ces!outils!

sont!aussi!mal!adaptés!au!traitement!de!volumes!de!données!aussi!importants!que!ceux!

typiquement!traités!en!metabarcoding!ADN.!!

Les! erreurs! ponctuelles! de! PCR! donnent! des! séries! de! séquences! erronées!

dérivées!de!vraies!séquences!(figure!1.6).!Par!conséquent,!ces!séquences!erronées!sont!

très!proches!des!vraies!séquences!en!terme!de!similarité!de!séquence.!Les!méthodes!de!

clustering!basées!sur!l’agglomération!de!séquences!autour!de!centroïdes!sont!donc!très!

bien! adaptées! à! leur! détection,! ainsi! que! cela! sera! discuté! dans! la! partie!D)1!de! cette!

introduction.!Ces!méthodes!sont!par!ailleurs!bien!adaptées!à! l’utilisation!d’algorithmes!

gloutons! (encadré! 1.1),! les! rendant! d’autant! plus! intéressantes! pour! le! traitement!

efficace!d’importants!volumes!de!données.!

!

!
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Figure!1.6.!Graphe!présentant!les!relations!de!similarité!entre!les!séquences!présentes!

dans! un! jeu! de! données! typique! de! produit! PCR! généré! lors! d’une! étude! de!

metabarcoding! ADN.! Ces! données! sont! issues! de! l’amplification! du!marqueur! ITS1! de!

champignons!à!partir!d’un!échantillon!de!sol.!Chaque!noeud!correspond!à!une!séquence,!

sa! surface! est! proportionnelle! à! l’abondance! de! la! séquence,! et! deux! séquences! sont!

reliées! par! une! arête! si! elles! présentent! une! unique! différence! (substitution! ou!

insertion/délétion)! entre! elles.! On! distingue! facilement! des! formes! ressemblant! à! des!

étoiles,! correspondant! à! une! séquence! centrale! très! abondante! reliée! à! plusieurs!

séquences!moins!abondantes.!Typiquement,! ces!séquences!plus! rares!correspondent!à!

des!séquences!erronées!issues!d’erreurs!ponctuelles!de!PCR.!

!

!

!

Encadré!1.1.!Définitions!

!

!

Complexité+ en+ temps+ d’un+ algorithme+:! Ordre! de! grandeur! du! nombre! d'opérations!

qu'aura!à!exécuter!l'algorithme!dans!le!pire!cas!sur!un!jeu!de!données!de!taille!n.!On!le!

note!en!général!sous!la!forme!O(f(n))!où!f!est!une!fonction.!

!

Heuristique+:! Méthode! de! calcul! qui! fournit! rapidement! une! solution! réalisable,! pas!

nécessairement!optimale!ou!exacte,!pour!un!problème!d'optimisation.!

!

Algorithme+ glouton+:! Algorithme! qui,! pour! des! raisons! d’optimisation,! fait! un! choix!

optimum! local! étape! par! étape.! Selon! le! problème! et! l’algorithme,! l’optimalité! de! la!

solution! globale! est! garantie! ou! non.! Si! elle! n’est! pas! garantie,! on! parle! alors!

d’heuristique!gloutonne.!

*

Graphe+ non+ orienté!:! Couple! G=(V,! E),! avec! V! un! ensemble! fini! d’éléments! appelés!

noeuds,!et!E!un!ensemble! fini!de!paires!de!noeuds!appelées!arêtes,!avec!!! ⊆ !!(!)!où!

!!(!)!représente!l’ensemble!des!paires!de!V*(figure!1.7).!

!
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Arbre+ :! Graphe!non! orienté,! acyclique! et! connexe! (exemple!:! figure! 1.7).! Ces! graphes!

peuvent!être!représentés!sous!une!forme!rappelant!les!ramifications!d’un!arbre!(figure!

1.9).!

!

!

!

D. Les#méthodes#de#classification#et#leur#utilisation#en#metabarcoding#ADN#

!

1. Classification#non#supervisée#
!

La! classification! non! supervisée! désigne! un! ensemble! de!méthodes! ayant! pour!

objectif!de!caractériser!un!ensemble!d’éléments,! à!partir!de!caractéristiques!mesurées!

sur!chacun!des!éléments.!Une!catégorie!des!méthodes!de!classification!non!supervisée!

est! le!partitionnement!de!données,!ou!clustering,!qui!consiste!à!rechercher!des!classes!

homogènes!et!non!chevauchantes,!souvent!appelées!clusters,!en!fonction!de!la!proximité!

des! éléments! dans! l’espace! de! représentation.! Cela! nécessite! donc! une! mesure! de!

similarité! des! éléments! entre! eux.! En! bioinformatique,! le! clustering! de! séquences!

cherche! à! regrouper! ensemble! des! séquences! proches.! La!mesure! de! similarité! entre!

séquences! est! généralement! basée! sur! leur! alignement.! Le! résultat! d’une!méthode! de!

clustering!peut!souvent!être!représentée!sous!la!forme!d’un!graphe!(encadré!1.1).!

!

1.1 Création#de#clusters#en#biologie#
!

Selon!la!question!biologique,!différents!algorithmes!de!clustering!sont!utilisés.!Il!

existe!une!très!grande!variété!de!méthodes!de!clustering.!Certaines!sont!dites!«!basées!

centroïdes!»,!car!elles!cherchent!à!identifier!des!éléments!représentatifs!de!leur!cluster;!

ces!méthodes!présentent!souvent!une!complexité!en!temps!moindre!que!les!autres,!car!

elles! sont! bien! adaptées! à! l’utilisation! d’algorithmes! heuristiques! et/ou! gloutons!

(encadré!1.1).!!

!

Il! est! aussi! possible! de! dégrader! le! résultat! de! méthodes! de! classification! non!

supervisée!plus!sophistiquées!comme!les!méthodes!de!classification!hiérarchique,!pour!
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représenter! les!relations!entre! les!séquences! (Zinger!et*al.!2009).!De!plus,! les!groupes!

formés! par! le! biais! de! méthodes! hiérarchiques! reposent! sur! la! dégradation! de!

l’information! en! coupant! artificiellement! le! graphe! généré! à! un! niveau! choisi.! Il! peut!

sembler!plus!pertinent!d’utiliser!des!méthodes!de! clustering! construisant!directement!

des!groupes.!!

Certains! programmes! initialement! dédiés! à! des! problèmes! différents! sont!

historiquement! très! utilisés! pour! la! création! de! MOTU.! Ces! programmes! étaient!

initialement!développés!pour!la!déréplication!de!jeux!de!données!très!volumineux,!c’est!

à!dire!pour!regrouper!les!séquences!similaires!afin!de!rendre!ces!jeux!de!données!plus!

rapides! à! analyser.! Ils! utilisent! des! méthodes! de! clustering! basées! centroïdes,! qui!

identifient!des! séquences! représentatives!de! leur! cluster.!Ces!programmes! sont!CD"HIT!

(Li!et*al.!2001;!Li!&!Godzik!2006;!Fu!et*al.!2012)!et!UCLUST!(Edgar!2010).!Leur!popularité!

pour!la!création!de!MOTU!provient!de!leur!rapidité!et!de!leur!adaptation!au!traitement!

de!séquences!partielles,! les!rendant! intéressants!pour!traiter! les!données!typiquement!

produites! au! début! du!metabarcoding!ADN.! Leur! rapidité! est! permise! par! l’utilisation!

d’un! algorithme! glouton! et! d’heuristiques.! L’algorithme! sous"jacent! identifie! une!

séquence! représentative! pour! chaque! cluster,! et! assigne! une! nouvelle! séquence! à! un!

cluster! si! elle!présente!une! similarité! suffisante! avec! la! séquence! représentative.! Si! ce!

n’est! pas! le! cas,! elle! devient! la! séquence! représentative! d’un! nouveau! cluster.! Un!

programme! dérivé! de! UCLUST,! UPARSE! (Edgar! 2013),! utilise! le! même! algorithme! de!

clustering!mais!est!dédié!aux!marqueurs!entièrement!séquencés!tels!que!ceux!obtenus!

avec! la! technologie! Illumina,! et! est! officiellement! dédié! à! la! création! de!MOTU.! De! la!

même! manière! que! pour! les! méthodes! hiéarchiques,! l’utilisation! de! méthodes! basée!

centroïdes! pour! la! création! de! MOTU! est! discutable.! La! représentation! des! relations!

entre! les! séquences! sous! la! forme! de! groupes! possédant! une! séquence! centroïde!

supposée! être! représentative! de! toutes! les! autres! séquences! est! au! mieux! une!

approximation!des!relations!réelles!entre!les!marqueurs!utilisés!en!metabarcoding!ADN.!

Des! méthodes! plus! adaptées! existent,! bien! qu’elles! ne! soient! pas! encore!

largement! utilisées.! L’algorithme!MCL! (Markov! Cluster! Algorithm,! Van! Dongen! 2000),!

notamment,! est! de! plus! en! plus! utilisé! en! bioinformatique,! principalement! en!

protéomique!(Enright!et*al.!2002;!Brohée!&!van!Helden!2006;!Krogan!et*al.!2006)!et!en!

analyses! génétiques! (Wall!et*al.! 2008),! et! a! été!montré! comme!étant! particulièrement!

adapté!pour!la!création!de!MOTU!(Zinger!et*al.!2009).!!
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(2) Pour(la(détection(de(séquences(erronées(

!

Avec!le!regroupement!des!séquences!en!MOTU,! l’autre!principale!utilisation!des!

méthodes!de!clustering!en!metabarcoding!ADN!est!la!détection!des!séquences!erronées.!

Les! méthodes! de! clustering! basées! centroïdes! sont,! dans! ce! cas,! bien! adaptées! au!

problème!puisque,! lorsque!les!séquences!erronées!dérivent!d’autres!séquences!comme!

en!cas!d’erreurs!ponctuelles!de!PCR,!les!vraies!séquences!peuvent!être!vues!comme!les!

séquences! représentatives! de! leur! cluster! (figure! 1.5).! L’idée! a! été! proposée! pour! la!

première! fois! sous! la! forme! de! l’algorithme! SLP! (Single=Linkage* Preclustering)! dans!

(Huse! et* al.! 2010).! L’intérêt! et! l’utilisation! de! ces! méthodes! sont! développés! dans! le!

chapitre!1.!

Une!autre!méthode!a!été!utilisée!dans!des!programmes!dédiés!à! la!détection!de!

séquences! erronées!:! la! génération! de! clusters! sous! la! forme! de! graphes! orientés!

acycliques!(encadré!1.1).!Cette!méthode!a!été!utilisée!pour!la!première!fois!dans!un!des!

programmes!des!OBITOOLS,!OBICLEAN!(annexe! III),! et! est!discutée!plus!en!détail!dans! le!

chapitre!2.!

Parmi! les! autres! méthodes! de! clustering! très! utilisées! pour! la! détection! de!

séquences!erronées,!on!peut!citer!PYRONOISE!(Quince!et*al.!2009)!et!DENOISER!(Reeder!&!

Knight!2010),!tous!deux!développés!pour!traiter!exclusivement!des!données!de!454,!en!

se! basant! sur! les! flowgrams! associées! aux! séquences! produits! par! les! plateformes.!

PYRONOISE! utilise! les! intensités! lumineuses! des! flowgrams! pour! calculer! la! probabilité!

qu’un!flowgram!ait!été!généré!par!une!séquence.!Un!inconvénient!majeur!du!programme!

est! qu’il! utilise! une! méthode! de! classification! hiérarchique! avec! une! approche!

bayésienne,!le!rendant!trop!lent!pour!l’utiliser!sur!des!volumes!de!données!importants.!

Sur!ce!plan,!DENOISER!présente!de!meilleures!performances!grâce!à!son!utilisation!d’un!

algorithme! glouton! (encadré! 1.1).! DENOISER! calcule! la! distance! entre! le! flowgram! de!

chaque! séquence! et! celui! de! la! séquence! la! plus! abondante.! En! conséquent,!moins! de!

calculs!sont!faits!mais!la!méthode!est!moins!précise.!

!

En! conclusion,! la! méthode! de! clustering! employée! doit! dépendre! de! la!

problématique! biologique! que! l’on! veut! traiter.! En! général,! les! méthodes! de!

classification! hiérarchiques! sont! très! utilisées! mais! pas! forcément! adaptées.! Les!

méthodes! utilisant! des! algorithmes! gloutons,! telles! que! les! méthodes! de! clustering!
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basées! centroïdes,! sont! particulièrement! bien! adaptées! aux! volumes! de! données!

importants,! et! sont! aussi! très! utilisées! pour! la! création! de! MOTU,! mais! sont! plutôt!

adaptées!à!l’identification!de!séquences!erronées!dérivant!d’autres!séquences.!

!

!

2. Classification#supervisée#
!

La! classification! supervisée! vise! à! définir! des! règles! permettant! de! classer! des!

éléments! dans! des! classes! à! partir! de! variables! qualitatives! ou! quantitatives!

caractérisant! ces! éléments.! En!biologie,! les!méthodes!de! classification! supervisée! sont!

très! utilisées! pour! identifier! des! éléments! en! les! associant! à! des! éléments! similaires!

provenant! de! bases! de! données! de! référence.! Par! exemple,! en! barcoding! et!

metabarcoding! ADN,! on! applique! ces! méthodes! pour! assigner! les! séquences! à! des!

taxons.! Les! méthodes! d’assignation! de! séquences! classiquement! utilisées! sont!

généralement! classées! en! cinq! catégories!:! les! méthodes! basées! sur! la! similarité,! les!

méthodes! basées! sur! les! caractères,! les! méthodes! phylogénétiques,! les! méthodes!

statistiques,!et!les!méthodes!généalogiques.!

!

2.1 Méthodes#basées#sur#la#similarité#
!

Les!méthodes! basées! sur! la! similarité! comparent! la! séquence! requête! avec! les!

séquences!de!référence,!en!se!basant!sur!leur!alignement!deux"à"deux.!Cela!est!fait!avec!

des! algorithmes! d’alignement! tels! que! BLAST! (Altschul! et* al.! 1990),! utilisé! par! TUIT!

(Tuzhikov! et* al.! 2014)! et! par! l’outil! d’identification! de! la! plate"forme! BOLD! pour!

l’identification!des!plantes!et!des!champignons2!,!ou!T"COFFEE! (Notredame!et*al.!2000),!

utilisé! par! TAXI! (Steinke! et* al.! 2005),! ou! encore! en! utilisant! des! modèles! de! Markov!

cachés,! tel! que! le! fait! l’outil! de! BOLD! pour! l’identification! des! séquences! animales!

(Ratnasingham!&!Hebert!2007).!!

!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
2 travaux non publiés, voir 
http://www.boldsystems.org/index.php/resources/handbook?chapter=2_databases.html&section=id_engine 
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2.2 Méthodes#basées#sur#les#caractères#
!

Les! méthodes! basées! sur! les! caractères! sont! une! adaptation! des! méthodes!

d’identification! morphologique! classiques.! Traditionnellement,! les! taxinomistes!

discriminent! les! spécimens! sur! la! base! de! caractéristiques! uniques! permettant! la!

différenciation! sans! équivoque! des! différentes! espèces.! Cette! même! logique! a! été!

transposée! au! niveau! des! séquences! d’ADN,! avec! des! programmes! tels! que! DNA"BAR!

(DasGupta!et*al.!2005),!DOME"ID!(Little!&!Stevenson!2007)!ou!BRONX!(Little!2011).!Sur!la!

base! des! séquences! de! référence,! des! caractères! diagnostiques! sont! identifiés,!

permettant! l’identification! des! espèces.! L’identification! de! ces! caractères! se! fait!

généralement!sur!la!base!de!l’alignement!multiple!des!séquences!de!référence.!!

!

2.3 Méthodes#phylogénétiques#
!

! Les! méthodes! phylogénétiques! cherchent! à! identifier! les! relations! entre!

séquences!en!retraçant!leur!histoire!évolutive.!Cela!est!généralement!fait!en!performant!

un!alignement!multiple!des!séquences!de!référence,!comme!pour!les!approches!basées!

sur!les!caractères,!puis!en!utilisant!des!méthodes!telles!que!le!Neighbour"Joining!(Saitou!

&!Nei!1987),!le!Maximum!de!Vraisemblance!ou!encore!des!approches!Bayésiennes!pour!

reconstruire!leur!phylogénie!et!replacer!chaque!séquence"requête!parmi!les!séquences"

références,!soit!dans!un!clade,!soit!dans!une!branche"soeur!(Munch!et*al.!2008;!Matsen!

et*al.!2010;!Berger!et*al.!2011).!!

!

2.4 Méthodes#statistiques#
!

Les!méthodes! statistiques! constituent! un! ensemble! hétérogène.!Un!programme!

très! populaire! pouvant! être! classé! dans! cette! catégorie! est! l’outil! d’assignation! du!

Ribosomal*Database*Project! (Cole!et*al.! 2014),! le!RDP*classifier! (Wang!et*al.! 2007).!Cet!

outil!utilise!une!méthode!bayésienne!naïve!basée! sur! les!mots! chevauchants! contenus!

dans! les! séquences!pour! évaluer! la! probabilité! d’une! séquence"requête!d’appartenir! à!

un!genre!(ou!rang!taxinomique!supérieur,!tel!que!famille!ou!ordre)!donné.!

Parmi! les! autres! méthodes! statistiques! parfois! utilisées! pour! l’assignation!

taxinomique!de!séquences,!on!peut!citer!les!approches!Kernel!(Kuksa!&!Pavlovic!2009),!
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CART! (classification* and* regression* trees),! RF! (random* forest),! k=nearest* neighbour!

(Austerlitz!et*al.!2009),!ou!encore!les!modèles!de!mélange!gaussien!(Bouveyron!&!Girard!

2009).!

!

2.5 Méthodes#généalogiques#
!

Finalement,! les!méthodes!généalogiques!se!basent!communément!sur! la!théorie!

de! la! coalescence! et! utilisent! les! approches! Bayésiennes! et! de! Maximum! de!

Vraisemblance,!ainsi!que! les! chaînes!de!Markov"Monte!Carlo! (MCMC)! (Matz!&!Nielsen!

2005;!Nielsen!&!Matz!2006;!Abdo!&!Golding!2007).!!

!

2.6 Comparaison#des#méthodes#
!

! De! nombreuses! études! ont! comparé! les! différents! types! de!méthodes! (Little! &!

Stevenson!2007;!Ross!et*al.!2008;!Liu!et*al.!2008;!Austerlitz!et*al.!2009;!Pettengill!&!Neel!

2010;!Goldstein!&!DeSalle!2011),!et! leurs!résultats!suggèrent!que!toutes!les!approches!

sont!également!efficaces!en!termes!de!qualité!de!l’assignation.!Ces!études!ont!cependant!

été! faites!avec!des!marqueurs!de!barcoding!ADN,!ou!avec! le!marqueur!ribosomal!16S,!

ces!marqueurs! étant! typiquement! assez! longs! et! par! conséquent! contenant! beaucoup!

d’informations,! notamment! phylogénétiques,! et! pour! lesquels! il! existe! des! bases! de!

données!de!référence!relativement!complètes!et!fiables.!Lors!d’études!de!metabarcoding!

ADN,!les!marqueurs!sont!généralement!plus!courts!et!les!bases!de!données!de!référence!

contiennent! souvent! des! séquences! erronées,! ou! mal! annotées! (Coissac! et* al.! 2012).!

L’utilisation! de! différentes! méthodes! peut! alors! générer! de! grandes! différences.! Les!

problèmes! liés! aux! différentes! approches,! ainsi! que! des! pistes! pour! de! nouvelles!

méthodes!sont!l’objet!du!chapitre!3.!

!

!

E. Conclusion#

!

De! nombreux! outils! traitant! des! problématiques! générales! rencontrées! en!

metabarcoding! ADN! existent! déjà.! L’immense!majorité! d’entre! eux! ont! cependant! été!
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développés!pour!être!adaptés!à!des!volumes!de!données!peu!importants,!des!marqueurs!

longs!et!partiellement!séquencés,!et!des!bases!de!données!complètes!et!fiables.!!

Mon! travail! a!donc!été!axé! sur! le!développement!d’outils!adaptés!aux!caractéristiques!

propres! au! metabarcoding! ADN! fait! avec! des! marqueurs! courts! et! entièrement!

séquencés,! des! volumes! de! données! très! importants,! des! séquences! erronées! dont!

l’impact!est!principalement!lié!aux!erreurs!ponctuelles!de!PCR,!et!des!bases!de!données!

incomplètes!et!peu!fiables.!

!

!
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A. Introduction#

!

1. La#classification#non#supervisée#en#metabarcoding#ADN#
!

En!metabarcoding!ADN,!les!données!obtenues!après!séquençage!peuvent!inclure!

des! groupes! de! séquences! très! similaires.! Ces! similarités! importantes! peuvent! avoir!

deux! origines.! La! première! origine! possible! est! la! variabilité! naturelle! des! séquences.!

Cette! variabilité! est! généralement! intraspécifique,! les! marqueurs! étant! choisis! pour!

pouvoir!séparer!clairement!les!taxons.!Ces!groupes!de!séquences!que!l’on!rassemble!sur!

la! base! de! la! variabilité! intraspécifique! forment! ce! que! l’on! appelle! des! MOTU.! La!

deuxième!origine!possible!est!celle!des!séquences!erronées!produites!pendant!les!étapes!

de!biologie!moléculaire,!notamment!lors!des!étapes!de!PCR!et!de!séquençage.!Parmi!ces!

séquences! erronées,! beaucoup! sont! dérivées! de! vraies! séquences! et! leur! sont! très!

similaires,! ainsi! que! discuté! dans! la! partie! C)4! de! l’introduction.! Comme! le! but! d’une!

étude!de!metabarcoding!ADN!est!généralement!soit!d’obtenir!une!liste!de!taxons,!soit!un!

nombre! de! taxons,! ces! groupes! de! séquences! dérivant! d’un! seul! taxon! doivent! être!

identifiés!afin!de!ne!pas!surestimer!le!nombre!de!taxons!effectivement!présents.!!

Les!méthodes!de!classification!non!supervisée,!et!en!particulier!les!méthodes!de!

clustering!sont!bien!adaptées!au!traitement!de!cette!problématique.!Une!procédure!de!

clustering! requiert! une!mesure! de! similarité! entre! les! éléments! à! partitionner,! et! une!

méthode!de!regroupement!des!éléments.!

Concernant! le! problème! de! la! mesure! de! similarité! entre! les! éléments! à!

regrouper,! en! metabarcoding! ADN! les! éléments! à! comparer! sont! aujourd’hui!

généralement!des!séquences!d’ADN!de!quelques!centaines!de!paires!de!bases!maximum,!

entièrement! séquencées,! avec! un! polymorphisme! de! longueur! parfois! très! important!

que!l’on!souhaite!prendre!en!compte.!Par!ailleurs,!il!est!important!de!noter!que!l’on!ne!

s’intéresse!qu’aux! très!hautes!similarités.!L’idéal!est!une!méthode!de!comparaison!des!

séquences!qui!soit!exacte!et!la!plus!rapide!possible.!

En! fonction! de! l’algorithme!de! clustering! choisi,! le! résultat! d’une! procédure! de!

clustering!peut!varier!de!manière!très!importante,!tant!au!niveau!du!nombre!de!clusters!

et!de!leur!composition!(Huse!et*al.!2010;!Chen!et*al.!2013),!qu’au!niveau!de!la!topologie!

des! relations! entre! les! éléments.! En! plus! de! l’adaptation! aux! qualités! des! données,! le!

choix!de!l’algorithme!de!clustering!est!donc!crucial!et!dépend!du!but!recherché.!!
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2. Les#outils#de#classification#non#supervisée#existants#
!

Les!outils!de!classification!non!supervisée!les!plus!utilisés!en!metabarcoding!ADN!

aujourd’hui!ont! été!principalement!développés!pour! les!données! typiquement! traitées!

en! microbiologie! et! séquencées! par! des! plateformes! 454.! Cela! est! dû! au! fait! que! les!

microbiologistes! ont! longtemps! été! les! principaux! développeurs! et! utilisateurs! du!

metabarcoding!ADN,!et! la!technologie!454!a!été!la!première!plateforme!de!séquençage!

haut!débit!et! la!plus!utilisée!pendant!longtemps.!Les!outils! les!plus!utilisés!aujourd’hui!

sont! donc! adaptés! aux! marqueurs! assez! longs! (entre! 300! et! 500! pb),! généralement!

partiellement! séquencés.! En! metabarcoding! ADN,! les! marqueurs! tendent! à! être! plus!

courts! en! raison! du! travail! sur! de! l’ADN! environnemental! souvent! dégradé,! et! par!

conséquent! ils! tendent!aussi! à! être!entièrement! séquencés.!L’utilisation!de!marqueurs!

courts!facilite!par!ailleurs!l’emploi!des!plateformes!Illumina,!qui!permettent!un!meilleur!

rapport!coût/nombre!de!séquences!obtenues.!Par!conséquent,!les!qualités!des!données!

sont! différentes! et! leur! volume! plus! important.! Il! faut! donc! de! nouveaux! outils! de!

clustering!adaptés!à!ces!propriétés!des!données!différentes.!!

!

Concernant! la! problématique! du! clustering! pour! l’identification! de! séquences!

erronées,!de!nombreux!programmes!existent.!En!2010,!Huse!et*al.!proposaient!d’utiliser!

un! algorithme! de! clustering! basé! centroïdes! pour! détecter! les! séquences! erronées!

dérivées!de!vraies!séquences!(Huse!et*al.!2010).!Le!«!pre"clustering!simple!lien!»!(single*

linkage*pre=clustering,!SLP)!présenté!dans!leur!article!se!base!sur!l’idée!que!deux!raisons!

de! faire!du! clustering! requièrent!deux!algorithmes!de! clustering!différents,! et!que!par!

conséquent! la!détection!d’erreurs!et! la! création!de!MOTU!doivent!être!effectuées!avec!

deux! méthodes! différentes.! Les! méthodes! de! clustering! basées! centroïdes! sont! bien!

adaptées! à! la! détection! des! séquences! erronées! dérivant! de! vraies! séquences,! avec!

celles"ci!se!retrouvant!alors!centroïdes!de!leurs!clusters.!La!figure!1.1! illustre!bien!les!

deux!niveaux!de!clustering!qui!justifient!l’utilisation!de!l’algorithme!SLP,!impliquant!à!la!

fois!des!centroïdes!avec!de!nombreuses!séquences!moins!abondantes!leur!étant!reliées,!

correspondant! à! des! séquences! erronées,! et! des! relations! entre! centroïdes.! Un! autre!

algorithme! de! clustering! basé! centroïdes! était! précédemment! introduit! dans! le!

programme!CD"HIT!(Li!et*al.!2001).!Originellement!développé!pour!dérépliquer!des!bases!

de!données!de!protéines!afin!de! les! rendre!moins! redondantes!et!donc!plus! rapides!à!

!""47""!



"!Chapitre!1!–!Classification!non!supervisée!"!

analyser,!CD"HIT! est! aujourd’hui! très!utilisé!pour!générer!des!MOTU!en!metabarcoding!

ADN!(e.g.!Turnbaugh!et*al.!2009;!Arfi!et*al.!2012).!Un!autre!programme,!UCLUST! (Edgar!

2010),!utilise!le!même!algorithme,!appelé!dans!ce!manuscrit!!«!algorithme!de!clustering!

en!étoile!».!UCLUST! est!présenté!par!son!auteur!comme!étant!plus!précis!et!plus! rapide!

que!CD"HIT,!et!est!aussi!très!populaire!pour!la!construction!de!MOTU!en!metabarcoding!

ADN!(e.g.!Charlson!et*al.! 2010;!Barberán!et*al.! 2012).!Enfin,!UPARSE! est!une!version!de!

UCLUST! qui! a! été! développée! pour! être! plus! adaptée! à! des! marqueurs! entièrement!

séquencées! (Edgar! 2013).! Ces! trois! programmes! utilisent! des! méthodes! heuristiques!

pour!comparer!et!regrouper!les!séquences!de!la!manière!la!plus!rapide!possible,!au!prix!

de!l’exactitude.!

!

3. Méthodes#développées#dans#le#cadre#de#cette#thèse#
!

Une!méthode! de! comparaison! de! séquences! a! été! développée! dans! le! cadre! de!

cette! thèse,! cherchant! à! cumuler! vitesse! et! exactitude.! Le! programme! SUMATRA!utilise!

cette!méthode!pour! comparer! toutes! les! paires!de! séquences!d’un! jeu!de!données,! ou!

entre!deux! jeux!de!données,!avec!possibilité!de! fixer!un!seuil!de!similarité!en!dessous!

duquel! les!scores!ne!sont!pas!reportés.!Le!résultat!de!SUMATRA!peut!ensuite!être!utilisé!

pour! faire!du!clustering!sur! les! séquences!avec!un!autre!programme!comme!MCL! (Van!

Dongen!2000)!ou!MOTHUR!(Schloss!et*al.!2009).!

Un!autre!programme,!SUMACLUST,! a!aussi!été!développé.!SUMACLUST! accomplit! les!

deux! étapes!permettant! le! clustering! de! séquences! :! leur! comparaison! et! le! clustering!

lui"même.! SUMACLUST! utilise! le! même! algorithme! de! clustering! en! étoile! que! CD"HIT,!

UCLUST! et! UPARSE,! mais! en! se! basant! sur! la! méthode! de! comparaison! de! séquences!

développée! lors!de! cette! thèse,! le! rendant!plus!adapté!aux!données!de!metabarcoding!

ADN!sur!marqueurs!entièrement! séquencés.! séquencés.!Ceci!permet!de!substituer!aux!

heuristiques! souvent! utilisées! un! algorithme! exacts! d'évaluation!de! la! similarité! entre!

séquences,!sans!perdre!en!efficacité.!

!

!

!
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B. Mesurer#la#similarité#entre#séquences#

!

1. Alignement#local,#global#et#semiglobal#
!

Une! méthode! d'alignement! cherche! à! trouver! une! correspondance! entre! les!

symboles! de! deux! séquences,! qui! optimise! un! score.! Les! critères! d’optimisation! de! ce!

score! définissent! la! qualification! de! l’alignement! comme! local,! global,! semiglobal! (les!

trois! cas! présentés! ici),! ou! autre.! Le! score! est! calculé! en! fonction! des! différents! cas!

d’édition!ou!de!non"édition!menant!à!l’alignement!final.!Ces!différents!cas!sont!:!

!

1) Deux!nucléotides!identiques!(match),!en!rouge!dans!cet!exemple!:!

TGCATA 

T--ACA!

!

2) Deux!nucléotides!différents!(mismatch)!en!rouge!dans!cet!exemple!:!

TGCATA 

T--ACA!

!

3) Une! insertion/délétion! non! consécutive! à! une! autre! (ouverture! de! gap),! en!

rouge!dans!cet!exemple!:!

TGCATA 

T--ACA!

!

4) Une!insertion/délétion!consécutive!à!au!moins!une!autre!(extension!de!gap),!

en!rouge!dans!cet!exemple!:!

TGCATA 

T--ACA!

!

Une!fois!l’alignement!de!deux!séquences!effectué,!une!manière!d’évaluer!leur!similarité!

est!de!calculer!le!rapport!entre!le!nombre!de!matchs!et!la!longueur!de!l’alignement.!Ce!

rapport! est! communément! appelé! l’identité! de! deux! séquences.! Par! exemple,! pour!
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l’alignement! précédent,! il! y! a! 3! matchs! et! 6! colonnes,! donc! l’identité! de! ces! deux!

séquences!est!de!50%.!

!

1.1 Alignement#local#

!

Les!alignements!locaux!cherchent!à!identifier!des!régions!où!deux!séquences!sont!

similaires.!Un!algorithme!d’alignement!local!exact!est!celui!de!Smith"Waterman!(Smith!&!

Waterman!1981).! Le!programme!BLAST,! très!populaire,! fait! aussi!de! l’alignement! local,!

mais!en!utilisant!une!méthode!heuristique!rapide!(Altschul!et*al.!1990).!!

!

Exemple! d’alignement! local! effectué! avec! l’algorithme! de! SmithFWaterman.! Les!

parties!grisées!sont!n’appartiennent!pas!à!la!région!de!similarité!identifiée!et!sont!

éliminées!de! l’alignement! final.!Le!système!de!score!utilisé!pour!cet!exemple!est!

+5!pour!un!match,!F4!pour!un!mismatch,!F5!pour!une!ouverture!de!gap,!et!F1!pour!

une! extension! de! gap.! Il! y! a! 5! matchs! et! 6! colonnes! donc! l’identité! des! deux!

séquences!est!de!83,3%!:!

!

AGCTGCTATGATACCGACGAT  

    AAAAT-ATAAAA 

 

1.2 Alignement#global#

!

Les! alignements! globaux! cherchent! à! aligner! les! deux! séquences! sur! toute! leur!

longueur.!Un!algorithme!d’alignement!global!exact!est!celui!de!Needleman"Wunsch!(N"

W,!Needleman!&!Wunsch!1970).!

!

Exemple! d’alignement! global!effectué! avec! l’algorithme! de! NeedlemanFWunsch.!!

Le! système!de! score! utilisé! pour! cet! exemple! est! +5! pour! un!match,! F4! pour! un!

mismatch,!F5!pour!une!ouverture!de!gap,!et!F1!pour!une!extension!de!gap.!Il!y!a!6!

matchs!et!21!colonnes!donc!l’identité!des!deux!séquences!est!de!28,6%!:!

!
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AGCTGCTATGATACCGACGAT 

A--T-C----ATA-------- 

!

Aujourd’hui,! les! études! de! metabarcoding! ADN! utilisent! de! plus! en! plus! des!

marqueurs! entièrement! séquencés,! et! suffisamment! courts! pour! l’utilisation! de!

plateformes!Illumina.!Les!algorithmes!d’alignement!global!sont!les!plus!adaptés!pour!la!

comparaison!de!séquences!entières.!

!

1.3 Alignement#semiglobal#

!

Des! méthodes! hybrides! existent.! Les! alignements! semiglobaux! ne! cherchent! à!

aligner!que!la!plus!courte!des!deux!séquences!sur!toute!sa!longueur.!En!général,!cela!est!

fait!en!ne!pénalisant!pas!les!gaps!extérieurs!au!niveau!de!cette!séquence.!

!

Exemple!d’alignement!semiglobal.!Les!parties!grisées!sont!n’appartiennent!pas!à!

la! région! de! similarité! identifiée! et! sont! éliminées! de! l’alignement! final.! Le!

système! de! score! utilisé! pour! cet! exemple! est! +5! pour! un! match,! F4! pour! un!

mismatch,!F5!pour!une!ouverture!de!gap,!et!F1!pour!une!extension!de!gap.!Il!y!a!5!

matchs!et!8!colonnes!donc!l’identité!des!deux!séquences!est!de!62,5%!:!

!

AGCTGCTATGATACCGACGAT  

      AAT-ATAA 

!

2. Choix#de#l’indice#de#similarité#:#la#longueur#de#la#plus#longue#sousK
séquence#

!

Une!bonne!méthode!pour!évaluer!la!similarité!entre!des!séquences!assez!proches!

est!de!se!baser!sur!la!longueur!de!la!plus!longue!sous"séquence!commune!(LCS,!Longest*

Common*Subsequence).!La!LCS!est!définie!ainsi!:!une!sous"séquence!G!d’une!séquence!S!

est! obtenue! en! supprimant! des! symboles! de! S! sans! changer! l’ordre! des! symboles!

restants.!G! est! une! sous"séquence! commune! de! deux! séquences! S1! et! S2,! si!G! est! une!

sous"séquence!de!S1,!et!une!sous"séquence!de!S2.!!
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id!=!52%!

D!=!10!

Dnorm!=!0.48!

!

3. Calcul#rapide#mais#exact#de#la#similarité#
!

Les! volumes! de! données! traités! sont! très! importants,! et! le! problème! de! la!

comparaison!de!séquences!deux!à!deux!est!de!complexité!quadratique!(encadré!1!.1).!

Toute! augmentation! de! la! taille! du! jeu! de! données! coûte! donc! très! cher! en! temps!

d’exécution,! et! il! est! primordial! que! les! programmes! soient! développés! de!manière! à!

être! aussi! efficaces! que! possible.! Le! fait! de! ne! s’intéresser! qu’aux! similarités! hautes,!

notamment,! permet! d’utiliser! des! méthodes! rendant! les! calculs! plus! rapides! mais!

toujours!exacts.!Deux!approches!ont!ainsi!été!utilisées.!Un!filtrage!sans!perte!permet!de!

limiter! le! nombre! d’alignements! effectués.! La! deuxième!méthode! agit! directement! au!

niveau!de!l’algorithme!d’alignement,!en!accélérant!celui"ci!au!prix!de!qu’il!ne!soit!exact!

que!pour!les!similarités!supérieures!au!seuil!d’intérêt.!

!

3.1 Filtre#sans#perte#

!

La!première!optimisation!du!calcul!des!similarités!repose!sur!un!filtre!sans!perte.!

Ce! filtre! permet! de! détecter! une! partie! des! couples! de! séquences! qui! n’ont! aucune!

chance!de!présenter!une!similarité!supérieure!à!un!seuil!choisi.!Cela!permet!de!limiter!le!

calcul! de! l’alignement,! coûteux! en! temps,! aux! couples! de! séquences! présentant! une!

similarité!potentiellement!supérieure!au!seuil!d’intérêt.!Ce! filtre!est!exact,! il!ne!génère!

pas! de! faux! négatifs,! c’est! à! dire! qu’aucune! paire! de! séquences! rejetée! par! le! filtre!

n’aurait! dû! le! passer.! Il! génère! des! faux! positifs,! c’est! à! dire! que! des! couples! de!

séquences!présentant!une! similarité! inférieure! au! seuil! choisi! peuvent!passer! le! filtre.!

Ces! faux! positifs! sont! peu! nombreux! lorsque! l’on! s’intéresse! aux! hauts! seuils! de!

similarité,!ce!qui! le!rend! intéressant!dans! le!cadre!d’utilisation!en!metabarcoding!ADN!

(figure! 2.1).! À! un! seuil! de! 70%! par! exemple,! environ! 80%! des! paires! de! séquences!

passent!le!seuil,!mais!seules!20%!de!ces!paires!présentent!effectivement!une!similarité!

supérieure! à! 70%.! Pour! les! seuils! supérieurs! à! 95%,! moins! de! 10%! des! séquences!
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4.1 Alignement#multiple#vs#alignement#deuxKàKdeux#

!!

Afin! d’établir! les! relations! de! similarité! entre! séquences! dans! les! études!

phylogénétiques,! il! est! admis!que! la!meilleure! approche! est!de! réaliser!un! alignement!

multiple!sur!le!jeu!de!données!complet.!Le!calcul!de!tels!alignements!est!complexe!et!ne!

peut!être!accompli!qu’en!utilisant!des!méthodes!heuristiques!en!raison!d’une!complexité!

en!temps!(encadré!1.1)!trop!importante!d’ordre!O(ln),!avec!l!la!longueur!de!l’alignement!

et! n! le! nombre! de! séquences.! Par! ailleurs,! les! méthodes! d’alignement! multiple!

fonctionnent!mal!sur!des!jeux!de!données!caractérisés!par!une!variabilité!importante!de!

la! longueur! des! séquences.! Ils! requièrent! aussi! souvent! une! étape! de! vérification!

manuelle!de! l’alignement,! impossible!à!effectuer! sur!des! jeux!de!données!de!plusieurs!

millions!de!séquences.!Le!metabarcoding!ADN!repose!de!plus!en!plus!sur!des!marqueurs!

courts!et!hautement!variables!qui!constituent!de!mauvais!marqueurs!phylogénétiques.!

Par! conséquent,! les! alignements! deux"à"deux! sont! plus! adaptés,! étant! plus! simples! à!

estimer!et!plus!robustes!sur!des!jeux!de!données!très!volumineux.!

!

4.2 Alignement#semiglobal#vs#alignement#global#

!

Une!large!gamme!d’algorithmes!existe!pour!calculer!des!alignements!deux!à!deux.!

Ils!peuvent!être!catégorisés!selon! leur!but!:! faire!de! l’alignement!global,! semiglobal!ou!

local,!ou!selon!qu’ils!sont!exacts!ou!heuristiques.!!

UCLUST! et! CD"HIT! estiment! les! similarités! entre! séquences! en! utilisant! des!

algorithmes! d’alignement! semiglobal! et! des! méthodes! heuristiques.! Ces! choix! leur!

permettent!d’être!performants!en!termes!de!temps!d’exécution,!et!ont!été! faits!car!ces!

programmes! avaient! été! originellement! développés! pour! le! travail! sur! de! longues!

séquences!partiellement!séquencées.!En!metabarcoding!ADN,!cela!est!typiquement!bien!

adapté!pour!les!études!de!microbiologie!faites!sur!de!longs!marqueurs!séquencés!avec!

les!plateformes!454.!Par!définition,!un!algorithme!d’alignement!semiglobal!ne!pénalise!

pas! les! gaps! externes,! ajoutés! aux! extrémités! des! séquences! pour! compenser! leur!

différence! de! longueur! initiale.! Si! cette! différence! de! longueur! est! expliquée! par! le!

séquençage!partiel!des!marqueurs,!cela!est!une!approche!bien!adaptée!qui!permet!de!ne!

pas!pénaliser! les!données!manquantes.!De!plus,! cette!catégorie!d’alignement!peut!être!
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implémentée!en!utilisant!des!méthodes!heuristiques!telles!que!les!High=scoring*Segment*

Pairs!(HSP),!introduites!avec!le!programme!BLAST.!UCLUST!utilise!un!algorithme!similaire!

pour! évaluer! rapidement! les! similarités! entre! séquences! sur! des! jeux! de! données! de!

marqueurs! partiellement! séquencés.! UPARSE! utilise! un! algorithme! d’alignement! global,!

mais!pénalise!très!peu!les!gaps!externes,!et!ne!les!considère!pas!dans!le!calcul! final!de!

similarité!(tableau!2.1).!Ces!choix!font!que!les!résultats!de!l’algorithme!d’alignement!de!

UPARSE!sont!au!final!très!similaires!à!ceux!d’un!algorithme!d’alignement!semiglobal.!

Aujourd’hui,! les! études! de! metabarcoding! ADN! utilisent! de! plus! en! plus! des!

marqueurs!entièrement!séquencés.!La!meilleure!évaluation!de! la!similarité!entre!deux!

séquences!doit!alors!utiliser!toute!l’information!contenue!dans!les!séquences,!y!compris!

leur! différence! de! longueur.! Cela! est! particulièrement! vrai! pour! certains! marqueurs,!

comme!trnL"GH!(Taberlet!et*al.!2007),!dont!une!part!très!importante!de!la!variabilité!est!

basée!sur!le!polymorphisme!de!longueur.!Dans!ces!cas!là,! les!algorithmes!d’alignement!

global! sont! les! plus! indiqués! pour! évaluer! les! similarités! entre! séquences,! et! les!

algorithmes!d’alignement!semiglobal!ne!sont!justifiés!que!par!la!possibilité!qu’ils!offrent!

de! les! implémenter! avec! des!méthodes! heuristiques,! les! rendant! potentiellement! plus!

performants!sur!des!jeux!de!données!très!volumineux.!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!
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Tableau!2.1.!Tableau!des!systèmes!de!score!et!de!calcul!des!pourcentages!d’identité!par!

défaut!de!UCLUST,!CD"HIT,!UPARSE!et!SUMACLUST.!

!

!

!

C. Algorithme#de#clustering#

!

SUMACLUST! est! un! programme! de! clustering,! qui! utilise! le! même! algorithme! de!

clustering! en! étoile! que! CD"HIT! et! UCLUST,! mais! en! se! basant! sur! la! méthode! de!

comparaison!de!séquences!présentée!précédemment.!

!

1. Description#de#la#méthode#de#clustering#en#étoile!
!

La!méthode!est!définie!ainsi!:!

!

!
SUMATRA!&!
SUMACLUST!

CD"HIT! UCLUST! UPARSE!

Pénalité!
ouverture!de!
gap!intérieur!

0! "!6! "!10! "!10!

Pénalité!
extension!de!
gap!intérieur!

0! "!1! "!1! "!1!

Pénalité!
ouverture!de!
gap!extérieur!

0! 0! "!1! "!1!

Pénalité!
extension!de!
gap!extérieur!

0! 0! "!0.5! "!0.5!

Pénalité!
mismatch!

0! "!2! "!2! "!2!

Match! +!1! +!2! +!1! +!1!

Calcul!du!
pourcentage!
d’identité!final!

!"#$%&!!"!!"#$!!

!"#$%&%'!!"!

!!!"#$%&'&%(

! !"#$%&!!"!!"#$!!

!"#$%&%'!!"!!"!

!é!"#$%#!!"!!"#$!!"#$%&

!
!"#$%&!!"!!"#$!!

!"#$%&%'!!"!!"!

!é!"!"#!!!"!!"#$!!"#$%&

!
!"#$%&!!"!!"#$!!

!"#$%&%'!!"!

!!!"#$%&'&%(!!"#!

!"#!!"#$!!"#!$%!&

!
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!

!

L’algorithme! se! déroule! ainsi!:! les! séquences! sont! d’abord! ordonnées,! la! première!

séquence!de!S!étant!considérée!comme!le!centre!du!premier!cluster.!En!suivant!l’ordre!

de!S! et!C,! chaque! séquence!Sj! est! comparée! avec! chaque! centre! de! cluster!Ci.! Dès! que!

!" !"#$%" !! , !! ≥ !"#$%,! et!!"#$% !! , !"#$%" !! ≤ !"#$%_!"#$!%!,! Sj! est! rattachée!

au!centre!de!Ci.!Sinon,!un!nouveau!cluster!est!créé!à!la!fin!de!C,!avec!pour!centre!Sj.!

!

2. À#propos#des#ratios#d’abondance#entre#séquences#erronées#et#vraies#
séquences#

!

Le! paramètre! ratio_maximum! offre! la! possibilité! de! fixer! un! ratio! d’abondance!

maximum! au! delà! duquel! deux! séquences! ne! peuvent! pas! être! regroupées! ensemble.!

L’idée!est!que,!lorsqu’une!séquence!est!presque!aussi!abondante!qu’une!autre,!il!y!a!peu!

de! chances! qu’elle! soit! un! variant! de! la! séquence! la! plus! abondante! générée! durant!

l’étape!de!PCR.!!

Le! choix! de! la! valeur! à! donner! à! ce! paramètre! est! une! question! complexe.!Des!

Avec :

• centre(liste ordonnee) = la tête d’une liste ordonnee

• id(seq1, seq2) = le score de similarité entre les séquences seq1 et seq2

• ratio(seq1, seq2) = min(abondance de seq1, abondance de seq2) /max(abondance
de seq1, abondance de seq2)

Données :

• S = {S1, . . . , Sm} une liste ordonnées de m séquences;

• seuil ∈ R
∗

+, le seuil de similarité;

• ratio maximum ∈ ]0 ; 1], le ratio maximum entre les abondances de deux
séquences pour que la moins abondante puisse être regroupée avec la plus
abondante.

Problème :

Identifier une partition ordonnée C = {C1, . . . , Cn} de S telle que :

∀(Ci, Sj), if Sj ∈ Ci → id(centre(Ci), Sj) ≥ seuil;

∀(Ci, Sj), if Sj ∈ Ci → ratio(Sj , centre(Ci)) ≤ ratio maximum;

∀(Ci, Cj), → id(centre(Ci), centre(Cj)) < seuil.
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observations! empiriques! ont! été! faites! avec! deux!marqueurs! différents,! un!marqueur!

chloroplastique! trnL"GH! (50! pb! en! moyenne,! Taberlet! et* al.! 2007)! et! un! marqueur!

ribosomique!12S"V5!(100!pb!en!moyenne,!Riaz!et*al.!2011).!!

Le! jeu! de! données! utilisé! pour! le! marqueur! trnL"GH! est! le! jeu! de! données! 12*

plantes.! Ce! jeu! de! données! est! composé! de! 101,886! séquences! obtenues! par!

amplification!de! l’ADN!mélangé!de!douze!plantes!connues!en!utilisant! les!amorces!GH!

(Taberlet!et*al.! 2007).!Les! concentrations! relatives!d’ADN!génomique!dans! le!mélange!

d’ADN!des!douze!plantes!suit!une!dilution!en!cascade!avec!un!facteur!de!dilution!de!½.!

Pour!le!marqueur!12S"V5,!un!jeu!de!données!a!été!constitué,!en!sélectionnant!les!

résultats! de! séquences! correspondant! à! dix! fèces,! à! partir! d'une! étude! établissant! le!

régime!alimentaire!de!la!panthère!des!neiges!(Panthera*uncia)!par!metabarcoding!ADN!

(Shehzad!et*al.!2012a).!Dans!chacun!de!ces!dix!échantillons,!on!retrouve!toujours!deux!

séquences!majoritaires,!correspondant!à! la!séquence!de! la!panthère!des!neiges,!et!à! la!

séquence! de! sa! proie! la! plus! courante! dans! la! région! échantillonnée,! l’ibex! de! Sibérie!

(Capra*sibirica).!!

Nos! observations! suggèrent! que! les! ratios! d’abondances! entre! les! séquences!

erronées,!et! les!vraies!séquences!dont!elles!dérivent,!correspondent!à!une!distribution!

bêta,!avec!des!paramètres!alpha!et!bêta!qui!peuvent!être!estimés!à!partir!des!données!

(figure!2.6).!Ces!estimations!n’ont!cependant!pas!été!implémentées!dans!SUMACLUST.!Le!

ratio!maximum!doit!être!choisi!par!l’utilisateur.!!

À! partir! des! observations! faites,! un! ratio! assez! bas! (inférieur! à! 25%)! est!

recommandé.!En!effet,!pour! le!marqueur! trnL"GH,!1%!des!séquences!erronées!avaient!

un!ratio!d’abondance!supérieur!à!2.27%!avec!la!vraie!séquence!dont!elles!dérivaient,!et!

1!pour!1,000!des!séquences!erronées!présentaient!ce!ratio!avec!une!valeur!supérieure!à!

3.48%.! Pour! le! marqueur! 12S"V5,! 1%! des! séquences! erronées! présentaient! un! ratio!

d’abondance! supérieur! à! 0.98%,! et! 1! pour! 1,000! supérieur! à! 10.47%.! Les! ratios!

maximum! observés! étaient! 4.76%! avec! le! marqueur! trnL"GH,! et! 25.22%! avec! le!

marqueur!12S"V5.!Par!conséquent,!un!ratio!maximum!fixé!à!une!valeur!comprise!entre!

1%! et! 10%! parait! le! choix! le! plus! approprié,! en! fonction! du! degré! de! conservation!

souhaité.!

!
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Figure!2.7.!Graphes!représentant!les!résultats!de!SUMACLUST!sur!le!jeu!de!données!12!

plantes*avec!un!seuil!de!similarité!fixé!à!96%!de!pourcentage!d’identité,!avec!les!

séquences!triées!par!A.!abondance!décroissante!et!B.!longueur!décroissante.!Chaque!

noeud!correspond!à!une!séquence,!et!sa!surface!est!proportionnelle!à!son!abondance.!

Les!vraies!séquences!sont!en!vert!et!les!séquences!erronées!sont!en!rouge.!Les!centres!

de!cluster!sont!en!forme!de!losange.!

Dans!A,! il!y!a!50!clusters,!et!les!centres!des!12!clusters!contenant!le!plus!de!séquences!

correspondent!aux!12!vraies!séquences.!Dans!B,! il!y!a!93!clusters,!et!seuls!cinq!d’entre!

eux!ont!une!vraie!séquence!à!leur!centre.!

!

!

3. Importance#de#l’ordre#des#séquences#
!

L’algorithme!de!clustering!en!étoile,!comme!tous!les!algorithmes!gloutons,!génère!

un!résultat!très!dépendant!de!l’ordre!initial!des!données,!en!l’occurrence!des!séquences.!

Plus!une!séquence!est!haute!dans! la! liste! initiale,!plus!elle!a!de!chances!de!devenir!un!

centre!de!cluster.!!

Afin!d’illustrer!cet!effet,!SUMACLUST!a!été!utilisé!deux!fois!sur!le!jeu!de!données!12!

plantes,!après!suppression!des!séquences!avec!une!abondance!de!1!(présentes!une!seule!

fois),! en! utilisant! des! ordres! différents! (figure! 2.7).! Le! seuil! de! similarité! a! été! fixé! à!

96%!de!pourcentage!d’identité,!et!deux!ordres!initiaux!des!séquences!ont!été!testés!:!i)!

les! séquences! sont! triées! par! abondance! décroissante! (l’ordre! par! défaut! utilisé! par!

SUMACLUST!et!UPARSE)!et! ii)! les! séquences!sont! triées!par! longueur!décroissante! (l’ordre!

par!défaut!utilisé!par!UCLUST!et!CD"HIT).!!

Le! tri! par! abondance! produit! 50! clusters.! Les! centres! des! 12! clusters! qui!

contiennent!le!plus!de!séquences!correspondent!aux!vraies!séquences!des!12!plantes!de!

l’étude.! Le! tri! par! longueur! produit! 93! clusters,! dont! seuls! 5! ont! une! vraie! séquence!

comme! centre.! Parmi! les! sept! vraies! séquences! non! identifiées! comme! centres! de!

cluster,!sont!les!cinq!vraies!séquences!les!plus!abondantes!du!jeu!de!données.!De!plus,!le!

cinquième!cluster!contenant!le!plus!de!séquences!ne!contient!aucune!vraie!séquence.!!

!

! L’utilisation!de!l’algorithme!de!clustering!en!étoile!avec!un!tri!des!séquences!par!

longueur!est! intéressant! lorsque! l’on!a!des!séquences!partiellement!séquencées!et!que!
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l’on!veut!des!clusters!avec!la!séquence!la!plus!longue!à!leur!centre.!Par!défaut,!SUMACLUST!

trie! les! séquences! par! abondance! décroissante,! car! le! but! est! de! retrouver! les! vraies!

séquences! au! centre! des! clusters,! en! travaillant! sur! des! marqueurs! entièrement!

séquencés.! Ce! choix! est! basé! sur! l’hypothèse! que! les! vraies! séquences! sont! plus!

abondantes!que!leurs!variants!erronés.!!

Choisir!le!mauvais!centre!pour!un!cluster!a!des!conséquences!importantes.!Après!

l’étape!de!clustering!d’un!algorithme!de!clustering!basé!centroïde,!les!centres!de!cluster!

gagnent! souvent! un! statut! particulier.! Ils! peuvent! par! exemple! être! utilisés! comme!

élément!représentatif!de!leur!cluster!pour!l’assignation!taxinomique.!Utiliser!un!centre!

inadapté!pour! l’assignation!taxinomique!peut!donc!mener!à!des!assignations!erronées.!

L’ordre! des! séquences! peut! fortement! impacter! les! centres! identifiés! et! il! est! donc!

primordial!de!choisir!un!critère!d’ordre!adapté!à!la!problématique.!

!

4. Discussion#sur#l’algorithme#de#clustering#en#étoile#
!

4.1 Méthodes#hiérarchiques#vs#méthodes#basées#centroïdes#

!

Beaucoup! de! programmes! de! clustering! reposent! sur! des! méthodes! de!

classification!hiérarchiques!pour!construire!des!MOTU!(e.g.!Sun!et*al.!2009;!Schloss!et*al.!

2009b).!CD"HIT,!UCLUST,!UPARSE!et!SUMACLUST,!en!revanche,!reposent!sur!un!un!algorithme!

basé! centroïdes,! l’algorithme! de! clustering! en! étoile,! appelé! ainsi! en! raison! de! la!

topologie!des!graphes!qu’il!produit.!!

Cet! algorithme! est! similaire! au! programme! SLP! (Huse! et* al.! 2010),! qui! fût! le!

premier! à! proposer! un! pre"clustering! des! séquences! pour! identifier! les! séquences!

erronées.!Ces!différents!choix!de!méthodes!de!clustering!peuvent!être!expliqués!par! le!

but!recherché!de!l’étape!de!clustering.!!

Si!l’on!se!concentre!sur!le!polymorphisme!génétique!naturel,!toutes!les!séquences!

d’un!cluster!(un!MOTU)!dérivent!d’une!séquence!ancestrale!commune,!et!leurs!relations!

peuvent! être! décrites! sous! la! forme!d’une! structure! arborescente.! Par! conséquent,! les!

méthodes!de!classification!hiérarchique!sont!souvent!considérée!comme!une!approche!

adaptée! pour! générer! des! clusters! reconstituant! les! relations! phylogénétiques,!

puisqu’elles! génèrent! aussi! des! classifications! qui! peuvent! être! représentées! sous! la!

forme!d’un!arbre.!Dans!ce!cas,!toutes!les!séquences!sont!de!vraies!séquences,!et!il!n’y!a!
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pas!de!raison!d’en!favoriser!une!comme!centre!de!cluster.!

En! revanche,! si! l’on! s’intéresse! aux! variants! de! séquences! issus! des! erreurs! de!

PCR! et! de! séquençage,! afin! de! diminuer! leur! impact! sur! les! analyses! finales,! les!

séquences! regroupées! dans! chaque! cluster! dérivent! aussi! d’une! séquence! commune,!

mais!cette!fois,!cette!séquence!est!présente!dans!le!cluster,!et!il!est!bien!adapté!d’utiliser!

une!méthode!de! clustering!basée! centroïde,! afin!de! retrouver! ces!vraies! séquences!au!

centre!des!clusters.!

!

4.2 Rapidité#

!

Un!avantage!de! l’algorithme!de! clustering!en!étoile! est! sa!vitesse!par! rapport! à!

celle! des! algorithmes! de! classification! hiérarchiques.! En! conséquence,! même! si! les!

algorithmes! de! classification! hiérarchiques! sont! les! plus! couramment! utilisés! pour! la!

construction!de!MOTU,! les!algorithmes!de!clustering!gloutons,! tels!que! l’algorithme!de!

clustering! en! étoile,! sont! aussi! utilisés! pour! la! génération! de! MOTU! sur! les! jeux! de!

données!très!volumineux!(Turnbaugh!et*al.!2009;!Charlson!et*al.!2010;!Arfi!et*al.!2012;!

Barberán! et*al.! 2012).! SUMACLUST! a! ainsi! été! intégré! dans! la! suite! logicielle! QIIME! pour!

remplir!ce!rôle!(annexe!II).!

!

!

D. Comparaison#de#SUMACLUST#avec#les#programmes#similaires#existants#

!

Les! programmes! de! clustering! en! étoile! historiquement! les! plus! utilisés! en!

metabarcoding! ADN! sont! CD"HIT! et! UCLUST.! Ces! programmes! ont! cependant! été!

développés!pour!des!marqueurs!partiellement!séquencés,!et!priorisent!la!rapidité!plutôt!

que! l’exactitude,! à! l’inverse! de! SUMACLUST! qui! a! été! développé! pour! le! travail! sur! des!

marqueurs!entièrement!séquencés!et!qui!cherche!à!allier!vitesse!et!exactitude.!

!

!

!

!
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1. Des#mesures#de#similarité#différentes#
!

1.1 Différences#théoriques#

!

UCLUST! et! CD"HIT! effectuent! tous! deux! des! alignements! semiglobaux.! Ces!

alignements! permettent! l’utilisation! de! méthodes! heuristiques! développées! pour! des!

programmes! très! populaires! tels! que! FASTA! (Pearson! &! Lipman! 1988)! et! BLAST.! Ces!

méthodes!permettent!de!faire!des!estimations!rapides!et!approximatives!des!similarités!

locales.!CD"HIT!et!UCLUST!reposent!sur!ces!méthodes!pour!améliorer!leurs!performances!

en! termes! de! temps! d’exécution.! UCLUST! utilise! ainsi! les! HSP! utilisées! dans! BLAST.! La!

méthode! de! similarité! utilisée! par! SUMATRA! et! SUMACLUST,! au! contraire,! compare! les!

séquences! avec! un! algorithme! d’alignement! global,! optimisé! pour! des! performances!

aussi!bonnes!que!possibles,!et!qui!reste!exact.!

!

1.2 Différences#observées#

!

Les! scores!de! similarité! calculés!par!UCLUST! et! SUMACLUST! avec! leurs!paramètres!

par! défaut! respectifs! ont! été! comparés! sur! le! jeu! de! données! 12* plantes.! SUMACLUST!

normalise! le!nombre!de!matchs,!obtenu!avec!un!algorithme!d’alignement!global!exact,!

par! la! longueur! de! l’alignement,! tandis! que! UCLUST! normalise! le! nombre! de! matchs,!

obtenu!avec!un! algorithme!d’alignement! semiglobal! heuristique,! par! la! longueur!de! la!

plus!courte!séquence!(tableau!2.1).!

Les!différences!de!scores!de!similarité!finaux!atteignent!73!points!(test!de!Mann"

Whitney!:!valeur"p!=!4.124e"12,!avec!comme!hypothèse!alternative!que!UCLUST!produit!

des! scores! inférieurs! à! ceux!de! SUMACLUST).! Cette! corrélation!basse! est! principalement!

expliquée! par! la! normalisation! faite! soit! par! la! longueur! de! l’alignement! soit! par! la!

longueur!de!la!plus!courte!séquence,!comme!démontré!par!la!corrélation!très!forte!entre!

les! différences! de! score,! et! les! différences! de! longueur! entre! les! séquences! alignées!

(figure!2.8,!R2!=!0.927,!valeur"p!<!2.2e"16).!!

!

!

!""69""!





"!Chapitre!1!–!Classification!non!supervisée!"!

entre! deux! séquences.! Les! deux! méthodes! d’alignement! sont! donc! complémentaires,!

avec! l’alignement! global! bien! adapté! aux! marqueurs! entièrement! séquencés,! et!

l’alignement!semiglobal!adapté!aux!marqueurs!partiellement!séquencés.!

!

2. Comparaison#des#temps#d’exécution#
!

2.1 Résultats#des#comparaisons#

!

Les!temps!d’exécution!de!UCLUST,!UPARSE,!CD"HIT!et!SUMACLUST!ont!été!comparés!sur!

le!jeu!de!données!Costello!(figure!2.9,!jeu!de!données!:!Costello!et*al.!2009).!Avec!leurs!

options! par! défaut! respectives,!UCLUST! et! SUMACLUST! présentent! des! temps! d’exécution!

similaires!pour!les!seuils!de!similarité!supérieurs!à!95%.!Avec!les!mêmes!seuils,!CD"HIT!

est!plusieurs!ordres!de!grandeur!plus!lent!que!les!deux!autres!programmes,!tandis!que!

UPARSE! est!presque!quatre! fois!plus! lent.!Pour!des! seuils! intermédiaires! (entre!85%!et!

95%),!SUMACLUST!ne!présente!pas!de!bonnes!performances.!Avec!des!paramètres!choisis!

pour! calculer! des! scores! exacts! comme! SUMACLUST,! sans! utiliser! de! méthodes!

heuristiques,! afin! de! les! mettre! sur! un! pied! d’égalité,! UCLUST! présente! des! temps!

d’exécution!très!importants,!jusqu’à!57!fois!le!temps!d’exécution!de!SUMACLUST!au!même!

seuil! (à! 99%).! En! utilisant! quatre! coeurs! de! calcul! avec! SUMACLUST,! les! temps! du!

programme!sont!accélérés!de!1.5!à!2!fois,!et!sont!les!temps!les!plus!courts!de!tous!ceux!

enregistrés,!tous!programmes!confondus,!pour!les!seuils!supérieurs!à!95%.!

!
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plus,! SUMATRA! et! SUMACLUST! peuvent! être! lancés! sur! plusieurs! coeurs! de! calculs.! Cela!

permet! à! SUMACLUST! de! rester! exact! tout! en! présentant! des! temps! d’exécution!

comparables!à!ceux!de!UCLUST,!UPARSE!et!CD"HIT.!

!

!

E. Conclusion#

!

Le! clustering! de! séquences! est! une! problématique! complexe.! Il!mélange,! d’une!

manière!souvent!implicite,!le!problème!de!la!mesure!de!similarité!entre!séquences,!et!la!

construction!des!groupes!de!séquences!en!elle"même.!Afin!de!travailler!sur!ce!problème!

de!manière! correcte,! il! est! indispensable!d’étudier! ces!deux!aspects! indépendamment,!

en!gardant!en!tête!le!but!recherché!par!l’étape!de!clustering!que!l’on!veut!effectuer.!

L’algorithme!de!clustering!en!étoile!est!bien!adapté!à! la!détection!de!séquences!

erronées!dérivées!de!vraies!séquences,!ou!à!la!création!de!MOTU!de!manière!très!rapide!

sur!des!jeux!de!données!très!volumineux.!

L’approche! développée! dans! le! cadre! de! cette! thèse! apporte! des! améliorations!

par! rapport!aux!programmes!similaires!existants! les!plus!utilisés,!CD"HIT! et!UCLUST,!qui!

priorisent!la!vitesse!au!prix!de!l’exactitude,!et!sont!adaptés!au!travail!sur!des!marqueurs!

partiellement! séquencés.! SUMATRA! et! SUMACLUST! allient! la! vitesse! des! méthodes!

heuristiques! avec! la! précision! des!méthodes! exactes.! La!méthode! de! comparaison! de!

séquences!utilisée!les!rend!adaptés!au!traitement!de!marqueurs!entièrement!séquencés,!

grâce! à! l’utilisation! d’un! algorithme! d’alignement! global,! permettant! de! prendre! en!

compte! l’information! apportée! par! le! polymorphisme! de! longueur! des! séquences.! Un!

article!scientifique!a!été!écrit!pour! les!présenter!(annexe!I),!et!a!été!soumis!au! journal!

Molecular*Ecology*Resources.!

!

!

!

!

!
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A. Introduction#

!

Parmi! les!millions!de!séquences!générés!par!une!étude!de!metabarcoding!ADN,!

un!très!grand!nombre!correspond!à!des!séquences!erronées,!non!initialement!présentes!

dans! l’échantillon!environnemental.!Ces!séquences!pouvant!avoir!un! impact! important!

sur! les!analyses! finales!(Schloss!et*al.!2011),!plusieurs!méthodes!sont!mises!en!oeuvre!

afin! de! faciliter! leur! détection.! L’utilisation! de! réplicats,! notamment,! permet! la!

comparaison!des!produits!de!plusieurs!extractions,!PCR!et!étapes!de!séquençage!sur!le!

même!échantillon.!Il!est!recommandé!de!faire!plusieurs!réplicats!de!chaque!échantillon!

(jusqu’à!huit!pour!des!études!sur!de!l’ADN!ancien,!difficile!à!détecter),!en!priorisant!les!

réplicats! de! l’étape! de! PCR! (Ficetola! et* al.! 2014).! Aujourd’hui! encore,! la! plupart! des!

programmes! de! détection! de! séquences! erronées! sont! dédiés! à! la! problématique! des!

erreurs!issues!de!séquençage!454!et!à!la!détection!de!chimères!(par!exemple!Quince!et*

al.! 2009,! 2011;! Reeder! &! Knight! 2010;! Edgar! et* al.! 2011).! Le! problème! des! erreurs!

ponctuelles! de! PCR! est! assez! mal! connu,! et! a! probablement! été! généralement! sous"

estimé!par!la!communauté!jusqu’à!récemment.!Il!n’est!pourtant!pas!négligeable!:!si!l’on!

considère!des!séquences!de!250!pb,!on!estime!qu’environ!10%!d’entre!elles!contiennent!

au!moins!une!erreur!ponctuelle!de!PCR!(Kobayashi!et*al.!1999).!!Ces!erreurs!ponctuelles!

sont! un! problème! lorsque! l’on! cherche! à! discriminer! des! séquences! sur! la! base! de!

quelques!différences,!comme!c’est!le!cas!en!metabarcoding!ADN.!!

L’impact! important! des! erreurs! de! PCR! est! lié! à! leur! amplification.! En! effet,! si!

elles!se!produisent!dans!les!premiers!cycles!de!la!PCR,!les!séquences!les!contenant!sont!

amplifiées! des!milliers! de! fois! et! peuvent! présenter! des! abondances! très! importantes!

dans!le!produit!final!de!la!PCR,!contrairement!aux!erreurs!de!séquençage!par!exemple.!

Leur! impact! sur! les! analyses! faites! en! aval! en! est! d’autant! plus! important,! et! leur!

détection!difficile.!!

Un!programme,!OBICLEAN,!a!été!développé!au!LECA!pour!être!spécialement!dédié!à!

la! détection! de! séquences! provenant! d’erreurs! ponctuelles! de! PCR.! L’approche!

développée!dans!OBICLEAN!fait!du!partitionnement!sur!les!séquences!avec!un!algorithme!

de! partitionnement! correspondant! au! modèle! biologique! des! erreurs! ponctuelles! de!

PCR,!et!annote!les!séquences!séparément!pour!chaque!réplicat.!SUMACLEAN!repose!sur!la!

même!approche,!en!se!basant!sur!la!méthode!de!mesure!de!la!similarité!présentée!dans!

le!chapitre!1,!déjà!implémentée!dans!SUMATRA!et!SUMACLUST.!!
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B. Modèle#biologique#des#erreurs#ponctuelles#de#PCR#

!

La! cause! principale! des! erreurs! ponctuelles! de! PCR! est! l’ADN! polymérase,! qui!

substitue!parfois!des!nucléotides!en!répliquant!les!brins!d’ADN.!La!Taq!polymérase!est!

l’ADN!polymérase!la!plus!utilisée!pour!réaliser!des!amplifications!par!PCR,!mais!d’autres!

ADN!polymérases!peuvent!être!utilisées.!Parmi!elles,!les!ADN!polymérases!haute!fidélité,!

qui!présentent!un!taux!d’erreur!inférieur!à!celui!de!la!Taq.!Les!ADN!polymérases!haute!

fidélité! ont! une! activité! de! relecture! 3’">5’! exonucléase"dépendante.! Les! taux! de!

substitution! de! base! moyens! sont! ainsi! compris! entre! 10"4! et! 10"5! pour! les! ADN!

polymérases!sans!relecture,!et!entre!10"6!et!10"7!pour!les!enzymes!haute!fidélité!(Kunkel!

1992;! Cline! 1996;! McInerney! et* al.! 2014).! Ces! taux! d’erreurs! correspondent! à! la!

probabilité!de!substitution,!par!paire!de!base,!par!réplication!du!fragment!amplifié.!!

La! façon! dont! les! erreurs! ponctuelles! de! PCR! sont! générées! et! amplifiées! est!

présentée!dans!la!figure!3.1.!Une!erreur!apparue!au!cycle!na!d’une!PCR!de!nt!cycles!sera!

présente!dans!2!!!!!! !copies!à!la!fin!de!la!PCR,!si!l’on!admet!que!son!rendement!est!de!1.!

!

Deux! hypothèses! peuvent! être! faites! lorsque! l’on! étudie! ce! modèle.!

Premièrement,! la!probabilité!que!deux!erreurs!ou!plus! soient!générées! sur!une!même!

séquence,!dans!le!même!cycle!de!réplication,!est!extrêmement!faible!(environ!5e"7!avec!

une!Taq!polymérase!présentant!un!taux!d’erreur!de!1e"5!pour!des!séquences!de!100!bp).!

On!peut!donc!considérer!que!tous!les!variants!intermédiaires!entre!une!vraie!séquence,!

et! une! séquence! erronée! comportant! plusieurs! erreurs! ponctuelles! de! PCR,! sont!

présents!dans!le!produit!final!de!la!PCR.!!

En! deuxième! lieu,! une! séquence! erronée! est! toujours! moins! abondante! que! la!

séquence!dont!elle!dérive!car!elle!a!été!créée!à!partir!d’une!molécule!déjà!présente!dans!

le!cycle!d’amplification!précédent.!!

En! se! basant! sur! ces! deux! hypothèses,! on! peut! considérer! qu’en! partant! d’une!

vraie!séquence!dans!le!mélange!initial,!une!cascade!d’erreurs!générera!un!ensemble!de!

séquences! avec! des! abondances! décroissantes! depuis! la! vraie! séquence! jusqu’aux!

séquences!contenant!le!plus!d’erreurs.!

!

!
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connexe!(encadré! 1.1)!d’un!DAG!correspond!à!une!vraie!séquence!et!à!ses!séquences!

dérivées.! Les! séquences! aux! noeuds! situés! aux! sommets! des! composantes! connexes!

(c’est!à!dire!sans!arc!orienté!vers!eux)!sont!étiquetées!heads.!Les!séquences!aux!noeuds!

avec!au!moins!un!arc!orienté!vers!eux!sont!étiquetées!internals.!Enfin,!les!séquences!aux!

noeuds!non!reliés!à!d’autres!sont!étiquetées!singletons!(figure!3.3).!

!

On!peut!définir!le!problème!ainsi!:!

!

!

!

!

Données :

• S = {s1, . . . , sn}, une liste de n séquences;

• d(S ∗ S) ∈ N, la matrice de distances de S;

• a(s) ∈ N, l’abondance de s;

• distance maximum ∈ N, la distance maximum entre deux séquences pour
qu’elles soient reliées;

• ratio maximum ∈ ]0 ; 1], le ratio maximum entre a(si) et a(sj) pour que
si et sj soient reliées;

Objectif :

Identifier une partition {H, I, SI} de S telle que :

si si ∈ I, ∃sj tel que d(si, sj) ≤ distance maximum ∧ a(si) ≤ ratio maximum ∗ a(sj)

si si ∈ H, @sj tel que d(si, sj) ≤ distance maximum ∧ a(si) ≤ ratio maximum ∗ a(sj)

sinon si ∈ SI

Cela est équivalent à construire G(V,E) un DAG tel que :

S = V, (si, sj) ∈ E si d(si, sj) ≤ distance maximum ∧ a(sj) ≤ ratio maximum ∗ a(si)

et à chercher :

H = {s, s ∈ V tel que d−(s) = 0 ∧ d+(s) > 0}

I = {s, s ∈ V tel que d−(s) > 0}

SI = {s, s ∈ V tel que d−(s) = 0 ∧ d+(s) = 0}
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Les! séquences! étiquetées! head! peuvent! être! considérées! comme! les! vraies!

séquences! ne! contenant! pas! d’erreurs! ponctuelles! de! PCR,! puisqu’il! n’existe! pas! de!

séquence!plus!abondante!qu’elles!et!présentant!une!unique!différence!avec!elles.!!

Les! séquences! étiquetées! internal! peuvent! être! considérées! comme! dérivant!

d’autres!séquences,!et!donc!comme!des!séquences!erronées.!

Les!singletons!peuvent!être!considérées!soit!comme!de!vraies!séquences!n’ayant!

pas!généré!de!séquences!dérivées,!soit!comme!des!séquences"artéfacts,!des!chimères!de!

PCR!par!exemple.!La!distinction!est!difficile,!et!est!souvent!basée!sur!l’abondance!de!la!

séquence.! Si! la! séquence!est! très!abondante,! il! est!plus!probable!qu’elle! soit!une!vraie!

séquence,!et!si!elle!est!rare!il!est!plus!probable!qu’elle!soit!un!artéfact.!

!

!

D. Implémentation#

!

Les!abondances!par!réplicat!doivent!être!indiquées!dans!le!fichier!d’entrée,!et!un!

DAG! est! construit! pour! chaque! réplicat.! Cela! permet! d’utiliser! les! informations!

apportées!par!les!réplicats!pour!identifier!plus!facilement!les!séquences!erronées!(voir!

partie! E).! Ainsi,! dans! le! fichier! de! sortie,! à! chaque! séquence! sont! ajoutées! les!

informations! concernant! son! étiquetage! head,! internal! ou! singleton! pour! chacun! des!

réplicats.!

Afin!de! faire! le!moins!de! calculs!possible,! le!partitionnement! se! fait!de! la! façon!

suivante!:! les! séquences! sont! étiquetées! singletons! par! défaut,! puis! comparées! deux! à!

deux.!Si!deux!séquences!présentent!une!distance!de!1!exactement,!et!présentent!un!ratio!

d’abondance! inférieur! au! seuil! fixé,! la! plus! abondante! est! étiquetée! head,! avec! la!

condition! que! sa! précédente! étiquette! soit! singleton,! puisqu’une! séquence! qui! a! été!

étiquetée! internal! au! moins! une! fois! ne! peut! pas! être! head.! L’autre! séquence! moins!

abondante!est!étiquetée!internal.!Cet!algorithme!permet!d’effectuer!les!comparaisons!et!

l’étiquetage!en!un!seul!parcours!des!séquences.!

Afin! de! calculer! si! deux! séquences! ont! exactement! une! différence! entre! elles,!

SUMACLEAN!utilise!la!méthode!de!mesure!de!similarité!présentée!dans!le!chapitre!1,!partie!

B.!!

!

!""81""!



"!Chapitre!2!–!Classification!non!supervisée!avec!un!modèle!biologique!"!

E. Après#le#partitionnement#des#séquences#

!

Une! fois! les! séquences! étiquetées! head,! internal! ou! singleton! pour! chaque!

réplicat,! on! peut! compiler! les! informations! de! tous! les! réplicats! pour! inférer! si! la!

séquence!doit!être!considérée!comme!contenant!des!erreurs!ponctuelles!de!PCR!ou!non.!

De!très!nombreuses!solutions!sont!possibles,!et!dépendent!principalement!du!niveau!de!

conservation! souhaité,! c’est! à! dire! du! risque! que! l’on! est! prêt! à! prendre! de! jeter! des!

séquences! potentiellement! vraies.! Une! solution! souvent! utilisée! est! de! considérer!

comme!vraies!les!séquences!étiquetées!head!ou!singleton!plus!souvent!qu’internal,!et!de!

considérer! les!autres!séquences!comme!erronées.!Le!choix!dépend!cependant!aussi!de!

l’étude.!Dans! (De!Barba! et*al.! 2014)! par! exemple,! où! 4! réplicats! ont! été! faits! pour! 91!

échantillons! différents,! il! a! été! décidé! de! considérer! comme! vraies! les! séquences!

étiquetées!head!dans!au!moins!3!réplicats!d’au!moins!un!échantillon,!ou!singleton!dans!

les!4!réplicats!d’au!moins!un!échantillon.!

Les!chimères!présentent!généralement!une!distance!supérieure!à!une!erreur!avec!

les! autres! séquences! en! raison! de! l’évènement! de! recombinaison! à! l’origine! de! leur!

création!(figure!1.4).!Par!conséquent,!dans!le!DAG!généré,!elles!ne!sont!pas!reliées!aux!

séquences!dont!elles!dérivent.!Si!elles!sont!créées!tôt!dans!la!PCR,!elles!sont!amplifiées!

et! génèrent! éventuellement! leurs! propres! séquences! dérivées.! Elles! sont! alors!

généralement!en!position!head!dans!le!DAG.!Sinon,!elles!sont!en!position!singleton.!Il!est!

donc! impératif! d’utiliser! des! programmes! de! détection! de! chimères! séparément! de!

SUMACLEAN,!tels!que!PERSEUS!(Quince!et*al.!2011)!ou!UCHIME!(Edgar!et*al.!2011).!

!

!

F. Conclusion#

!

L’algorithme!utilisé!par!SUMACLEAN!a!été!développé!pour!être!spécifiquement!adapté!

à!la!détection!des!séquences!contenant!des!erreurs!ponctuelles!de!PCR.!Pour!ce!faire,!des!

graphes!orientés!dirigés!sont!générés,!dont!la!topologie!correspond!parfaitement!à!celle!

des! cascades! d’erreurs! produites! pendant! les! PCR.! Aucun! autre! programme! publié!

n’existe! qui! soit! dédié! à! la! même! problématique,! la! plupart! des! programmes! de!

détection! d’erreurs! étant! dédiés! aux! chimères! de! PCR! ou! aux! erreurs! générées! par! le!
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séquençage!454.!Or,!en!raison!de!leur!amplification,!les!erreurs!de!PCR!peuvent!avoir!un!

impact! très! important! sur! les! analyses! finales! d’une! étude! de! metabarcoding! ADN.!

SUMACLEAN! permet! de! traiter! ces! erreurs! de! manière! spécifique,! et! en! utilisant! une!

mesure!de!similarité!des!séquences!rapide!et!exacte.!

!

!

!
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A. Introduction#:#les#méthodes#existantes#et#leurs#limites#

!

L’assignation! taxinomique! des! séquences! est! une! étape! clé! des! études! de!

barcoding!ADN!et!metabarcoding!ADN.!Elle!correspond!à!un!processus!de!classification!

supervisée.! Les! taxons! correspondent! à! des! classes! qui! sont! emboitées,! et! dont!

l’ensemble! décrit! un! arbre! de! classification,! ou! taxinomie.! Chacune! de! ces! classes! est!

associée! à! un! ou! plusieurs! exemples! de! séquence! (séquences"références),! que! l’on! va!

utiliser! comme!descripteurs!de! ces! classes,! afin!d’assigner! chaque! séquence"requête! à!

un!taxon.!Plusieurs! types!de!méthodes!d’assignation!taxinomique!existent.!On!peut! les!

classer!en!cinq!catégories!présentées!dans! l’introduction!de!cette! thèse! :! les!méthodes!

basées! sur! la! similarité,! les! méthodes! phylogénétiques,! les! méthodes! basées! sur! les!

caractères,! les! méthodes! statistiques,! et! les! méthodes! généalogiques.! La! plupart! des!

études! de! barcoding! ou! metabarcoding! ADN! utilisent! des! méthodes! basées! sur! la!

similarité! ou! des! méthodes! phylogénétiques! (Casiraghi! et* al.! 2010;! Collins! &!

Cruickshank!2012).!

La!grande!majorité!des!approches!existantes!ont!été!développées!pour!les!études!

de! barcoding! ADN! et! sont! basées! sur! certaines! hypothèses.! Les! méthodes!

phylogénétiques! par! exemple! sont! basées! sur! l’hypothèse! que! les! marqueurs! utilisés!

contiennent! des! informations! phylogénétiques.! De! même,! beaucoup! d’approches! ne!

considèrent! pas! suffisamment! les! problématiques! venant! de! l’incomplétude! des! bases!

de!données!de!référence!et!des!erreurs!qu’on!y!trouve.!De!nombreuses!approches!sont!

aussi! mieux! adaptées! aux! petits! jeux! de! données,! et! deviennent! trop! lentes,! voire!

inefficaces! sur! de! plus! grands! volumes! de! données! tels! que! ceux! de! plus! en! plus!

fréquemment!traités!en!metabarcoding!ADN.!

Les!études!de!comparaison!montrent!que!la!qualité!de!l’assignation!de!toutes!ces!

méthodes!tend!à!être!égale!(Little!&!Stevenson!2007;!Ross!et*al.!2008;!Liu!et*al.!2008;!

Austerlitz! et* al.! 2009;! Pettengill! &! Neel! 2010;! Goldstein! &! DeSalle! 2011).! Les!

assignations!sont!en!moyenne!peu!pertinentes,!souvent!erronées!au!delà!du!genre,!avec!

une!assignation!correcte!au!niveau!de!l’espèce!dans!seulement!42!à!71%!des!cas!d’après!

une!étude!de!Little!et!Stevenson!(Little!&!Stevenson!2007).!Cela!est!d’autant!plus!vrai!en!

metabarcoding! ADN,! où! les! marqueurs! sont! plus! courts,! les! bases! de! données!moins!

complètes! et! fiables,! et! les! jeux! de! données! plus! complexes.! Les! conséquences! de!

mauvaises! assignations! sont! variables! et! dépendent! du! but! de! l’étude,! mais! sont!

!""86""!



"!Chapitre!3!–!Classification!supervisée!"!

potentiellement!critiques.!Si! l’on!cherche!par!exemple!à!savoir!si!un!animal!consomme!

une! espèce! de! plante! que! l’on! souhaite! protéger,! et! si! la! séquence! de! la! plante! est!

présente!dans! les!échantillons!mais! identifiée!de!manière!erronée! lors!de! l’assignation!

taxinomique,! cela! peut! avoir! des! conséquences! importantes! pour! la! protection! de!

l’espèce.! Développer! de! nouvelles! approches! d’assignation! taxinomique! prenant! en!

compte! les! propriétés! des! marqueurs,! les! volumes! de! données! et! les! problèmes!

inhérents! aux! bases! de! données! de! référence! est! donc! une! priorité! pour! l’avancée! du!

metabarcoding!ADN.!

!

1. Limites#des#méthodes#phylogénétiques#
!

Les! méthodes! phylogénétiques! d’assignation! taxinomique! essaient! de! tirer!

avantage!des!relations!évolutives!existant!entre!les!différentes!espèces!pour!améliorer!la!

qualité! de! leurs! inférences.! Pour! cela,! elles! utilisent! des! modèles! traditionnellement!

utilisés!en!phylogénie!moléculaire!et!donc!posent!l’hypothèse!que!les!marqueurs!utilisés!

en!metabarcoding!ADN!contiennent!de!l’information!phylogénétique.!Cette!information,!

qui! permet! de! retracer! l’histoire! évolutive! des! taxons,! est! extraite! de! l’ensemble! des!

substitutions! nucléotidiques! que! les! gènes! accumulent! au! fur! et! à! mesure! de! leur!

évolution.!

Les! biais! les! plus! importants! dans! une! expérience! de!metabarcoding!ADN! sont!

induits!par!la!PCR.!Afin!de!limiter!les!biais!d’amplification!PCR,!les!marqueurs!utilisés!en!

metabarcoding!ADN!sont!choisis!avant! tout!en! fonction!des!régions!conservées!qui! les!

flanquent,! de!manière! à! ce! que! les! amorces! PCR! permettent! d’amplifier! sans! biais! le!

maximum!de!taxons!d’intérêt.!Toujours!pour!optimiser!la!phase!d’amplification!par!PCR,!

la!longueur!du!marqueur!est!aussi!un!critère!important.!Des!marqueurs!courts!sont!plus!

faciles!à!amplifier!par!PCR!à!partir!d’ADN!environnemental!dégradé.!Mais!comme!il!faut!

néanmoins!que! le!marqueur! sélectionné! soit! apte! à!discriminer! les! taxons!d’interêt! le!

mieux!possible,!il!correspondra!à!des!régions!hyper"variables!(Riaz!et*al.!2011).!

Les!marqueurs! ne! sont! donc! pas! choisis! en! fonction! critères!maximisant! leurs!

qualités!de!marqueurs!phylogénétiques.!Les!marqueurs,!sélectionnées!pour!leur!hyper"

variabilité,!ont!accumulé!de!nombreuses!différences!sur!une!faible!longueur.!Ils!sont!dit!

saturés! en! substitutions.! Cela! signifie! qu’en! moyenne,! chaque! position! variable! du!

marqueur! a! subi! plus! d’un! évènement! de! substitution! depuis! la! séparation! de! deux!
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espèces.! Cela! brouille! le!message! phylogénétique,! en! décorrélant! la! distance!mesurée!

entre!deux!séquences!à!partir!d’un!alignement,!et!la!distance!évolutive!existant!entre!les!

deux!espèces!correspondantes.!De!ce!fait,!bien!qu’un!marqueur!utilisé!en!metabarcoding!

ADN! puisse! permettre! de! différencier! des! espèces,! ces! différences! ne! reflètent! plus!

forcément!les!relations!phylogénétiques!de!ces!taxons.!On!peut!donc!s’interroger!sur!la!

pertinence! d’utiliser! des! méthodes! issues! de! la! phylogénie! moléculaire! avec! de! tels!

marqueurs.!Cette!limitation!ne!semble!malheureusement!pas!restreinte!aux!marqueurs!

de!metabarcoding! ADN,! puisqu’il! a! aussi! été! établi! que! le!marqueur! le! plus! utilisé! en!

barcoding!ADN!des!animaux,!COI,!reflète!mal!les!relations!phylogénétiques!à!des!niveaux!

plus!profond!que! le! genre! (Wilson!2010),! alors!même!que! ce!marqueur! est! considéré!

comme!l’un!de!ceux!contenant!le!plus!d’informations!phylogénétiques.!

!

Les!méthodes!phylogénétiques!présentent!d’autres!problèmes,!mais!qui!ne! leur!

sont!pas!propres!et!sont!traités!dans!les!sous"parties!suivantes.!

!

2. Limites#des#approches#basées#sur#la#coalescence#
!

Les!approches!basées!sur!la!coalescence!présentent!une!complexité!en!temps!très!

importante,! en! raison! du! grand! nombre! d’arbres! coalescents! générés! pour!

échantillonner!tous!les!évènements!coalescents!possibles!(Lou!&!Golding!2010).!

!

3. Limites#des#méthodes#statistiques#
!

L’outil! d’assignation! taxinomique! du! Ribosomal* Database* Project! (Wang! et* al.!

2007),! qui! est! la!méthode! statistique! la! plus! populaire! présente! plusieurs! limites.! Cet!

outil! se! base! sur! les! tables! de! contingence! de! mots! chevauchants.! Les! mesures! de!

similarité! réalisées! à! partir! de! telles! tables! peuvent! être! considérées! comme! une!

approximation!de!celles!réalisées!à!partir!d’un!alignement.!il!est!donc!difficile!d’imaginer!

de! meilleurs! résultats! que! ceux! obtenus! avec! des! méthodes! d’alignement.! En!

conséquence,! cet! outil! ne! peut! pas! assigner! à! un! niveau! inférieur! à! celui! du! genre,! et!

fonctionne! mal! sur! des! séquences! courtes,! avec! 51.5%! d’assignations! correctes! au!

niveau!du!genre!avec!des!séquences!de!50!pb.!Cela!est!évidemment!problématique!pour!

le!traitement!des!séquences!courtes!de!metabarcoding!ADN.!Ces!limitations!sont!liées!au!
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besoin! d’une! quantité! suffisante! d’informations! pour! la! robustesse! des! approches!

statistiques,! et! pour! la!qualité!de! l’approximation!des!mesures!de!distance!basées! sur!

des!mots.!

!

4. Problèmes#liés#à#l’alignement#multiple#des#marqueurs#
!

Plusieurs!méthodes,!dont! les!méthodes!phylogénétiques!et! les!méthodes!basées!

sur!les!caractères,!se!basent!généralement!sur!l’alignement!multiple!des!séquences!de!la!

base! de! données! de! référence.! Or,! l’alignement! multiple! d’un! grand! nombre! de!

séquences!d’une!part!présente!une!complexité!en! temps!(encadré! 1.1)! importante,!et!

d’autre!part! génère! souvent!un! alignement!discutable,! cela!dépendant! grandement!du!

polymorphisme!des!séquences!alignées,!notamment!au!niveau!de!leur!longueur.!À!titre!

d’exemple,! la! longueur! de! l’alignement! multiple! de! 1,037! séquences! d’une! base! de!

données! de! référence! du! marqueur! nrITS* 2! est! 63! fois! plus! grande! que! sa! longueur!

médiane! (Little!&! Stevenson!2007).! Cet! alignement! est! donc! a!priori! peu! fiable,! et! les!

identifications!basées!dessus!ne!le!paraissent!pas!plus.!Les!méthodes!ne!recourant!pas!à!

des! alignements! multiples! sont! donc! plus! adaptées! quand! les! bases! de! données! de!

référence! sont! importantes! et! les! marqueurs! très! polymorphes,! comme! c’est!

généralement!le!cas!en!metabarcoding!ADN.!

!

5. Meilleures#approches#existantes#pour#l’assignation#taxinomique#en#
metabarcoding#ADN#

!

Il! est! généralement! conseillé! d’utiliser! des! méthodes! dites! basées! sur! la!

similarité,! qui! utilisent! des! alignements! deux"à"deux! pour! comparer! les! séquences,! et!

par!conséquent!sont!parmi!les!méthodes!les!plus!rapides!disponibles,!et!ne!se!basent!pas!

sur! des! alignements! multiples! peu! fiables! (Little! &! Stevenson! 2007;! Collins! &!

Cruickshank!2012).! Cependant,! dans! certains! cas,! comme!pour! le! travail! sur! de!petits!

groupes! de! taxons! très! proches,! les!méthodes! basées! sur! les! caractères! peuvent! être!

plus!performantes,!permettant!une!meilleure!mesure!des!relations!taxinomiques!entre!

séquences!que!les!méthodes!de!similarité!classiques!(Lowenstein!et*al.!2009;!Collins!&!

Cruickshank!2012).!Le!comportement!de!ces!méthodes!dans! les!situations!de!bases!de!

!""89""!



"!Chapitre!3!–!Classification!supervisée!"!

données!erronées!ou! incomplètes,!ou!en!cas!d’homoplasie3!est!cependant!mal!compris!

(Kerr!et*al.!2009),!et!le!consensus!est!que!le!meilleur!choix!à!ce!jour!pour!l’assignation!

taxinomique! sur! les! jeux! de! données! importants! sont! les! méthodes! basées! sur! la!

similarité.!

!

6. Limites#induites#par#les#bases#de#données#de#référence#
!

Idéalement,! les!bases!de!données!de!référence!devraient!contenir! la!totalité!des!

taxons!existants,!avec!tous! les!haplotypes!existants!pour!chaque!taxon!afin!de!pouvoir!

prendre!en!compte! la!variabilité! intraspécifique,!et!elles!ne!devraient! contenir!aucune!

erreur,!ni!dans!l’annotation!des!séquences,!ni!dans!les!séquences!elles"mêmes.!Cela!n’est!

généralement! pas! le! cas.! Les! bases! de! données! de! référence! de! barcoding! ADN! sont!

relativement! fiables! grâce! aux! efforts! de! la! communauté,! notamment! avec! BOLD!

(Ratnasingham!&!Hebert! 2007),!mais! lors! de! l’utilisation! de!marqueurs! non! présents!

dans! ces! bases! de! données,! tel! que! c’est! souvent! le! cas! en!metabarcoding! ADN,! il! est!

primordial!de!prendre!en!compte!les!erreurs!et!l’incomplétude!des!bases!de!données!de!

références.!

!

6.1 Problèmes#liés#aux#erreurs#d’annotation#

!

! Les! méthodes! basées! sur! la! similarité! recherchent! généralement! à! assigner! la!

séquence"requête!au!taxon!de!la!base!de!données!de!référence!associé!à!la!séquence!la!

plus!proche!de!la!séquence"requête!(voir!figure!4.1).!

!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
3 Similitude d’un état de caractère chez différentes espèces qui ne provient pas d’un ancêtre 

commun. 
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6.4 Solutions#existantes#

!

Plusieurs! solutions! existent! pour! prendre! en! compte! les! erreurs! et!

l’incomplétude!des!bases!de!données!de!référence.!!

!

Certaines!approches!utilisent!des! tests!statistiques!pour!décider!si! la! séquence"

requête!et!la!séquence"référence!à!laquelle!elle!a!été!assignée!présentent!une!similarité!

assez! importante!pour!que! l’assignation!soit!considérée!comme!valide,!en!calculant!un!

seuil!de!similarité!entre!les!relations!intra"!et!inter"spécifiques!(Meier!et*al.!2006;!Sonet!

et* al.! 2013).! Cela! ne! permet! cependant! pas! de! traiter! certains! cas,! notamment! ceux!

concernant! des! séquences! mal! étiquetées! comme! dans! la! figure! 4.2! par! exemple.!

(Clemente! et*al.! 2011)! proposent! une!méthode! utilisant! la! F"mesure! pour! réaliser! de!

meilleures!assignations.!La!F"mesure!correspond!à!une!pondération!de!la!précision!et!du!

rappel,! qui! sont! des! mesures! de! performance! d’une! procédure! de! classification!

supervisée.!Cette!approche! fonctionne!bien!pour! les! cas! similaires!à! celui!de! la! figure!

4.2,! mais! pose! problème! dans! d’autres! situations,! notamment! en! cas! d’incomplétude!

comme!dans!la!figure!4.5,!où!la!séquence"requête!serait!assignée!au!taxon!de!scorpion!

même!si!elle!en!est!relativement!éloignée.!!

!

Une! autre! approche! consiste! à! remonter! au! plus! bas! ancêtre! commun! (LCA,!

Lowest*Common*Ancestor)!dans! l’arbre! taxinomique! lorsqu’il! y! a! ambiguïté! entre!deux!

séquences! (figure! 4.6).! L’assignation! à! un! taxon! de! niveau! supérieur! n’est! pas!

forcément! problématique! (Harris! 1972;! Hebert! et* al.! 2003b;! Wilson! et* al.! 2011),!

notamment! en! metabarcoding! ADN,! où,! selon! le! but! de! l’étude,! on! ne! cherche! pas!

forcément!à!connaître!tous!les!taxons!présents!avec!une!précision!allant!jusqu’au!niveau!

de! l’espèce.!On!peut!aussi!penser!qu’il!est!préférable!d’assigner!au!niveau!du!genre!ou!

même!de!la!famille!de!manière!exacte,!plutôt!qu’au!niveau!de!l’espèce!mais!de!manière!

erronée.!Cette!approche!pose!cependant!problème!dans!les!cas!de!séquences!annotées!

de!manière! très!erronée,! car! l’assignation!peut!alors! se! faire!à!un!niveau! taxinomique!

très!élevé,!ce!qui!présente!un!intérêt!discutable!(figure!4.7).!

!
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!

De!nombreux!outils!existent!pour!l’assignation!taxinomique!en!barcoding!ADN!et!

metabarcoding.! La! plupart! d’entre! eux! sont! cependant! inadaptés! aux! volumes! de!

données!traités,!et!prennent!mal!en!compte!l’incomplétude!et!les!erreurs!inhérentes!aux!

bases!de!données!de! référence.! L’approche! la!plus! intéressante! à! ce! jour! est!d’utiliser!

une!méthode!basée! sur! la! similarité!pour! identifier! la! ou! les! séquences"références! les!

plus!proches!de! la! séquence"requête,!et!de!remonter!à! leur!plus!bas!ancêtre!commun.!

Cette!approche!n’est! cependant!pas! sans!défaut! lors!de! la!présence!d’annotations! très!

erronées.!

!

!

B. Une#approche#par#classification#progressive#

!

Aucune! approche! existante! n’est! capable! d’assigner! de! manière! robuste! et!

satisfaisante! les! séquences! d’un! jeu! de! données! de!metabarcoding! ADN.! Bien! que! les!

méthodes! basées! sur! la! similarité! soient! les! plus! adaptées! a! priori,! les! nombreux!

problèmes! inhérents! aux! bases! de! données! de! référence! font! que! simplement!

rechercher! la! séquence"référence! la! plus! proche! de! la! séquence"requête! mène! à! des!

résultats!hasardeux.!Durant!ma!thèse,!j’ai!cherché!à!développer!une!nouvelle!approche!

qui!prenne!mieux!en!compte!ces!problèmes.!

!

1. Principe#de#base#
!

L’approche!consistant!à!remonter!l’arbre!taxinomique!pour!assigner!la!séquence"

requête! au!LCA!des! séquences"références! les!plus!proches!de! la! séquence"requête! est!

une!solution! intéressante!et!souvent!utilisée,!mais!peut!mener!à!des!assignations!dont!

l’intérêt!est!discutable,!lorsqu’une!séquence!est!référencée!de!manière!erronée!pour!un!

taxon!très!éloigné!du!taxon!auquel!elle!appartient!réellement!(figure!4.7).!Dans!le!cas!de!

la!figure!4.7,!l’erreur!d’annotation!d’une!séquence!de!fourmi!à!un!taxon!de!scorpion!fait!

remonter! l’assignation! à! l’embranchement! des! arthropodes,! ce! qui! est! d’un! intérêt!

limité.! Or,! la! prise! en! compte! d’autres! informations! pourrait! permettre! un! niveau!
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3. Représentation#des#noeuds#intermédiaires#avec#des#PSSM#

!

L’approche!consistant!à!partir!de!la!racine!de!l’arbre!est!intéressante!puisqu’elle!

permet!de!prendre!en!compte!toutes!les!informations!fournies!par!l’arbre!taxinomique!

et! la! base! de! données! de! référence,! et! elle! permet! d’arrêter! la! descente! en! cas!

d’incertitude,!mais!elle!demande!le!développement!de!méthodes!pour! le!traitement!de!

plusieurs!problématiques.!

La! première! problématique! est! celle! de! la! représentation! des! groupes! de!

séquences! au! niveau! des! noeuds! intermédiaires! de! l’arbre.! Dans! les! méthodes!

classiques,! seules! les! feuilles! de! l’arbre! sont! décrites! via! les! séquences! de! la! base! de!

références.!Dans!une!méthode!descendante,!chacun!des!taxons,!y!compris!les!taxons!non!

terminaux,!doivent!être!décrits!par!un!modèle!les!représentant.!J’ai!testé!deux!modèles!:!

les!matrices! poids"position! (PSSM,! Position=Specific* Scoring*Matrix),! et! les! groupes! de!

séquences.!Ce!problème!est!fortement!lié!à!deux!autres!problématiques,!qui!sont!celle!de!

la!méthode!employée!pour!faire!le!choix!du!noeud!auquel!l’on!va!descendre,!et!celle!de!la!

décision!de!l’arrêt!avant!d’atteindre!une!feuille!de!l’arbre!taxinomique.!!

!

3.1 Représentation#à#chaque#noeud#

!

Il!est!donc!possible!de!représenter!les!séquences!et!groupes!de!séquences!sous!la!

forme!de!PSSM.!La!figure!4.11!correspond!à!une!PSSM!contenant!une!séquence.!Deux!

PSSM! peuvent! être! alignées! avec! un! algorithme! de! type! Needleman! et! Wunsch.! Une!

PSSM!peut!donc!contenir!les!informations!d’un!groupe!de!séquences!alignées.!La!figure!

4.12! correspond! ainsi! à! une! PSSM! contenant! les! informations! d’un! groupe! de! deux!

séquences.!!

!
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3.2 Modèle#de#décision#pour#la#progression#

!

À!partir!de!chaque!noeud,!on!cherche!le!noeud!fils!le!plus!proche!de!la!séquence!à!

assigner.!Pour!cela,!on!calcule!la!probabilité!que!la!séquence"requête!ait!été!générée!par!

chacune!des!PSSM!associées!à!ces!noeuds.!Cette!probabilité!est!calculée!par!le!produit,!

pour!toutes! les!positions!de! l’alignement,!des!sommes!du!produit!des! fréquences!pour!

chaque!symbole!de!l’alphabet!utilisé!:!

!

! !1 !2 = !1!"!2!"

!!

!

!

Avec!!!appartenant!à!l'alphabet!:!{A,!C,!G,!T,!Og,!Eg},!i!la!position!dans!l’alignement,!!1!"!

la! fréquence! de!!!dans! la! colonne! i! de! la! première! PSSM! alignée! (correspondant! à! la!

PSSM!de!la!séquence"requête)!et!!2!"!la!fréquence!de!!!dans!la!colonne!i!de!la!seconde!

PSSM!alignée!(la!PSSM!correspondant!à!un!noeud!donné).!Afin!d’éviter!des!erreurs!de!

calcul!par!dépassement!de!capacités,!ce!sont!les!logarithmes!de!ces!probabilités!qui!sont!

estimés!:!

!

log ! !1 !2 = log !1!"!2!"

!!

!

!

Des!pseudo"comptes!sont!ajoutés!aux!probabilités!de!façon!à!ce!qu’elles!ne!soient!

jamais! nulles.! Cela! permet! aussi! de! prendre! en! compte! des! événements! rares! non!

observés!dans!le!jeu!d’apprentissage.!

!

Les!deux!noeuds!fils!présentant!les!meilleurs!probabilités!sont!gardés.!On!estime!

ensuite! les! probabilités! d’émission! associées! aux! PSSM! de! leurs! noeuds! inférieurs!

(noeuds! petit"fils).! Le! noeud! petit"fils! possédant! la! PSSM! avec! le! meilleur! score! de!

ressemblance!avec!la!séquence!à!assigner!est!sélectionné.!

!

!

!
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3.3 Résultats#

!

L’approche! a! été! évaluée! sur! une! base! de! données! de! référence! très! fiable! du!

marqueur!trnL"GH!contenant!1,134!séquences.!81.78%!des!séquences!sont!réassignées!

à!leur!taxon!de!manière!correcte.!!

Les!chemins!de!descente!des!séquences!mal!assignées!ont!alors!été!analysés!pour!

identifier!les!noeuds!responsables!des!erreurs!d’aiguillage,!et!une!approche!a!été!testée,!

où! l’arbre! est! reconstruit! en! supprimant! les! noeuds! problématiques.! Cela! est! fait! en!

raccordant! leur! noeud! père! directement! à! leurs! noeuds! petit"fils.! Ce! processus! de!

réassignation! et! reconstruction! est! réitéré! de! manière! à! maximiser! le! taux! de!

réassignation! correcte! des! séquences! de! la! base! de! références.! Ce! taux! est! alors! de!

95.06%!après!une!reconstruction,!et!atteint!99.67%!après!quatre!reconstructions.!

Le!fait!de!choisir! le!noeud!fils!vers! lequel!descendre!sans!considérer! les!noeuds!

petit"fils! empêche! de! dépasser! 91%! de! réassignations! correctes,! taux! atteint! après!

quatre!reconstructions.!

Ces!résultats!sont!résumés!dans!le!tableau!4.1!:!!

!

Tableau!4.1.!Taux!de!réassignations!correctes!des!séquences!de!la!base!de!données!de!

référence! trnL"GH! à! leur! taxon! d’origine! avec! la! méthode! développée,! sans!

reconstruction! de! l’arbre,! après! une! reconstruction! en! supprimant! les! noeuds! où! des!

erreurs!ont!lieu,!après!quatre!reconstructions,!et!après!quatre!reconstructions!mais!en!

ne! basant! les! choix! que! sur! un! niveau! taxinomique,! c’est! à! dire! sans! considérer! les!

noeuds!petit"fils.!

!
Sans!

reconstruction!
1!reconstruction! 4!reconstructions!

4!reconstructions!

avec!évaluation!

sur!un!seul!
niveau!

taxinomique!

Taux!de!

réassignations!

correctes!
81.78%! 95.06%! 99.67%! 91%!

!

!

!

!
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3.4 Discussion#

!

La!plus!grande!partie!des!erreurs!d’aiguillage!ont!lieu!près!de!la!racine!de!l’arbre.!

Cela!est!dû!au!polymorphisme!important!des!marqueurs!utilisés!en!metabarcoding!ADN,!

notamment!le!polymorphisme!de!longueur,!particulièrement!marqué!pour!trnL"GH.!De!

la!même!manière!que!les!alignements!multiples!de!telles!séquences!ne!sont!pas!fiables,!

les!PSSM!ne!parviennent!pas!mieux!à!représenter!des!groupes!importants!de!séquences!

très!divergentes.!

La! méthode! consistant! à! reconstruire! l’arbre! en! éliminant! les! noeuds!

problématiques!permet!d’atteindre!des!taux!de!réassignations!correctes!très!bons!sur!la!

base! de! données! de! référence! trnL"GH! testée,! mais! augmente! considérablement! les!

temps! d’exécution.! Elle! rend! par! ailleurs! la! méthode! imprédictible,! puisque! son!

comportement! peut! potentiellement! varier! de! manière! importante! d’une! base! de!

données!de!référence!à!l’autre.!!

Le!fait!d’évaluer!les!probabilités!d’émission!sur!deux!niveaux!taxinomiques!est!un!

élément!qui!améliore!grandement!l’assignation.!Cela!est!également!lié!à!la!présence!de!

noeuds!problématiques!représentant!un!grand!nombre!de!séquences.!

!

L’utilisation!de!PSSM!posant!problème!au!niveau!des!noeuds!contenant!un!grand!

nombre!de! séquences! alignées,! une!autre!méthode!de! représentation!des! séquences! a!

été!testée.!

!

4. Représentation#des#noeuds#intermédiaires#avec#des#groupes#de#
séquences#

!

4.1 Représentation#à#chaque#noeud#

!

! Le! problème! résidant! dans! l’alignement! multiple! des! séquences,! il! faut!

développer! une! méthode! ne! reposant! sur! aucun! alignement! multiple.! Une! autre!

approche!est! alors!de! considérer! la! liste!des! scores!de! similarité!deux"à"deux!entre! la!

séquence"requête! et! chacune! des! séquences"références! aux! feuilles! des! noeuds! entre!

lesquels!l’on!doit!choisir!(figure!4.13).!!
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Les! résultats! obtenus! avec! cette! méthode! n’étant! pas! très! concluants,! le!

comportement!du! test! a! été! analysé,! et! il! a! été! observé!que! les!mauvais! choix! étaient!

généralement! liés! à! des! listes! comportant! un! grand! nombre! de! scores.! Une! autre!

approche!a!alors!été!explorée,!en!effectuant! le! test!de!Mann"Whitney!sur!des! listes!où!

l’on! ajoute!progressivement!des! scores,! des!meilleurs! aux!plus! faibles,! jusqu’à!obtenir!

une!p"valeur!significative.!Dès!que!cela!est!le!cas,!celle"ci!est!enregistrée!et!aucun!autre!

score! n’est! ajouté.! De! la! même! manière! que! précédemment,! si! aucune! p"valeur!

significative!n’est!trouvée,!c’est!le!noeud!associé!au!meilleur!score!qui!est!choisi.!

!

4.3 Résultats#

!

En!faisant!simplement!un!test!de!Mann"Whitney!sur!les!listes!de!scores!et!avec!un!

risque!alpha!de!0.05,!11.03%!des!séquences!de!la!base!de!données!de!référence!de!trnL"

GH! sont! correctement! réassignées! à! leur! taxon! d’origine,! avec! 14.57%! des! décisions!

prises!en!considérant!le!score!maximum!faute!d’une!p"valeur!significative.!

En!ajoutant!des!scores!au! fur!et!à!mesure!dans! les! listes! jusqu’à!obtenir!une!p"

valeur!significative!avec!le!test!de!Mann"Whitney,!92.82%!des!séquences!de!la!base!de!

données!de!référence!de!trnL"GH!sont!correctement!réassignées!à!leur!taxon!d’origine,!

avec!5.00%!des!décisions!prises!en!considérant!le!score!maximum!faute!d’une!p"valeur!

significative.!

!

4.4 Discussion#

!

L’un! des! problèmes! de! cette! approche! est! que! souvent,! selon! les! groupes!

taxinomiques! et! les! bases! de! données! de! référence,! seules! quelques! séquences"

références! sont!proches!de! la! séquence"requête! (figure! 4.14).!Le! reste!des! séquences!

est!généralement!trop!éloignée!pour!apporter!de!l’information,!et!ajoute!uniquement!du!

bruit!qui!noie!le!signal!apporté!par!les!séquences!pertinentes.!!Le!test!de!Mann"Whitney!

n’est!alors!pas!toujours!assez!puissant!pour!détecter!correctement!la!liste!contenant!les!

meilleurs!scores.!

!
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5. Problèmes#posés#par#l’approche#de#classification#progressive#
!

! Les!problèmes!rencontrés!pour!développer!une!méthode!d’assignation!basée!sur!

un! départ! depuis! la! racine! de! l’arbre! taxinomique! sont! principalement! liés! à! la! taille!

importante! des! groupes!de! séquences! aux!noeuds! les! plus! hauts.! La! taille! réduite! des!

groupes!de!séquences!aux!noeuds!les!plus!bas!pose!aussi!problème!dans!le!cas!où!l’on!

utilise!des!tests!statistiques!pour!comparer!les!scores!de!similarité,!ainsi!que!la!disparité!

du!nombre!de!séquences"références!selon!les!groupes!taxinomiques.!

!

!

C. Conclusion#et#pistes#de#solution#

!

Les! approches! utilisées! aujourd’hui! pour! l’assignation! taxinomique! en!

metabarcoding!ADN! sont!mal! adaptées! aux! polymorphisme! important! des!marqueurs!

utilisés,!aux! importants!volumes!de!données!et!aux!problèmes! inhérents!aux!bases!de!

données! de! référence.! Cela! est! particulièrement! le! cas! en! metabarcoding! ADN.! Les!

méthodes!basées!sur! la!similarité!offrent!des!résultats!comparables!aux!autres!classes!

de! méthodes,! tout! en! offrant! les! meilleures! performances! en! termes! de! temps!

d’exécution.!Une!approche!commune!pour!le!traitement!des!problèmes!liés!aux!bases!de!

données!de! référence!est!d’assigner! la! séquence"requête!au!plus!bas!ancêtre! commun!

des! séquences"références! les! plus! proches! d’elle,! mais! pose! problème! en! cas!

d’annotation!très!erronée.!!

Une! nouvelle! approche! a! été! explorée,! basée! sur! l’idée! d’un! départ! depuis! la!

racine!de!l’arbre!taxinomique.!Cette!approche!permet!de!prendre!en!compte!toutes!les!

informations! disponibles,! et! d’arrêter! la! descente! à! n’importe! quel! niveau! s’il! y! a!

incertitude.! Cependant! des! problèmes! se! posent! encore,! concernant! le! choix! de! la!

méthode! de! représentation! des! séquences,! et! le! modèle! de! prise! de! décision! pour! le!

chemin! à! prendre! dans! l’arbre.! Les! grands! nombres! de! séquences! à! représenter! aux!

noeuds! les! plus! hauts! de! l’arbre! sont! à! l’origine! de! la! plupart! des! problèmes!

d’assignation.!

De!nombreuses!pistes!de!solution!sont!envisageables.!L’une!d’entre!elles!pourrait!

être! de! ne! s’intéresser! qu’aux! séquences"références! les! plus! proches! de! la! séquence"

requête,! afin! d’éliminer! le! bruit! apporté! par! le! grand! nombre! de! séquences! très!
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éloignées!de! la! séquence"requête.! Il! est! aussi! envisageable!d’utiliser!des!modèles!nuls!

pour! prendre! les! décisions,! en! construisant! ceux"ci! à! partir! des! séquences"références!

présentant! des! distances! interspécifiques,! pour! identifier! les! séquences"requêtes!

présentant!a!priori!une!distance!intraspécifique!avec!une!séquence"référence.!!

!

Une! fois! une! méthode! efficace! développée,! d’autres! pistes! ouvertes! par! cette!

approche!pourraient!alors!être!explorées,! comme! la!possibilité!de!détecter! les!erreurs!

présentes! dans! les! bases! de! données! de! référence! en! utilisant! la! méthode! de!

réassignation!des!séquences"références!à!elles"mêmes.!

Une! autre! piste! envisageable! en! raison! de! l’utilisation! d’une! approche!

probabiliste! serait! l’introduction! d’un! modèle! bayésien! dans! le! processus!

d’identification.! Suivant! le! modèle! choisi! il! pourrait! permettre! d’intégrer! les!

connaissances!a!priori!de!l’environnement!étudié!comme!le!font!les!botanistes!lorsqu’ils!

effectuent! un! relevé! botanique! par! les! méthodes! classiques,! ou! être! une! solution!

permettant!d’identifier!les!séquences!contenant!des!erreurs!avec!plus!de!pertinence.!

!

!

!

!

!

!

!
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!

!

!
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A. Discussion#générale#

!

L’évolution!conjointe!des!techniques!de!séquençage,!de!biologie!moléculaire!et!la!

prise! de! conscience! concernant! les! problèmes! de! biodiversité! ont! mené! au!

développement! du! metabarcoding! ADN.! En! permettant! de! faire! des! inventaires!

taxinomiques! à! grande! échelle! de! meilleure! qualité! que! ceux! effectués! en! taxinomie!

classique,! le!metabarcoding!ADN!est!une!méthode!très!prometteuse,!bien!qu’encore!en!

plein!développement.!

Des!outils!informatiques!particuliers!sont!nécessaires!pour!traiter!les!données!de!

metabarcoding!ADN!de!manière!adaptée.!Les!propriétés!de!ces!données!évoluant!avec!la!

technologie! de! séquençage! utilisée,! beaucoup! des! outils! existants! aujourd’hui! ne! sont!

pas! adaptés! aux! données! séquencées! par! les! plateformes! Illumina,! de! plus! en! plus!

populaires.!En!effet,!les!séquenceurs!454!sont!aujourd’hui!encore!très!utilisés,!ayant!été!

pendant! longtemps! la! technologie! la!plus!adaptée,!notamment!pour! le!barcoding!ADN,!

typiquement!fait!en!employant!des!marqueurs!plus!longs!qu’en!metabarcoding!ADN.!Les!

outils! existants! sont! donc! généralement! conçus! pour! traiter! des! marqueurs! longs,!

partiellement! séquencés,! présentant! les! erreurs! typiquement! produites! par! des!

séquenceurs! 454,! et! dans! des! volumes! moins! importants! que! ceux! produits! par! les!

technologies!Illumina.!!

En!dehors!de!ces!problèmes!concernant!l’adaptation!des!programmes!à!certaines!

technologies,!certaines!approches!sont!basées!sur!des!principes!erronés.!L’utilisation!de!

méthodes!phylogénétiques,!notamment,! très!utilisées!pour! le!clustering!aussi!bien!que!

pour!l’assignation!taxinomique!des!séquences,!part!de!l’idée!que!les!marqueurs!utilisés!

contiennent!des!informations!phylogénétiques,!ce!qui!est!discutable!en!barcoding!ADN,!

et! encore! plus! en! metabarcoding! ADN! où! les! marqueurs! sont! plus! courts! et! très!

polymorphes.!Concernant!l’assignation!taxinomique,!beaucoup!d’approches!ne!prennent!

pas!suffisamment!en!compte! l’incomplétude!et! les!erreurs!présentes!dans! les!bases!de!

données!de!référence,!d’autant!plus!présentes!en!metabarcoding!ADN.!!

Il! est! essentiel! que! les! algorithmes! employés! soient! adaptés! aux! qualités! des!

données! et! à! la! problématique! que! l’on! souhaite! traiter.! Durant! ma! thèse,! j’ai! donc!

essayé! de! produire! des! outils! prenant! en! compte! toutes! les! spécificités! du!

metabarcoding!ADN,!et!son!évolution!probable!dans!les!prochaines!années,!notamment!

avec! la! disparition! programmée! de! la! technologie! 454.! J’ai! aussi! essayé! de! créer! des!
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outils!traitant!des!problèmes!pour!lesquels!les!outils!existants!sont!particulièrement!mal!

adaptés.!

!

!

B. Réflexions#sur#le#travail#effectué#

!

1. Classification#non#supervisée#et#détection#de#séquences#erronées#
!

Ainsi,!le!problème!de!la!détection!des!séquences!erronées,!notamment!les!erreurs!

de!PCR,!n’avait!pas!d’outil!dédié!et!bien!adapté!au! traitement!de!plusieurs!millions!de!

séquences!complètes,!alors!qu’il!est!une!problématique!majeure!en!metabarcoding!ADN,!

impactant!significativement!les!estimations!de!biodiversité!(Acinas!et*al.!2005;!Sefc!et*al.!

2006;! Kunin! et* al.! 2010;! Huse! et* al.! 2010;! Schloss! et* al.! 2011).! Les! méthodes! de!

classification! non! supervisée! permettent! notamment! de! traiter! cette! question,! mais!

représentent!une!problématique!complexe!qui!demande!de!traiter!à!la!fois!le!problème!

de!la!mesure!de!similarité!entre!séquences,!et!la!construction!des!groupes!de!séquences!

en!elle"même!lorsque!l’on!cherche!à!créer!des!clusters.!Il!est!indispensable!d’étudier!ces!

deux! aspects! indépendamment,! en! gardant! en! tête! le! but! recherché.! Les!méthodes! de!

classification! hiérarchique! sont! très! utilisées! mais! pas! forcément! adaptées.! Les!

méthodes! utilisant! des! algorithmes! gloutons,! à! l’opposé,! sont! particulièrement! bien!

adaptées! aux! volumes! de! données! importants,! et! au! problème! de! la! détection! des!

séquences! erronées.! Ces! algorithmes! sont! aussi! très! populaires! pour! la! création! de!

MOTU,! en! raison! de! leur! rapidité.! SUMACLUST,! utilisant! un! algorithme! glouton! de!

clustering!basé!centroïdes,!permet!ainsi!de!regrouper!les!séquences!en!clusters,!pouvant!

être!considérés!comme!des!MOTU,!ou!permettant!d’identifier!les!séquences!erronées!en!

fonction!du!statut!d’une!séquence!dans!son!cluster.!Si!une!séquence!est!représentative!

de!son!cluster,!elle!peut!être!considérée!comme!vraie,!sinon!elle!est!considérée!comme!

dérivant! de! la! séquence! représentative.! SUMACLEAN,! plus! spécialisé,! est! dédié! à! la!

détection! des! séquences! contenant! des! erreurs! ponctuelles! de! PCR,! en! créant! des!

graphes!orientés!dirigés,!dont!la!topologie!correspond!parfaitement!à!celle!des!cascades!

d’erreurs! produites! pendant! les! PCR.! Ces! programmes! utilisent! une! méthode! de!

comparaison!des!séquences!rapide!et!exacte,!permettant!le!traitement!efficace!de!grands!
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nombres! de! séquences! proches! et! entières,! en! prenant! en! compte! toute! l’information!

disponible,!dont!le!polymorphisme!de!longueur.!SUMATRA!est!un!programme!uniquement!

dédié!à!la!comparaison!de!séquences!en!utilisant!cette!méthode.!La!matrice!de!distances!

deux"à"deux!obtenue!peut!typiquement!être!utilisée!par!un!programme!de!clustering!tel!

que!MCL!(Van!Dongen!2000)!pour!construire!des!MOTU.!

!

2. Classification#supervisée#des#séquences#pour#l’assignation#
taxinomique#
!

L’assignation! taxinomique! des! séquences! en! metabarcoding! ADN! est! une!

problématique!très!importante!et!où!il!reste!aujourd’hui!énormément!de!progrès!à!faire.!

La!plupart!des!approches!utilisées!prennent!mal!en!compte!les!problèmes!inhérents!aux!

bases! de! données! de! référence,! particulièrement! incomplètes! et! non! fiables! en!

metabarcoding!ADN.!Le! consensus!actuel! est!que! la!meilleure!approche!existante!à! ce!

jour! est! d’utiliser! une! méthode! basée! sur! la! similarité! pour! identifier! des! taxons!

candidats!pour!l’assignation!de!la!séquence"requête,!et!de!faire!l’assignation!à!leur!plus!

bas! ancêtre! commun! dans! l’arbre! taxinomique! (Little!&! Stevenson! 2007;!Huson! et*al.!

2007;!Ghosh!et*al.!2010).!Cette!approche!n’est!cependant!pas!sans!défaut,!et!gère!mal!les!

possibles! annotations! erronées! dans! la! base! de! données! de! référence,! faisant! alors!

remonter! le! plus! bas! ancêtre! commun! à! un! niveau! taxinomique! potentiellement! très!

haut!(Clemente!et*al.!2011).!Une!nouvelle!approche!a!donc!été!testée,!se!basant!sur!l’idée!

d’un!départ!à! la!racine!de! l’arbre!taxinomique,!et!une!descente!dans! l’arbre! jusqu’à!un!

arrêt!possible,!si!la!descente!à!un!niveau!de!précision!plus!élevé!semble!statistiquement!

irraisonnable.! Cela! permettrait! en! théorie! de! prendre! toutes! les! informations!

disponibles!en!compte,!de!considérer!l’incomplétude!et!les!erreurs!inhérentes!aux!bases!

de! données! de! référence! actuelles.! Cette! approche! pose! cependant! le! problème! de! la!

représentation!des!séquences!à!chaque!niveau!de!l’arbre,!ainsi!que!du!choix!du!modèle!

de!prise!de!décision!pour!le!chemin!à!prendre.!Le!travail!effectué!sur!ces!problématiques!

pendant!ma!thèse!était!exploratoire!et!est!resté!assez!superficiel,!par!manque!de!temps.!

De! nombreuses! pistes! sont! possibles! et! n’ont! pas! encore! été! testées,! se! basant!

notamment!sur!l’idée!de!se!concentrer!uniquement!sur!les!séquences!très!proches!de!la!

séquence"requête,! ou! encore! sur! l’utilisation! de! modèles! nuls! pour! la! méthode! de!

décision.!Une! fois!une!méthode!efficace!développée,!d’autres!pistes!ouvertes!par! cette!
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approche!pourraient!alors!être!explorées,! comme! la!possibilité!de!détecter! les!erreurs!

présentes! dans! les! bases! de! données! de! référence! en! utilisant! la! méthode! de!

réassignation! des! séquences"références! à! elles"mêmes,! ou! encore! l’introduction! d’un!

modèle! bayésien! permettant! d’intégrer! les! connaissances! a! priori! de! l’environnement!

étudié.!

!

!

C. Perspectives#:#éliminer#l’étape#de#PCR#

!

En!metabarcoding!ADN,!la!PCR!est!la!plus!grande!source!d’erreurs!erronées.!Une!

approche! très!différente!des!méthodes!actuelles!pourrait!permettre!de! contourner! les!

problèmes! posés! par! la! PCR.! Grâce! à! l’augmentation! considérable! du! rendement! des!

séquenceurs!hauts!débits,!il!est!aujourd’hui!possible!d’imaginer!de!nouvelles!méthodes!

d’identification! taxinomique! basées! sur! l’ADN.! Une! nouvelle! génération! de! barcoding,!

voire!metabarcoding!ADN!basée!sur!le!séquençage!"shotgun"!d'ADN!génomique,!et!non!

plus!sur!le!séquençage!d’un!ou!de!quelques!petits!fragments!d’ADN!pourrait!voir!le!jour.!

L’idée! est! de! comparer! l’ensemble! des! lectures! produites! en! séquençant! le! génome!

complet!de!l’espèce!à!identifier!avec!une!faible!couverture!(de!l’ordre!de!0,1"0,5X),!avec!

celles! obtenues! de! la! même! manière! pour! des! espèces! de! référence.! Cette! nouvelle!

approche! permettrait! de! palier! à! plusieurs! manquements! du! barcoding! classique,! à!

savoir! (1)! le! manque! de! résolution! pour! certains! groupes! taxinomiques,! puisque! la!

proportion!du!génome!comparée!serait!beaucoup!plus!importante!;!et!(2)!la!dépendance!

à! l’amplification! par! PCR.! La! mise! en! œuvre! de! cette! approche! est! parfaitement!

compatible! avec! les! coûts! actuels! de! séquençage! mais! demande! d’importants!

développements!algorithmiques.!En!effet,! le!principal!défi!de!ce!projet!est!d’assurer! la!

comparaison! d’un! gros! jeu! de! données! composé! de!millions! de! courtes! lectures! avec!

plusieurs!autres!jeux!de!données!similaires,!et!ce!dans!un!temps!raisonnable.!

!

!

!

!

!
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I. SUMATRA# and# SUMACLUST:# fast# and# exact#
comparison# and# clustering# of# fullKlength# barcode#
sequences#
!

Céline!Mercier,!Frédéric!Boyer,!Evguenia!Kopylova,!Pierre!Taberlet,!Aurélie!Bonin!et!

Eric!Coissac.!

!

1. Résumé#
!

Le! séquençage! haut"débit! a! fait! des! progrès! remarquables! durant! la! dernière!

décennie.!Aujourd’hui,!une!expérience!de!séquençage!peut!produire!plusieurs!millions!

de!séquences,!et!des!outils!efficaces!permettant!de!traiter!ces!volumes!de!données!sont!

nécessaires.! Nous! présentons! SUMATRA! et! SUMACLUST,! deux! programmes! visant! à!

comparer! des! séquences,! créer! des! clusters! de! séquences,! et! identifier! les! séquences!

erronées!de!manière!à! la! fois!rapide!et!exacte.!SUMATRA!calcule! les!scores!d’alignement!

deux"à"deux!entre! les! séquences!d’un! jeu!de!données,!ou!entre!deux! jeux!de!données.!

SUMACLUST!crée!des!clusters!de!séquences!en!utilisant!le!même!algorithme!de!clustering!

que!UCLUST!et!CD"HIT.!Cet!algorithme!est!particulièrement!bien!adapté!à! la!détection!de!

séquences!erronées!dérivant!de!vraies!séquences,! telles!que!celles!générées!durant! les!

étapes!d’amplification!de!l’ADN!par!PCR,!lors!d’une!étude!de!metabarcoding!ADN.!Notre!

approche! représente! un! progrès! relativement! aux! méthodes! de! clustering! les! plus!

populaires,! telles!que!UCLUST! et!CD"HIT,! qui! reposent!généralement! sur!des!algorithmes!

rapides,! au! prix! de! la! précision.! De! plus,! et! contrairement! aux! programmes!

précédemment!cités,!SUMATRA! et!SUMACLUST!utilisent!un!algorithme!d’alignement!global!

exact!pour! la!comparaison!des!séquences.!Cela! les! rend!particulièrement!bien!adaptés!

au!type!de!données!généré!par!le!metabarcoding!ADN,!c’est!à!dire!des!marqueurs!courts!

entièrement!séquencés.!Nous!montrons!que!SUMATRA!et!SUMACLUST!combinent!la!vitesse!

habituellement! associée! aux!méthodes! heuristiques! avec! la! précision! d’un! algorithme!

exact,!ainsi!qu’une!adaptation!parfaite!aux!besoins!des!analyses!de!metabarcoding!ADN.!

!

2. Participation#
!
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Cet!article!présente!les!deux!programmes!SUMATRA!et!SUMACLUST!qui!font!l’objet!du!

chapitre!1!de!cette!thèse.! Je! les!ai!développés,!ai! fait! les!analyses!présentées!et!ai!écrit!

l’article!avec!l’aide!d’Eric!Coissac,!Frédéric!Boyer!et!Aurélie!Bonin.!

!

3. Publication#
!

Article!soumis!à!Molecular*Ecology*Resources.!

!

4. Article#
!
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Abstract1

Next-generation sequencing has undergone impressive developments within the last decade.2

Today, one sequencing run can produce several million sequences, and efficient tools able3

to treat these volumes of data are needed. We present sumatra and sumaclust, two4

programs which aim to compare, cluster and denoise sequences in a way that is simul-5

taneously fast and exact. sumatra computes the pairwise alignment scores within a6

dataset or between two datasets. sumaclust clusters sequences using the same algo-7

rithm as uclust and cd-hit. This algorithm is particularly well-suited to detect the8

erroneous sequences deriving from true sequences that are created during the amplifica-9

tion or sequencing steps of the DNA metabarcoding protocol. Our approach represents10

an improvement relative to the most popular similar clustering methods, such as uclust11

or cd-hit, which usually rely on fast algorithms at the cost of accuracy. Additionally,12

and unlike the methods previously cited, sumaclust and sumatra use an exact and13

global algorithm for sequence alignment. That makes them particularly well-adapted to14

the type of data generated by DNA metabarcoding, i.e., short markers sequenced on their15

entire length. We show that sumaclust and sumatra combine the speed usually associ-16

ated with heuristic methods with the accuracy of an exact algorithm, as well as a perfect17

suitability for DNA metabarcoding analyses.18

2
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Introduction19

Next-generation sequencing (NGS) has undergone impressive developments within the20

last decade (Shendure & Ji, 2008). Today, an experiment can produce several millions of21

sequences, and efficient tools are needed to handle these volumes of data in reasonable22

amounts of time. The development of NGS has found numerous applications in the23

assessment and description of all forms of genetic diversity, from species, to populations,24

to individuals (Bik et al , 2012; Diaz et al , 2012). In particular, DNA metabarcoding now25

allows high-throughput monitoring of species biodiversity without requiring the collection26

and identification of specimens in the field (Valentini et al , 2009; Taberlet et al , 2012).27

This approach is therefore widely used in environmental microbiology and is becoming28

fairly popular for biodiversity assessment, the description of past and present communities,29

and diet analysis (e.g. Deagle et al , 2009; Yoccoz et al , 2012; Willerslev et al , 2014).30

DNA metabarcoding uses extracted DNA from complex environmental samples (e.g.31

soil or water samples). Short DNA fragments called markers or barcodes (by analogy32

with the DNA barcoding – Hebert et al , 2003) are amplified by PCR from such DNA33

and sequenced using Next Generation Sequencing (NGS) technologies. Barcodes used for34

DNA metabarcoding experiments are chosen in order to amplify and discriminate as many35

as possible of the taxa of interest for the study at hand. Those taxa can range across36

all life forms, from unicellular organisms to metazoa and metaphyta. Those markers37

are usually short (between 50 and 200 bp – Valentini et al , 2009) so as to present the38

advantage of being easier to amplify by PCR, that are especially useful when dealing39

with a complex mix of degraded environmental DNA. The size of a DNA metabarcoding40

dataset can reach several million of sequences. Given that, it is necessary to develop41

tools capable of processing such vast amounts of information. In addition to provide the42

most reliable results, algorithms must be adapted to the kind of data produced by DNA43

metabarcoding: i.e. complete sequences of short markers.44

Classification of the produced sequences according to their taxonomical relationship45

is a key aspect during the analysis of DNA metabarcoding data. The ideal aim of such46

3
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classification process is to assign a species name to each produced sequence. This can be47

achieved by comparing them to a reference database containing barcode sequences of de-48

scribed taxa. From an algorithmic perspective, this corresponds to a process of supervised49

classification, where you assign sequence to predefined classes the species. However, such50

reference databases are not always available and neither sufficiently complete (especially51

for microorganisms). This leads to a less precise taxonomical assignation or even worst52

to no annotation. In such cases, groups of highly similar sequences are built, following53

what is called in computer science an unsupervised classification approach, as sequences54

are sorted among categories defined during the classification process. Those groups will55

be considered during the further ecological analysis of the data as Molecular Operational56

Taxonomic Units (MOTUs) (Blaxter et al , 2005), and considered as the units of measure-57

ment for biodiversity.58

Depending on the algorithm used, the results of a classification procedure can be59

highly variable. This is especially true for clustering algorithms where results can vary60

both in terms of number of clusters, and of cluster composition (Chen et al , 2013; Huse61

et al , 2010). Choosing the appropriate clustering procedure is crucial but depends on62

actual research goals. Considering a DNA metabarcoding experiment two main reasons63

can be invoked to include a clustering step in the data analysis pipeline: the infraspecific64

polymorphisms of the barcode and the PCR/sequence errors. If the goal of an experiment65

is to count the taxa occurring in an ecosystem, all the variants of the barcode existing66

for a taxon must be clustered and counted as one unique taxon. Clustering is also an67

essential process from a technical standpoint. Analysed sequences are obtained through68

a complex procedure involving several molecular biology experiments (DNA extraction,69

amplification and sequencing). Each of these steps introduces noise into the measured70

signal, resulting in artifactual sequence variants. Variants deriving from initial true DNA71

molecules present in the initial sample have to be identified, in order not to overestimate72

biodiversity. The idea of splitting the clustering reasons into these two components, the73

biological reason and the technical reason, was already proposed by Huse and collaborators74

4
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(Huse et al , 2010). The single linkage pre-clustering (SLP) presented in their article is75

based on the idea that two clustering reasons require two distinct clustering algorithms.76

Figure 1 illustrates the two levels of cluster organization that perfectly justify the SLP77

algorithm.78

[Figure 1 about here.]79

An algorithm similar to the SLP algorithm was previously introduced in the cd-hit80

program (Li & Godzik, 2006). Originally developed to cluster sequences to limit the81

protein databanks redundancy, cd-hit is now commonly used in DNA metabarcoding82

studies for building MOTUs (e.g. Turnbaugh et al , 2009; Arfi et al , 2012). uclust83

(Edgar, 2010), clearly dedicated to NGS sequence clustering and presented as a faster84

and better program than cd-hit, was published just after the Huse et al. article and is85

also very popular (e.g. Charlson et al , 2010; Barberán et al , 2012).86

In this paper, we present a package of two programs, sumatra and sumaclust de-87

voted to the clustering of sequences in the context of DNA metabarcoding experiments.88

A clustering process can be divided into two steps: i) computing similarities among se-89

quences and ii) grouping sequences into clusters according to those distances. For each90

of both these steps different algorithms can be used leading obviously to different results.91

sumatra performs the first step. The sumatra results can be used as the input for92

standard classification programs such as mcl (Van Dongen, 2000) or mothur (Schloss93

et al , 2011). sumaclust performs both the steps simultaneously, in order to maximize94

its efficiency.95

The common point between sumatra and sumaclust is the way they estimate se-96

quence similarities. Considering as a postulate that DNA metabarcoding experiments97

often produce and will more often produce full length barcode sequences, the best evalu-98

ation of the divergence between two sequences must take into account all the information99

contained in the considered sequences including their length differences. Once this ad-100

mitted, global sequence alignment algorithms are the most indicated to evaluate such a101

similarities. uclust and cd-hit were developed to work on partially-sequenced markers102

5

!""141""!



as they were produced in many DNA metabarcoding experiments (REFs). Consequently103

they use semiglobal alignment algorithms well suited to compare partial sequences. More-104

over, several heuristic algorithms developed for famous programs like FASTA (Pearson &105

Lipman, 1988) or BLAST (Altschul et al , 1990) can be adapted and implemented to effi-106

ciently, but approximatively estimate local similarities. cd-hit and uclust rely on such107

heuristics to improve their performance. On the other hand, sumatra and sumaclust108

compare sequences using a global alignment algorithm (NWS, Needleman & Wunsch,109

1970) as modified by Fickett (1984). This efficient implementation coupled with a lossless110

k-mer filter to align only sequence pairs that potentially present an identity greater than111

the chosen threshold allows sumatra and sumaclust to take advantage of an exact112

and global alignment procedure without extra computation time compare to uclust and113

cd-hit.114

sumaclust uses a similar definition of a cluster than uclust and cd-hit, and thus115

can be considered as the following step into the cd-hit, SLP, uclust lineage. Its algo-116

rithm, like those of its precursor, is highly dependent on the initial order of the sequences.117

The higher in the list a sequence is, the more likely it is to become a cluster centre.118

Consequently, the initial order of the sequences will change the meaning of the cluster119

centres. In uclust and cd-hit, sequences are sorted by default by decreasing length with120

the aim of targeting fully-sequenced barcodes as cluster centres. By default, sumaclust121

orders sequences by decreasing abundances, and thus aims to target true sequences as122

cluster centers. This choice is based on the assumption that true sequences will be more123

abundant than their derived erroneous variants.124

In order to work as efficiently as possible on full-length sequences and at high sim-125

ilarity thresholds, sumaclust and sumatra compare sequences using a banded global126

alignment algorithm (Fickett, 1984), a modified version of the classical Needleman and127

Wunsch algorithm (NWS, Needleman & Wunsch, 1970). On the other hand, uclust and128

cd-hit were developed to work as fast a possible on partially-sequenced markers. They129

use semiglobal alignment algorithms adapted to partial sequences, and in order to mini-130
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mize their execution time, they use approximations in their algorithms, mainly during the131

computationally intensive alignment step, as well as lossy filters when deciding whether132

or not to align sequences. On their side, to improve efficiency, sumaclust and sumatra133

use a lossless k-mer filter to align only sequence pairs that potentially present an identity134

greater than the chosen threshold. Moreover, the filter and alignment steps are paral-135

lelised, allowing for execution times similar to heuristic approaches such as uclust while136

staying exact. This allows sumaclust and sumatra to propose exact and fast methods137

for clustering and aligning sequences that are better suited to DNA metabarcoding data138

than existing methods.139

Materials and Methods140

Measuring similarity141

Currently, DNA metabarcoding studies increasingly use full-length barcode sequences,142

and global alignment algorithms are the most adapted to compare such sequences. To143

evaluate the similarities between full-length sequences, we propose using indices based on144

the length of the Longest Common Subsequence (LCS). A subsequence G of a sequence145

S is obtained by deleting some symbols of S without changing the order of the remaining146

symbols. G is a common subsequence of the S1 and S2 sequences if G is a subsequence of147

S1 and a subsequence of S2. The LCS can be computed using a standard NWS algorithm148

with a special scoring system where matches are rewarded by one point and mismatches149

or insertions/deletions are not penalised. The resulting alignment score is the length of150

the LCS. As we are interested in highly similar sequences, this scoring system has a low151

effect on the selected optimal alignment. A good similarity indice is the length of the152

LCS divided by the length of the shortest alignment representing this LCS (SAL). This153

ratio multiplied by 100 corresponds to the identity percentage between those sequences.154
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We define two similarity measures I and Inorm, and two distances D and Dnorm:155

I = LLCS

Inorm = LLCS

SAL

D = SAL− LLCS

Dnorm = SAL−LLCS

SAL

Fast computation of the similarity156

Lossless k-mer filter.157

MOTUs correspond to clusters of highly similar sequences. Consequently, only sequence

pairs exhibiting a high similarity need to be identified to build them. To limit computa-

tion time, sumatra and sumaclust accept a similarity threshold below which pairs of

sequences are not considered. This threshold is used by a lossless filtering step that limits

the exact computation of the similarity to couples of sequences that potentially present a

similarity greater than the threshold. This filter is based on w, the number of overlapping

k-mers that two sequences must share in order to have an identity greater or equal to the

threshold. w is computed following the next formula:

w = max(Lseq1, Lseq2) + e− Lw ∗ e

With Lseq1 and Lseq2 the lengths of the sequences being compared, e the maximum number158

of differences allowed to pass the threshold and Lw the length of k-mer chosen.159

Alignment within a diagonal band.160

Similarities are computed using a NWS-like algorithm. This class of algorithm requires161

the calculation of a matrix of size Lseq1 × Lseq2. Consequently it has a quadratic com-162

plexity in time and is responsible for most of the computation time of both sumatra163

and sumaclust. When the similarity between two sequences is high, only the values164
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located in a band surrounding the diagonal of this matrix are useful to compute the align-165

ment. The width of this band is a decreasing function of the similarity. sumatra and166

sumaclust take advantage of this property by using a band limited alignment algorithm167

(Fickett, 1984), which considerably reduces computation time without compromising the168

exactness of the similarity estimation.169

Parallelization.170

There are two levels of parallelization implemented in sumaclust and sumatra. The171

filtering and alignment steps are optimized with the use of the Simple Instruction Multiple172

Data (SIMD) instruction set. The internal encoding of sequences is based on a two-bit173

code allowing for efficient SIMD implementation of the k-mer lossless filter when 4-mers174

are used. This k-mer size is congruent with an empirical estimation of the optimal k-mer175

size realized on a dataset of several million of sequences having a size ranging from 50 to176

300 bp and a similarity threshold set between 90 and 95% (data not shown). Moreover,177

sumaclust and sumatra can be run on multiple threads, allowing for simultaneous178

computation of several alignments on a multicore computer.179

Clustering algorithm180

The clustering algorithm used by sumaclust is the same greedy algorithm shared by181

uclust and cd-hit. The problem is defined as follows:182

With:183

• centre(ordered list) = the head of an ordered list184

• id(seq1, seq2) = the similarity score between the sequences seq1 and seq2185

• ratio(seq1, seq2) = the abundance ratio between the sequences seq1 and seq2186

(abundance of seq1 / abundance of seq2)187

Data:188
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• S = {S1, . . . , Sm} an ordered list of m sequences;189

• threshold ∈ R
⇤

+, the similarity threshold;190

• maximum ratio ∈ ]0 ; 1], the maximum ratio between the abundances of two se-191

quences so that the less abundant one can be clustered with the more abundant192

one.193

Problem:194

Identifying an ordered partition C = {C1, . . . , Cn} of S such that:195

∀(Ci, Sj), if Sj ∈ Ci → id(centre(Ci), Sj) ≥ threshold;

∀(Ci, Sj), if Sj ∈ Ci → ratio(Sj, centre(Ci)) ≤ maximum ratio;

∀(Ci, Cj), → id(centre(Ci), centre(Cj)) < threshold.

Algorithm: Sequences are first sorted, with the first sequence of S considered as196

the centre of the first cluster. Following the order of S and C, each sequence Sj is197

compared with each cluster Ci centre. As soon as id(centre(Ci), Sj) ≥ threshold, and198

ratio(Sj, centre(Ci)) ≤ maximum ratio, Sj is attached to Ci. Otherwise, a new cluster199

is created and added at the end of C, with Sj as its centre.200

The ratio parameter offers the possibility to set a maximum abundance ratio, above201

which two sequences can not be clustered together. The idea is that, when a sequence202

is almost as abundant as another one, it has little chance of being a variant of the more203

abundant one generated during the PCR step. The question of the value to give to204

this parameter is a complex one. We made empirical observations on datasets with two205

different markers, GH (Taberlet et al , 2007) and 12S-V5. For theGH markers, the dataset206

used is the plant dataset described later in the Materials and Methods. For the 12S-V5, 10207

datasets were used, corresponding to 10 samples of snow leopard feces. In all of those 10208

samples, there are two true sequences which are the sequences of Uncia uncia and Capra209

sibrica (its main prey) (Riaz et al , 2011). Our observations suggest that the abundance210
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ratios between erroneous sequences and the true sequences from which they derive, fit a211

beta distribution with alpha and beta parameters that can be estimated from the data.212

This estimation is, however, not implemented in the program. The maximum ratio has to213

be chosen by the user. From our observations, we would recommend a relatively low ratio.214

Indeed, we found that, for the GH marker, 1% of erroneous sequences had an abundance215

ratio greater than 2.27% with the true sequence from which they are a variant, and 1216

for 1,000 of erroneous sequences presented an abundance ratio greater than 3.48%. For217

the 12S-V5 markers, we found that 1% of erroneous sequences had an abundance ratio218

greater than 0.98%, and 1 for 1,000 greater than 10.47%. The maximum ratios observed219

were 4.76% with the GH markers, and 25.22% with the 12S-V5 markers. Therefore,220

we would suggest a maximum ratio comprised between 1% and 10% depending on how221

stringent the user wishes to be.222

Output format223

The output of sumatra follows a tabulated text file format. sumaclust’s default output224

is in fasta format. There are three annotations added in the headers of all sequences, and225

one supplementary annotation added only in the headers of sequences that are cluster226

centres. Those annotations follow a key = value; format. The three keys added in the227

headers of all sequences are cluster, cluster score and cluster center, and their values228

correspond respectively to the identifier of the centre of the sequence’s cluster, the similar-229

ity score of the sequence with this centre, and a boolean indicating whether the sequence230

is the centre of its cluster. The supplementary annotation added only in the headers of231

sequences that are cluster centres corresponds to the key cluster weight, and its value is232

the total number of sequences in the cluster of which this sequence is the centre. There is233

also a possibility to print the results in BIOM format or in OTU map (observation map)234

format, as part of sumaclust’s integration in QIIME.235
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Datasets236

Costello dataset:237

The Costello dataset (Costello et al , 2009) is constituted of 1,115,121 16S bacterial rRNA238

sequences produced by pyrosequencing. The average length of the sequences is 230bp,239

(standard deviation sd = 10.47). The dataset contains 267,104 unique sequences including240

218,152 sequences occurring just once (singletons). This dataset was used in (Edgar, 2010)241

to benchmark uclust.242

Plant dataset:243

The plant dataset is composed of 101,886 sequences of the trnL P6 loop obtained by am-244

plifying a plant DNA mix using the GH primers (Taberlet et al , 2007). The plant DNA245

mix is composed of twelve species: Lilium martagon, Triglochin palustris, Chenopodium246

bonus henricus, Anemone narcissiflora, Narcissus poeticus, Ecballium elaterium, Acer247

campestre, Luzula sudetica, Populus tremula, Potamogeton alpinus, Taraxacum officinale,248

Pinus mugo mugo.The relative genomic DNA concentrations for each one of these plants249

follows a two-fold serial dilution, respectively: 1, 1/2, 1/4, 1/8, 1/16, 1/32, 1/64, 1/128,250

1/256, 1/512, 1/1024, 1/2048. The DNA amplification was performed using a standard251

protocol with the AmpliTaq Goldr polymerase produced by LifeTechnologies (5791 Van252

Allen Way, Carlsbad, CA 92008, USA): 38 cycles composed of 30s of denaturation at253

95◦C, 30s of annealing at 50◦C, and 60s of extension at 72◦C. Sequencing was carried254

out on a MiSeq (Illumina, 5200 Illumina Way, San Diego, CA 92122 USA) sequencer,255

using a standard protocol and producing 2x100bp paired-end reads. Forward and reverse256

reads were aligned using the illuminapairedend program to generate the full-length257

barcodes. Primer sequences were trimmed using the ngsfilter program and sequences258

were dereplicated using obiuniq. These programs are parts of the OBITools package259

(http://metabarcoding.org/obitools). The average length of the sequences is 74bp (sd =260

11.78). The dataset contains 1,280 unique sequences, including 823 singletons.261

12

!""148""!



Results262

Similarity computation263

sumatra and sumaclust perform global alignments, unlike uclust and cd-hit which264

use a semiglobal alignment method, aiming to find an alignment that includes the whole265

shortest sequence. This means that uclust and cd-hit do not consider that the length266

difference between two sequences is informative. The scores computed by uclust V1.2.22267

and sumaclust on the plant dataset are very different when both programs are run with268

their respective default alignment parameters. sumaclust always performs global align-269

ments, and the default parameter is to normalize the alignment score with the alignment270

length. uclust always performs semiglobal alignment using HSPs and normalizes the271

alignment score with the length of the shortest sequence. Score differences for the same272

pairs of sequences can then be as high as 73 points (Mann-Whitney U test: p-value =273

4.124e-12 with alternative hypothesis: uclust produces lower scores). This low corre-274

lation is mostly explained by the normalization by the length of either the alignment or275

of the shortest sequence. This is demonstrated by the strong correlation between the276

score differences and the length differences between the aligned sequences (R2 = 0.927,277

p− value < 1010, Figure 2). Scores are a lot less different when sumaclust is run with278

the parameter to normalize alignment scores with the length of the shortest sequence, as279

uclust and cd-hit do, with a maximum difference of 3 points (Mann-Whitney U test:280

p-value < 2.2e-16 with alternative hypothesis: sumaclust produces lower scores).281

[Figure 2 about here.]282

Sequence order283

To illustrate the effect of the sequence order on the clustering process, sumaclust was284

run twice on the plant dataset excluding singletons (Figure 3). The similarity threshold285

was set each time to 96% of identity but two different sequence orders were used: i)286

sequences are ordered by decreasing abundance, the default order used by sumaclust,287

13

!""149""!



ii) the sequences are ordered by decreasing length, the default order used by uclust and288

cd-hit. The first order produces 50 clusters. The centres of the 12 heaviest clusters289

correspond to the true sequences of the 12 mixed plant DNAs. The length order produces290

93 clusters, only five of which have a true sequence as cluster centre. Among the seven true291

sequences not identified as cluster centres, five correspond to the five most abundant true292

sequences of the dataset. The fifth heaviest cluster does not contain any true sequence.293

The same dataset clustered by uclust combining the effects of both semiglobal alignment294

and length order, produces 45 clusters. Among them, seven clusters are centred on a true295

sequence, and a cluster centred on an erroneous sequence groups two true sequences.296

[Figure 3 about here.]297

Execution times298

Execution times were measured for the four programs sumaclust, uclust, cd-hit and299

uparseon the Costello dataset(Figure 4. When run with their respective default options,300

uclust and sumaclust present similar times for thresholds above 95%. With the same301

thresholds, cd-hit is several orders of magnitude slower than the other two programs. For302

intermediate similarity thresholds (between 85% and 95%), sumaclust performs badly.303

At those thresholds, uparse is up to almost twice faster than sumaclust, but up to304

4 times slower for thresholds above 95%. With parameters set to compute exact scores305

similarly to sumaclust, putting them on a level playing field, uclust presents very306

long execution times, up to 57 times sumaclust’s execution time at the same threshold307

(99%). When using 4 cores with sumaclust, the speedup is between x1.5 and x2, and308

the execution times are the smallest of all programs for thresholds above 95%.309

[Figure 4 about here.]310
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Discussion311

DNA sequence clustering, and thus MOTU definition, is a complex problem. It mixes,312

often in an non-explicit way, both the measure of the similarity among sequences and the313

actual identification and construction of groups of sequences. To correctly address this314

problem, it is mandatory to study those two aspects independently while keeping in mind315

the goals of building sequence clusters.316

Importance of the similarity indices317

Measuring similarity among sequences boils down to a sequence alignment problem. Se-318

quence alignment algorithms look for an alignment between sequences optimising a score319

given a model. This score can be considered as a measure of the sequence similarity.320

This means that the model, and thus the algorithm used, largely influences the similarity321

measure, which can never be considered an absolute value. In order to establish similarity322

relationships among sequences in phylogenetic studies, it is admitted that the best ap-323

proach is to realise a multiple alignment of the full sequence dataset. The computation of324

such alignments is complex, time-consuming and can only be performed using heuristics325

that deal incorrectly with sequence sets characterized by substantial length variability.326

DNA metabarcoding relies on short, highly variable markers which are therefore bad phy-327

logenetic markers. Performing sequence clustering to define MOTUs cannot be viewed as328

a phylogenetic study, but rather as a simpler classification process aimed at splitting a329

large dataset into coherent subgroups. Consequently, most of the clustering algorithms330

used for establishing MOTUs, including uclust and cd-hit, do not rely on multiple331

alignments but on simple pairwise alignments. Those are simpler to estimate and are332

more robust when computed on several millions of sequences without feasible manual333

curation.334

A broad set of algorithms exists to compute pairwise alignments. They can be cate-335

gorised based on their aim (global, semiglobal or local alignment) or on whether or not336
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they are exact or heuristic. An exact algorithm guaranties the best solution for a given337

model. Heuristic approaches represent an approximation, which usually run faster and338

provide results that are not guaranteed to be optimal.339

To perform efficiently, uclust and cd-hit estimate similarities using a semiglobal340

model and a heuristic method. The semiglobal model is interesting when barcodes are long341

and not entirely sequenced, as they used to be in many microbial studies. By definition,342

a semiglobal alignment algorithm does not penalise prefix and suffix gaps added to both343

sequences to compensate for initial length differences. If the length difference is explained344

by incomplete marker sequences, it is an appropriate approach that does not penalise for345

missing data. Moreover, this alignment class can be implemented using heuristics such as346

High-scoring Segment Pairs (HSPs) as introduced in the blast program (Altschul et al ,347

1990). uclust implements a similar algorithm to quickly estimate similarities from a348

large set of partially-sequenced barcodes.349

Increasingly, fully-sequenced barcodes are becoming the standard, due to improve-350

ments in NGS platforms and of the widespread move towards short barcodes for envi-351

ronmental studies (e.g. Hajibabaei et al , 2011; Yoccoz et al , 2012). When comparing352

full-length sequences, length differences do not correspond to missing data anymore, but353

instead to information that is critical for the classification process. This is particularly354

true for some markers such as trnL-GH (Taberlet et al , 2007), for which an impor-355

tant part of the variability is based on size polymorphism. With full-length markers,356

the semiglobal approach can only be justified by its ability to be implemented using357

heuristics. The differences among similarities computed with the exact global algorithm358

implemented in sumatra and sumaclust and the heuristic semiglobal algorithm imple-359

mented in uclust are mainly explained by sequence length polymorphisms (Figure 2).360

This shows that semiglobal alignment algorithms are not relevant for comparing full-length361

sequences. The two methods, semiglobal and global (both implemented in sumatra and362

sumaclust), are complementary, and adapted to incomplete and full-length sequences,363

respectively. It is also worth noting that even when asking sumaclust to normalize scores364
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by the length of the shortest sequence as uclust does, there are still score differences365

(up to 3 points, Mann-Whitney U test: p-value < 2.2e-16 with alternative hypothesis:366

sumaclust produces lower scores), most likely linked to the heuristics used by uclust367

to align sequences. Those differences are not as large as when different normalization368

parameters are used, but are still important enough to have a great impact on how the369

results can be interpreted. Indeed, three points of difference in the similarity score of a370

sequence pair can change, for example, whether or not those two sequences are considered371

to belong to the same taxon, or if one is considered to be an erroneous sequence deriving372

from the other.373

Clustering algorithm374

Many sequence clustering programs rely on hierarchical clustering methods to infer se-375

quence groups (e.g. Schloss et al , 2009; Sun et al , 2009). cd-hit, uclust, and sumaclust,376

in contrast, rely on another algorithm, called here “star clustering” in reference to the377

property of the clusters produced (Figure 3A). This algorithm is similar to the one im-378

plemented in the SLP program (Huse et al , 2010), which was the first to propose a pre-379

clustering of sequences to deal with PCR and sequencing errors. These different choices380

of algorithm (hierarchical vs star clustering) can be explained by the underlying purpose381

for clustering.382

If we focus on genuine genetic polymorphism, all the clustered sequences are derived383

from a common ancestor sequence, and their relationships can be described by a tree-like384

structure. Following this idea, hierarchical clustering is a simple approach to infer clusters385

reflecting the phylogenetic relationships. In that case, all sequences are true sequences,386

and there is no reason to favour one over the others as the cluster centre. On the other387

hand, if we focus on technical sequence variants to limit the impact of PCR and sequence388

errors on further analysis, the clustered sequences also derive from a common ancestor389

sequence as previously, but this time this ancestral sequence corresponds to the true390

sequence and must be the cluster centre. An obvious property attached to this centre391
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sequence is that it is more abundant than all other sequences of its cluster.392

The star clustering algorithm used by sumaclust is dependent of the initial sequence393

order. Sequences ranked at the top of the list are more prone to become cluster centres. To394

promote true sequences as cluster centres, by default sumaclust orders sequences accord-395

ing to their decreasing abundances, unlike uclust and cd-hit which prefer decreasing396

length order, to promote sequence completeness. To focus on the effect of sequence order397

on the clustering result, sumaclust was run using both its default sequence order and398

the length order. The results (Figure 3) clearly illustrate that using abundance order399

consistently leads to true sequences as cluster centres, unlike length order.400

Selecting the wrong cluster centre has several consequences. During the clustering401

process and according to the star clustering algorithm, the threshold used can be seen402

as a radius of a sphere centred on the cluster centre. If the true sequence is the cluster403

centre, this radius is directly related to the expected error rate. If an erroneous sequence404

is selected as centre, this relationship does not exist anymore. In that case, in order to405

group together the true sequence and its derived sequences, the cluster radius has to be406

artificially inflated, compromising the clustering quality. After the clustering step, the407

cluster centres often gain a special status, as they can be selected as the representative408

element of their cluster, and used for further analyses like taxonomic assignation. Using a409

wrong centre sequence during taxonomic assignation can lead to erroneous assignations.410

Whatever the order used with the plant dataset, the number of clusters built (50411

clusters with the count order) is always more important than the actual number of taxa412

involved (12 species). In this dataset, clusters corresponding to the true sequences are413

the heaviest, as expected. The remaining clusters should be removed by another filter.414

A simple approach would be to discard erroneous clusters based on their abundances. In415

that case, the problem is to correctly define the abundance threshold used to filter them416

out. It is also possible to use dedicated softwares like uchime (Edgar et al , 2011) or417

perseus (Quince et al , 2011) to identify chimeras among the cluster centres selected by418

sumaclust.419
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Speed and exactness420

Unlike uclust and cd-hit, sumaclust computes exact similarity scores between se-421

quences. Indeed, uclust uses HSPs to align sequences, moreover it may ignore sequence422

pairs that should be aligned in order to be faster. As for cd-hit, it underestimates the423

length of the band for the alignment and uses a lossy filter, leading to performance im-424

provement to the detriment of exactness. uclust proposes options to compute similarity425

scores and clusters in an exact way, but as a consequence presents execution times that426

are so long (Figure 4) that they make the program unusable on typical datasets used in427

DNA metabarcoding. sumaclust presents relatively small execution times, especially428

when clustering at high thresholds (≥ 95%) which are widely used in DNA metabarcod-429

ing. This is mainly due to the high level of parallelization implemented. Both the filtering430

and the alignment steps are optimized with the use of SIMD instructions. Moreover, both431

programs can be run on multiple threads. This enables sumaclust to remain exact while432

presenting execution times comparable with those of uclust and cd-hit.433

Conclusion434

sumaclust and sumatra combine the speed of heuristic methods with the accuracy435

of exact methods. Moreover, their characteristics make them particularly well adapted436

to DNA metabarcoding data: similarity scores are computed with a global alignment437

algorithm, thus keeping the information given by the length polymorphism of the marker,438

and sequences are clustered with an algorithm adapted to identify true and erroneous439

sequences. The source code is freely available at http://metabarcoding.org/sumatra.440
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Figure 1: Graph exhibiting the relationships between sequence variants present in a typ-
ical DNA metabarcoding PCR product. This data is issued of the analysis of fungal
communities and corresponds to the PCR amplification of the ITS1 marker. Each vertex
corresponds to a sequence variant and its surface is proportional to its abundance. An edge
is drawn between two vertices if they differ only by one substitution or insertion/deletion.
We can easily distinguish star-like shapes, which represent a central abundant sequence
linked to multiple rare sequences. Typically, these rare sequences correspond to PCR
errors.
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Figure 2: Relationship between the score differences between sumaclust and uclust

and the length differences between the aligned sequences on the plant dataset. R2 = 0.927,
p− value < 2.2e− 16.
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Figure 3: Graphs representing the results of sumaclust on the plant dataset at a thresh-
old of 96% with sequences sorted by A. abundance and B. length. The surface of each
vertex is proportional to its abundance. True sequences are in green and erroneous se-
quences are in red. Cluster centres are diamond-shaped. In A, there are 50 clusters, and
the centres of the 12 heaviest clusters correspond to the true sequences of the 12 mixed
plant DNAs. In B, there are 93 clusters, and only five of them have a true sequence as
cluster centre.
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Figure 4: Execution times were compared on the Costello dataset. With thresholds above
95%, sumaclust presents execution times similar to those of uclust, and at least twice
smaller than those of cd-hit. When using 4 cores with sumaclust, the execution times
are the smallest of all programs for thresholds above 95%. Performed on a MacBook Pro
with Intel Core i7 2,7 GHz and 8 Go RAM.
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Improving the state of the art of sequence clustering 
methods using open-source implementations 
 
Evguenia Kopylova*, Jose A. Navas-Molina*, Céline Mercier, Zhenjiang Xu, Frédéric Mahé, 

Torbjørn Rognes, J. Gregory Caporaso, Rob Knight 

Abstract 

Sequence clustering is a common early step in amplicon-based microbial community analysis, 

where raw sequencing reads are clustered into Operational Taxonomic Units (OTUs) to reduce 

runtime of subsequent analysis steps. Massive collections of next generation sequencing data call 

for fast, accurate and easily accessible bioinformatics algorithms to perform this fundamental 

task. Here we evaluate the performance of recent state of art open-source clustering software, 

namely Swarm, SUMACLUST and SortMeRNA, against the current principal options (UCLUST 

and USEARCH) in QIIME as well as USEARCH's most recent clustering algorithm UPARSE. 

All three open-source tools show promising results, reporting up to 60% fewer derived OTUs in 

comparison with UCLUST, indicating that the underlying clustering algorithm can vastly reduce 

the number of spurious OTUs. These new tools have been included in theQIIME 1.9.0 release. 

Introduction 

Current DNA sequencing technologies generate hundreds of gigabytes of data in a single run, 

and have enabled new detailed investigations into human microbiome [1,2,3] and promoted 

initiatives to characterize the Earth ecosystem’s microbiome, such as the Earth Microbiome 

Project (EMP) [4]. Analysis of microbiome datasets typically begins by clustering raw biological 

sequence reads into Operational Taxonomic Units (OTUs) based on sequence similarity, a 

process frequently referred to as OTU clustering or OTU picking. 

 

Sequencing costs are dropping faster than Moore’s law [5], increasing the need for efficient and 

accurate OTU clustering software. QIIME [6] has been using UCLUST [7] as the default 

clustering method since UCLUST’s publication (corresponding to QIIME version 1.0.0), due to 

increase in performance over other popular tools, such BLAST [8], DOTUR [9] or CD-HIT [10, 
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11, 12]. However, UCLUST and USEARCH are closed-source software (the 64-bit versions, 

which are needed to handle large datasets, require an expensive license, even for academic use) 

and have limited documentation (http://www.drive5.com/usearch/). Moreover their allegedly 

serial implementation (specifically for de novo clustering) is impractical for upcoming massive 

high-throughput sequencing data. More accurate, faster,  community accessible tools are needed 

to overcome these challenges. 

 

In the last year, three new sequence-clustering tools have become available: Swarm [13], 

SUMACLUST [14] (for de novo clustering), and SortMeRNA [15] (adapted to reference 

clustering in version 2.0). All three of these tools include open-source implementation and 

include multi-level parallelization, providing excellent alternatives to UCLUST. In this 

manuscript, we have evaluated these three new open-source tools and compared them against 

UCLUST (default) and USEARCH, two commonly used options available in QIIME, and 

UPARSE [16], the latest Robert Edgar’s amplicon analysis pipeline. 

Results 

Software description 

Swarm [13] is an unsupervised single-linkage-clustering method that reduces the impact of 

clustering parameters on the resulting OTUs by avoiding arbitrary global clustering thresholds 

and input sequence ordering dependence. Swarm builds OTUs in two steps: 1) an initial set of 

OTUs is constructed by iteratively agglomerating similar amplicons and 2) amplicon abundance 

values are used to reveal OTUs internal structures and to break them into sub-OTUs, if need be. 

 

SUMACLUST [14] is a de novo clustering algorithm based on a greedy strategy in which the 

clusters are constructed incrementally by comparing an abundance ordered list of input 

sequences against the representative set of already-chosen sequences (initially empty) [18]. A 

similar approach is also used by UCLUST and CD-HIT, but SUMACLUST has been designed to 

perform exact sequence alignment, rather than relying on fast heuristics. 

 

SortMeRNA [15] is a local sequence alignment tool, meaning it searches for optimal regions of 

similarity between two sequences. Query sequences (eg., rRNA amplicons) are searched against 
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a reference database and an E-value threshold is applied to evaluate the quality of resulting 

alignments. In SortMeRNA 2.0, the reference sequence achieving the lowest E-value when 

aligned with a query sequence is chosen as the OTU centroid for that query. In addition to 

passing the E-value threshold, the query must also have sufficient percent identity and coverage 

(both set to 97% by default). Contrary to UCLUST, the runtime of SortMeRNA is not affected 

by reducing these thresholds (ex. clustering at 60% identity). 

 

All three tools introduced above make use of vectorization (SIMD instructions) and 

multithreading (pthreads and/or OpenMP). 

 

UCLUST [7] and USEARCH (versions 5.2 and 6.1) are supported in QIIME (v1.8.0). Both tools 

can perform de novo, closed-reference and open-reference (except for USEARCH 5.2) 

clustering. In QIIME's implementation, USEARCH52 is executed via a pipeline closely 

shadowing otupipe [7,19] to cluster OTUs, and USEARCH61 performs chimera checking in an 

external script. UPARSE [16] is the latest amplicon analysis pipeline by Robert Edgar which 

applies quality filtering and length trimming to remove erroneous reads, and implements a novel 

greedy algorithm that performs OTU clustering and chimera removal at the same time. Recently, 

LotuS [17], a new OTU processing pipeline has been published employing UPARSE as the 

central OTU clustering tool. 

 

Experiment design 

Swarm 1.2.19, SUMACLUST 1.0.00 and SortMeRNA 2.0 have been integrated into QIIME 

1.9.0 and can be used through QIIME’s three different OTU picking commands [20]: 

pick_closed_reference_otus.py, pick_de_novo_otus.py and pick_open_reference_otus.py. In the 

closed-reference approach the input sequences are clustered against a reference sequence 

database. In de novo, the input sequences are grouped based on pairwise similarity amongst 

themselves. The subsampled open-reference approach [21] begins by running a closed-reference 

step followed by a de novo step that clusters the sequences failing on closed-reference. 

 

A variety of datasets were chosen to evaluate performance of these open-source OTU clustering 

approaches relative to QIIME’s UCLUST/USEARCH-based OTU clustering approaches and 
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UPARSE. These analyses were based on the 16S gene (simulated even/staggered, mock 

communities studies data set 2, data set 3, data set 6 from [22] and natural communities studies 

[24] (soil) and [25] (body sites)) and 18S gene (nematode mock community [26] and soil study 

[27]). 

 

Performance 

All tools were run with default parameters and input FASTA files were generated using QIIME’s 

demultiplexing and quality filtering workflow. UPARSE was run using the recommended 

settings with truncation lengths 150bp or 250bp and quality score cutoff 16 (labeled as 

UPARSE_q16) and additionally with quality score cutoff 3 (default in QIIME based on the 

results of [22], labeled as UPARSE_q3). Taxonomy for reported OTUs was assigned using the 

RDP Classifier [23] against the 97% representative databases for Greengenes [28] (version 13.8) 

and Silva [29] (version 111) for all methods. Performance was evaluated using a variety of 

metrics including accuracy of OTU and taxonomic assignments, alpha diversity (within-sample 

diversity), beta diversity (between-sample diversity) and taxonomic correlation. All tools showed 

increased precision after the removal of singleton OTUs (OTUs consisting of only one read), 

therefore all results presented henceforth are with singleton OTUs filtered out. 

 

Expected community composition: sensitivity and specificity 

Simulated data 

Two simulated datasets (even/staggered) were generated as FASTQ files. The even dataset 

represents a community of 1076 species, randomly subsampled from the Greengenes 97% 

database and amplified at the same depth and length (150 bp) using PrimerProspector [30] (for 

slicing out the V4 region) and the ART simulator [31]. The staggered dataset represents 1062 

species (proper subset of the 1076 species used for the even dataset) but amplified at different 

species abundance levels. 

 

For de novo, most tools report an F-measure between 0.82-0.84 (even dataset) and 0.76-0.78 

(staggered dataset) at the Genus level (see Supplementary Table 6 and 8). For the staggered 

dataset, UPARSE_q16 reports the lowest F-measure of 0.71 as a result of stringent read filtering 

which removed nearly 95% of the reads prior to clustering. UPARSE_q3 removed roughly 4% of 

the reads and reported improved results on par with Swarm, SUMACLUST, UCLUST and 
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USEARCH61. All tools except UPARSE_q16 report a similar number of OTUs reflecting the 

ground-truth, as well as comparable alpha diversity Phylogenetic Diversity (PD) Whole Tree 

metric [32] values (mean 158.032 with standard deviation 1.12, see Supplementary Table 9). 

 

Among the closed-reference OTU clustering methods, SortMeRNA yields the fewest number of 

OTUs while achieving the highest recall, and reports a phylogenetic diversity (122.75) closest to 

the ground-truth (123.75) in comparison to UCLUST (127.69), USEARCH52 (115.37) and 

USEARCH61 (129.19). This is a result of SortMeRNA’s more exhaustive search for better 

alignments, which can increase runtime but becomes imperative when aligning short reads 

against a highly conservative set of sequences such as rRNA. The complete Greengenes database 

contains over a million rRNAs and almost 73% of all full length V4 regions (~250 nucleotides) 

are not unique. This emphasizes the highly conservative nature of rRNA, even for this 

hypervariable region, and suggests the use of thorough searches to ensure higher quality 

alignments (especially for read lengths that do not cover the entire region). At the genus 

taxonomy level, all tools report an F-measure between 0.80-0.83 (even dataset) and 0.76-0.78 

(staggered dataset) which can be attributed to the many-to-one relationship between OTUs and 

taxonomy strings for the Greengenes 97% database. 

 

For open-reference, QIIME’s subsampling pipeline combining SortMeRNA and SUMACLUST 

reports the fewest number of OTUs in comparison to UCLUST and USEARCH61. The F-

measure is 0.82-0.83 (even dataset) and 0.78-0.79 (staggered dataset) for all tools, which is in 

agreement with de novo and closed-reference results. 

 

Mock communities 

Four mock communities were analyzed based on bacterial (16S) and nematode (18S) 

communities. Results for UPARSE_q3 and/or UPARSE_q16 are unavailable for data sets 2 and 

3 due to failed memory allocation (the free version of UPARSE is 32-bit, 4GB of memory). All 

other methods were compared against the expected taxonomic composition for each study. 

 

For de novo, USEARCH52, UPARSE_q3 and UPARSE_q16 report the lowest number of OTUs, 

at times the lowest number of expected taxa and the highest F-measure (see Supplementary 
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Tables 10, 12, 14 and 17). Since the F-measure is computed using true positive taxonomies based 

on the expected composition, possible contamination species (false positives) are unaccounted 

for. To investigate the origins of false positive taxonomies reported by the tools, we checked all 

OTUs for chimeras (using UCHIME [19]) and mapped the non-chimeric OTUs against BLAST’s 

NT database (using MEGABLAST). Most of the false positive taxa did not wholly comprise of 

chimeric OTUs and the majority of non-chimeric formed taxa consisted of OTUs mapping with 

an E-value < 1e-50 to BLAST’s NT database (eg., in Table 10 there are 57 false positive taxa 

reported by SUMACLUST, but only 4 of those taxa are fully comprised of chimeric OTUs (FP-

chimeric) and 99% of OTUs representing the remaining 53 non-chimeric taxa mapped with high 

similarity to BLAST’s NT database). Not surprisingly, all false positive taxa whose OTUs 

mapped with <97% similarity (FP-other) are less abundant than the taxa whose OTUs map with 

>=97% similarity (FP-known), and significantly less abundant than true positive taxa (see 

Supplementary Figures 2, 5, 7 and 9). In fact, false positive taxonomies (especially FP-other and 

FP-chimeric) comprise of few and low-abundant OTUs which can be analyzed and filtered out if 

necessary after clustering. Since UPARSE filters out a large fraction of presumably erroneous 

reads (even prior to chimera checking) it can detect the most abundant species (same as other 

tools) but also potentially overlooks low abundance species. For data sets 2 and 3, the top 20 

most abundant genera follow a similar relative abundance distribution for all de novo tools (see 

Supplementary Figures 3 and 6) and this is a direct reflection of hundreds of thousands of reads 

representing each expected genera for this dataset. However, for the much smaller data set 6, 

UPARSE_q16 reports only half of the expected genera as all other tools and the relative 

abundance of some of the genera significantly decreases (see Figure 8 in the suppl. Material). 

Both Swarm and SUMACLUST report significantly fewer OTUs than UCLUST and 

USEARCH61, as well as a lower alpha diversity (see Supplementary Figures 1, 4 and Tables 15 

and 18). 

 

For closed-reference, SortMeRNA reports up to 60% fewer OTUs and a PD of about half that of 

UCLUST and USEARCH61 (see Supplementary Tables 10, 12, 14 and Figures 1 and 4). On the 

genus taxonomy level, USEARCH52 reports a high F-measure (due to a lower number of false 

positive genera) but unlike all other tools, the majority of false positive genera are composed of 

reads mapping with <=97% id and coverage to BLAST’s NT database (FP-other). In fact, all 
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other tools filter out a large portion of these false positive reads due to insufficient identity 

matches to the reference database. The difference appears to be caused by USEARCH52’s 

identity definition (does not consider insertions or deletions) which scores alignments higher 

than other tools. SortMeRNA generates similar taxonomic profiles as other tools (see 

Supplementary Figures 3, 6, 8 and 10). The only large variation appears in Figure 6 (data set 3) 

where the single most abundant taxa appears to be different for SortMeRNA, USEARCH52 and 

SortMeRNA_SUMACLUST vs. all other tools. This variation is caused by RDP assigning 

taxonomy up to the Class level for the former tools (k__Bacteria;p__Firmicutes;c__Bacilli) and 

up to the Genus level 

(k__Bacteria;p__Firmicutes;c__Bacilli;o__Bacillales;f__Staphylococcaceae;g__Staphylococcus) 

for the latter tools, although the sequences representing these two OTUs differ by only 3 

nucleotide mutations. This appears to be a special case in the RDP algorithm where taxonomy 

could not be assigned, as the remaining assignments are in agreement. 

 

For open-reference, SortMeRNA combined with SUMACLUST reports fewer OTUs than 

UCLUST and USEARCH61 while preserving high accuracy and lower alpha diversity for both 

number of observed OTUs and phylogenetic diversity. 

 

Natural microbial communities 

Three natural communities were analyzed, 16S studies [24] (Canadian soil) and [25] (Costello 

whole-body sites), and 18S study [27] (soil from 57 global sites). Results for UPARSE_q3 

and/or UPARSE_q16 are unavailable for study [27] due to memory limitations in the 32-bit 

version of UPARSE. 

 

In contrast to mock communities where the Pearson correlation coefficient for comparisons 

between all tools remains relatively stable from ~0.99 (study 1685), to 0.97-1 (data set 3) to 

0.92-0.99 (data set 6), for natural communities it is much more variable, 0.70-0.94 for study [24], 

0.28-0.99 for study [25] and 0.19-0.98 for study [27], highlighting differences between all 

clustering algorithms in a complex environment not immediately visible in neither simulated nor 

mock communities. These ranges do not take into account outliers which were caused by an 

inconsistency with RDP assignments for the most abundant taxa (data set 3) and stringent 
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filtering of reads by UPARSE_q16 (data set 3, about 95% of the original reads filtered). As 

expected, the highest correlation exists for studies with the longest reads and the most number of 

reads per sample, illustrating that clustering results converge to the same conclusions with 

longer, higher-quality reads and deep sequencing. 

 

As in the mock community results, both SUMACLUST and Swarm report fewer OTUs than 

UCLUST and USEARCH61. Procrustes analysis [37] was used to compare unweighted UniFrac 

[33] Principal Coordinates Analysis (PCoA) [34] plots (visualized with Emperor [35]) generated 

by all methods vs. UCLUST (the current default picker in QIIME). Figures 12-14 and 17-19 

illustrate the same beta diversity patterns irrespective of OTU-picking method used (eg., for 

study 632, M^2 values of 0.044-0.054,  0.042-0.62 and 0.03-0.06 for de novo, closed-reference 

and open-reference, respectively). Neither recommended nor relaxed quality filtering parameters 

for UPARSE worked well for study [25] (454 data) where a very large portion of reads was 

filtered out resulting in very few remaining samples and near-empty beta diversity plots (see 

Figures 16 and 17). Although read quality filtering is an important preprocessing step, more 

work is required to regulate these parameters (perhaps an automated estimation of optimal 

truncation length and quality) as they can be very sensitive to different types of data.  

Discussion      

We evaluated the performance of three recently published open-source sequence clustering tools 

against the widely used UCLUST and USEARCH tools. We used simulated data, mock 

communities and natural microbial communities and found that Swarm, SUMACLUST, 

UCLUST and UPARSE (using relaxed parameters) performed equally well on simulated datasets 

where the ground-truth was well established. However, despite this controlled chimera-free 

environment, UPARSE (using recommended parameters) reported the lowest accuracy for the 

staggered dataset implicating that stringent quality filtering can lead to a significant 

underestimation of diversity. For the mock communities, most tools were correctly able to detect 

the expected number and identity of genera while only UPARSE reported significantly fewer 

false positive taxa. However, this is expected as a large portion of reads were filtered prior to 

clustering leaving evidence of only the most abundant taxa (OTUs comprised of hundreds of 

thousands of reads). The majority of false positive taxa reported by other tools were low-
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abundant OTUs which could be mapped to BLAST's NT database with very high similarity (E-

value < 1e-50). If the user's goal is primarily to focus on the most abundant microbial profiles, 

low abundant OTUs may be filtered out post clustering, but care should be taken as low 

abundance OTUs can be important members of communities [38]. 

 

Several of the studies could not be processed with the free academic distribution of UPARSE 

due to their large sizes. It thus becomes necessary to purchase the 64-bit license in order to 

process large projects(eg., [36] which contained 500GB of raw sequence data generated on 17 

HiSeq lanes) or use open-source alternatives. QIIME's current open-source, open-reference 

pipeline (based on SortMeRNA and SUMACLUST) was able to process this quantity of data 

within 24 hours (using 64 cores on Intel(R) Xeon(R) CPU E5-4620 v2 @ 2.60GHz) to 3 days 

(using 64 cores on AMD Opteron(TM) Processor 6276). 

 

Regarding runtime performance, most open-source tools report an increased runtime 

in comparison to UCLUST and USEARCH (see Supplementary Figures 26-27), however this is 

to the benefit of finding significantly fewer number of OTUs. In the case of SortMeRNA, longer 

reads (~150bp)  are quicker to align than the same number of shorter reads (~100bp) due to many 

fewer high scoring candidate reference sequences to analyze. Moreover, all of these tools support 

multi-level multi-threading and can easily scale to modern big data processing demands. An 

alternative to reducing runtime is to filter out a substantial number of reads, as done by 

UPARSE, however filtering parameters are sensitive to different data and choosing them 

manually by trial and error can be time consuming with unpredictable outcomes in diversity. 

 

The three open source OTU clustering tools benchmarked here are now accessible through the 

widely used QIIME software package (release 1.9.0). Ongoing work to improve QIIME’s OTU 

clustering workflows that use these tools will include a targeted gene pre-filter for de novo 

clustering to remove any sequences (prior to clustering) not matching to a specific gene model 

(ex. 16S). Furthermore, research is in progress to introduce an open-source implementation of 

chimera detection directly within QIIME. Both of these improvements will further reduce the 

number of unrelated or erroneous reads recruited into OTUs, a known problem with both 

UCLUST/USEARCH based OTU clustering illustrated here, without underestimating diversity. 
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Methods 

All steps taken to generate the analyses presented in this manuscript are documented and 

implemented as shell or python scripts available at https://github.com/ekopylova/OTU-

clustering. 

 

Performance benchmarks 

All open-source tools presented in this paper, Swarm, SUMACLUST and SortMeRNA, have 

been integrated into QIIME 1.9.0. All benchmarks were launched through QIIME except for 

UPARSE, where the recommended set of commands 

(http://www.drive5.com/usearch/manual/uparse_cmds.html) were taken. The shell scripts 

commands_16S.sh and commands_18S.sh were used to launch all tools and the open-source 

project (https://github.com/josenavas/QIIME-Scaling) was used for measuring their runtime 

performance. 

 

Precision and recall 

For simulated and mock datasets, we can compute the false positive (FP, taxonomy/OTU string 

exists in observed but not expected), false negative (FN, taxonomy/OTU string exists in expected 

but not observed) and true positive (TP, taxonomy/OTU string exists in both observed and 

expected) measures between the pickers' results (observed) and the ground-truth or expected 

taxonomic composition (expected).  

● precision = TP/(TP+FP) 

● recall = TP/(TP+FN) 

● F-measure = 2*precision*recall/(precision + recall) 

The python script run_compute_precision_recall.py was used to compute TP, FP, FN, precision, 

recall, F-measure, the number of false positive taxa whose complete set of OTUs are identified 

as chimeric (FP-chimeric) by UCHIME, the number of false positive taxa whose complete set of 

OTUs map with >=97% id and coverage to BLAST's NT database (FP-known) and lastly, the 

number of false positive taxa whose complete set of OTUs map with <97% id and coverage to 

BLAST's NT database (FP-other). The script plot_tp_fp_distribution.py was used to generate 

Figures 2, 5, 7 and 9. 
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Simulating reads (even and staggered) 

All of the following steps can be executed using the shell script simulate_reads.sh. 

Reads were simulated using PrimerProspector [30] and the ART simulator [31]. For the even 

dataset, 

1. Apply PrimerProspector to extract V4 regions from the Greengenes 97% representative 

database (version 13.8) 

2. Subsample 0.011% of the sequences from the resulting V4 region database 

3. Simulate even abundance reads with ART simulator using the subsampled V4 sequences 
 

Amplicon sequencing simulation in ART (version VanillaIceCream-03-11-2014) 

can only generate evenly distributed communities. To simulate a staggered dataset, a staggered 

distribution of template sequences must be passed (for example, 3 duplicates of OTU1, 10 

duplicates of OTU2 ..). The following steps were taken for simulating the staggered dataset, 

1. Using the list of OTU ids from the even dataset and the V4 subsampled sequences, 

generate a random staggered distribution FASTA file of template V4 sequences 

2. Simulate staggered abundance reads with ART using the staggered subsampled V4 

sequences 

For both even and staggered reads, QIIME’s split_libraries_fastq.py script was run to filter 

simulated reads based on quality scores and format FASTA labels to be compatible with QIIME 

(reads for UPARSE were not filtered, only FASTA labels reformatted). 

 

Building ground-truth BIOM tables 

Ground-truth OTU maps and BIOM tables were constructed using the same simulate_reads.sh 

script as for simulating reads. OTU maps were generated using the read’s origin information 

stored in the FASTA labels of ART’s simulated reads. BIOM tables were generated using 

QIIME’s make_otu_table.py script together with Greengenes 97% taxonomy strings. 

 

Construction of Silva 97% representative OTUs tree 

A tree for Silva 111 is not available (only exists for eukaryotes), we used QIIME's 

filter_alignment.py and make_phylogeny.py scripts to build a tree: 
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filter_alignment.py -i Silva_111_post/rep_set_aligned/97_Silva_111_rep_set.fasta 

-e 0.0005 -g 0.80 -o Silva_111_post/trees 

 

make_phylogeny.py -i Silva_111_post/trees/97_Silva_111_rep_set_pfiltered.fasta 

 -o Silva_111_post/trees/97_Silva_111_rep_set_pfiltered.tre 

 

Calculating alpha diversity, beta diversity and taxonomic correlation 

Customs scripts iterating over all benchmarking results were used to launch QIIME’s alpha and 

beta diversity analysis. The script run_single_rarefaction_and_plot.py was used to compute and 

plot alpha diversity in Figures 1, 4, 11, 16 and 21. The script 

run_beta_diversity_and_procrustes.py was used to compute beta diversity and plot Procrustes 

analysis in Figures 12-14, 17-19 and 22-24.  

 

Suggested Tables/Figures for the paper: 

Table 8 (staggered simulated data), Tables 14/15 and Figure 8 (mock community 1688 where all 

tools have results), Figures 11/12 (natural soil community 632 where all tools have results). 
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Table 6: Precision and recall using taxonomies at Genus level (L6) and at OTU
level (closed-reference only), simulated even dataset: 1076 OTUs (501 genera),
107600 total reads of length 150bp

software
OTUs -

singletons
Precision Recall F-measure TP FP FN

de novo
uparse q3 1013 0.82 0.86 0.84 434 94 67
usearch61 1049 0.81 0.86 0.84 435 97 66
swarm 1042 0.81 0.86 0.83 431 99 70
uparse q16 972 0.82 0.85 0.83 426 92 75
uclust 1045 0.81 0.86 0.83 431 100 70
sumaclust 1031 0.8 0.85 0.83 430 103 71
usearch52 1035 0.8 0.84 0.82 425 102 76
closed-reference (Genus)
usearch61 1275 0.8 0.86 0.83 435 106 66
uclust 1238 0.8 0.86 0.83 431 106 70
sortmerna 1072 0.8 0.84 0.82 424 104 77
usearch52 1001 0.79 0.8 0.8 402 102 99
closed-reference (OTUs)
sortmerna 1072 0.8 0.8 0.8 864 208 212
usearch52 1001 0.65 0.75 0.7 810 428 266
uclust 1238 0.64 0.76 0.69 818 457 258
usearch61 1275 0.71 0.66 0.68 716 285 360
open-reference
uclust 1262 0.8 0.86 0.83 432 102 69
sortmerna sumaclust 1072 0.8 0.84 0.82 423 100 78
usearch61 1304 0.8 0.85 0.83 430 105 71

Table 7: α-diversity (simulated even dataset)

software PD whole tree observed otus shannon

ground-truth 123.75282 1076 10.07146236
de novo
usearch61 104.85227 1049 9.976048623
uclust 105.36805 1045 9.974654243
swarm 101.50327 1042 10.00879093
usearch52 106.09217 1035 9.990502938
sumaclust 104.06473 1031 9.944934478
uparse q3 104.01848 1013 9.953640863
uparse q16 100.74284 972 9.782351844
closed-reference
usearch61 129.19242 1275 10.07284128
uclust 127.59492 1238 10.06076734
sortmerna 122.75297 1072 10.03964171
usearch52 115.37504 1001 9.949871639
open-reference
usearch61 106.041 1295 10.08348291
uclust 106.12093 1255 10.06450969
sortmerna sumaclust 104.77464 1064 10.02863888

9
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Table 8: Precision and recall using taxonomies at Genus level (L6) and at OTU
level (closed-reference only), simulated staggered dataset: 1062 OTUs (498
genera), 105572 total reads of length 150bp

software
OTUs -

singletons
Precision Recall F-measure TP FP FN

de novo
sumaclust 1027 0.77 0.8 0.78 400 118 97
uclust 1041 0.77 0.8 0.78 398 115 99
usearch61 1027 0.76 0.8 0.78 401 121 96
swarm 1038 0.76 0.8 0.78 397 120 100
uparse q3 993 0.77 0.79 0.78 394 117 103
usearch52 1023 0.76 0.76 0.76 382 121 115
uparse q16 788 0.76 0.67 0.71 333 105 164
closed-reference (Genus)
usearch61 1176 0.77 0.8 0.78 402 120 95
uclust 1153 0.75 0.8 0.77 398 131 99
sortmerna 1103 0.75 0.77 0.76 384 123 113
usearch52 1030 0.76 0.76 0.76 381 119 116
closed-reference (OTUs)
sortmerna 1103 0.86 0.9 0.88 958 145 104
usearch52 1030 0.86 0.84 0.85 895 135 167
usearch61 1176 0.78 0.86 0.82 919 257 143
uclust 1153 0.77 0.84 0.8 894 259 168
open-reference
usearch61 1178 0.77 0.8 0.78 401 120 96
uclust 1176 0.76 0.8 0.78 398 122 99
sortmerna sumaclust 1103 0.76 0.77 0.77 383 115 114

Table 9: α-diversity (simulated staggered dataset)

software PD whole tree observed otus shannon

ground-truth 122.50426 1062 9.778133582
de novo
uclust 159.55113 1041 9.750244508
swarm 156.85338 1038 9.754149605
usearch61 158.18053 1027 9.717218676
sumaclust 159.02125 1027 9.731480852
usearch52 157.79452 1023 9.746541979
uparse q3 156.79665 993 9.687563267
uparse q16 125.58291 788 9.423778694
closed-reference
usearch61 126.19859 1176 9.792050003
uclust 125.79698 1153 9.799208829
sortmerna 123.87558 1103 9.786084258
usearch52 119.42255 1030 9.761629845
open-reference
usearch61 162.13681 1166 9.777732847
uclust 163.02145 1162 9.788309198
sortmerna sumaclust 160.79328 1090 9.769369895

10
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Table 10: Precision and recall for taxonomies at the Genus level for data set 2

software
OTUs -

singletons
P R F-measure TP FN FP

FP

chimeric

FP

known

FP

other

de novo
usearch52 1522 0.34 1 0.5 18 0 35 5 13 17
swarm 7084 0.32 1 0.48 18 0 38 7 22 9
uclust 20084 0.25 1 0.4 18 0 53 4 15 34
usearch61 22987 0.24 1 0.39 18 0 56 4 18 34
sumaclust 9575 0.24 1 0.38 18 0 57 4 15 38
closed-reference
usearch52 571 0.37 1 0.54 18 0 30 3 13 14
sortmerna 396 0.36 1 0.53 18 0 31 4 26 1
uclust 1053 0.36 1 0.53 18 0 32 6 26 0
usearch61 1027 0.36 1 0.53 18 0 32 4 28 0
open-reference
uclust 10169 0.25 1 0.4 18 0 52 4 19 29
usearch61 9414 0.25 1 0.4 18 0 53 4 18 31
sortmerna sumaclust 9272 0.24 1 0.39 18 0 55 5 16 34

11

!""1
8
5
""!









Table 12: Precision and recall for taxonomies at the Genus level for data set 3

software
OTUs -

singletons
P R F-measure TP FN FP

FP

chimeric

FP

known

FP

other

de novo
uparse q16 57 0.68 0.94 0.79 17 1 8 0 5 3
usearch52 2602 0.38 1 0.55 18 0 29 0 7 22
swarm 6349 0.33 1 0.5 18 0 36 1 13 22
sumaclust 13982 0.26 1 0.41 18 0 50 0 13 37
usearch61 24704 0.26 1 0.41 18 0 51 0 14 37
uclust 21929 0.25 1 0.4 18 0 54 0 11 43
closed-reference
usearch52 331 0.47 1 0.64 18 0 20 1 6 13
sortmerna 290 0.43 1 0.61 18 0 23 1 22 0
usearch61 614 0.43 0.94 0.59 17 1 22 0 21 1
uclust 557 0.41 0.94 0.57 17 1 24 0 23 1
open-reference
uclust 4170 0.26 1 0.42 18 0 49 0 11 38
sortmerna sumaclust 2649 0.26 1 0.41 18 0 51 1 13 37
usearch61 3966 0.26 1 0.41 18 0 51 1 14 36

16
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Table 14: Precision and recall for taxonomies at the Genus level for data set 6

software
OTUs -

singletons
P R F-measure TP FN FP

FP

chimeric

FP

known

FP

other

de novo
uparse q3 199 0.48 0.75 0.59 18 6 19 0 10 9
usearch52 798 0.43 0.79 0.55 19 5 25 0 10 15
swarm 1223 0.4 0.83 0.54 20 4 29 3 8 18
sumaclust 3317 0.38 0.83 0.52 20 4 32 0 9 23
uclust 4397 0.38 0.83 0.52 20 4 32 0 6 26
usearch61 4635 0.37 0.83 0.51 20 4 33 1 7 25
uparse q16 31 0.5 0.41 0.45 10 14 10 0 10 0
closed-reference
usearch61 631 0.51 0.75 0.61 18 6 17 0 17 0
uclust 547 0.5 0.75 0.6 18 6 18 0 18 0
usearch52 315 0.48 0.75 0.59 18 6 19 2 11 6
sortmerna 382 0.48 0.7 0.57 17 7 18 0 18 0
open-reference
usearch61 3425 0.39 0.83 0.53 20 4 31 0 9 22
sortmerna sumaclust 2729 0.37 0.83 0.51 20 4 33 0 8 25
uclust 4109 0.35 0.79 0.48 19 5 35 0 8 27

Table 15: α-diversity, data set 6

software PD whole tree observed otus shannon

de novo
usearch61 123.03775 4635.0 6.28351632449
uclust 105.3658 4397.0 5.87637860624
sumaclust 90.80268 3317.0 5.48200973608
swarm 39.40501 1223.0 5.03201538787
usearch 22.85569 798.0 6.33583027605
uparse q3 9.22281 199.0 5.52133286095
uparse q16 3.5276 31.0 3.7141995028
closed-reference
usearch61 26.02346 631.0 5.4504686323
uclust 25.02825 547.0 5.51833236716
sortmerna 19.47311 382.0 5.24146268608
usearch 18.24207 315.0 5.71117142769
open-reference
uclust 93.67129 3421.0 6.33111959846
usearch61 80.88955 3326.0 6.25527522964
sortmerna sumaclust 88.56399 2727.0 5.91597428049

21
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Table 17: Precision and recall for taxonomies at the Family level for mock

nematodes

software
OTUs -

singletons
P R F-measure TP FN FP

FP

chimeric

FP

known

FP

other

de novo
uparse q3 29 0.6 0.75 0.66 9 3 6 0 4 2
usearch61 485 0.45 0.83 0.58 10 2 12 2 1 9
usearch52 148 0.47 0.75 0.58 9 3 10 0 2 8
swarm 408 0.45 0.75 0.56 9 3 11 1 3 7
sumaclust 243 0.4 0.66 0.5 8 4 12 2 3 7
uclust 365 0.4 0.66 0.5 8 4 12 2 2 8
closed-reference
sortmerna 70 0.56 0.75 0.64 9 3 7 0 6 1
uclust 72 0.56 0.75 0.64 9 3 7 0 5 2
usearch61 70 0.53 0.66 0.59 8 4 7 0 5 2
usearch52 50 0.5 0.66 0.57 8 4 8 0 1 7
open-reference
sortmerna sumaclust 275 0.47 0.75 0.58 9 3 10 1 2 7
usearch61 328 0.47 0.75 0.58 9 3 10 0 2 8
uclust 319 0.42 0.75 0.54 9 3 12 1 2 9

Table 18: α-diversity, mock nematodes

software PD whole tree observed otus shannon

de novo
usearch61 28.96565 485.0 6.35508859848
swarm 18.56307 408.0 6.05618987759
uclust 22.23872 365.0 5.58927978466
sumaclust 17.82375 243.0 4.75818306799
usearch 8.85975 148.0 5.57745312224
uparse q3 2.74963 29.0 3.83392657952
closed-reference
uclust 9.94919 72.0 4.29047947748
sortmerna 9.56624 70.0 4.19869672408
usearch61 10.02626 70.0 4.03185875582
usearch 7.90904 50.0 4.0687834209
open-reference
usearch61 19.45703 328.0 5.68806922291
uclust 20.45621 319.0 5.7470649272
sortmerna sumaclust 18.69334 275.0 5.64794416046
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"!Annexes!"!

III. OBITOOLS:# a# UnixKinspired# software# package# for#
DNA#metabarcoding#
!

Frédéric!Boyer,!Céline!Mercier,!Aurélie!Bonin,!Pierre!Taberlet,!et!Eric!Coissac.!

!

1. Résumé#
 

Le! metabarcoding! ADN! ouvre! de! nouvelles! perspectives! pour! les! études! de!

biodiversité.! Cette! approche! récemment! développée! pour! l’étude! des! ecosystèmes!

repose! de! manière! très! importante! sur! l’utilisation! des! techonologies! de! séquençage!

haut"débit!(NGS,!Next*Generation*Sequencing),!et!nécessite!par!conséquent!la!capacité!de!

traiter!des!volumes!de!données!très!importants.!La!suite!logicielle!des!OBITOOLS!satisfait!

ce!besoin!grâce!à!une!série!de!programmes!spécifiquement!développés!pour!l’analyse!de!

données! NGS! dans! le! contexte! d’études! de! metabarcoding! ADN.! Leur! capacité! à!

manipuler! et! modifier! les! séquences! en! prenant! en! compte! leurs! annotations!

taxinomiques!permet!de!mettre!en!place!des!protocoles!d’analyse!faits!sur!mesure!pour!

une!large!gamme!d’applications!du!metabarcoding!ADN,!parmi!lesquelles!les!études!de!

biodiversité! ou! encore! les! analyses! de! régime! alimentaire.! La! suite! logicielle! des!
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Abstract

DNA metabarcoding offers new perspectives in biodiversity research. This recently developed approach to ecosys-

tem study relies heavily on the use of next-generation sequencing (NGS) and thus calls upon the ability to deal with

huge sequence data sets. The OBITOOLS package satisfies this requirement thanks to a set of programs specifically

designed for analysing NGS data in a DNA metabarcoding context. Their capacity to filter and edit sequences while

taking into account taxonomic annotation helps to set up tailor-made analysis pipelines for a broad range of DNA

metabarcoding applications, including biodiversity surveys or diet analyses. The OBITOOLS package is distributed as

an open source software available on the following website: http://metabarcoding.org/obitools. A Galaxy wrapper is

available on the GenOuest core facility toolshed: http://toolshed.genouest.org.
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Introduction

DNA metabarcoding is an emerging approach for biodi-

versity studies (Taberlet et al. 2012). Originally mainly

developed by microbiologists (e.g. Sogin et al. 2006), it is

now widely used for plants (e.g. Sønstebø et al. 2010;

Parducci et al. 2012; Yoccoz et al. 2012) and animals from

meiofauna (e.g. Chariton et al. 2010; Baldwin et al. 2013)

to larger organisms (e.g. Andersen et al. 2012; Thomsen

et al. 2012). Interestingly, this method is not limited to

sensu stricto biodiversity surveys, but it can also be

implemented in other ecological contexts such as for her-

bivore (e.g. Valentini et al. 2009; Kowalczyk et al. 2011)

or carnivore (e.g. Deagle et al. 2009; Shehzad et al. 2012)

diet analyses.

Whatever the biological question under consideration,

the DNA metabarcoding methodology relies heavily on

next-generation sequencing (NGS) and generates consid-

erable numbers of DNA sequence reads (typically million

of reads). Manipulation of such large data sets requires

dedicated programs usually running on a Unix system.

Since its early stages, UNIX is an operating system ded-

icated to scientific computing that includes a large set of

simple tools to efficiently process text files. Most of those

programs can be viewed as filters extracting information

from a text file to create a new text file. These programs

process text files as streams, line per line, therefore

allowing computation on a huge data set without requir-

ing a large memory. UNIX programs usually print their

results to their standard output (stdout). The main phi-

losophy of the UNIX environment is to allow easy redirec-

tion of the stdout either to a file, for saving the results, or

to the standard input (stdin) of a second program, thus

allowing to easily create complex processing from simple

base commands. Access to UNIX computers is increasingly

easier for scientists nowadays as LINUX, an open source

version of UNIX, can be freely installed on every PC

machine, and the MACOSX operating system, running on

Apple computers, is also a UNIX system.

The OBITOOLS programs imitate UNIX standard pro-

grams because they usually act as filters, reading their

data from text files or the stdin and writing their results

to the stdout. The main difference with classical UNIX pro-

grams is that text files are not analysed line per line but

sequence record per sequence record (see below for a

detailed description of a sequence record).

Compared to packages for similar purposes like

MOTHUR (Schloss et al. 2009) or QIIME (Caporaso et al.

2010), OBITOOLS mainly relies on filtering and sorting algo-

rithms. This allows users to set up versatile data analysis

pipelines (Fig. 1), adjustable to the broad range of DNA
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metabarcoding applications. The innovation of the OBI-

TOOLS is their ability to take into account the taxonomic

annotations, ultimately allowing sorting and filtering of

sequence records based on the taxonomy. The OBITOOLS

have already been used in many published studies (e.g.

Ficetola et al. 2010; Kowalczyk et al. 2011; Yoccoz et al.

2012; Bellemain et al. 2013), demonstrating their useful-

ness for various applications related to metabarcoding.

The purpose of this study was to provide a full overview

of their functionalities. The OBITOOLS package is freely

available on the following website: http://metabarcod

ing.org/obitools.

Basic concepts of OBITOOLS

Once installed, the OBITOOLS enrich the UNIX command line

interface with a set of new commands dedicated to NGS

data processing. Most of them have a name starting with

the obi prefix. They automatically recognize the input

file format amongst most of the standard sequence file

formats (i.e. FASTA, FASTQ, EMBL and GENBANK formats).

Nevertheless, options are available to enforce some for-

mat specificity such as the encoding system used in FASTQ

files for quality codes. Most of the basic UNIX commands

have their OBITOOLS equivalent (e.g. obihead vs. head,

obitail vs. tail, obigrep vs. grep), which is convenient for

fastq

Forward
reads

fastq

Reverse
reads

Taxonomic

database

fasta

Reference
sequences Inputs

Micro-assembly of paired-end reads

CSV

Samples
Description

fasta

Annotated
sequences Outputs

tee

Assignation of reads to samples

Filtering of erroneous sequences

(e.g. too short or too long sequences)

Dereplication of sequences

Filtering of singleton sequences 

Taxonomic assignation

Conversion to table

Redirecting stdout to both file and stdin

(Unix tee command)

Illuminapairedend

ngsfilter

Obigrep
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Obiclean

Ecotag
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Obiannotate Adding sequence length as a new attribute

CSV

Annotated
sequences

NCBI
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Filtering of putative PCR/sequencing  errors
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Fig. 1 Pipeline example for a standard biodiversity survey.
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scientists familiar with UNIX. The main difference

between any standard UNIX command and its OBITOOLS

counterpart is that the treatment unit is no longer the text

line but the sequence record. As a sequence record is

more complex than a single text line, the OBITOOLS pro-

grams have many supplementary options compared to

their UNIX equivalents.

The structure of a sequence record

OBITOOLS commands consider a sequence record as an

entity composed of five distinct elements. Two of them

are mandatory, the identifier (id) and the DNA or pro-

tein sequence itself. The id is a single word composed

of characters, digits and other symbols like dots or

underscores excluding spaces. Formally, the ids should

be unique within a data set and should identify each

sequence record unambiguously, but only a few OBI-

TOOLS actually rely on this property. The sequence is an

ordered set of characters corresponding to nucleotides

or amino acids according to the International Union of

Pure and Applied Chemistry (IUPAC) nomenclature

(IUPAC-IUB Commission on Biochemical Nomenclature

(CBN) 1968; Cornish-Bowden 1985). The three other ele-

ments composing a sequence record are optional. They

consist in a sequence definition, a quality vector and a

set of attributes. The sequence definition is a free text

describing the sequence briefly. The quality vector asso-

ciates a quality score to each nucleotide or amino acid.

Usually, this quality score is the result of the base-call-

ing process by the sequencer. The last element is a set

of attributes qualifying the sequence, each attribute

being described by a ‘key=value’ pair. The set of attri-

butes is the central concept of the OBITOOLS system.

When an OBITOOLS command is run on the sequence

records included in a data set, the result of the compu-

tation often consists in the addition of new attributes

completing the annotation of each sequence record. This

strategy of sequence annotation allows the OBITOOLS to

return their results as a new sequence record file that

can be used as the input of another OBITOOLS, ultimately

creating complex pipelines.

Managed sequence file formats

Most of the OBITOOLS commands read sequence records

from a file or from the stdin, make some computations

on the sequence records and output annotated sequence

records. As inputs, the OBITOOLS are able to automatically

recognize the most common sequence file formats (i.e.

FASTA, FASTQ, EMBL and GENBANK). They are also able to

read ECOPCR (Ficetola et al. 2010) result files and ECOPCR/

ECOPRIMERS formatted sequence databases (Riaz et al.

2011) as ordinary sequence files. File format outputs are

more limited. By default, sequences without and with

quality information are written in FASTA and SANGER FASTQ

formats, respectively. However, dedicated options allow

enforcing the output format, and the OBITOOLS are also

able to write sequences in the ECOPCR/ECOPRIMERS database

format, to produce reference databases for these pro-

grams. In the FASTA or FASTQ format, the attributes are

written in the header line just after the id, following a

key=value; format (Fig. 2).

Management of the taxonomy

Filtering and annotation steps in the processing of DNA

metabarcoding sequence data are greatly eased by the

explicit association of taxonomic information to

sequences together with an easy access to the taxonomy.

A taxonomic information can be associated with each

sequence record through a numerical taxonomic identi-

fier (taxid) stored in an attribute named taxid. When

querying taxonomic information of a sequence record,

OBITOOLS rely only on this taxid attribute; nevertheless,

several OBITOOLS commands can annotate sequence

records with text taxonomy-related attributes for the

user’s convenience. The value of the taxid attribute

must be a unique integer referring unambiguously to

one taxon in the taxonomic associated database.

Although this is not mandatory, the NCBI taxonomy is

Fig. 2 The structure of an OBITOOLS sequence record and its rep-

resentation in FASTA and FASTQ formats. The numbers 32, 40

and 37 correspond to the counts of the relevant sequence

obtained for samples S8_S1_02b, S8_S2_01b and

S8_S2_01, respectively. The number 730 corresponds to

the total count of the relevant sequence obtained in the whole

data set. The numbers 48, 18 and 4 correspond to the num-

ber of times amongst all samples that the relevant sequence is

considered as head, singleton and internal,
respectively.

© 2015 John Wiley & Sons Ltd
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the preferred source of taxonomic information as it

provides a coherent taxonomy description covering the

whole tree of life. In addition to OBITAXONOMY, which is

able to reformat the NCBI taxonomy database (down-

loadable at the following URL: ftp://ftp.ncbi.nih.gov/

pub/taxonomy/taxdump.tar.gz) into the OBITOOLS for-

mat, two other OBITOOLSOBISILVA and OBIPR2 are dedicated

to reformat the SILVA (Pruesse et al. 2007) and PR2 (Guillou

et al. 2013) databases into the OBITOOLS format, respec-

tively. Users deciding to use these customized taxono-

mies have to take care that the SILVA and PR2 taxids

are not compatible with the NCBI taxids. Moreover,

the LSU Silva taxids are not compatible with the SSU

Silva taxids. These nonstandard taxids forbid to

merge easily results obtained from several markers. The

OBITAXONOMY command can enrich an existing taxonomy,

whatever its origin (e.g. NCBI, SILVA or PR2) with private

taxa, therefore enabling to associate sequence records to

taxa not initially present in the reference taxonomic data-

base. As the OBITOOLS have access to the full taxonomic

tree topology, they are able to inform higher taxonomic

levels from a taxon identifier (e.g. the family, order, class

and phylum, corresponding to a genus) leading to effi-

cient and simple annotation and querying of taxonomic

information.

Implemented algorithms

Most of the algorithms implemented in the OBITOOLS

(Table 1) are basic algorithms allowing sampling, filter-

ing and annotation of sequence records based on their

associated attribute set or sequence (e.g. OBISAMPLE, OBIG-

REP, OBIANNOTATE). Some others implement algorithms

directly related to NGS or to DNA metabarcoding (e.g. IL-

LUMINAPAIREDEND, NGSFILTER, ECOTAG). Finally, a few of

them do not run on sequence records and/or do not pro-

vide their results as sequence records. Amongst them,

OLIGOTAG (Coissac 2012) generates a set of short oligonu-

cleotide sequences (hereafter referred to as tags) useful to

uniquely identify individual samples within a single

NGS library containing many samples. Hereby, we will

describe some of the implemented algorithms pertaining

directly to DNA metabarcoding, as well as the corre-

sponding programs. A full description of all programs

included in the OBITOOLS suite is available on the web

(http://metabarcoding.org/obitools/doc).

Pairwise alignment of Illumina paired-end reads

Illumina sequencers have incomparable high sequenc-

ing capacity compared to other sequencing machines

currently available on the market, but they produce

relatively short sequence reads: 100 bases for the Illu-

mina HiSeq 2000, 150 bases for the HiSeq 2500 and up to

300 bases for the MiSeq. To circumvent this limitation, a

paired-end approach can be adopted that relies on the

alignment of the forward and reverse reads to recon-

struct the full-length amplicon consensus sequence. For

this purpose, the ILLUMINAPAIREDEND program implements

an exact dynamic programming alignment algorithm

searching for the best 30 end of the forward read match-

ing the 30 end of the reverse-completed reverse read. It

takes into account quality scores associated with each

Table 1 List of OBITOOLS programs

Metabarcode design and quality assessment

ECOTAXSPECIFICITY Evaluates barcode resolution

File format conversions

OBICONVERT Converts sequence files to different

output formats

OBIPR2 Converts PR2 database into an ECOPCR

database

OBISILVA Converts SILVA database into an ECOPCR

database

OBITAB Converts a sequence file to a tabular file

Sequence annotations

ECOTAG Assigns sequences to taxa

OBIANNOTATE Adds/edits sequence record annotations

OBIADDTAXIDS Adds taxids to sequence records using an

ECOPCR database

Computations on sequences

ILLUMINAPAIREDEND Aligns paired-end Illumina reads

NGSFILTER Assigns PCR product sequence records to

their experiments/samples based on

DNA tags and primers

OBICOMPLEMENT Produces reverse complement sequences

OBICLEAN Tags a set of sequences for PCR/

sequencing errors identification

OBICUT Trims sequences

OBIJOINPAIREDEND Joins paired-end reads

OBIUNIQ Groups and dereplicates sequences

Sequence sampling and filtering

OBIEXTRACT Extract samples from a data set

OBIGREP Filters sequence file

OBIHEAD Extracts the first sequence records

OBISAMPLE Randomly resamples sequence records

OBISELECT Selects representative sequence records

OBISPLIT Splits a sequence file in a set of subfiles

OBISELECT Selects representative sequence records

OBITAIL Extracts the last sequence records

Statistics over sequence file

ECODBTAXSTAT Gives taxonomic rank frequency of a

given ECOPCR database

OBICOUNT Counts the number of sequence records

OBISTAT Computes basic statistics for attribute

values

Utilities

OLIGOTAG Designs a set of oligonucleotides with

specified properties

OBISORT Sorts sequence records according to the

value of a given attribute

OBITAXONOMY Manages taxonomic databases

© 2015 John Wiley & Sons Ltd
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read avoiding the low-quality-based trimming of the

read ends usually done. In our algorithm, each paired

nucleotide is considered during the alignment process as

partly a match and partly a mismatch. The proportion of

matches and mismatches is estimated from the quality

score of both paired nucleotides. Assuming a quality

score Q for the nucleotide N 2 {a, c, g, t}, the probability

PN that the read nucleotide N is actually a N is estimated

using formula 1. The probability P "N to be one of the three

other nucleotides is estimated using formula 2.

PN ¼ 1" 10
Q
10 ð1Þ

P "N ¼
1" PN

3
ð2Þ

Using the two above formula, probabilities of a true

match Pm and of a true mismatch P"m can be computed.

The score associated with a pair of nucleotides in the

alignment is a linear combination of a match reward and

of a mismatch penalty weighted by Pm and P"m. As

inputs, ILLUMINAPAIREDEND takes the two FASTQ files corre-

sponding to the forward and reverse reads and returns

on the standard output a FASTQ file containing for each

input pair of reads the consensus sequence of the align-

ment maximizing the likelihood of the sequence based

on the probabilities estimated by formulas 1 and 2. The

consensus sequence is annotated by a set of attributes

describing the alignment statistics.

Extracting and demultiplexing amplicon sequences

Multiplexing of several samples in a single sequencing

lane can be done using the indexing system of the DNA

library offered by library preparation kits. To increase

the number of multiplexed samples, it is possible to

boost this basic system by the addition of tags on the 50

end of the primers used for the PCR amplification. This

additional tagging system, which can be set up using the

OLIGOTAG program (Coissac 2012), is not processed by the

sequencer software, so the end user has to decode those

tags by himself during the first steps of raw data process-

ing. In the OBITOOLS package, the sample tag decoding

and amplification primer trimming are realized by the

NGSFILTER program. This program uses a file describing

the primer pair and tag(s) used for labelling each PCR

product mixed into a library. NGSFILTER first identifies the

primers using the Needleman and Wunsch algorithm

implemented with the free-end-gap cost function (Erick-

son & Sellers 1983). The maximum number of allowed

mismatches between primers and sequences can be set

up using the -e option. Once primer pairs are identified,

NGSFILTER searches for the tag on the 50 end of each

primer. No mismatches are allowed in tags identifying

samples. NGSFILTER can deal with tagging systems on one

of both ends of the amplicon, with the same or different

tags on both extremities. As inputs, NGSFILTER requires a

raw sequence file (potentially the output of ILLUMINAPAIRE-

DEND) and a file describing the samples. As outputs, NGS-

FILTER writes the trimmed sequences annotated by a set of

attributes indicating the primer pair found as well as

the associated sample and experiment. Nonassigned

sequences can be saved in another file using the -u

option. Those sequences are annotated by a set of attri-

butes describing the reason of their rejection.

Detection of PCR errors

Sequencing of PCR amplicons using NGS typically

reveals a lot of variants for each sequence present in the

amplified mix, and these correspond mainly to PCR

errors (Schloss et al. 2011; Coissac et al. 2012). Two kinds

of PCR errors exist: punctual errors (nucleotide substitu-

tions or small indels) and chimeric sequences. This latter

category can be identified using dedicated programs

(e.g. Edgar et al. 2011; Quince et al. 2011; Wright et al.

2012). The OBICLEAN program aims to identify punctual

PCR errors based on two underlying hypotheses. First,

the error probability is small enough to assume that no

more than one error occurs per DNA molecule and per

PCR cycle. Consequently, if an erroneous sequence dif-

fers from a true sequence by more than one error, inter-

mediate erroneous sequences must be present in the

PCR product. Second, an erroneous sequence is always

less abundant than the original one in the PCR product

because it is created from a molecule already existing in

the previous cycle. A property emerging from those two

hypotheses is that a cascade of errors will generate a set

of sequences with a decreasing abundance from the true

sequence to the most erroneous ones. Based on this

model, OBICLEAN builds a directed acyclic graph (DAG),

where vertices correspond to all the sequence variants

observed in a single PCR (Fig. 3). Each vertex is

weighted by its abundance estimated by the read count

corresponding to this sequence. Edges link sequences

exhibiting just a single difference (substitution, insertion

or deletion of one nucleotide) under the condition that

R ¼ Ae=Ao is smaller than a given threshold, fixed

empirically by default to 0.5 (with Ae the abundance of

the erroneous sequence and Ao the abundance of the ori-

ginal sequence). Edges are oriented from the heaviest

vertex to the lightest one. According to their position in

the DAG, sequences are labelled using one of three sta-

tus: head, internal or singleton. The

sequences corresponding to summits of the DAG are

labelled as head and ideally correspond to true

sequences. Sequences related to no other sequences in

the DAG are labelled as singleton. This status may

© 2015 John Wiley & Sons Ltd
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correspond to rare true sequences. All other sequences

are labelled as internal and consequently consid-

ered as erroneous sequences. Sequence records submit-

ted to OBICLEAN are usually the result of the sequencing of

several PCR products; OBICLEAN efficiently handles such

cases by comparing only once the whole set of sequences

and then labels each sequence record by one of the three

possible status for every PCR. Even if sequencing errors

are not explicitly represented in the OBICLEAN model, they

will be treated as PCR errors, connected in a terminal

position of the DAGs and labelled with the internal sta-

tus. Chimeric sequences usually differ from true

sequences by more than one difference accumulated in

one single step because of a recombination event. As a

result, chimeric sequences are usually labelled as head

or singleton. Sequences annotated by OBICLEAN can

be further postprocessed using chimeric sequences iden-

tification program like PERSEUS (Quince et al. 2011) to

point out the most evident chimeric sequences. As input,

OBICLEAN requires a dereplicated sequence file like those

produced by OBIUNIQ. The output is the same set of

sequences with new attributes indicating their OBICLEAN

status in each PCR and the number of times they get each

one of the three statuses over all the PCR.

Taxonomic assignation of sequences

In many instances, assigning a sequence to a taxon is the

ultimate step of the DNA metabarcoding sequence

analysis process. This task is addressed by the ECOTAG

program, which can be considered as a supervised classi-

fication algorithm. ECOTAG uses three inputs: (i) the data

set of sequences to be annotated, (ii) a taxonomy data-

base defining relationship between taxa and (iii) a refer-

ence sequence database containing a set of sequences

annotated by a taxid linking them to the taxonomy data-

base (see Fig. 2 for an example). ECOTAG compares each

sequence of the data set (the query) to the reference

database. ECOTAG makes the assumption that both the

query and the reference sequences are full-length bar-

codes. The similarity between a query sequence and a

reference sequence is thus measured as the ratio between

the length of the longest common substring (LCS) and

the length of the shortest alignment corresponding to

this LCS. This ratio corresponds to the fraction of iden-

tity between the query and reference sequences and can

be easily computed using a global alignment algorithm

derived from Needleman & Wunsch (1970). The ECOTAG

program runs in three phases. First, for each query

sequence, it searches for the most similar sequence Bseq

in the reference database and keeps the similarity ratio

Squery in memory. In a second step, it builds a set Bref

composed of all the sequences in the reference database

exhibiting a similarity ratio higher than Squery with Bseq.

In the last step, it uses the taxonomic database tree to

determine the last common ancestor of all the Bref

sequences. The corresponding taxid is then assigned to

the query sequence. The output of ECOTAG consists in the

input data set of sequences annotated by a taxid.

Implementation

The OBITOOLS are a set of PYTHON programs relying on an

eponym PYTHON library. The OBITOOLS library is mainly

developed in PYTHON (version 2.7, see http://

www.python.org). For increasing the speed of execution,

many parts of the OBITOOLS library are developed using

CYTHON (http://cython.org/, a PYTHON to C compiler) or

the C language directly. For optimizing computation

time on huge data set, the OBIDISTRIBUTE program by split-

ting data set in many chunks allows to easily build mas-

sively parallel pipeline able to run on computer grid

very efficiently. The OBITOOLS compile on UNIX systems

including LINUX and MACOSX.

Availability of the OBITOOLS

The OBITOOLS are open source and protected by the CECILL

2.1 licence (http://www.cecill.info/licences/Licence_

CeCILL_V2.1-en.html). All the sources can be down

loaded from our git server (https://git.metabarcodin-

g.org/obitools/obitools). The OBITOOLS are deposited on

the PYTHON package index (https://pypi.python.org/

pypi/OBITools) and therefore can be installed using

the classical PYTHON package installer pip (https://pypi.-

python.org/pypi/pip) and also available on the

metabarcoding.org web site (http://metabarcoding.org/

obitools). The complete documentation is available at

http://metabarcoding.org/obitools/doc. PYTHON 2.7, a C

compiler and CYTHON have to be installed prior to the OBI-

TOOLS. The OBITOOLS Galaxy (Giardine et al. 2005) wrapper

can be downloaded from the GenOuest core facility

Fig. 3 An example of the topology of the OBICLEAN directed acy-

clic graph (DAG) used to identify PCR errors – circles represent

sequences, and arrows represent sequence similarities.

© 2015 John Wiley & Sons Ltd
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toolshed (http://toolshed.genouest.org) in the next- gen-

eration sequencing section.
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Coissac,!Pierre!Taberlet.!

!

1. Résumé#
!

La!compréhension!écologique!du!rôle!des!interactions!consommateur"ressource!

dans! les! réseaux! trophiques! naturels! est! limitée! par! la! difficulté! de! déterminer! de!

manière! précise! et! efficace! la! variété! complexe! de! nourriture! que! les! animaux! ont!

consommé.! Nous! avons! développé! une!méthode! basée! sur! le! metabarcoding! ADN! en!

utilisant! les! technologies! de! séquençage! haut"débit! avec! multiplexage,! pour!

l’identification!de!divers!groupes!taxinomiques!à!partir!d’échantillons!complexes.!Nous!

avons!validé! cette!approche!avec! l’analyse!de!91!échantillons!de! fèces!provenant!d’un!

grand!mammifère!omnivore,!l’ours!brun,!en!utilisant!des!marqueurs!de!metabarcoding!

ADN!pour! l’amplification!de!plantes,!de!vertébrés!et!d’invertébérés.!Nous!avons! inclus!

des! contrôles! internes! dans! les! expériences! et! avons! fait! des! réplicats! de! PCR! afin!

d’assurer! l’exactitude! du! traitement! post"séquençage! des! données.! En! utilisant! notre!

stratégie! de! multiplexage,! nous! avons! simplifié! de! manière! significative! le! protocole!

expérimental,! et! avons! identifié! de! manière! précise! et! répétée! l’ADN! de! différents!

groupes!taxinomiques,!avec!plus!de!60%!des!taxons!identifiés!au!niveau!du!genre!ou!de!

l’espèce.! La!mise! en! place! systématique! de! contrôles! internes! et! de! réplicats! a! été! un!

moyen! simple! et! utile! d’évaluer! notre! protocole! expérimental,! de! standardiser! les!

paramètres! pour! le! filtrage! des! séquences! de! chaque! marqueur,! et! pour! valider!

l’exactitude! des! résultats.! Notre! approche! peut! être! adaptée! à! l’analyse! du! régime!

alimentaire! de! divers! prédateurs! dans! différents! écosystèmes,! pour! le! travail! sur! des!

problématiques! de! conservation! et! d’écologie! impliquant! des! analyses! de! régime!

alimentaire! à! l’échelle! des! populations.! Cela! est! permis! par! l’utilisation! simultanée! de!

plusieurs!marqueurs!de!metabarcoding!ADN,!et!par!la!détection!fine!d’aliments!rares!et!

de!variations!entre!les!échantillons.!
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DNA metabarcoding multiplexing and validation of data
accuracy for diet assessment: application to omnivorous diet
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Abstract

Ecological understanding of the role of consumer–resource interactions in natural food webs is limited by the diffi-

culty of accurately and efficiently determining the complex variety of food types animals have eaten in the field. We

developed a method based on DNA metabarcoding multiplexing and next-generation sequencing to uncover differ-

ent taxonomic groups of organisms from complex diet samples. We validated this approach on 91 faeces of a large

omnivorous mammal, the brown bear, using DNA metabarcoding markers targeting the plant, vertebrate and inver-

tebrate components of the diet. We included internal controls in the experiments and performed PCR replication for

accuracy validation in postsequencing data analysis. Using our multiplexing strategy, we significantly simplified the

experimental procedure and accurately and concurrently identified different prey DNA corresponding to the targeted

taxonomic groups, with ≥60% of taxa of all diet components identified to genus/species level. The systematic applica-

tion of internal controls and replication was a useful and simple way to evaluate the performance of our experimen-

tal procedure, standardize the selection of sequence filtering parameters for each marker data and validate the

accuracy of the results. Our general approach can be adapted to the analysis of dietary samples of various predator

species in different ecosystems, for a number of conservation and ecological applications entailing large-scale popu-

lation level diet assessment through cost-effective screening of multiple DNA metabarcodes, and the detection of

fine dietary variation among samples or individuals and of rare food items.

Keywords: chloroplast trnL (UAA), consumer–resource interactions, internal controls, internal transcribed spacer,

mitochondrial 12S and 16S genes, Ursus arctos
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Introduction

Predators, broadly defined as consumers within a food

web, regulate the function of ecosystems through the

effects of consumer–resource and competitive interac-

tions shaping the diversity, distribution and abundance

of other species in the community (Menge & Sutherland

1976; Pimm 1980; Begon et al. 2006). Top-down direct

effects on resource abundance and distribution, and indi-

rect effects, such as trophic cascades and keystone preda-

tion, have complex consequences on system structure

and dynamics at the population and community levels,

and have been documented in terrestrial and aquatic

ecosystems (Estes et al. 1998; Pace et al. 1999; Berger et al.

2001). The strength of such effects can vary largely

among predators, depending on the trophic level occu-

pied within the food web and the specific diet and

feeding behaviour (Singer & Bernays 2003; Williams et al.

2004; Finke & Denno 2005). Studies estimating the rela-

tive contribution of different foods in the diet and able to

uncover how consumers switch between resources are

therefore important for increasing understanding of the

impact of predators within a community and have con-

servation implications for maintaining species interac-

tions essential for ecosystem functioning (Berger et al.

2001; Soul!e et al. 2003). This is particularly relevant in

view of the current alteration of ecosystems worldwide

due to climate change and increased human-induced

habitat modifications that might produce unexpected

changes in the distribution, abundance and diversity of

food resources important to wild animals (Sanderson

et al. 2002; Thuiller et al. 2011).

Ecological understanding of the role of consumer–

resource interactions in natural food webs is limited by

the difficulty of accurately and efficiently determining

the complex variety of food types animals have eaten

in the field. The greatest challenges are for predators

feeding on many different species, such as generalists,

herbivores, and to an even greater extent, omnivores that
Correspondence: Marta De Barba, Fax: +33 476 51 42 79;

E-mail: marta.debarba@gmail.com
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can consume different species of both plants and ani-

mals. In addition, many predators are opportunistic

feeders and have a plastic feeding behaviour that may

vary in space and time depending on resource availabil-

ity, nutritional requirements and environmental condi-

tions, and that may exhibit intraspecific variation

(Bernays 1998; Williams et al. 2004; Kratina et al. 2012).

Methods of diet analysis mostly used so far include

direct observation, microscopic examination of faeces,

plant alkane fingerprints, protein electrophoresis of gut

contents, near-infrared reflectance spectroscopy, stable

isotope analysis and DNA approaches using species-/

group-specific primers or general primers and clone

sequencing (reviewed in King et al. 2008; Pompanon

et al. 2012; Symondson 2002). Aside from technical limi-

tations inherent to each method, these approaches are

not suited for revealing the full spectrum of food items

comprising a mixed diet.

A promising avenue for deciphering predators’ diets

is offered by DNA metabarcoding (Taberlet et al. 2012)

and its association with the power of next-generation

sequencing (NGS) technologies (Shendure & Ji 2008;

Glenn 2011). It is now possible to simultaneously identify

the taxon of various prey DNA present in excremental or

regurgitate samples collected in the field, by directly

sequencing in parallel thousands DNA molecules corre-

sponding to short DNA barcodes amplified using uni-

versal primers (Valentini et al. 2009a; Taberlet et al.

2012). This feature, summed to the ability of using

uniquely tagged primers for pooling together several

PCR products in a single sequencing run (Valentini et al.

2009b; Coissac 2012), makes the processing of large sam-

ple numbers feasible and cost effective. This strategy has

an obvious benefit for the analysis of complex diets, such

as those of generalist and omnivore feeders, because it

does not require any a priori knowledge of the possible

foods consumed by animals in the habitat they occupy.

While DNA metabarcoding is finding wide application

for detecting either the plant or various animal compo-

nents of the diet (see Pompanon et al. 2012 for a review),

ecologists have not yet taken advantage of this approach

for omnivorous diet investigations, when different

groups of organisms need to be identified concurrently.

One aspect of diet studies based on DNA metabarcod-

ing that requires further attention, especially when com-

plex food habits are under focus, relates to the need of

validation of the quality of the final data produced. NGS

technologies generate enormous numbers of reads for

any DNA molecule amplified by PCR, which has the

potential to magnify the effect of erroneous sequences

due to the low quantity and quality of the environmental

DNA, PCR and sequencing errors, chimeras and contam-

ination (Cline et al. 1996; Qiu et al. 2001; Glenn 2011;

Taberlet et al. 2012). To date, most efforts for minimizing

the inclusion of artefacts in NGS sequence data have

been carried out in fields focusing on diversity of micro-

bial and fungal communities through the development

of denoising algorithms to remove spurious Operational

Taxonomic Units (OTUs) identified using unsupervised

classification methods (Quince et al. 2011; Zinger et al.

2012). In contrast, in most diet studies based on DNA

metabarcoding, sequences can be accurately identified

through public or customized reference databases

(Valentini et al. 2009b) and researchers have so far

attempted to reduce the impact of artefacts by setting

arbitrary absolute thresholds to remove sequences with

low frequency of occurrence across the whole data set or

observed in a limited number of samples (i.e. Valentini

et al. 2009a; Shehzad et al. 2012b). While the subjective

choice of different thresholds can have a lesser influence

on diet estimation at the population level, it holds the

risk of discarding rare food items and preventing the

detection of fine dietary differences in the samples

(Pompanon et al. 2012). In addition, it would fail to

remove false abundant sequences deriving from contam-

ination between samples during PCR set-up or from

errors occurring during early steps of the amplification.

The requirement of high identity between query and ref-

erence sequences and the development of programs such

as obiclean (http://metabarcoding.org/obitools) have

improved the filtering of chimeras and of those errone-

ous sequences compatible with indel or substitution

errors, based on their lower frequency of occurrence and

similarity to most common sequences. Still, DNA meta-

barcoding diet studies lack systematic validation of data

quality that is necessary for ensuring accuracy and reli-

ability of the results, and that can be achieved only

through a greater standardization of data analysis proto-

cols and the use of measures that allow evaluation of the

effectiveness of the sequence filtering process. This is

particularly necessary for aiming beyond diet character-

ization at the population level, to disentangle fine differ-

ences among individuals and detect consumption of rare

food items.

The goal of the present study was to develop a uni-

versal and standardized tool for molecular, noninvasive

diet assessment. We focused on omnivorous diet to dem-

onstrate the application of this approach on a highly

complex system that could serve as a model for the

study of other diet types and be applied to a variety of

wild predators. In particular, we aimed at (i) setting up a

method based on DNA metabarcoding and NGS to accu-

rately and efficiently identify the taxon (species, genus,

family) of plant and animal DNA present in faeces col-

lected in the field; and (ii) establishing a standard proto-

col of sequence data filtering that ensures and allows

evaluation of the accuracy of the final diet results. We

used faeces samples of a large omnivorous mammal, the

© 2013 John Wiley & Sons Ltd
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brown bear (Ursus arctos), to validate this approach and

to reveal the potentials of its application for large-scale

diet analysis and detecting fine dietary variations.

Materials and methods

General strategy for omnivorous diet analysis

The general strategy adopted for omnivorous diet analy-

sis builds up from previous DNA metabarcoding studies

of herbivorous and carnivorous diets (Valentini et al.

2009a; Baamrane et al. 2012; Shehzad et al. 2012b)

(Fig. 1). Total DNA was extracted from brown bear

faecal samples collected in the field and subsequently

amplified in two multiplex PCRs. The first multiplex

PCR was used to co-amplify three universal primer sets

respectively targeting short (mostly <100 bp) and vari-

able fragments of the plant, vertebrate and invertebrate

components of the diet (Table 1). The second multiplex

PCR was set up to increase taxonomic resolution for

Sample collection

DNA extraction 

Illumina Hiseq 2000 

sequencing

Sequence analysis and 

filtering

Reference database
Taxon assignation via DNA 

barcoding

Sequence filtering including 

validation of data accuracy

Pooling of PCR products

PCR multiplex 1 

3 universal primer sets for 

omnivorus diet:

Plants trnL GH

+

Vertebrates 12S V5 and Ursus and 

Homo blocking primers

+

Invertebrates 16S MAV and mammals

blocking primer 

4 PCR replicates

PCR multiplex 2 

2 group specific primer sets:

Asteraceae

Cyperaceae          ITS1

Poaceae

+

Rosaceae ITS2

4 PCR replicates

Fig. 1 Flowchart summarizing the experi-

mental design for the DNA matabarcod-

ing approach for omnivorous diet

analysis.

© 2013 John Wiley & Sons Ltd
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some plant families exhibiting lower variation on the

region of the chloroplast DNA used in the first multiplex

and involved the co-amplification of four markers for

Asteraceae, Cyperaceae, Poaceae and Rosaceae (Table 1).

Sequences obtained from sequencing the pooled PCR

products on a next-generation sequencing platform were

analysed, assigned to taxa and filtered including mea-

sures for validation of data accuracy.

Brown bear samples and DNA extraction

To validate the method for omnivorous diet analysis, we

used 91 brown bear faecal samples collected during a

project for the genetic monitoring of the brown bear pop-

ulation in northern Italy (De Barba et al. 2010). Some of

these samples were collected from faeces deposited by

the same individual in the same date and location (19

sets of matched samples, 42 samples total). The age of the

scats, as estimated by field collectors, was of 0–3 days. A

nonhomogenized portion (~1–2 cm3) including the exter-

nal surface of the faeces was collected from a bear scat

and stored as described in De Barba et al. (2010) prior to

be moved into tubes containing silica desiccant for trans-

portation to the Laboratoire d’Ecologie Alpine, France.

DNA extraction was performed in a room dedicated to

processing low-quantity DNA samples using the DNeasy

Blood and Tissue Kit (QIAgen GmbH), 25 mg of faeces,

an initial incubation for 2 h in a lysis buffer as described

in Shehzad et al. (2012b) and a final elution in 300 lL vol-

ume. Four extraction negative controls were included to

monitor for contamination and were analysed separately

following the same protocol used for bear samples.

DNA metabarcoding markers and multiplex
amplifications

We selected three universal markers to detect the plant,

vertebrate and invertebrate components of the diet

(Table 1; Fig. S1, Supporting information). For identify-

ing plant species, we amplified the P6 loop of the chloro-

plast trnL (UAA) intron in angiosperms and

gymnosperms (Taberlet et al. 2007) (hereafter GH). To

analyse the vertebrate component of the diet, we ampli-

fied the V5 loop of the mitochondrial 12S gene (Riaz et al.

2011) (hereafter V5) and designed two blocking oligonu-

cleotides, following Vestheim & Jarman (2008), for

preventing the amplification of the host, brown bear, and

human sequences (in case of prevalent human contami-

nation). To identify invertebrate DNA, we developed

primers targeting a short fragment of the mitochondrial

16S gene of molluscs, arthropods and vertebrates (hereaf-

ter MAV) and used a blocking oligonucleotide specific to

mammalian sequences to block DNA amplification from

brown bear and human contamination.

A multiplex PCR was optimized to combine primer

sets for all markers in a single amplification reaction

(multiplex 1) using the Qiagen Multiplex PCR kit (QIA-

gen GmbH). The 20-lL PCR consisted of 19 concen-

trated Qiagen Master Mix, 0.59 concentrated Qiagen Q

Solution, 0.1 lM g/h, 0.08 lM 12SV5-F/R, 0.8 lM

UrsusV5B2 and HomoB, 0.2 lM 16SMAV-F/R, 2 lM Mam-

MAVB1 and 2 lL DNA extract. The PCR profile had an

initial denaturation step of 15 min at 95 °C, followed by

55 cycles of 30 s at 94 °C, 90 s at 55 °C, and no elonga-

tion. Three PCR negative controls (PCR-) were included

in all amplifications to check for potential contamination.

In addition, to monitor the performance of the amplifica-

tion and the sequencing process of each marker system,

we included two aliquots of a positive control DNA sam-

ple (POS). The positive control was made by mixing at

1:100 dilution DNA of known concentration of four plant

families, Asteraceae (Ambrosia artemisiifolia) 10.6 ng/lL,

Poaceae (Agrostis martensii) 4.76 ng/lL, Cyperaceae

(Carex subspathacea) 1.57 ng/lL, Rosaceae (Potentilla stip-

ularis) 0.68 ng/lL, four mammalian species, brown bear

(Ursus arctos) 7.28 ng/lL, human (Homo sapiens)

0.468 ng/lL, marmot (Marmota marmota) 0.034 ng/lL,

mouflon (Ovis musimon) 6.92 ng/lL and one orthoptera

(Miramella alpina) 1.122 ng/lL.

Four PCR replicates were performed for all samples

for each multiplex PCR. The primers were tagged using a

system of 36 octamers with at least five differences

between them (Coissac 2012). Tags were preceded by CC

or GG and were added on the 5′ end of each forward and

reverse primer to obtain unique tag combinations for any

given PCR product, allowing retrieval of sequence data

for each sample in postsequencing bioinformatic analysis

(we are currently using NNN in place of CC and GG

because the latters are not optimal for cluster detection

on MiSeq and HiSeq sequencing platforms).

To increase taxonomic resolution for plants of the

families Asteraceae, Cyperaceae, Poaceae and Rosaceae,

we complemented the information of the trnL universal

primers with additional markers (Table 1; Fig. S1, Sup-

porting information). We used one set of four primers

targeting the internal transcribed spacer region 1 (ITS1)

of nuclear ribosomal DNA, for Poaceae, Asteraceae

(Baamrane et al. 2012) and Cyperaceae (hereafter Poa,

Ast, Cyp). To identify plants of the Rosaceae family, we

designed a new primer pair amplifying a short fragment

of the internal transcribed spacer region 2 (ITS2) of

nuclear ribosomal DNA (hereafter Ros) and validated it

using the ecoPrimers (Riaz et al. 2011) and ecoPCR pro-

grams (Ficetola et al. 2010). All markers were co-ampli-

fied in a multiplex PCR amplification (multiplex 2), in

four replicates, following the same tagging system and

protocol outlined for multiplex 1, except using ITS1-F

0.3 lM, ITS1Poa-R and ITS1Ast-R 0.15 lM, ITS1Cyp-R and

© 2013 John Wiley & Sons Ltd
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Table 1 List of primers used in this study

Prey taxon DNA type DNA region Primer name

Forward/

reverse/

blocking primer Primer sequence 5′–3′ Reference

Average length of

amplified fragment

(bp) in this study

Plants Chloroplast trnL (UAA) g Forward GGGCAATCCTGAGCCAA Taberlet et al. (2007) 51

h Reverse CCATTGAGTCTCTGCACCTATC Taberlet et al. (2007)

Vertebrates Mitochondrial 12S mtDNA 12SV5-F Forward TTAGATACCCCACTATGC Riaz et al. (2011) 98

12SV5-R Reverse TAGAACAGGCTCCTCTAG Riaz et al. (2011)

UrsusV5B2 Bear

blocking

CCACTATGCTTAGCCTTAAACAT

AAATAATTTATTAAAC

This study

HomoB Human

blocking

CTATGCTTAGCCCTAAACCTCAA

CAGTTAAATCAACAAAACTGCT-C3

This study

Invertebrates Mitochondrial 16S mtDNA 16SMAV-F Forward CCAACATCGAGGTCRYAA This study 36

16SMAV-R Reverse ARTTACYNTAGGGATAACAG This study

MamMAVB1 Mammal

blocking

CCTAGGGATAACAGCGCAATC

CTATT-C3

This study

Plants Nuclear

ribosomal

ITS1 ITS1-F Forward GATATCCGTTGCCGAGAGTC Baamrane et al. (2012)

Asteraceae Nuclear

ribosomal

ITS1 ITS1Ast-R Reverse CGGCACGGCATGTGCCAAGG Baamrane et al. (2012) 81

Poaceae Nuclear

ribosomal

ITS1 ITS1Poa-R Reverse CCGAAGGCGTCAAGGAACAC Baamrane et al. (2012) 69

Cyperaceae Nuclear

ribosomal

ITS1 ITS1Cyp-R Reverse GGATGACGCCAAGGAACAC This study 64

Rosaceae Nuclear

ribosomal

ITS2 ITS2Ros-F Forward YCTGCCTGGGCGTCACA This study 82

ITS2Ros-R Reverse CGTKVGYCGCCGAGGAC This study

Plants Chloroplast trnL (UAA) c Forward CGAAATCGGTAGACGCTACG Taberlet et al. (1991) 569

d Reverse GGGGATAGAGGGACTTGAAC Taberlet et al. (1991)

Plants Nuclear

Ribosomal

ITS2 ITS1-F-rc* Forward GACTCTCGGCAACGGATATC Baamrane et al. (2012) 407

ITS 4 Reverse TCCTCCGCTTATTGATATGC White et al. (1990)

*ITS1-F-rc is ITS1-F reverse complement.
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ITSRos-F/R 0.1 lM, and 50 cycles and 58 °C annealing

temperature for thermocycling. Three PCR- and two POS

containing DNA of the four plant families, mixed at

1:100 dilution, were included as for multiplex 1.

DNA purification, pooling of PCR products and
sequencing

PCR products of multiplex 1 and multiplex 2 were puri-

fied using the MinElute PCR purification kit (QIAGEN

GmbH), titrated using capillary electrophoresis (QIAxel;

QIAgen GmbH) and finally mixed together. The

sequencing was carried out on two regions of the Illu-

mina HiSeq 2000 (Illumina Inc.), following manufac-

turer’s instructions. A total of 100 nucleotides were

sequenced on each extremity of the DNA fragments.

Reference databases

A sequence reference database was built for each DNA

metabarcoding marker by extracting the relevant DNA

region for plants (Viridiplantae) with GH, vertebrates

(Vertebrata) with V5, invertebrates (Arthropoda and

Mollusca) with MAV and Asteraceae, Cyperaceae,

Poaceae and Rosaceae with Ast, Cyp, Poa and Ros,

respectively, from EMBL nucleotide library (release 111

and 113) using ecoPCR program.

Because we expected the plant component of the diet

to be more diverse, we collected and identified leaves of

plant species possibly eaten by the brown bear in north-

ern Italy to complement the plant reference database

constructed from EMBL. DNA was extracted with

DNeasy Plant Kit (QIAgen GmbH), using 20 mg of plant

material and following manufacturer instructions. The

whole chloroplast trnL (UAA) intron (Taberlet et al.

1991) of all plants and the ITS2 region of Rosaceae were

sequenced according to Taberlet et al. (2007), except

using 50 °C annealing temperature for Rosaceae. Pro-

gram SeqScape (Applied Biosystem) was used for

sequence alignment and analysis.

Sequence analysis and filtering

The sequence reads were first analysed using the OBI-

Tools (http://metabarcoding.org/obitools). Programs

illuminapairedend and ngsfilter were used to assemble

direct and reverse reads corresponding to a single mole-

cule and to identify primers and tags, respectively, as

described in Shehzad et al. (2012b). The amplified

regions, excluding primers and tags, were kept for fur-

ther analysis. A separate data set was created for each

marker and strictly identical sequences were clustered

together, keeping the information about their distribu-

tions among samples. Sequences shorter than 10 (GH,

MAV, Cyp, Ros) or 30 (V5, Ast, Poa) bp, or with occur-

rence lower than 1000 were excluded. The obiclean pro-

gram was then run to assign each sequence within a PCR

product the status of ‘head’, ‘internal’ or ‘singleton’ (She-

hzad et al. 2012a) according to a directed acyclic graph

(DAG) (Fig. 2). Summits of this DAG are given the status

of ‘head’ and probably correspond to true sequences or

chimera PCR products. Sequences related in the graph to

no other one are labelled ‘singleton’ and can correspond

to rare true sequences or to chimeras. All other sequences

are labelled ‘internal’ and correspond most likely to PCR

substitution and indel errors. Taxon assignation was

achieved using the ecotag program to find highly similar

sequences in the reference databases and assign a unique

taxon to each unique sequence, as described in Pegard

et al. (2009).

Taxonomically assigned sequences of each marker

were then further filtered using R 2.14.1v (R Develop-

ment Core Team 2011) to remove low-frequency

noisy reads, sequences containing other amplification/

sequencing errors, unreliable PCR amplifications or low-

quality/low-quantity DNA samples, and sequences that

were the likely result of contamination or chimeras (see

text below) (Fig. 3). We used the positive and negative

controls included in the experiment to set filtering

parameters and to evaluate the effectiveness of our

sequence analysis process.

Initially, we discarded sequences with a per sample

frequency of occurrence below a given threshold, which

was set separately for each marker data set (in any case

C
o
u
n
t

s1

s2

s3

s4

Fig. 2 Directed acyclic graph (DAG) used by the obiclean pro-

gram. Circles (s1, s2, etc.) are the sequence variants observed in

a PCR amplification and edges link two sequences when they

differ only by one substitution or indel, and when the ratio of

the count between the most and least abundant sequence is

greater than two. Edges are oriented from the most abundant

variant to the least one. Summits of the DAG are given the status

of ‘head’ (true sequences or chimera PCR products), sequences

related in the graph to no other one are labelled ‘singleton’ (rare

true sequences or chimeras), and all other sequences are labelled

‘internal’ (PCR substitution/indel errors).
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≤0.05, see Results), so that, after this filtering, POS sam-

ples would retain all detectable relevant sequences and

be cleaned by most noisy sequences. Sequences not iden-

tified by obiclean as ‘head’ in ≥3, or ‘singleton’ in 4 sam-

ple replicates in at least one sample were considered

erroneous and therefore deleted. The sequence data of

the four PCR replicates of every sample were then com-

pared to evaluate the repeatability of results under the

experimental procedure and to identify unreliable ampli-

fications due to possible PCR drifts, such as in the case of

pipetting errors, contamination, artefact formation or

low-quality DNA samples. First, we compared PCR rep-

licates of each sample based on sequence frequency of

occurrence. A matrix of pairwise distances among sam-

ple replicates was created computing the Renkonen Simi-

larity Index (Renkonen 1938) based on sequence

frequency data. Distance measures took a minimum

value of 0 if the sets of relative abundances compared

were identical, and a maximum of one for completely

distinct assemblages (no sequences in common). PCRs

with a distance from most other replicates of the same

sample exceeding a maximum value, set by comparing

replicate similarity of POS, PCR- and faecal samples (see

Results), were discarded. Only samples having at least

three out of four replicates with distance among each

other smaller than the set threshold were kept for further

analysis. Second, we compared sequence presence/

absence among sample replicates and requested a given

sequence to be observed in at least three replicates of the

same sample. Sample replicates were finally combined to
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Fig. 3 Graphical example of subsequent steps of the second part of the filtering process, for a positive (POS5) and a PCR negative

(PCR7) control, and a faecal sample (Ua2268) analysed with marker GH performing four PCR replicates/sample. Coloured bars repre-

sent amplification products, with colours denoting different sequences retained after each filtering step and their frequency. (a) Begin-

ning of analysis; (b) removal of low-frequency noise; (c) removal of erroneous sequences identified using obiclean; (d) distributions of

pairwise distances between sample replicates for all PCR negative and positive controls and faecal samples; (e) removal of samples with

<3 reliable replicates (based on 0.6 maximum distance); (f) removal of sequences present in <3 sample replicates; (g) construction of con-

sensus sequence profiles; (h) examination of read counts of PCR negative and positive, and faecal amplifications for removing likely

low DNA samples; (i) removal of sequences with low best identify.
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obtain a consensus sequence profile for each sample, by

taking the mean of the nonzero sequence counts of sam-

ple replicates. PCR- consensus profiles were inspected

and compared to those of POS and faecal samples to

identify sequences deriving from contamination and

low-quantity DNA samples more likely to produce

unreliable results.

To increase accuracy of the automatic taxonomic

assignation and exclude chimeric sequences, we con-

sidered only sequences with identity ≥95% for GH,

≥97% for MAV, and ≥100% for V5 and all ITS

markers, over the entire query sequence length with

any reference sequence, and then refined it with the

known distribution of bear food resources and prey in

the study area. When sequences were assigned to taxa

not occurring within the geographical range of brown

bears in northern Italy, we reassigned them to a

higher taxonomic level present in the study area.

Sequences assigned to genus Ursus in the V5 data

set, assigned to vertebrates in the MAV data set and

identified above order level were excluded to obtain

the final list of sequences comprising the brown bear

faecal samples.

Results

Sequencing of plants from the study area

We sequenced the chloroplast trnL (UAA) intron for 62

plants belonging to 41 species, 26 genera, 15 families and

the ITS2 for 30 plants of the family Rosaceae, belonging

to 17 species and 7 genera. These sequences were added

to the reference databases constructed from EMBL for

Viridiplantae and Rosaceae.

NGS data analysis and sequence filtering

Next-generation sequencing of the 384 PCR products

(91 faeces, 3 PCR-, 2 POS, 4 replicates/sample) gener-

ated a total of about 48.5 million paired-end sequence
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Fig. 3 (Continued)

© 2013 John Wiley & Sons Ltd

8 M. DE BARBA ET AL .

!""220""!



Table 2 Summary of the number of sequences and samples (shaded rows) after different steps of the data filtering protocol for the 91 faecal, 2 POS and 3 PCR- samples analysed.

The proportion of sequences remaining from the previous filtering step is indicated in parenthesis

Total

DNA metabarcode markers

GH V5 MAV Ast Cyp Poa Ros

Estimated paired-end sequence

reads

48498279

Sequence reads for which

primers and tags were identified (%)

9853829 (20.3) 4885113 (10.1) 9507143 (19.6) 2056270 (4.2) 1378194 (2.8) 5298857 (10.9) 655004 (1.4)

Unique sequences (%) 105115 (1.1) 86778 (1.8) 62187 (65.4) 70195 (3.4) 65231 (4.7) 157207 (3) 49697 (7.6)

Unique sequences longer than

10 or 30 bp, and with occurrence ≥1000 (%)

1315 (1.3) 515 (0.59) 1037 (1.7) 562 (0.8) 289 (0.44) 944 (0.6) 197 (0.40)

Unique sequences after removal

of low-frequency noise (%)

253 (19.2) 64 (12.4) 229 (22.1) 125 (22.4) 173 (59.9) 187 (19.8) 145 (73.6)

Unique sequences after removal of

sequences not identified as ‘head’ in

≥3, or ‘singleton’ in 4 sample replicates

in at least one sample (%)

137 (54.2) 20 (31.3) 98 (42.8) 42 (33.6) 67 (38.7) 73 (39) 67 (46.2)

Samples after removal of unreliable

amplifications (faeces/POS/PCR-)

87/2/2 91/2/3 83/2/3 74/2/3 54/2/0 60/2/1 55/2/1

Unique sequences after removal of

sequences present in <3 sample replicates (%)

87 (63.5) 10 (50) 51 (52) 26 (61.9) 41 (61.2) 45 (61.6) 48 (71.6)

Samples after removal of low DNA

samples (faeces/POS/PCR-)

87/2/0 88/2/0 83/2/0 59/2/0 46/2/0 60/2/0 36/2/0

Unique sequences with best

identity ≥95% (GH), 97% (MAV), 100%

(V5 and ITS markers) (%)

76 (87.4) 10 (100) 29 (56.9) 12 (46.2) 6 (14.6) 26 (57.8) 22 (45.8)

Final unique faecal sequences (%) 71 (93.4) 9 (90) 20 (69) 11 (91.7) 4 (66.6) 25 (96.2) 22 (100)

Final faecal samples 85 16 75 53 8 53 34
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reads that were separately processed and filtered for

the seven markers analysed, applying various OBI-

Tools programs (Table 2). Taxonomically identified

sequences then underwent the second data filtering

(Table 2, Fig. 3). Initial inspection of POS amplifica-

tions revealed that, except Marmota marmota and Homo

sapiens in the V5 data set, sequences corresponding to

all known species composing the positive control mix

were detected with the relevant marker. Most other

sequences had a much lower frequency of occurrence

compared to these known sequences (Fig. 3a). We

used this observation to identify and remove as low-

frequency noise those sequences with per sample fre-

quency of occurrence lower than 0.01, 0.05, 0.02, 0.05

in the GH, V5, MAV and ITS data sets, respectively

(Fig. 3b). Following this operation, sequences corre-

sponding to Carex subspathacea were removed from

two of the eight POS amplifications with the GH mar-

ker and Ursus arctos sequences from three POS ampli-

fications with the V5 marker. After culling putative

PCR/sequencing errors identified using obiclean

(Fig. 3c), we compared PCR replicates for the same

sample, revealing larger degrees of similarity among

all amplifications for POS (pairwise distances ≤0.15 for

all markers, except ≤0.4 for Ast and Poa) and most

amplifications for faecal samples; in contrast, PCR-

showed a greater number of highly dissimilar sample

replicates (Fig. 3d). Based on this observation, and

accounting for the greater variation observed in the

faecal samples compared to the POS, for any given

sample, we discarded amplifications displaying

extreme distance values (>0.6) from most replicates of

the same sample (unreliable amplifications). This led

to the exclusion of a varying number of samples hav-

ing <3 reliable PCR replicates (Table 2, Fig. 3e). Over-

all sequence number was further reduced after

removal of sequences present in <3 replicates (Fig. 3f).

Examination of consensus sequence profiles obtained

for any given sample by averaging read counts of the

remaining sequences among replicates showed that

PCR- had a total per sample counts considerably smal-

ler than other samples (Fig. 3g-h). We took this as an

indication that faecal samples with small total read

counts could reasonably be considered of low DNA

quantity for the marker under analysis and therefore

more easily exposed to random amplification of the

few target molecules present in the template. Follow-

ing this reasoning, we deleted samples with total

mean consensus read count <1000 for all universal

and <500 for all ITS markers, which resulted in the

removal of all PCR-, and a variable number of faecal

samples in all markers data (Table 2). In contrast, all

POS were retained and contained only relevant

sequences (Fig. 3i). No contamination was detected in

the extraction negative controls. Ultimately, elimination

of sequences with low identity score, seven sequences

identified above order level, Ursus and vertebrate

sequences in the V5 and MAV data sets, respectively,

resulted in the list of 71 GH, 9 V5, 20 MAV, 11 Ast, 4

Cyp, 25 Poa, 22 Ros sequences used to infer the com-

position of bear samples analysed (Table 2).

Faecal samples composition

Sequences retained after the filtering process were

identified to taxa at different taxonomic levels

Table 3 Number of distinct taxa identified and taxonomic resolution of metabarcode markers used in this study expressed as propor-

tion of sequences assigned at different taxonomic levels

Metabarcode markers

GH V5 MAV Ast Cyp Poa Ros

Number of

taxa

60 9 15 10 4 19 14

Taxonomic

levels

Order 2.8% 0 0 / / / /

Infraorder 0 0 15% / / / /

Superfamily 0 0 10% / / / /

Family 14.1% 0 5% 0 0 0 0

Subfamily 5.6% 0 10% 0 0 0 0

Tribe 7.0% 0 0 0 0 20% 0

Subtribe 0 0 0 9.1% 0 4% 0

Genus 15.5% 44.4% 25% 36.4% 0 28% 59.1%

Subgenus 0 0 5% 0 0 0 0

Species 54.9% 55.6% 30% 45.5% 100% 36% 40.9%
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Table 4 Sequences and corresponding taxa identified in the

brown bear faecal samples analysed. Taxonomic assignations

refined using local expert knowledge are highlighted in bold

Sequence

name Taxon

Best

identity

score

Frequency

of occurrence

(n. of samples)

All plants

gh_00001 Asteraceae 1.00 46

gh_00002 Apiaceae 0.98 28

gh_00003 Maleae 1.00 27

gh_00006 Rubus idaeus 1.00 17

gh_00008 Poeae 0.98 17

gh_00011 Aegopodium

podagraria

1.00 14

gh_00009 Betulaceae 1.00 13

gh_00007 Asteraceae 0.98 12

gh_00013 Prunus 1.00 11

gh_00016 Ericoideae 0.98 10

gh_00020 Poaceae 0.98 9

gh_00023 Dactylis glomerata 1.00 9

gh_00028 Poaceae 0.98 8

gh_00018 Poaceae 0.98 7

gh_00019 Chaerophyllum

hirsutum

1.00 7

gh_00035 Thymus 0.96 7

gh_00037 Fraxinus excelsior 0.98 7

gh_00012 Vitaceae 1.00 5

gh_00030 Asterales 0.98 5

gh_00004 Fagus sylvatica 0.97 4

gh_00022 Trifolium 0.98 4

gh_00032 Apiaceae 0.98 4

gh_00039 Rumex 0.97 4

gh_00050 Cornus mas 1.00 4

gh_00111 Pyrus communis 1.00 4

gh_00005 Fagus sylvatica 0.98 3

gh_00014 Quercus 1.00 3

gh_00025 Poeae 0.98 3

gh_00045 Medicago sativa 1.00 3

gh_00056 Helianthemum

nummularium

1.00 3

gh_00058 Hordeum 0.98 3

gh_00064 Alchemilla 0.98 3

gh_00072 Koeleria 0.98 3

gh_00093 Pooideae 0.98 3

gh_00110 Asterales 0.96 3

gh_00024 Rosodae 1.00 2

gh_00031 Cannabis sativa 1.00 2

gh_00048 Achillea 0.96 2

gh_00063 Clematis 0.98 2

gh_00069 Cistaceae 0.98 2

gh_00071 Trifolium 0.98 2

gh_00081 Geranium 0.96 2

gh_00086 Ranunculus

cantoniensis

0.96 2

gh_00087 Filipendula vulgaris 0.98 2

gh_00129 Silene 0.98 2

gh_00151 Geranium phaeum 1.00 2

gh_00164 Sambucus 1.00 2

Table 4 (Continued)

Sequence

name Taxon

Best

identity

score

Frequency

of occurrence

(n. of samples)

gh_00021 Urtica dioica 1.00 1

gh_00029 Picea abies 0.98 1

gh_00033 Glycine max 1.00 1

gh_00042 Castanea sativa 1.00 1

gh_00043 Potentilla fragiformis 0.98 1

gh_00047 Pinus 0.98 1

gh_00053 Lathyrus pratensis 1.00 1

gh_00054 Asteraceae 0.98 1

gh_00060 Poeae 0.98 1

gh_00073 Solanum 0.98 1

gh_00076 Stellaria nemorum 1.00 1

gh_00089 Anacardiaceae 0.96 1

gh_00103 Oxalis 0.98 1

gh_00140 Cupressaceae 1.00 1

gh_00144 Oryza sativa 0.98 1

gh_00173 Acer 0.98 1

gh_00207 Colurieae 0.98 1

gh_00253 Geranium 0.96 1

gh_00325 Acaena 0.98 1

gh_00327 Asteraceae 0.98 1

gh_00402 Tetralocularia 0.98 1

gh_00422 Vicia 1.00 1

gh_00974 Anthericum ramosum 1.00 1

gh_01278 Crassulaceae 0.98 1

Vertebrates

v05_00002 Bos 1.00 4

v05_00015 Lepus europaeus 1.00 4

v05_00006 Oryctolagus cuniculus 1.00 2

v05_00010 Gallus 1.00 2

v05_00014 Capra 1.00 2

v05_00003 Ovis 1.00 1

v05_00005 Cervus elaphus 1.00 1

v05_00008 Capreolus capreolus 1.00 1

v05_00009 Sus scrofa 1.00 1

Invertebrates

mav_00002 Formica 1.00 35

mav_00006 Lasius 1.00 29

mav_00005 Lasius 1.00 18

mav_00007 Formicinae 0.97 18

mav_00004 Ithonidae 0.97 15

mav_00012 Formica 0.97 8

mav_00003 Provespa barthelemyi 0.97 6

mav_00019 Aphidomorpha 0.97 4

mav_00011 Vespidae 0.97 3

mav_00022 Apis mellifera 1.00 3

mav_00036 Vespoidea 0.97 3

mav_00017 Aphidomorpha 0.97 2

mav_00059 Vespoidea 0.97 2

mav_00016 Pyrobombus 1.00 1

mav_00020 Apis mellifera 1.00 1

mav_00025 Plecoptera 0.97 1

mav_00045 Barbitistes 1.00 1

mav_00073 Cucujiformia 0.97 1

mav_00082 Lasius brunneus 1.00 1

mav_00107 Exoristinae 1.00 1

© 2013 John Wiley & Sons Ltd

DNA METABARCODING FOR OMNIVOROUS DIET 11

!""223""!



(Table 3 and 4). Among the universal markers, taxo-

nomic resolution of sequence identification was high-

est for V5 with all sequences identified to genus or

species and lowest for MAV with 60% of sequences

identified to genus or lower levels. The ITS primer

sets provided species/genus identification for ≥64%

sequences, but only sequences for Asteraceae, Poaceae

and Rosaceae were used to complement results

obtained with marker GH because no Cyperaceae

were detected with the universal plant primers.

Knowledge about distribution of food resources and

prey available to brown bear in the study area fur-

ther refined the identification in 28 cases for plants

and in two cases for invertebrates (Table 4).

We determined the composition of 90 of the 91

samples analysed (Table S1, Supporting information).

Table 4 (Continued)

Sequence

name Taxon

Best

identity

score

Frequency

of occurrence

(n. of samples)

Plants - Asteraceae

ast_00002 Taraxacum 1.00 29

ast_00004 Prenanthes purpurea 1.00 11

ast_00003 Tussilago farfara 1.00 9

ast_00010 Cirsium 1.00 5

ast_00036 Crepis 1.00 3

ast_00050 Cichorieae 1.00 2

ast_00020 Mycelis muralis 1.00 1

ast_00022 Tussilagininae 1.00 1

ast_00025 Cirsium arvense 1.00 1

ast_00029 Cirsium 1.00 1

ast_00059 Leontodon hispidus 1.00 1

Plants - Cyperaceae

cyp_00006 Carex montana 1.00 6

cyp_00001 Carex humilis 1.00 1

cyp_00020 Carex digitata 1.00 1

cyp_00048 Carex austroalpina 1.00 1

Plants - Poaceae

poa_00001 Loliinae 1.00 25

poa_00004 Dactylis glomerata 1.00 12

poa_00014 Arrhenatherum

elatius

1.00 6

poa_00002 Triticum aestivum 1.00 5

poa_00007 Loliinae 1.00 5

poa_00003 Poeae 1.00 4

poa_00005 Triticum 1.00 4

poa_00006 Agrostidinae 1.00 3

poa_00008 Triticeae 1.00 3

poa_00010 Phleum pratense 1.00 3

poa_00011 Avena 1.00 3

poa_00013 Hordeum vulgare 1.00 3

poa_00022 Trisetum flavescens 1.00 3

poa_00027 Glyceria notata 1.00 3

poa_00019 Poa trivialis 1.00 2

poa_00029 Poeae 1.00 2

poa_00079 Bromus inermis 1.00 2

poa_00009 Poeae 1.00 1

poa_00017 Poeae 1.00 1

poa_00020 Poa trivialis 1.00 1

poa_00024 Brachypodium 1.00 1

poa_00028 Poa 1.00 1

poa_00033 Festuca 1.00 1

poa_00037 Agrostidinae 1.00 1

poa_00152 Hordeum murinum 1.00 1

Plants - Rosaceae

ros_00001 Rubus 1.00 20

ros_00002 Rubus idaeus 1.00 19

ros_00005 Prunus 1.00 5

ros_00021 Prunus 1.00 3

ros_00008 Alchemilla 1.00 2

ros_00016 Prunus domestica 1.00 2

ros_00026 Potentilla 1.00 2

ros_00004 Potentilla 1.00 1

ros_00010 Potentilla 1.00 1

ros_00013 Rubus caesius 1.00 1

Table 4 (Continued)

Sequence

name Taxon

Best

identity

score

Frequency

of occurrence

(n. of samples)

ros_00015 Rubus 1.00 1

ros_00018 Potentilla reptans 1.00 1

ros_00022 Malus 1.00 1

ros_00029 Malus x domestica 1.00 1

ros_00037 Potentilla 1.00 1

ros_00038 Malus x domestica 1.00 1

ros_00053 Prunus armeniaca 1.00 1

ros_00062 Prunus 1.00 1

ros_00068 Sanguisorba minor 1.00 1

ros_00074 Prunus persica 1.00 1

ros_00101 Pyrus 1.00 1

ros_00153 Prunus persica 1.00 1

Plants

invertebrates Plants

invertebrates

vertebrates

Plants

Invertebrates
None

54 (59.3%)

16 (17.6%)

15 (16.5%)

5

(5.5%)

1 (1.1%)

Fig. 4 Proportion of brown bear faecal samples with a given

diet composition for the main taxonomic groups (plants, verte-

brates, invertebrates) identified using universal markers GH, V5

and MAV.

© 2013 John Wiley & Sons Ltd

12 M. DE BARBA ET AL .

!""224""!



Plants were found in 85 samples (94.4%), vertebrates

in 16 (17.8%) and invertebrates in 75 (83.3%)

(Table 2); most samples were composed by a combi-

nation of plants and invertebrates (Fig 4). The plant

component was more diversified, including a greater

number of species belonging to different families

(Fig. 5). Among the 19 sets of matched samples, the

proportion of shared taxa for the three universal

markers varied from 10–100% (Table S1, Supporting

information).
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Fig. 5 Frequency of occurrence of taxa identified in the brown bear faecal samples using GH (taxa summarized by family), V5, and

MAV universal markers.
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Discussion

Universal method for efficient and accurate molecular
identification of plant and animal DNA from dietary
samples

Recent diet studies have shown the advantage of DNA

metabarcoding for large-scale analysis of food habits,

thanks to the ability of processing simultaneously thou-

sands DNA molecules and sample multiplexing (the

pooling of PCR products for multiple samples in the

same sequencing run) with NGS technologies. In our

study, we further increased the efficiency potential of the

DNA metabarcoding approach by marker multiplexing

(the co-amplification of multiple DNA markers). Marker

multiplexing is widely used in various molecular appli-

cations, but surprisingly it has not yet been employed

with DNA metabarcoding. We developed two PCR mul-

tiplexes to co-amplify three and four DNA metabar-

codes, respectively. This way, we significantly simplified

the experimental procedure during PCR set-up and sub-

sequent DNA quantification and purification, and pool-

ing of PCR products prior to sequencing, which was

performed for only two multiplexes instead of each mar-

ker separately. This is a considerable benefit for large-

scale DNA metabarcoding projects for biodiversity

assessment other than just diet analysis, because multi-

plex PCRs can be optimized to include a greater number

of primer pairs targeting the desirable taxonomic groups,

allowing the cost-effective screening of large sample

sizes for several DNA metabarcodes.

We selected short (<100 bp) DNA barcodes with

highly conserved priming sites (Fig. S1, Supporting

information) to ensure robust and reliable amplification

(Valentini et al. 2009b). Most of these markers were suc-

cessfully used separately in a number of diet and biodi-

versity studies (i.e. Valentini et al. 2009a; Baamrane

et al. 2012; Shehzad et al. 2012a), and we adjusted origi-

nal PCR conditions to optimize their co-amplification in

two multiplex reactions. The small distance observed

among POS replicates and replicates of most faecal

samples (Fig. 3 d) is indicative of the high repeatability

and robustness of the results under the experimental

procedure. Although Homo sapiens (0.468 ng/lL) and

Marmota marmota (0.034 ng/lL) were not detected in

the POS probably due to the use of blocking primers

and very low DNA concentration respectively, the

detection of Carex subspathacea, Potentilla stipularis and

Miramella alpina (all <1.57 ng/lL) suggests that items

present at relatively low DNA concentration can be

detected using DNA metabarcode multiplexing. How-

ever, even when using highly conserved primers, detec-

tion of prey DNA can be subject to amplification bias

due to DNA degradation and inhibitors in dietary sam-

ples, preferential amplification of certain DNA (i.e.

shorter DNA fragments) and interactions between

primers and unequal performance of the different pri-

mer sets in a multiplex PCR. The availability of com-

mercial multiplexing kits facilitates the accommodation

of a variable number of markers in a single amplifica-

tion reaction, but optimization of PCR protocols to

favour marker efficiency and minimize PCR errors

remains of first importance.

Standard protocol of sequence data filtering for DNA
metabarcoding diet studies

Next-generation sequencing technologies can produce

millions of sequence reads per sequencing run and thou-

sands of sequence reads per sample. These include a var-

iable number of erroneous sequences originating from

DNA degradation, PCR and sequencing errors, chimeras,

contamination and primer dimers (Qiu et al. 2001; Valen-

tini et al. 2009a; Glenn 2011) that ought to be identified

and filtered out in order to reveal the sequences repre-

senting the true diversity in the data (Quince et al. 2011).

Ineffective filtering of such erroneous reads can produce

an overestimation of the number of OTUs (Kunin et al.

2010) and results in inaccurate diet assessments in DNA

metabarcoding analysis of dietary samples.

We used internal controls, PCR replication and pat-

terns in sequence distribution data across samples to

guide and objectively justify the selection of filtering cri-

teria and parameters in postsequencing data analysis.

The use of internal controls is not a standard in biodiver-

sity studies based on NGS (Schloss et al. 2011). The inclu-

sion of negative and positive controls in the experiment

permitted us to monitor all steps of the analysis from

DNA extraction and amplification through sequence

data filtering and provided a very useful and simple

way to evaluate the performance and effectiveness of our

experimental procedure. In particular, using a mix of dif-

ferent known DNA samples, from all targeted taxonomic

groups, in known concentrations (positive control), we

were able to verify the level of detection of sequences

corresponding to the various species contained in the

positive mix and to compare it to that of erroneous

sequences. This confirmed that most incorrect sequences

occurred at lower frequencies (Reeder & Knight 2010)

and assisted in the selection of marker specific thresholds

for low-frequency noise removal in all samples. We

expected this type of noise to be larger in environmental

samples (containing degraded DNA, inhibitors, many

different types of DNA fragments) than in the positive

controls, made by an artificial mixture of a limited num-

ber of plant and animal DNA templates; therefore, the
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thresholds used for noise removal are likely to be conser-

vative, but could have also resulted in the exclusion of

some true prey sequences present at low frequency.

Repeated observations of sequence profiles of positive

controls were useful to verify possible contaminating

sequences, to judge the efficacy of the laboratory and

sequencing protocols and consequently to interpret dif-

ferent levels of variability displayed by the environmen-

tal samples. The usefulness of positive controls in

postsequencing data filtering could be improved by

including a greater and equal number of species for the

taxonomic groups targeted by the primers and by ways

facilitating comparison of markers efficiency to provide

insights into some sources of amplification bias men-

tioned above, such us preferential amplification of cer-

tain DNA fragments and primer competition in a

multiplex PCR.

It is important to realize that low amount of contami-

nation is inevitable with NGS technologies, especially

when using universal primers, despite strict confor-

mance to good laboratory practices for minimizing

contamination risks (Pompanon et al. 2012). Indeed, even

single random DNA molecules present in the room or

from extracted DNA tubes used during PCR set-up can

be amplified and sequenced. Contrasting sequence

distribution data of negative controls to that of positive

controls and environmental samples primarily informs

on the extent of this ‘physiological’ contamination, pro-

viding a minimum reference to exclude samples of low

DNA quantity for the targeted marker, but it also allows

flagging significant contamination events from exoge-

nous DNA during extraction or PCR set-up (i.e. cross-

contamination, contaminated reagents, etc.). Despite

documented use of negative controls in some DNA met-

abarcoding diet studies, data verification is generally

omitted.

We performed replicate amplifications to confirm

results at the sample level with repeated observations.

Based on the controls records, this proved effective for

detecting and culling erroneous or contaminating

sequences not removed in previous steps, to overcome

possible sequence dropouts and to exclude unreliable

amplifications by comparing sequence frequency

distribution among replicates of the same sample. In this

latter case, our rationale was to account for the greater

variability observed among replicates of faecal samples

compared to positive controls, while discarding highly

different sample replicates, possibly reflecting techni-

cal problems during PCR (i.e. pipetting errors),

degraded DNA, dominant contamination or very low

concentration of target DNA for the marker used. One

important advantage of PCR replication is increased con-

fidence in the reliability of rare sequences detected only

in one or few samples, which will facilitate assessment

and interpretation of fine scale dietary variation among

samples and individuals and provide greater power to

uncover rare food items such as in the case of predation/

consumption of endangered species and anthropogenic

food by wild animals.

We recommend that future DNA metabarcoding diet

studies include internal controls and replication in the

experiment and postsequencing data analysis and that

relative results are reported as a way to evaluate data

quality. The amount of noise to be removed, and there-

fore, the appropriate (i.e. more or less conservative) fil-

tering parameters and the desired number of replicates

may change as a function of the specific case study,

depending on the type of data and samples available,

DNA metabarcodes, experimental conditions (i.e. taq

polymerase used, number of PCR cycles, sequencing

platform, etc.) and the research questions, but the sys-

tematic use of internal controls and replication will allow

to standardize how filtering criteria are chosen, while

tailoring the filtering process to each situation.

Inferences on diet composition

Patterns of diet composition observed in the samples

analysed are concordant with microscopic examination

of faeces that revealed a greater occurrence and diversity

of plants in the diet of brown bears in northern Italy

compared to other dietary components (Mustoni 2004);

however, ecological inferences are out of the scope of this

study. The taxonomic resolution of the markers and the

levels of diversity captured in our samples suggest that

this approach is suitable for describing patterns of diet

variation across greater sample sizes and for reliably

detecting fine compositional differences among dietary

samples, justifying its application for large-scale diet

analysis and for describing differences among individual

animals or relevant classes of individuals in the popula-

tion (i.e. age or sex classes). If greater precision is needed

for highly variable diet components, such as plants in

our study, a combination of strategies can be applied,

including complementing public reference databases

with sequences of specimens from the study area, using

additional markers targeting important taxa, and curat-

ing the automatic taxonomic assignation using expert

knowledge on the distribution of local resources.

The method we presented allows accurate reconstruc-

tion of a wide range of taxonomically different items

present in faecal samples collected in the field. Inferring

predator’s diet composition and preferences from these

data requires some cautionary considerations. Detection

of food unintentionally ingested, as in the case of a pred-

ator feeding on another that has recently consumed a

meal, constitutes a first source of bias in the assessment

of the diet (Sheppard et al. 2005). The potential for con-
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tamination, after faeces deposition, by other organisms

present in the environment (vegetation and animals/ani-

mal products present on the ground, insects laying eggs

or feeding on excrements, etc.) can introduce additional

bias (Pompanon et al. 2012). The impact of these contam-

inants will depend on the type of environment and how

long samples are exposed to it (Oehm et al. 2011). Collec-

tion protocols, that is, subsampling from different parts

of the excrement, may also lead to differential detection

of some food items (Deagle et al. 2005; Matejusov!a et al.

2008). Some of these sources of bias most likely explain

the low proportion of shared taxa between most matched

samples (samples taken from the same scat) observed in

our study. In fact, for matched samples, a portion was

taken from different parts of the same bear faeces (De

Barba et al. 2010); in addition, as the original objective of

the sampling was targeting bear DNA for individual

identification, faeces were not homogenized and samples

collected included the external part of the scat. Collecting

samples as fresh as possible and extracting DNA using

homogenized material from the internal part of the

faeces should circumvent these problems.

A third consideration concerns the ability to extrapo-

late quantitative information on the main food types in

a composite diet. A number of studies highlighted the

biological and technical constrains inherent to quantifi-

cation of dietary items from sequence data (Deagle et al.

2010, 2013; Bowles et al. 2011; Murray et al. 2011). Even

if most research agrees that NGS data obtained from a

given DNA metabarcode marker can be considered as

semi-quantitative and have value for comparative pur-

poses (Pompanon et al. 2012), at the moment we are

unable to reliably relate the information about sequence

counts to the proportions of different food items in a

complex dietary sample (Deagle et al. 2013). Hence,

when multiple food types were detected within bear

faecal samples, we could not determine their relative

weight at the sample level, and results for both single

taxa identified with a given marker and main taxo-

nomic groups identified by the universal markers (i.e.

plants vs. vertebrates vs. invertebrates) should be

regarded as presence/absence (qualitative) data.

Despite this limitation, this method provides informa-

tion on the frequency of occurrence of the different

main food types across all samples analysed, which can

be used to infer the relative importance of certain types

of diet (i.e. herbivore vs. carnivore) at the population

level or, when many samples are available for single

animals, at the individual level.

Conclusions

To serve as a tool to contribute towards our knowledge

of animal ecology and effective conservation of popula-

tions, methods of diet analysis should provide accurate

and reliable qualitative and quantitative results and be

efficiently implemented. Complex dietary habits, such as

omnivory, poses a number of challenges in these

respects, because a large variety of food items needs to

be determined at once from large sample sizes, and

traditional methods for diet analysis present technical

and logistical constraints for this task. Universal compre-

hensive approaches based on DNA metabarcode multi-

plexing, applied conjunctively to standardized sequence

filtering protocols, overcome these limitations offering

unprecedented potentials to the study of diet composi-

tion and food preferences. Our general methodology is

powerful because prey DNA of different taxonomic

groups, from many dietary samples, can be accurately

identified in a single experiment through cost-effective

screening of multiple DNA metabarcodes without a pri-

ori knowledge of available food resources. Morevover, it

allows increased power to detect variation and small dif-

ferences in diet composition among samples, it can be

adapted to any predator type in different ecosystems to

target food types of interest with relevant markers, and it

can be applied using both noninvasive (i.e. faeces, pel-

lets) and invasive samples (i.e. stomach contents). We

expect this method to be of particular utility in a number

of conservation and ecological applications including

monitoring diet shifts as a consequence of natural habitat

modifications under climate change and/or increased

human activities, dietary studies of elusive and endan-

gered species, resource-partitioning assessments among

sympatric species, detecting levels of exploitation of

endangered species or anthropogenic food and biological

pest control. In addition, our general multiplexing strat-

egy can be applied to other biodiversity DNA metabar-

coding-based studies for the analysis of various types of

complex environmental mixtures other than dietary

samples.

Current molecular methods for diet analysis provide

only qualitative data about predator’s diet (list of prey

consumed and their frequency of occurrence), but the

ultimate goal in conservation diet studies is to quantify

more precisely predators’ impact on prey populations.

To date, the optimal strategy to maximize the accuracy

of qualitative and quantitative data consists in the combi-

nation of molecular and microscopic techniques. For

example, high-resolution qualitative analysis on the com-

position of dietary samples and semi-quantitative esti-

mates of prey proportions from DNA metabarcoding can

be refined and complemented with information on the

relative abundance (% volume, biomass), the minimum

number per category, the life stage (i.e. egg, juvenile,

adults, etc.) and the organ (i.e. root, leaf, fruit) acquired

for some food items identified through microscopic and

hard part examination of the same samples (Litvaitis
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2000). Nonetheless, further research directed towards

improving the ability to derive quantitative inferences

from DNA metabarcoding approaches remains an

important avenue to pursue for enhancing understand-

ing of complex trophic interactions in natural food webs.
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V. DNA#metabarcoding#diet#analysis#for#species#with#
parapatric#versus#sympatric#distribution:#a#case#study#
on#subterranean#rodents#
!

CM!Lopes,!M!De!Barba,!F!Boyer,!C!Mercier,!P!J!S!da!Silva!Filho,!L!M!Heidtmann,!D!Galiano,!

BB!Kubiak,!P!Langone,!FM!Garcias,!L!Gielly,!E!Coissac,!TRO!de!Freitas!and!P!Taberlet.!

!

1. Résumé#
!

Les! espèces! étroitement! liées! et! sympatriques! développent! souvent! des!

stratégies! écologiques! différentes! afin! d’éviter! la! compétition.! Ctenomys* minutus! et!

Ctenomys*flamarioni!sont!des!rongeurs!souterrains!distribués!de!manière!parapatrique!

dans! la! plaine! côtière! du! sud! du! Brésil,! avec! une! zone! sympatrique! étroite.! ! Afin! de!

mieux! comprendre! leurs! préférences! alimentaires! et! une! possible! compétition!

concernant!les!ressources!de!nourriture,!nous!avons!analysé!leur!régime!alimentaire!en!

utilisant!la!méthode!du!metabarcoding!ADN!sur!67!fèces!de!C.*minutus!et!100!fèces!de!C.*

flamarioni,! collectées! le! long! de! leur! distribution! géographique,! afin! d’étudier! leur!

régime! alimentaire.! Treize! familles! de! plantes,! principalement! représentées! par! les!

Poaceae,! Araliaceae,! Asteraceae,! et! Fabaceae,! ont! été! identifiées! dans! le! régime!

alimentaire!de!C.*minutus.! Pour!C.* flamarioni,! dix! familles!ont! été! identifiées,! avec!une!

prédominance!de!Poaceae,!Araliaceae,!et!Asteraceae.!Une!corrélation!significative!entre!

le!régime!alimentaire!et!les!distances!géographiques!a!été!détectée!chez!C.*minutus,!alors!

que! le! régime!alimentaire!de!C.* flamarioni! était! assez!homogène! sur! toute! son!aire!de!

distribution.! Aucune! différence! significative! n’a! été! observée! entre! les! femelles! et! les!

mâles!au!sein!de!chaque!espèce.!Cependant,!des!différences!de!régime!alimentaire!entre!

les! espèces! apparaissent! en! performant! une! analyse! multivariée.! Nos! résultats!

suggèrent!un!certain!degré!de!partitionnement!du!régime!alimentaire!entre!C.*flamarioni!

et! C.* minutus! dans! la! région! sympatrique.! C.* flamarioni! semble! plus! spécialisé! sur!

quelques! taxons! de! plantes,! alors! que! C.*minutus! montre! un! régime! alimentaire! plus!

varié! et! hétérogène! au! sein!des! individus.! Il! est! possible! que! ces! différences! aient! été!

développées! afin! d’éviter! la! compétition! dans! la! région! de! co"occurrence.! De! plus,! la!

disponibilité! des! ressources! dans! l’environnement! semble! influencer! leur! utilisation.!
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Nos! données! indiquent! que! C.*minutus! et! C.* flamarioni! sont! des! espèces! généralistes,!

mais! des! préférences! pour! les! familles! des! Poaceae,! Asteraceae! et! Araliaceae!

apparaissent!pour!les!deux!rongeurs.!

!

2. Participation#
!

Cet! article! présente! les! résultats! et! la!méthodologie! d’une! étude! sur! le! régime!

alimentaire! d’une! famille! de! rongeurs! souterrains,! les! Ctenomyidae,! dans! le! cadre! de!

distributions!parapatriques! et! sympatriques,! en!utilisant! le!metabarcoding!ADN.!De! la!

même!manière! que! pour! l’article! de! Marta! De! Barba,! j’ai! aidé! Carla! Martins! Lopes! à!

utiliser!les!outils!bioinformatiques!permettant!de!faire!les!analyses,!je!l’ai!aidé!à!intégrer!

ses!séquences!de!références!obtenues!séparément!dans!la!base!de!données!de!référence!

obtenue! via! GenBank,! et! j’ai! participé! aux! discussions! concernant! les! approches! de!

filtrage!des!séquences!erronées.!

!
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!
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ORIGINAL ARTICLE

DNA metabarcoding diet analysis for species with
parapatric vs sympatric distribution: a case study on
subterranean rodents

CM Lopes1, M De Barba1, F Boyer1, C Mercier1, PJS da Silva Filho2, LM Heidtmann3, D Galiano3,
BB Kubiak3, P Langone3, FM Garcias3, L Gielly1, E Coissac1, TRO de Freitas3 and P Taberlet1

Closely related sympatric species commonly develop different ecological strategies to avoid competition. Ctenomys minutus and

C. flamarioni are subterranean rodents parapatrically distributed in the southern Brazilian coastal plain, showing a narrow

sympatric zone. To gain understanding on food preferences and possible competition for food resources, we evaluated their diet

composition performing DNA metabarcoding analyzes of 67 C. minutus and 100 C. flamarioni scat samples, collected along the

species geographical ranges. Thirteen plant families, mainly represented by Poaceae, Araliaceae, Asteraceae and Fabaceae, were

identified in the diet of C. minutus. For C. flamarioni, 10 families were recovered, with a predominance of Poaceae, Araliaceae

and Asteraceae. A significant correlation between diet composition and geographical distance was detected in C. minutus,

whereas the diet of C. flamarioni was quite homogeneous throughout its geographical distribution. No significant differences

were observed between males and females of each species. However, differences in diet composition between species were

evident according to multivariate analysis. Our results suggest some level of diet partitioning between C. flamarioni and

C. minutus in the sympatric region. While the first species is more specialized on few plant items, the second showed a more

varied and heterogeneous diet pattern among individuals. These differences might have been developed to avoid competition in

the region of co-occurrence. Resource availability in the environment also seems to influence food choices. Our data indicate

that C. minutus and C. flamarioni are generalist species, but that some preference for Poaceae, Asteraceae and Araliaceae

families can be suggested for both rodents.

Heredity advance online publication, 4 February 2015; doi:10.1038/hdy.2014.109

INTRODUCTION

According to the competitive exclusion principle, two complete

competitor species cannot coexist in the same area at the same time

under a limited resource (Gause, 1934). In real populations, complete

ecological overlap is unexpected, as individuals within and between

species can use the resources in their habitat differently. Ecological

differences may vary depending on the population density, community

composition, environment heterogeneity and throughout time and

space. These ecological differences may allow the long-term coex-

istence of species in competitive communities, and hence add to

community diversity. However, competition can be increased between

sympatric congeners due to their similarities, particularly when

resources become scarce. To reduce the ecological superposition and

avoid competition, closely related species commonly use different

habitats or microhabitats; can present differences in their diet

composition; or can be active at different periods of time (Pianka,

2011).

The investigation of diet composition is one of the first steps

to better understand the ecological mechanisms involved in the

avoidance of competition between closely related sympatric species.

However, to determine whether the diet composition of species with

overlapping distribution is influenced by the presence of closely related

competitors, it is important to assess feeding habits when species are

distributed in allopatry. The burrowing rodents of the genus Ctenomys

can provide a useful study system to explore questions related to

ecological overlapping and competition for food resources.

Subterranean rodents of the genus Ctenomys commonly show

allopatric or parapatric species distribution, and overlapping zones,

when present, are very narrow (Lessa, 2000). The first reported case of

sympatric species for the genus Ctenomys was that of C. australis and

C. talarum (Reig et al., 1990). A comparative study of their diets

revealed that these species have small microhabitat differences that

influence their preferences for different plant species within their

home ranges (Comparatore et al., 1995).

Little is known about the dietary composition of ctenomyid species.

Some of the few existing studies were conducted using microhisto-

logical techniques to analyze fecal contents of C. australis, C. talarum,

C. mendocinus and C. eremophilus (Comparatore et al., 1995; Valle

et al., 2001; Rosi et al., 2009; Albanese et al., 2010). These subterranean

rodents are herbivorous and usually collect their food above ground,
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around their burrows, cutting plants near the soil and feeding on them

inside the burrows, but they can also forage within their tunnels for

roots and subterranean stems (Comparatore et al., 1995; Valle et al.,

2001; Martino et al., 2007). Ctenomyids are usually referred to as

generalists, probably because of the high costs of foraging and digging

burrows, and the predation pressure (Nevo, 1979; Reig et al., 1990;

Comparatore et al., 1995; Busch et al., 2000). According to field

observations, ctenomyids’ predators are mainly represented by owls,

foxes, southern crested caracara, hawks and snakes.

In this study, we focus on two parapatric ctenomyid species:

C. flamarioni Travi, 1981 and C. minutus Nehring, 1887, which have

a narrow sympatric zone recently described (Kubiak, 2013).

C. flamarioni belongs to the mendocinus group, and C. minutus is

recovered in the torquatus group within the genus (Parada et al.,

2011). These two species inhabit the southern Brazilian coastal plain.

C. flamarioni is endemic to the first line of sand dunes, the most recent

depositional system in the coastal plain, and its range extends for

560 km (Fernández-Stolz et al., 2007; Figure 1). C. minutus occupies

only the sand fields in the southern portion of its distribution, and in

the north it preferentially inhabits the first-dune line, extending along

500 km (Lopes et al., 2013). The two species overlap at the northern

range of C. flamarioni, in an area extending about 15 km in the sandy-

dunes (Kubiak, 2013).

Ctenomyids do not tend to be very selective about the food items

they consume (Nevo, 1979; Reig et al., 1990; Comparatore et al., 1995;

Busch et al., 2000). However, to avoid competition in the sympatric

distribution, it would not be surprising that C. minutus and/or

C. flamarioni would present at least some degree of food specialization,

or microhabitat differences, unless there is enough food and space in

the overlapping area. Moreover, rodent males and females can show

distinct foraging strategies associated with differences in nutritional

requirements during the growth and reproduction stages (Puig et al.,

1999). To better understand how C. minutus and C. flamarioni can

co-occur in the same habitat, and the level of possible competition for

Figure 1 Geographic distribution of C. minutus and C. flamarioni in the southern Brazilian coastal plain. Small circles represent the sampling sites. AS,

Atlântida Sul; BA, Bacopari; BO, Bojuru; CG, Clube de Golfe; CI, Cidreira; CW, Campo dos Weber; ESM, Estrada Farol de Santa Marta; IB, Imbé; LB, Lagoa

do Peixe; LP, Lagoa do Peixe; MC, Morro dos Conventos; MO, Mostardas; MSM, Morro Farol de Santa Marta; PB, Praia do Barco; PL, Praia da Lagoinha; PR,

Praia do Rincão; PT, Passo de Torres; RM, Rainha do Mar; SJ1, São José do Norte; TA, Taim; TD, Tramandaí; TO, Torres; TV, avares.

DNA metabarcoding diet analysis of rodent species
CM Lopes et al
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food resources, we evaluated the dietary composition of these

two species, both when they are parapatrically and sympatrically

distributed. In addition, we compared the diet composition of

males and females within each species, to evaluate possible distinct

dietary patterns associated with different diet requirements for

each sex.

MATERIALS AND METHODS

Study area
The southern Brazilian coastal plain width ranges from 20 to 100 km and

extends for about 800 km, from Cabo de Santa Marta, in the state of Santa

Catarina, to the Chui River mouth, at the border between Brazil and Uruguay

(Tomazelli et al., 2000; Dillenburg and Hesp, 2009). The region is a mosaic of

lakes, lagoons, rivers, dunes and sand fields, and its geomorphology as well as

the fauna and flora of the region are continuously influenced by fluctuations of

the Atlantic Ocean sea level (Tomazelli et al., 2000).

This coastal plain is characterized by pioneer vegetation with marine

influence in the sandy-dunes near to the coast, and with fluvial influence in

more internalized sand fields (IBGE, 2012). There is a prevalence of herbaceous

species, but shrub forms are also common, and trees become more frequent

farther they are from the coast. Closer to the sea, the halophyte-

psammophillous vegetation is predominant, whereas in sandy-dunes there is

also occurrence of xerophyte species. Around constantly wet environments, it is

possible to observe hygrophyte, geophyte and hemicryptophyte plants (IBGE,

1986). However, the natural landscape of the region has been progressively

modified over many years, mainly by urbanization, cattle raising, rice

cultivation and more recently by Pinus forestry (Fernandes et al., 2007;

Boldrini et al., 2008).

Floristic inventories realized in the southern Brazilian coastal plain demon-

strated that the families Poaceae, Asteraceae, Cyperaceae, Fabaceae and

Solanaceae have the highest proportion of species among all families retrieved

(Filho et al., 2013), and represent more than 50% of the species richness in the

sand fields (Palma and Jarenkow, 2008; Boldrini, 2009).

Sample collection
Animals were trapped alive using the Oneida Victor no. 0 snap traps, and

covered with rubber to avoid injuring the animals. They were anesthetized,

their bionomic characteristics were recorded and feces samples were recovered

once the animals defecated. Each individual was then released back within its

burrow. Animals killed for use in other research projects had their digestive

tracts dissected. The stool samples were preserved dried with silica gel, and were

sent to the Laboratoire d'Ecologie Alpine (Université Joseph Fourier, Grenoble,

France). We collected 67 stool samples for C. minutus and 100 samples for

C. flamarioni, across the species entire distribution range (Figure 1 and

Table 1).

Laboratory procedures
Total DNA was extracted from a portion of about 20mg of stool sample, in a

room dedicated to extractions of low-quantity DNA. Samples were initially

incubated during 2 h at 55 °C in 1ml of lysis buffer (Tris-HCl 0.1M, EDTA

0.1 M, NaCl 0.01M and N-lauroyl sarcosine 1%, pH 7.5–8). Extractions were

then completed using the DNeasy Blood Tissue Kit (Qiagen GmbH, Hilden,

Germany), according to the manufacturer's instructions. DNA extracts were

Table 1 List of sampling sites (abbreviation within parentheses), habitat types, total number of samples, number of individuals of each sex and

number of samples collected in different seasons, for C. minutus and C. flamarioni

Habitat N°S Sex Season

Ctenomys minutus

Morro Farol de Santa Marta (MSM) Dune 6 3 F / 3 M 6 Summer

Estrada Farol de Santa Marta (ESM) Sand field 7 4 F / 3 M 7 Summer

Praia do Rincão (PR) Dune 2 2 F 2 Summer

Morro dos Conventos (MC) Dune 2 2 F 2 Summer

Praia da Lagoinha (PL) Dune 1 1 F 1 Summer

Passo de Torres (PT) Dune 2 2 M 2 Summer

Torres (TO) Dune 9 5 F / 4 M 9 Autumn

Praia do Barco (PB) Dune (sympatry) 6 4 F / 2 M 5 Summer / 1 Autumn

Clube de Golfe (CG) Sand field 2 2 M 2 Summer

Campo dos Weber (CW) Sand field 1 1 M 1 Spring

Cidreira (CI) Sand field 4 3 F / 1 M 4 Summer

Bacopari (BA) Sand field 4 3 F / 1 M 4 Summer

Mostardas (MO) Sand field 4 3 F / 1 M 4 Summer

Tavares (TV) Sand field 2 2 F 2 Summer

Bojuru (BO) Sand field 8 5 F / 3 M 8 Autumn

São José do Norte (SJ1) Sand field 7 5 F / 2 M 7 Autumn

Total 67 42 F / 25 M 41 Summer / 25 Autumn / 1 Spring

Ctenomys flamarioni

Praia do Barco (PB) Dune (sympatry) 13 6 F / 6 Ma 5 Summer / 8 Autumn

Rainha do Mar (RM) Dune 8 4 F / 4 M 8 Spring

Atlântida Sul (AS) Dune 11 8 F / 3 M 11 Spring

Imbé (IB) Dune 21 13 F / 8 M 21 Spring

Tramandaí (TD) Dune 10 7 F / 3 M 10 Spring

Lagoa do Peixe (LP) Dune 5 3 F / 2 M 5 Autumn

São José do Norte (SJ2) Dune 6 4 F / 2 M 6 Summer

Taim (TA) Dune 26 17 F / 9 M 18 Spring / 8 Summer

Total 100 62 F / 37 M 19 Summer 13 Autum / 68 Spring

Abbreviations: F, female; M, male.
aThere is one individual without sex identification.
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recovered in a total volume of 300 μl. Blank extractions without samples were

systematically performed to monitor possible contaminations.

The amplification of the P6 loop of the chloroplast trnL (UAA) intron was

carried out using primers g and h (Taberlet et al., 2007; Table 2). Two other sets

of primer pairs were used to amplify a portion of the first internal transcribed

spacer (ITS1) of nuclear ribosomal DNA of the families Asteraceae (primers

ITS1-F and ITS1Ast-R) and Poaceae (primers ITS1-F and ITS1Poa-R; Table 2;

Baamrane et al., 2012). The primer pair 16SMAV-F and 16SMAV-R (Table 2;

De Barba et al., 2014) was also applied to amplify a fragment of the 16S rDNA

mitochondrial gene of mollusks, arthropods and vertebrates.

PCR amplifications contained 1 U of AmpliTaq Gold DNA Polymerase (Life

Technologies, Carlsbad, CA, USA), 10mM Tris-HCl, 50mM KCl, between 2 and

2.5 mM MgCl2, 0.2 mM each dNTP, between 0.2 and 0.3 μM of each primer and

0.005mg bovine serum albumin (Roche Diagnostics, Basel, Switzerland). We

also used 2 μM of Mam-MAVB1 mammalian blocking primers (De Barba et al.,

2014) in the MAV PCR reactions to avoid amplifying the ctenomyids own

DNA, which can reduce detection of mollusks and arthropods DNA. All DNA

amplifications were carried out in a final volume of 30 μl, using 3 μl of DNA

extract as template. The PCR mixtures were denatured during 10min at 95 °C,

followed by 50–55 cycles at 95 °C for 30 s and between 50 °C and 58 °C for 30 s.

No elongation step at 72 °C was included as the DNA fragments are very short

(Table 2).

Each DNA sample was amplified and sequenced two times independently,

for each molecular marker described above. Moreover, two negative and two

positive PCR controls were amplified and sequenced two times, to guide the

selection of sequence filtering parameters and evaluate the filtering process in

postsequencing bioinformatic analysis of the diet data sets (De Barba et al.,

2014). The positive controls for the P6 loop marker were composed by six plant

species (P161, P162, P172, P178, P184 and P185; see Supplementary Table S1)

mixed in different known concentrations. The positive controls for ITS1 of

Poaceae and Asteraceae consisted of two different plant species each (P161 and

P162; and P172 and P178, respectively; see Supplementary Table S1), mixed in

different known concentrations. All primer pairs used in a given PCR were

modified by the addition of molecular identifier tags on the 5' end, to allow the

assignment of sequence reads to their source samples (Valentini et al., 2009).

PCR products were tagged differently on both ends. Tags were designed using

the OligoTag program (Coissac, 2012) and were composed by eight nucleotides,

containing at least five differences among them.

PCR products were titrated using capillary electrophoresis (QIAxel; Qiagen

GmbH), purified using the MinElute PCR Purification Kit (Qiagen GmbH),

and then mixed together in different concentrations, to obtain a proportion of

50% of the P6 loop, 25% of ITS1 of Poaceae, 10% of ITS1 of Asteraceae and

15% of 16S rDNA of mollusks and arthropods. The different proportions

reflected the importance of the diet information provided by each marker (i.e.

P6 loop overall herbivorous diet vs complementary information of ITS1 and

16S). The sequencing was carried out on HiSeq 2000 (Illumina Inc., San Diego,

CA, USA), following the manufacturer's instructions, using a commercial

service (http: //www.fasteris.com).

DNA barcoding database
To improve the taxonomic identification of the plant species in the samples, we

constructed a database of sequences from 195 specimens of plants collected in

the surroundings of the sampling sites. The plant specimens were taxonomically

identified, and deposited in the Herbarium and in the Departamento de

Botânica of the Universidade Federal do Rio Grande do Sul (Porto Alegre,

Brazil). DNA extractions were carried out using about 30mg of leaves,

following the protocol described by Roy et al. (1992) and using the DNeasy

Plant Kit (Qiagen GmbH), according to the manufacturer's instructions. The

trnL (UAA) intron was amplified using primers c and d for the plant samples

P003 to P149 (Supplementary Table S1), the P6 loop of the chloroplast trnL

(UAA) intron was sequenced using primers g and h for samples P160 to P269

(Supplementary Table S1) and the ITS1 rDNA of 37 Asteraceae and 63 Poaceae

samples was amplified using the primers ITS1Ast-R, ITS1Poa-R and the ITS1-F

(Table 2). The trnL (UAA) intron was amplified following Taberlet et al.

(1991), and the PCR products were purified using the Exonuclease I and

Shrimp Alkaline Phosphatase (Gibco-BRL Life Sciences/Invitrogen, Carlsbad,

CA, USA), following the suppliers guidelines. Sequencing was conducted on

an ABI 3730 (Applied Biosystems Inc., Foster City, CA, USA) automated

sequencer, using both forward and reverse primers. Markers for the P6 loop

and ITS1 rDNAs were analyzed following the same PCR, purification and

sequencing conditions applied for the dietary samples described above.

Filtering and annotating sequences of the diet data set
Sequences obtained from the next-generation sequencer consisted of a mix of

direct and reverse single-strand molecules of DNA, which were firstly filtered

and annotated, using the programs available in the OBITools package (http://

metabarcoding.org/obitools), following the steps described in Shehzad et al.

(2012b). The forward and reverse strands corresponding to the same molecule

were aligned and merged, using the illuminapairedend program. The ngsfilter

program was applied to keep only sequences unambiguously identified by their

tags (no error allowed), and showing a maximum of two errors on primers.

Sequences were then sorted in four different files according to each of the four

molecular markers analyzed, keeping the information of how many times each

sequence was observed in each PCR product. Sequences were classified in the

categories of ‘head’ (the most common sequence within a group of sequences

differing by a single indel/substitution), ‘internal’ (sequences less frequent

within the group of related sequences) or ‘singleton’ (a sequence with no other

variants differing by a single indel/substitution) for each PCR product, as

described by Shehzad et al. (2012a) and De Barba et al. (2014), to detect

possible amplification/sequencing errors. A sequence reference database was

built for each molecular marker analyzed, applying the programs ecoPCR

(Ficetola et al., 2010) and OBITools, using the sequences of the plant database

generated for this study and recovering the relevant part of the molecular

markers from the EMBL database (release 117). These reference databases were

used to assign the taxon to the diet sequences using ecotag program (Pegard

et al., 2009).

The software R 3.0.0 (http://www.R-project.org/) was used to continue the

sequence filtering process, following the workflow detailed in De Barba et al.

(2014), and to perform statistical analyses. To delete noisy sequence reads

Table 2 Primer sequences used in this study and amplicon length of filtered diet sequences

Primer name Primer sequence (5′–3′) Reference Sequence length (bp)

g GGGCAATCCTGAGCCAA Taberlet et al. (2007) 31–60

h CCATTGAGTCTCTGCACCTATC Taberlet et al. (2007)

ITS1-F GATATCCGTTGCCGAGAGTC Baamrane et al. (2012)

ITS1Poa-R CCGAAGGCGTCAAGGAACAC Baamrane et al. (2012) 69–75

ITS1Ast-R CGGCACGGCATGTGCCAAGG Baamrane et al. (2012) 83–85

16SMAV-F CCAACATCGAGGTCRYAA De Barba et al. (2014) 37–38

16SMAV-R ARTTACYNTAGGGATAACAG De Barba et al. (2014)

Mam-MAVB1 CCTAGGGATAACAGCGCAATCCTATT-C3 De Barba et al. (2014)

c CGAAATCGGTAGACGCTACG Taberlet et al. (1991)

d GGGGATAGAGGGACTTGAAC Taberlet et al. (1991)
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Table 3 Proportion of samples, in each habitat/region and species category, presenting in their diet composition at least one sequence identified in a given plant family for the P6 loop of the

chloroplast trnL (UAA) intron

Sequence ID Taxonomic identification Best match C. minutus C. flamarioni

Family Genus Species Fields (n=39)

Dunes

(n=22)

Sympatry

(n=6)

All samples

(n=67)

Dunes

(n=85)

Sympatry

(n=13)

All samples

(n=98)

gh0182 Amaranthaceae NA NA EF688748 — — — — 1.18% 7.69% 2.04%

gh0059 Amaryllidaceae Nothoscordum NA AF508517 — 4.55% — 1.49% — — —

gh0021 Apiaceae Centella Centella asiatica P147 2.56% — 16.67% 2.99% — — —

gh0145 Apiaceae Eryngium Eryngium sanguisorba P218

gh0030 Apocynaceae NA NA AF214362 — 13.64% — 4.48% — — —

gh0003 Araliaceae Hydrocotyle Hydrocotyle bonariensis P08_P39_P49_P118 35.90% 72.73% 83.33% 52.24% 64.71% 53.85% 63.27%

gh0011 Asteraceae NA NA GQ244965 20.51% 22.73% 16.67% 20.90% 10.59% 15.38% 11.22%

gh0018 Asteraceae NA NA AF098853

gh0025 Asteraceae NA NA AB070918

gh0036 Asteraceae NA NA AY952925

gh0094 Asteraceae NA NA AF452505

gh0263 Asteraceae Acanthospermum Acanthospermum

australe

P61

gh0167 Bignoniaceae NA NA EF105090 — 4.55% — 1.49% — — —

gh0068 Caryophyllaceae Cardionema Cardionema

ramosissimum

P88 5.13% — — 2.99% — — —

gh0073 Convolvulaceae NA NA AJ430942 — 9.09% — 2.99% — — —

gh0188 Ericaceae Empetrum NA AY496911 — — — — 1.18% — 1.02%

gh0005 Fabaceae Desmodium Desmodium incanum P27_P73_P124 25.64% 9.09% 33.33% 20.90% 2.35% — 2.04%

gh0064 Fabaceae Desmodium NA EU717290

gh0143 Fabaceae Stylosanthes NA AJ230730

gh0519 Fabaceae Vigna NA AB304049

gh0200 Iridaceae Herbertia Herbertia lahue GQ214203 — — — — 1.18% — 1.02%

gh0101 Oxalidaceae Oxalis NA AJ582295 2.56% — — 1.49% — — —

gh0001 Poaceae NA NA AM404244 100% 95.45% 100% 98.51% 98.82% 100% 98.98%

gh0006 Poaceae Axonopus NA AY769150

gh0012 Poaceae NA NA EF156672

gh0002 Poaceae NA NA AB223118

gh0007 Poaceae NA NA AY116268

gh0009 Poaceae NA NA AJ489466
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Table 3 (Continued )

Sequence ID Taxonomic identification Best match C. minutus C. flamarioni

Family Genus Species Fields (n=39)

Dunes

(n=22)

Sympatry

(n=6)

All samples

(n=67)

Dunes

(n=85)

Sympatry

(n=13)

All samples

(n=98)

gh0004 Poaceae Paspalum Paspalum notatum AY769174

gh0013 Poaceae NA NA AB571314

gh0029 Poaceae Panicum NA AY142726

gh0032 Poaceae NA NA AJ488528

gh0034 Poaceae Leersia Leersia hexandra AY792527

gh0014 Poaceae NA NA AY116257

gh0066 Poaceae Garnotia Garnotia tenella GQ869934

gh0069 Poaceae Cenchrus NA EU940008

gh0072 Poaceae NA NA EF137560

gh0082 Poaceae NA NA AM404244

gh0092 Poaceae NA NA AB042240

gh0046 Poaceae Luziola NA AY792536

gh0151 Poaceae NA NA AY116268

gh0223 Poaceae NA NA GQ870005

gh0043 Poaceae NA NA AY769150

gh0288 Poaceae NA NA AY116268

gh0028 Poaceae NA NA AY177347

gh0717 Poaceae NA NA AY792527

gh0901 Poaceae NA NA AY142726

gh1371 Poaceae NA NA GQ869934

gh0061 Polygonaceae Rumex NA AB219660 — — — — 1.18% — 1.02%

gh0120 Polygonaceae NA NA DQ860530

gh0074 Rubiaceae Richardia Richardia stellaris P211 7.69% — — 4.48% — — —

gh0156 Rubiaceae Richardia Richardia brasiliensis P66

gh0328 Rubiaceae Richardia Richardia brasiliensis P66

gh0056 Salicaceae NA NA AF327597 — — — — 1.18% — 1.02%

gh0505 Solanaceae NA NA AY266235 2.56% — — 1.49% — — —

gh0428 Verbenaceae NA NA AF231884 — — — — 1.18% — 1.02%

The taxonomic identification and the best match sequence identifier from GenBank are shown for each sequence. The number of samples for each category is within parentheses.
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(i.e. incorrect sequences occurring at low frequencies), sequences with a

frequency lower than 0.01 in a given PCR product were removed from that

sample, based on the frequency of noisy sequences observed in the positive

controls. To remove possible PCR and sequencing errors, only sequences

classified as head in both replicates of at least one sample of each of the four

sample groups (C. minutus, C. flamarioni, positive controls, negative controls)

were kept for further analyses. We transformed the counts of the sequences into

frequency data, and estimated the distance between the two replicates of each

sample using the Renkonen similarity index (Renkonen, 1938). A threshold

distance of 0.6 was used to exclude samples with highly dissimilar replicates

from subsequent analyses, based on comparisons between replicate similarity of

positive and negative controls, and dietary samples. A mean of the count of

each sequence was calculated between the pair of sample replicates to obtain a

sequence profile for all samples. We inspected the profile of negative controls

and compared their read counts with that of dietary samples to exclude samples

of possible low-quantity DNA (samples with o500 reads for P6 loop and the

ITS1 of Poaceae family markers, and o250 for ITS1 of Asteraceae family and

MAV markers). Finally, to avoid chimeric sequences and to increase the

accuracy of taxonomic assignation, sequences were removed from the whole

diet data set when the best identity of the query sequence did not match at least

95% of a sequence from the reference database, when the taxonomic

classification of a given sequence did not reach at least the family level, or if

the taxon assigned to the sequence did not occur in the region studied (only the

Picea genus was excluded from the P6 loop data set).

We used the filtered sequence data generated with the P6 loop marker for

characterizing diet composition and patterns of the study species. Sequences

obtained from the other markers were merely used for genus/species level

identification in Asteraceae and Poaceae (ITS1) and for verifying if the study

species were strictly herbivorous (16S rDNA).

Data analyses
Multivariate analyses of the P6 loop diet data were performed using program

R 3.0.0. Sample categories were determined based on: (i) the source species

(C. flamarioni vs C. minutus); (ii) the habitat/region where the scats were

collected (dunes, sand fields or sympatric zone); and (iii) the sex of the

specimens (Table 1). The proportions of plant families in the diet composition

of each category were plotted using the sum of sequence reads. The package

ade4 1.4-17 (Dray and Dufour, 2007) was implemented to carry out

correspondence analysis (CA) and between-class analysis (BCA), which per-

forms a principal component analysis based on instrumental variables, to

summarize the pattern of diet differentiation among groups of scat samples.

Both the CA and BCA analyses were calculated based on the logarithm of the

count of each sequence within each sample, to attenuate the effect of extreme

values.

The Vegan 2.0-9 package (Oksanen et al., 2013) was implemented to

perform an analysis of multivariate homogeneity of group dispersions

(betadisper), to evaluate the pattern of dispersion of samples within each

category (Anderson, 2006). The Renkonen index was used to calculate the

distance between pair of samples, based on the frequency of the sequences in

each sample. The average distance of the samples to the group centroid was

pairwise compared, under a null hypothesis of no difference in dispersion

between groups. We applied a classical t-test, under 999 random permutations,

assuming α= 0.05.

The relationship between the geographical distance and the diet composition

was investigated using a simple Mantel test. The correlation between the

Renkonen pairwise dissimilarity matrix and the matrix of pairwise geographical

distances between samples was calculated using Vegan 2.0-9 package, applying

the Pearson's correlation method, and assuming 999 permutations.

RESULTS

The reference database

From the 195 specimens of plants sequenced to generate a reference

database for the P6 loop of the chloroplast trnL (UAA) intron,

102 different sequences were recovered corresponding to 142 species

distributed in 28 plant families (Supplementary Table S1) (some

species had identical P6 loop sequence). For the ITS1 molecular

marker of Poaceae and Asteraceae families, 28 and 16 different

sequences were generated, belonging to 31 and 16 species, respectively

(Supplementary Table S1) (some Poaceae had identical ITS1

sequence).

Diet composition of C. minutus and C. flamarioni

No sequence reads remained in the PCR-negative control samples of

all final data sets, after the filtering process. Relevant sequences

corresponding to the species mixed in the PCR-positive controls were

found in all final data sets, with exception of the plant samples P172

and P184, which were lost during the filtering process for the P6 loop

marker.

Next-generation sequencing of all molecular markers and samples

(dietary samples, plant samples to reference database, PCR-negative

and -positive controls) generated a total of about 19.5 million paired-

end sequence reads. A total of 1 301 382 reads was retained for the

Figure 2 Proportion of sequence reads amplified in each plant family with the P6 loop of the chloroplast trnL (UAA) intron. Samples were classified by

species and by sex and habitat/region within each species. Families representing o1% of sequence reads were grouped as ‘others’.
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whole diet data set of 67 specimens of C. minutus for the P6 loop

marker after the sequence filtering process, corresponding to 41

different sequences distributed in 13 plant families (Table 3). Most

of these reads were assigned to the Poaceae family (51.81%), followed

by Fabaceae (15.18%), Araliaceae (15.06%), Asteraceae (12.06%) and

Apocynaceae (2.78%). Each of the remaining families identified

comprised o1% of the total C. minutus reads (Figure 2).

Almost all specimens of C. minutus (66 individuals, ~ 98.51% of the

samples) presented at least one sequence identified in the Poaceae

family in their diet composition (Table 3). The Araliaceae family was

Figure 3 Plots of CA (a) and BCA (b) for samples according to species (a) and habitat type (b).

Figure 4 Boxplot of multivariate homogeneity of groups’ dispersions (betadisper) of samples analyzed according to species, habitat type and sex of

individuals.
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identified in 35 samples (52.24%), and Asteraceae and Fabaceae

families were identified in 14 samples (20.90%). The remaining

families were less represented. The Amaryllidaceae, Apiaceae, Apoc-

ynaceae, Bignoniaceae, Caryophyllaceae, Convolvulaceae, Oxalidaceae,

Rubiaceae and Solanaceae families were identified in samples of C.

minutus but not in those of C. flamarioni (Table 3). On average, 3.60

different sequences were identified in samples of C. minutus for the P6

loop marker, ranging from 1 to 8 sequences per sample.

The whole diet data set of C. flamarioni for the P6 loop molecular

marker was composed by 1 343 667 reads, corresponding to 29

different sequences, distributed in 10 plant families (Table 3). The

mostly amplified sequences were attributed to Poaceae (66.04%),

Araliaceae (32.15%) and Asteraceae (1.07%). Other families com-

prised o1% of sequences amplified (Figure 2).

We detected sequences identified in the Poaceae family in 97 of the

98 samples of C. flamarioni (98.98%) (Table 3). Sixty-two samples

(~63.27%) showed the Araliaceae family in their diet composition,

and the Asteraceae family was identified in 11 samples (11.22%). The

families Amaranthaceae, Ericaceae, Iridaceae, Polygonaceae, Salicaceae

and Verbenaceae were identified in samples of C. flamarioni only, but

they were less represented. On average, 2.65 different sequences were

identified in the samples for the P6 loop marker, ranging from 1 to 8

sequences per sample.

The taxonomic resolution of sequence identification for the P6 loop

marker reached genus and species levels for 19.64% and 23.21% of the

sequences, respectively. The single sequence amplified for the Apoc-

ynaceae family in this study was only classified to the level of tribe

(Asclepiadeae). The single Araliaceae sequence amplified was identified

without ambiguity as the species Hydrocotyle bonariensis. The Fabaceae

family was mainly represented by the species Desmodium incanum, but

the genera Desmodium, Stylosanthes and Vigna were also identified

(Table 3). A greater taxonomic resolution for the Asteraceae family

was achieved using the ITS1 molecular marker. Almost 21.00% of the

sequences were identified to genus, and 37.50% were identified to

species level. The genus Senecio was the taxon most frequently

recovered in the scat samples of both C. minutus and C. flamarioni

(Supplementary Table S2). The Poaceae family, according to the

results of the ITS1 molecular marker, had 35.14% and 54.05% of the

sequences identified to the genus and species level, respectively.

Poaceae were mainly represented by the species Axonopus fissifolius

and Stenotaphrum secundatum, and the genera Panicum and Paspalum

(Supplementary Table S3).

The 16S rDNA mitochondrial gene of mollusks, arthropods and

vertebrates data set consisted of eight samples (one C. flamarioni and

seven C. minutus) and four sequences after the filtering process in R.

Two sequences were classified in the Liposcelidae family of insects, and

the remaining two sequences were classified in the Eriophyidae family

of mites of plants (data not shown).

According to the CA plot, the distribution of C. minutus samples

was more widespread in both axes 1 and 2 compared with C.

flamarioni samples, which overlapped the distribution of C. minutus

in the upper right position of the plot (Figure 3a). Moreover, the

average distance of the samples to the group centroid (ADC) from the

multivariate homogeneity test was significantly different between the

two species, according to the permutation test results (ADC:

C. flamarioni= 0.38; C. minutus= 0.61; P= 0.001; Figure 4).

In the BCA plot, most samples of C. minutus displayed a continuum

distribution, except for samples collected at Morro dos Conventos

(MC) and at the northern sites of Estrada Farol de Santa Marta (ESM)

and Morro Farol de Santa Marta (MSM); this latter also had the most

widespread plot (Supplementary Figure S1). For C. flamarioni, all

samples grouped together, with exception of São José do Norte (SJ2)

and Lagoa do Peixe (LP; Supplementary Figure S2).

The Mantel’s test detected a positive and significant correlation

between geographical distances and Renkonen distances between

samples based on their diet composition, for the overall geographical

range of C. minutus (r= 0.2902, P= 0.001), and for the samples

separated by habitat type (dunes: r= 0.597, P= 0.001; fields:

r= 0.3537, P= 0.001), even when the localities of MSM or ESM were

excluded from the analyses (dunes: r= 0.4782, P= 0.009; fields:

r= 0.199, P= 0.001). For C. flamarioni, there was a significant but

weak correlation between geographical distance and sample composi-

tion for the whole diet data set (r= 0.0783, P= 0.013). However, when

we excluded samples from SJ2 and LP, the correlation was not

significant (r= 0.0526, P= 0.083).

Geographic distribution: habitats and sympatric zone

Most sequences amplified from C. minutus samples in the sympatric

zone were identified in the Poaceae, Araliaceae and Fabaceae families

(43.51%, 33.64% and 20.33%, respectively; Figure 2). All individuals

showed Poaceae in their diet composition, and Araliaceae was also

used by most part of the individuals (83.33%; Table 3). A total of 11

different sequences were retrieved for the P6 loop molecular marker,

with a mean of 3.5 sequences per sample (range 2–5). The count of

sequence reads for samples from the sand fields were mainly

represented by Poaceae (68.69%), Fabaceae (17.88%) and Araliaceae

(9.77%) families. All individuals showed Poaceae in their diet

composition (Table 3). Thirty different P6 loop sequences were

retrieved, with a mean of four sequences amplified per sample (range

2–8). For C. minutus sampled in dunes, the Asteraceae family

comprised 30.02% of the sequence reads, followed by Poaceae

(29.80%) and Araliaceae (18.31%). Poaceae and Araliaceae were

found in the diet composition of several individuals (95.45% and

72.73%, respectively) (Table 3). A total of 19 different sequences were

identified, with an average of 2.91 sequences per sample (range 1–6).

Four families were identified in the diet of samples of C. flamarioni

from the sympatric zone, and most of the sequences amplified were

classified in the Poaceae (69.67%) and Araliaceae (28.14%) families

(Figure 2). The families more frequently used by the individuals were

Poaceae and Araliaceae (100% and 53.85% of individuals, respectively;

Table 3). A total of five different sequences were retrieved for the P6

loop marker with a mean of two for each sample (range 1–4).

Likewise, samples of C. flamarioni collected outside the sympatric zone

showed a higher proportion of sequence reads identified in the

Poaceae (65.37%) and Araliaceae (32.89%) families, and also most

part of the individuals showed these two families in their diet

composition (Table 3). Twenty nine different sequences were identi-

fied, averaging 2.75 sequences in each specimen (range 1–8). The

number of distinct sequences shared between groups of specimens by

habitat/region is given in Supplementary Table S5.

Samples of C. minutus from dunes were the most widespread in the

BCA plot (Figure 3b). Samples of C. flamarioni from the sympatric

zone showed a restricted distribution, overlapping the group of

samples of C. flamarioni from dunes. C. minutus from the sympatric

zone occupied a central position in the plot, slightly overlapping the

distribution of other samples. However, there was no clear overlap

between samples of C. minutus and C. flamarioni from the sympatric

zone. The CA plots of axis 1× axis 2 and axis 1× axis 3 showed similar

results for samples of the two species in the sympatric region

(Supplementary Figure S3).

Average distances of the samples to the centroid of the groups were

generally higher in C. minutus (ADC: fields= 0.59; dunes= 0.55;
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sympatry= 0.51) than in C. flamarioni (ADC: dunes= 0.39; sympa-

try= 0.30). Five pairwise comparisons showed significant differences

in the multivariate dispersion of the samples within categories:

(i) C. minutus from dunes vs C. flamarioni from dunes (P= 0.007);

(ii) C. minutus from dunes vs C. flamarioni from sympatric zone

(P= 0.002); (iii) C. minutus from fields vs C. flamarioni from dunes

(P= 0.001); (iv) C. minutus from fields vs C. flamarioni from

sympatric zones (P= 0.001); and (v) C. minutus from sympatric zones

vs C. flamarioni from sympatric zones (P= 0.018).

Males vs females diet composition

The diet composition of males and females, within each species,

showed similar variation according to the CA (data not shown) and

BCA plots (Supplementary Figure S4), and the betadisper results

(Figure 4). Moreover, there were no significant differences of samples

dispersion between males and females of each species, based on the

permutation tests for the betadisper results (Supplementary Table S4).

DISCUSSION

Diet composition of C. minutus and C. flamarioni

Nineteen plant families were identified in this study, 13 in the samples

of C. minutus and 10 in the samples of C. flamarioni. Despite

differences in the families retrieved, Poaceae sequences comprised

more than half of the sequence reads of both ctenomyid species, and

were highly amplified in different habitats. The frequency of occur-

rence of different food items in the samples (i.e. the proportion of

samples containing a given plant) was concordant with the informa-

tion provided by the read counts, indicating that Poaceae sequences

were identified in almost the totality of samples of both species. The

Araliaceae and Asteraceae families were also commonly found in both

species, together with Fabaceae for C. minutus. This may suggest that

these subterranean rodents preferentially use these four plant families

as food sources.

The final data set of the 16S rDNA mitochondrial gene of mollusks,

arthropods and vertebrates consisted of a few samples and sequences.

The four sequences retrieved were taxonomically identified in mite

(Eriophyidae) and insect (Liposcelidae) families, which are commonly

found on plants. It is likely that these organisms are not part of the

diet composition of both ctenomyid species, but were only accidentally

ingested while the individuals were feeding on plants. These results

confirm that C. minutus and C. flamarioni are herbivorous species.

Some considerations apply to our inferences on the diet composi-

tion of the two species. The detection of DNA sequences of different

food items and the sequence read counts observed can be subject to a

number of methodological and biological bias (Deagle et al., 2013;

Thomas et al., 2014). For example, biased amplification can occur

when the primers match better sequences in certain species over

others (Shehzad et al., 2012b), or because of preferential amplification

of shorter sequences (Rayé et al., 2011). Biological factors, such as

variation in the proportion of mitochondrial and chloroplast orga-

nelles among tissues and differential digestibility of foods, may also

influence DNA quantity in the scats and therefore its detectability for

diet analysis (Pegard et al., 2009; Deagle et al., 2010; Thomas et al.,

2014). Even if these constraints preclude the use of sequence read

counts for accurate absolute quantitative interpretations of the

proportions of food ingested, various studies showed that consistent

proportions of food DNA were estimated from fecal samples of

animals fed a known diet (Deagle et al., 2010; Bowles et al., 2011), and

that DNA sequence counts can be used for semiquantitative estimates

of diet in comparative studies (Pompanon et al., 2012).

An additional biological aspect, important for diet analysis from

feces of subterranean rodents, relates to their high digestive efficien-

cies, which allow enhancing the exploitation of even low-quality

resources rich in fiber. This efficiency is associated with long retention

times of food in the gut compared with other herbivorous, and, until

the process of fermentation is not finished, the food is not eliminated

(Buffenstein, 2000). In other words, the richer in fiber is a plant, the

longer it will be retained in the gut, and thus it could be recovered in

several feces samples, potentially affecting estimates of frequency of

occurrence of plants in the samples and inferences of food preferences.

One limitation of our approach for identifying finer compositional

differences among samples was the limited taxonomic resolution

achieved, due to moderate variability of the P6 loop marker. In fact,

despite several different sequences were retrieved in the diet composi-

tion of C. minutus and C. flamarioni, we were not able to identify all

sequences to the species or genus level, and some species shared the

same P6 loop sequence. However, this inconvenience is compensated

by the fact that the primers g and h used to amplify the P6 loop region

are extremely well conserved, from Gymnosperms to Angiosperms,

which is particularly important when amplifying multiple species

within the same PCR (Taberlet et al., 2007). Moreover, the P6 loop is

short enough to allow the amplification of highly degraded DNA in

fecal samples. We increased the taxonomic resolution for members of

Poaceae and Asteraceae by using the more variable ITS1 markers

within these two plant families.

Generalist vs specialist habits

The energetic cost of a subterranean life is high, mainly associated with

the process of digging burrows for dispersion and foraging

(Buffenstein, 2000). One way to decrease costs of foraging is to use

food sources found inside and around the burrows, and be less

selective about the food consumed (Altuna et al., 1998; Buffenstein,

2000; Martino et al., 2007). This is particularly true for subterranean

rodents that carry out most of their activities belowground, and whose

foraging patterns are usually associated to the probability of finding

food along their path. In contrast, in subterranean rodents as

ctenomyids, showing mainly an above-ground foraging behavior,

some level of food specialization might be developed (Busch et al.,

2000). Our data support this previous findings indicating that, whereas

C. minutus and C. flamarioni are generalists, preference for particular

plant species and plant families can also be suggested for both rodents.

Two of the plant families most frequently found in samples of

C. minutus and C. flamarioni (Poaceae and Asteraceae) are abundant

in the southern Brazilian coastal plain, figuring among the families

with the highest species richness (Palma and Jarenkow, 2008; Boldrini,

2009; Filho et al., 2013). Moreover, the species Hydrocotyle bonariensis

from the Araliaceae family is quite common in the coastal plain

compared with other plant species (Palma and Jarenkow, 2008), and it

is a food item frequently found in samples of C. minutus and

C. flamarioni, even in distinct habitats. These results suggest that

resource availability in the environment might influence food choices

in these ctenomyid species. Curiously, even if the Cyperaceae family is

quite common and represented by several species in the coastal plain

(Boldrini, 2009), plants of this family were not identified as part of the

diet of the subterranean rodents in this study. Unfortunately, at this

point we are not able to confirm if this can be attributed to food

choices or to detection bias for the Cyperaceae DNA.

Similar feeding behaviors were found among other ctenomyid

species. C. mendocinus lives in Midwestern Argentina. Although this

species has generalist habits, a preference for some food items was

observed, mainly represented by above-ground parts of grasses, even
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in populations inhabiting environments with low food availability

and harsh climatic conditions (Puig et al., 1999; Rosi et al., 2003).

C. eremophilus has generalist behavior with a preference on aerial

vegetative part of grasses, but in grazed paddocks their diet showed

lower percentage of grasses and higher dietary diversities compared

with ungrazed paddocks, which was associated with the competition

for grasses with cattle (Rosi et al., 2009). C. talarum and C. australis are

also generalists but prefer the aerial vegetative part of grasses over

forbs throughout the year (Comparatore et al., 1995). Selective

behaviors observed in ctenomyids have also been associated with

specific nutritional requirements during the reproductive season, the

time spent harvesting and handling the plants and the balance between

the quality of the food to supply the energy, protein and fiber

requirements vs the quantity of secondary components and plant

defenses, which can influence their palatability and digestibility

(Comparatore et al., 1995; Puig et al., 1999; Martino et al., 2007).

Differences in the diet composition between species, habitats

and sex

The overall diet composition of C. minutus was more varied and

heterogeneous among individuals than the overall diet of

C. flamarioni, as inferred by the number of different sequences

retrieved by sample and overall for each species, and results of

multivariate analyses. C. minutus is distributed in the dunes near to the

sea and in more internalized sand fields of the southern Brazilian

coastal plain. These environments differ in their phytophysiognomy,

with the first-dune line being characterized by more sparse vegetation

cover, and plant species adapted to poor, salty and unstable soils. In

contrast, the more internalized fields are a mosaic of natural land-

scape, anthropic disturbed areas and constantly wet regions of fluvial

and lake influences (IBGE, 1986), and hence have higher species

richness. Moreover, the diet among the individuals of C. minutus

seems to diverge along the environment with increasing geographical

distances, which can contribute to a more varied diet for this species.

On the other hand, the diet of C. flamarioni was quite homogeneous

all over its geographical distribution. Although Mantel test results for

the whole diet data set of C. flamarioni were significant, the correlation

between differences in diet composition and geographical distances

seemed to be weak and affected by the distinct diet pattern of

individuals sampled in the LP and SJ2 sites, both located in the

southern species' distribution. The scats of C. flamarioni from LP were

sampled in a sandy soil region constantly wet, as it is near to the

margins of a lagoon (Lagoa do Peixe), whereas SJ2 is located in a sand

field near to the first-dune line with vegetation cover similar to those

fields inhabited by C. minutus in its southern range.

The specimens of C. minutus and C. flamarioni from the sympatric

region diverged in all aspects considered in this study. Only five

different sequences were retrieved in the fecal samples of 13

individuals of C. flamarioni from the sympatric zone, with a mean

of two sequences amplified per individual for the P6 loop molecular

marker, which was the lower value obtained among all groups of

samples. This result could suggest that C. flamarioni inhabiting the

sympatric region are more specialized on few plant items than

C. minutus, which showed a higher mean of different sequences

(3.5) per fecal sample, and a total of 11 sequences identified among

the six individuals. The specimens of C. flamarioni showed a more

homogeneous pattern of diet composition when compared with

C. minutus, and no remarkable diet overlapping was detected between

species, according to the low number of sequences shared (3 out of 13

sequences in the region of co-occurrence) and multivariate analyses.

These results may indicate some level of dietary partitioning for

C. minutus and C. flamarioni in the sympatric region, which can

contribute to the coexistence of both rodents in the same area, by

reducing major effects of competition between them. However, our

small sample sizes and the limited number of sequences in the zone of

sympatry limit definite conclusions on direct competition for and

adaptation to food resources.

Distinct foraging strategies between males and females were

described in rodents, and were mainly associated to differences in

nutritional requirements during the growth and reproduction stages

(Puig et al., 1999). The microhistological analysis of the diet of

C. mendocinus demonstrated that males have a more varied diet in

winter, attributed to changes in the behavior during the beginning of

the reproductive season, while females showed a higher specialization

on grasses in spring, probably associated to the high energetic costs of

pregnancy and lactation occurring during this period of the year (Puig

et al., 1999). Our results indicate no significant diet differences

between males and females of both species, even in different habitats

(Figures 2 and 4 and Supplementary Figure S4). Since we did not

sample in different seasons in the same sampling sites, we could not

perform seasonal analyses. Our results may be biased by the fact that

males/females samples were analyzed all together, regardless of the

season they were collected, and thus possible minor differences in diet

composition between sexes could have not been detected.

Future research on diet analyses of these species based on DNA

metabarcoding should focus on applying other molecular markers

designed to amplify short and variable regions of specific plant

families/genus of interest, which, combined with a more complete

reference database, can increase the power of taxonomic resolution of

this methodology. Moreover, sampling should be designed to assess

the information of the diet composition in different seasons from the

same sampling site, to allow inferences about differences related to

seasonal environmental changes and in animal nutritional require-

ments during the growth and reproduction stages.
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Abstract!

!

This% thesis% positions' itself' in# the# context# of# the# processing# of# high"throughput(

sequencing)data,)and)specifically!DNA$metabarcoding$data.!DNA$metabarcoding$consists'

of! the$ identification$ of$ taxa$ or$ taxonomic$ groups$ from$ DNA$ extracted$ from$

environmental+ samples+ (water,+ soil,+ animal+ feces)." After" extraction" of" the" DNA," short"

sequences'used'as'taxonomic'markers'are!amplified)by)PCR,)then)sequenced)using)high"

throughput(sequencing(technologies.!Important(volumes(of(data(are(produced(that(way,(

usually&from&several&thousands&to&several&hundreds&of&thousands&sequences&per&sample.!

This% thesis%aimed% for! the$development$of!methods( for( the(analysis(of( these(sequences.!

Classification+ methods+ allow+ the+ treatment+ of+ numerous+ problems+ in+ DNA+

metabarcoding.. Supervised. classification. is. used. for. the. taxonomic. assignment. of.

sequences' to' taxa,' by' comparing' them' to' the' sequences' of' a! reference& database.&

Unsupervised+classification+methods(are(used(to(create(taxonomic(groups((MOTUs)(from(

the$ sequences,$ in$ order$ to$ estimate$ biodiversity.! They! are$ also$ used$ to$ identify$ the$

erroneous' sequences' generated' during' the' PCR' and' sequencing' steps! in# particular,#

where%erroneous%sequences%often%derive%from%true%sequences%and%remain%very%close%to%

them.!Classification+approaches!used%in%the!context!of#DNA#metabarcoding!necessitate(a(

sequence' comparison'method' that' should!be# both# fast# and# exact.!Such% a!method'was'

developed,(using(a(Needleman"Wunsch'type'global'alignment'algorithm'computing'the'

length'of' the' longest' common'subsequence'between' the' two'sequences'being'aligned,'

associated) with) a) lossless) filter) allowing) to) avoid) the) alignment) of) some% pairs& of#

sequences' that'have'no' chance' to'present' a' similarity' superior' to' a' chosen' threshold.!

The$ use$ of$ Single' Instruction,'Multiple' Data' instructions," as" well" as" the" availability" of"

multithreading- speed! up! the$ calculations." This% comparison* method* is* implanted! in#

SUMATRA,"a"program"computing"all"the"pairwise(similarities)of#a#dataset#or#between#two#

datasets,'with'the'possibility'to'set'a'threshold'under'which'similarities'are'ignored.!It#is#

also%used%in%SUMACLUST,"a"program"grouping(sequences(using(a(star(clustering&algorithm,"

where%each%cluster%possesses%a%representative%sequence.%This%algorithm%can%be%used%to%

generate'MOTUs,'or' to' identify'erroneous' sequences'deriving' from' true' sequences,'by'

using& the& fact& that& true& sequences& tend% to! end$ up$ as$ the$ representative# sequences# of#

their& cluster.! More% specialized,% the% SUMACLEAN) program' was' developed' to' identify'

sequences' containing' ponctual' PCR' errors." To" that" end," directed" acyclic" graphs" are"

created,( whose( topology( matches( perfectly( the( successions( of( errors( generated" by"

ponctual)errors)during)PCR.)A)new)approach)for)the)taxonomic)assignment)of)sequences)

with%a%supervised%classification%method%was%also%studied.%Nowadays,%most%taxononomic%

assignment) approaches) use) methods) that) are) badly) suited) for) the$ important)

polymorphism* of*markers," and" don’t" take" in# account# enough' the$ incompleteness+ and+

errors%inherent%to%reference%databases.%A%new%approach%was%tested,%based%on%the%idea%of%

a"start"from"the"root"of"the"taxonomic"tree,"and"a"descent"in"it"with"a"possible"stop"before"

reaching) a) leaf,$ if$ descending$ to$ a$more$ precise$ taxonomic$ level$ seems$ unreasonable.!

This%approach%would%theoretically%allow%for%a%better%handling%of%the%problems%inherent%

to#reference#databases,#but#poses#a#few#issues,#such#as#the#representation#of#sequences#

at# intermediate& tree& levels,&and$ the$model$used$ to$make$choices$regarding! the$path$ to$

take%in%the%tree,%for%which%no%satisfying%solutions"have!been$found$yet.!

!

!

!







Résumé!

!

Cette$ thèse$ s’inscrit$ dans$ le$ cadre$ du$ traitement$ des$ données$ issues$ de$

séquençage*haut*débit,*et*en*particulier*des*données*produites*en*metabarcoding!ADN."

Le#metabarcoding!ADN!consiste(à( identifier(des(taxons(ou(des(groupes(taxinomiques'à'

partir&de#l'ADN#présent#dans#des#échantillons#environnementaux&(eau,&sol,&fèces...).#Après#

extraction*de*l’ADN,*de*courtes*séquences*utilisées*comme*marqueurs*taxinomiques'sont'

amplifiées*par*PCR*puis*séquencées*en*utilisant*les*nouvelles*techniques*de*séquençage*

haut%débit.%De%très%importants%volumes%de%données%sont%ainsi%générés,% le%plus$souvent,$

de# plusieurs# milliers# à# plusieurs# centaines# de# milliers# de# séquences# par# échantillon.#

L'objectif+principal+de+cette!thèse&était! le#développement#de#méthodes#d'analyse#de#ces#

séquences.! Les$ méthodes% de% classification% permettent% de% traiter% de% nombreuses$

problématiques/ en" metabarcoding" ADN.! La# classification# supervisée# est# utilisée# pour#

assigner( les( séquences( à( des( taxons( en( les( comparant( aux( séquences( de( bases( de(

données' de' référence.' Les# méthodes# de# classification# non# supervisée# permettent! de#

créer$ des$ groupes$ taxinomiques! (MOTU)! à" partir" des" séquences,! afin% de% faire% des%

estimations) de) biodiversité.! Ces$ méthodes$ sont$ aussi$ employées$ pour$ identifier$ les$

séquences(erronées(produites(par(la(PCR(et(le(séquençage(notamment,"où"les"séquences"

erronées' dérivent! souvent! des$ vraies$ séquences$ et$ leur% sont% très% similaires.! Les$

méthodes)de)classification)demandent'une'méthode'de'comparaison'des'séquences!qui$

soit! idéalement* à* la* fois* très* rapide* et* exacte.!Une$ telle$méthode$ a$ été$développée,!en#

utilisant( un( algorithme) d’alignement) global) de) type) Needleman"Wunsch' calculant' la'

longueur( de( la( plus( longue( sous"séquence( commune! entre% les% séquences% à% aligner,"

associé' à' un' filtre' sans' perte' permettant' d’éviter) l’alignement) de! certaines! paires' de'

séquences( n’ayant( aucune# chance# de# présenter! une$ similarité$ supérieure( à" un" seuil"

choisi.! L’utilisation+ d’instructions+ Single' Instruction,' Multiple' Data," de" même" que" le"

multithreading-optionnel-des-calculs,-permettent!d’associer*rapidité*et*exactitude.!Cette$

méthode(de( comparaison$ est$ implantée$dans$ SUMATRA," un"programme" calculant" toutes"

les$ similarités$ deux$ à$ deux$ d’un$ jeu$ de$ données$ ou$ entre$ deux$ jeux$ de$ données,$ avec$

possibilité)de) fixer)un)seuil)de)similarité)en)dessous)duquel) les)similarités)ne)sont)pas)

rapportées.! Elle$ est! aussi% utilisée% dans% SUMACLUST." SUMACLUST! est$ un# programme#

regroupant! les$séquences$en$utilisant$un$algorithme$de$clustering$en$étoile,$où$chaque$

groupe'possède'une'séquence'représentative.'Il#peut#être$utilisé$pour$créer$des$MOTU,"

ou#pour#détecter#les#séquences&erronées#dérivant#de#vraies#séquences.!Plus%spécialisé,%le%

programme( SUMACLEAN! a" été" développé" pour" détecter" les" séquences" contenant" des"

erreurs% ponctuelles% de% PCR.% Pour% cela,% des% graphes% orientés% acycliques% sont% générés,%

dont% la% topologie% correspond% parfaitement% aux% cascades% d’erreurs% générées# par# les#

erreurs% ponctuelles% de% PCR.! Par$ ailleurs,$ une$ réflexion$ a$ été$ menée$ pour$ le$

développement+d’une+nouvelle+approche+de+classification+supervisée+pour+ l’assignation+

taxinomique&des&séquences.!Aujourd’hui,+la+plupart+des+approches+d’assignation+utilisent&

des$ méthodes$ mal$ adaptées$ au# polymorphisme# important# des# marqueurs,# et# ne#

considèrent# pas# suffisamment# l’incomplétude# et# les# erreurs# inhérentes) aux! bases% de%

données'de'référence.'Une$nouvelle$approche$a$été$testée,$basée$sur$ l’idée$d’un$départ$

depuis' la' racine'de' l’arbre' taxinomique,'suivi!d’une$descente$ jusqu’à$un$arrêt$possible$

lorsque# descendre# à# un# niveau# taxinomique& plus& précis& semble& irraisonnable.& Cela&

permettrait(en(théorie(de(mieux(gérer(les(problèmes(inhérents(aux(bases(de(données(de(

référence,( mais( pose( le( problème( de( la( représentation( des( séquences( aux( différents(

niveaux(de( l’arbre,( et( du(modèle( de( choix( du( chemin( à( prendre," pour" lesquels"aucune!

solution(complètement(satisfaisante(n’a(été(trouvée(à(ce(jour.!
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