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Preface

This thesis manuscript presents the results of my research work conducted over a
three years period (2008-2011) during my stay at the Laboratoire d’Ecologie Alpine
(LECA), Université¢ Joseph Fourier, Grenoble. This work complements the approach
carried out by Alice VALENTINI on herbivores diets in the same laboratory. The main
aim of my study was to develop a DNA-based universal method to study carnivores diet
using environmental samples, and to apply this approach to several carnivore species.
The main focus was on the diet of endangered and elusive wild felid species of Asia.
Studying carnivores diet by characterizing the prey DNA present in its feces was a real
challenge when both prey and predator belong to a close taxonomic group. In this case,
the universal primers used, will amplify both predator and prey DNA, with a bias in
favor of predator’s DNA sometimes until the absence of prey DNA in the PCR product.
Thus, the main obstacle in studying carnivores diet in such cases was to control the
amplification of predator DNA to a limited extent and using universal primers
amplifying all potential prey items present in non-invasive sample. My early discussions
with Dr. Pierre TABERLET dealt with several approaches such as the use of restriction
enzymes targeting predator’s DNA. But, one thing which impeded me to work on this
approach was that the restriction enzymes which cleave the predator DNA may also cut
some prey sequences belonging to same or closer taxonomic group. A second obstacle
dealt with the finding of a restriction site, which is not always evident. However, the use
of oligonucleotide homologous to a part of the predator DNA and blocking its
amplification appeared to be a solution. We started with an artificial mixture combining
bear and frog tissue DNA in different proportions. Then we shifted towards the analysis
of feces samples from target carnivore species. This work involved the use of Next
Generation Sequencing (NGS) technologies. I started with the comparison of bands,
obtained on agarose gel due to different proportions of predator to prey DNA. Then, it
took three 454 (Roche) sequencing runs, in order to validate the effectiveness of
blocking oligonucleotides in various experimental conditions. Finally a large NGS run
using the Illumina-Solexa technology was designed including the sequencing of a large

number of samples.

This manuscript consists of six chapters. Chapter one is a summary if the whole

thesis is in French. Chapter two is an introductive presentation of the context of the

viil



study. It includes a brief review about DNA barcoding and NGS, their potentials and
implications in various ecological studies including diet analyses. This chapter mainly
focuses on the importance of studying the diet of elusive and endangered carnivore
species and I have discussed the perspectives and limitations of various methods from
conventional to PCR based techniques proposed till to date.

Chapter three mainly deals with the methodological aspect of my PhD study. It
presents the blocking oligonucleotide approach primarily applied for assessing the diet
of the leopard cat from its feces by amplifying prey DNA using universal primers for

vertebrates.

Chapter four highlights the relevance of diet assessment in the context of human-
wildlife conflict, by studying the common leopard population of Ayubia National Park
Pakistan. A conflict arises when human population living in the proximity of wildlife
relies upon the same resources. Our study confirmed that the common leopard
population studied mainly depends upon domestic livestock for its survival, and we have

make different suggestions to effectively mitigate these conflicts.

In chapter five we apply our approach to a highly endangered and cryptic
carnivore, the snow leopard, a case where the study of feces is required due to its remote
habitat and cryptic nature. One of the major threats to snow leopard population
throughtout its range, is the retribution killing due to livestock depredation. This study
aims to verify the proportion of livestock presence, moreover, the share of nearly
threatened argali sheep in the diet of snow leopard population from Tost Mounatins,
South Gobi, Mongolia. We illustrated that this predator mainly depends upon wild
ungulates, which seem to represent affluent population in Mongolia. These results will

allow resolving various conservation issues related with this cat.

Chapter six concludes on the overall accuracy of the approach developed for
assessing the diet of carnivores, and on its outcomes in the conservation of endangered
species studied. I have also highlighted potential limitations of this technique and
possible solutions to overcome them. Finally, I give some recommendations for the

implications of this approach to other carnivores diet.
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Abstract

Information on food webs is central to understand ecosystem functioning. It also
provides information of ecosystem stability by evaluating the resource availability and
use. Obtaining information on the diet can be critical especially when dealing with
elusive carnivores, which are difficult to observe. However, these large carnivores are
keystone species that influence the ecosystem through trophic cascades and maintain
biodiversity. Thus, precise knowledge of their diet is a prerequisite for designing
conservation strategies of these endangered species. Direct and indirect monitoring as
well as invasive and non-invasive approaches that have been used to study the diet are
either biased or have a low resolution. The DNA-based analysis of feces is an alternative
method that may provide better information. It can be implemented through a
metabarcoding approach, which is the simultaneous identification of multiple species
from a single environmental sample containing degraded DNA by using Next
Generation Sequencing. In this case, the use of universal primers for vertebrates
amplifying all potential prey also amplifies the predator DNA when it belongs to a close
taxon (e.g. mammals). Thus, the PCR products obtained from feces extracts will mainly
consist of predator sequences and may not represent the full diet. The use of
oligonucleotides specifically blocking the amplification of the predator DNA may
overcome this problem. We have developed such a method based on the concomitant
use of a universal primer pair (/2SV5, amplifying all vertebrates) and blocking
oligonucleotides for identifying the prey DNA fragments from predators feces. Even if
the method developed is not quantitative, it is robust and adequate for studying predator
with a very large dietary range and has a better resolution than traditional methods for
identifying prey at the genus or species level. This methodology has been applied to
characterize the highly eclectic diet (mammals, birds, amphibians and fishes) of two
Northern-Pakistani populations of leopard cat (Prionailurus bengalensis). With the same
approach, we demonstrated the importance of the Human-leopard conflict in Pakistan,
due to the almost exclusive consumption of domestic animals by the common leopard
(Panthera pardus). We could also highlight relevant conservation issues for the highly
endangered and cryptic snow leopard (Panthera uncia), based on the fact that it mainly

fed on wild ungulates.



Résumé

La caractérisation des réseaux trophiques est nécessaire pour comprendre le
fonctionnement des écosysteémes et les mécanismes impliqués dans leur stabilité. 11 est
parfois difficile de déterminer les régimes alimentaires notamment pour des espéces
discretes et difficiles a observer comme les grands carnivores. Cependant, ces espéces
jouent un role clé dans les écosystémes dont elles influencent le fonctionnement et la
biodiversité. Ainsi, connaitre le régime alimentaire des grands prédateurs avec précision
est essentiel pour établir des stratégies de conservation. Diverses méthodes basées sur le
monitoring, ’analyse d’échantillons invasifs ou non ont été utilisées pour étudier les
régimes alimentaires. Elles sont généralement biaisées ou peu résolutives. Les méthodes
basées sur I’identification des fragments d’ADN dans les feces ont le potentiel de fournir
une meilleure information, notamment dans le cadre d’une approche métabarcoding. Il
s’agit de caractériser simultanément I’ensemble des espéces dont I’ADN est présent dans
un échantillon environnemental, en utilisant les Nouvelles Techniques de Séquengage.
Dans ce cas, les amorces universelles nécessaires pour amplifier toutes les proies
potentielles amplifient également I’ADN du prédateur s’il y a proximité taxonomique
(par exemple mammiferes). Ainsi les produits PCR obtenus a partir des féces sont
essentiellement composés d’ADN du prédateur et ne reflétent pas I’ensemble du régime
alimentaire. L’utilisation d’un oligonucléotide de blocage limitant spécifiquement
I’amplification de I’ADN du prédateur peut résoudre ce probleme. Nous avons
développé une méthode de ce type basée sur ’utilisation d’amorces universelles pour les
vertébrés (amplifiant la région 12SV5) et d’oligonucléotides de blocage. Bien que non
quantitative, cette méthode s’est montrée robuste, adaptée a 1’étude de prédateurs a treés
large spectre de proies, et trés résolutive pour identifier les proies au niveau du genre et
de I’espece. Nous I’avons appliquée a I’étude du régime alimentaire du chat 1éopard
(Prionailurus bengalensis) qui s’est avéré trés diversifié (mammiferes, oiseaux,
amphibiens et poissons) dans les deux populations du Pakistan étudiées. Avec la méme
approche, nous avons démontré la réalité du conflit entre I’homme et le 1éopard commun
(Panthera pardus) dont le régime est presque exclusivement composé d’animaux
domestiques. Enfin, nous avons pu proposer des actions de conservations pertinentes
apres avoir montré que le régime de la trés menacée panthére des neiges (Panthera

uncia) est principalement composé d’ongulés sauvages.



1. Version abrégée en francais

Cette thése présente les résultats des travaux que j’ai effectués pendant 3 ans
(2008-2011) au LECA (Laboratoire d’Ecologie Alpine), a I’Université Joseph Fourier de
Grenoble. Le manuscrit comporte 6 chapitres. Aprés ce chapitre de présentation en
frangais, le chapitre 2 présente le contexte de cette thése. Il traite de 1’utilisation des
méthodes de “DNA barcoding’ et des Nouvelles Techniques de Séquengage (NTS) pour
I’étude des régimes alimentaires. Il fait aussi le point sur les diverses techniques
(traditionnelles, moléculaires) utilisées a ce jour pour décrire les régimes alimentaires de
carnivores. Les 3 chapitres suivants sont basés sur des articles scientifiques. Le chapitre
3 traite plus particulierement du développement de la méthode. Ces développements et
les tests de robustesse de la méthode ont été réalisés sur le chat 1¢éopard (Prionailurus
bengalensis) qui a une alimentation particulierement éclectique. Le chapitre 4 décrit le
régime du léopard commun (Panthera pardus), plus particuliérement d’une population
du parc national d’Ayubia au Pakistan. Ce cas est particuliérement intéressant dans la
mesure ou les résultats apportent des connaissances utiles pour gérer les conflits entre
population humaine et faune sauvage (impact des prédateurs sur les animaux d’élevage).
Le chapitre S relate I’analyse du régime du léopard des neiges (Panthera uncia) en
Mongolie (Sud Gobi). L’information obtenue, selon laquelle cette espéce menacée se
nourrit principalement d’ongulés sauvages, permet de proposer des stratégies de
conservation pertinentes. Enfin, le chapitre 6 propose une conclusion générale dans
laquelle le potentiel et les limitations de la technique développée sont présentés. Les
perspectives permettent de présenter des solutions aux limitations actuelles de la
méthode, ainsi que des recommandation a I’application de cette approche pour de futures

études sur d’autres especes.

1.1 Introduction

L’identification d’especes a partir de caractéristiques morphologiques est parfois
problématique, notamment dans des échantillons environnementaux dans lesquels les
organismes sont dégradés voire absent (Valentini et al. 2009b). Il reste cependant
possible d’identifier les especes présentes dans un échantillon environnemental en

utilisant un code-barres ADN (DNA barcode). Un barcode sensu stricto est une région
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d’ADN standardisée permettant d’identifier I’espéce. Au sens large, cette notion
concerne toute région d’ADN utilisée pour identifier un niveau taxonomique quel qu’il
soit (Valentini et al. 2009b). Le barcoding sensu stricto (Hebert et al. 2003b) doit
permettre une identification rapide et fiable des organismes animaux grace a la séquence
de la sous-unité 1 du géne mitochondrial de la cytochrome oxydase ¢ (COI). Le concept
dans son approche sensu lato est utilisé pour faire du métabarcoding, c’est-a-dire
identifier ’ensemble des taxa dont I’ADN est présent dans un échantillon
environnemental (eau, sol, féces, Taberlet et al. accepté). Une des applications de
I’approche métabarcoding est I’étude des régimes alimentaires qui peut se faire a partir
de divers types d’échantillons tels que contenus stomacaux (Vestheim & Jarman 2008)
ou feces (Pegard ef al. 2009; Valentini et al. 2009a; Stech et al. 2011; Shehzad et al.
sous presse). Selon la question posée il est possible d’utiliser des couples d’amorces
spécifiques d’un groupe de taxons (Deagle et al. 2009; Zeale et al. 2011) ou universelles
(Taberlet et al. 2007; Riaz et al. 2011; Bienert et al. sous presse). L’utilisation de “mini-
barcodes” doit permettre de travailler sur des échantillons environnementaux dont
I’ ADN est dégradé, les fragments amplifiés étant trés courts, comme par exemple pour la
boucle P6 de I’intron du #nL. (UAA) ADN chloroplastique (10-150 pb; Taberlet et al.
2007). De méme, Riaz et al. (2011) ont propose un mini-barcode (~ 100 bp) ciblant le
gene mitochondrial de ’ARNr 12S. L’approche métabarcoding est particuliérement
prometteuse pour étudier le régime alimentaire d’animaux cryptiques ou menacés
(Valentini et al. 2009b; Shehzad et al. sous presse). Elle permet de travailler dans des
conditions ou il est impossible de caractériser morphologiquement des fragments

d’organismes (Zeale et al. 2011).

C’est I’apparition des NTS (Nouvelles Techniques de Séquencage) qui a rendu
possible le développement des approches métabarcoding. Elles permettent de produire
des millions/milliards de séquences par expérience alors que les méthodes de
séquencage Sanger sont limitées par 1’utilisation de plaques 96-puits (Hert et al. 2008;
Schuster 2008) ou plus rarement 384-puits (Shibata et al. 2000; Emrich et al. 2002). Les
méthodes de séquencage massif sont commercialisées depuis moins de 10 ans et
comprennent les technologies 454 séquencage (454 Genome Séquencer, Roche Applied
Science; Basel), Solexa (utilisé dans le [llumina, Genome Analyzer; San Diego), SOLiD
(Applied Biosystems; Foster City, CA, USA), Polonator (Dover/Harvard) et HeliScope
Single Molecule Sequencer (Helicos; Cambridge, MA, USA). Depuis, de gigantesques



projets de génomiques exploitant ces NTS ont été mis en ceuvre (Shendure & Ji 2008).
Les NTS ont révolutionné les études de régimes alimentaires a partir de féces car elles
permettent de séquencer un grand nombre d’amplicons obtenus a partir d’un échantillon
sans nécessité de les séparer préalablement par clonage. De plus les courtes séquences
produites par les NTS sont compatibles avec les courts fragments amplifies a partir
d’ADN dégradés (Valentini et al. 2009b). La disponibilité croissante de plateformes
offrant du séquencgage haut-débit a prix compétitif permet des études de régime a grande
échelle pour des colits raisonnables (Deagle et al. 2009; 2010; Pegard et al. 2009;
Valentini ef al. 2009a). Des études récentes basées sur 1’utilisation des NTS ont marqué
un tournant dans la caractérisation des régimes alimentaires. Valentini ez al. (2009a) ont
proposé une méthode combinant barcoding ADN et NTS pour analyser le régime
d’herbivores en utilisant les amorces universelles g et 4 amplifiant un court fragment de
la boucle P6 de I’intron du trnL (UAA) (Taberlet ef al. 2007). La comparaison avec des
méthodes traditionnelles a démontré la supériorit¢é de 1’approche métabarcoding
(Soininen et al. 2009). Pegard et al. (2009) ont montré clairement que 1’approche

pyroséquengage est beaucoup plus performante que 1’approche clonage.

La connaissance du régime alimentaire est un pré requis a la compréhension du
fonctionnement des écosystémes. Cette information permet définir les ressources
disponibles et d’évaluer leur consommation dans 1’écosysteme (Mills 1992). Obtenir ces
données est un réel challenge pour les especes de carnivores €lusives ou fortement
menacées. Ces carnivores sont en effet des especes clé pour un écosystéme; elles ont une
forte influence sur son fonctionnement méme si elles représentent une part modérée de

sa biomasse (Mills ef al. 1993; Power et al. 1996).

De nombreuses approches aux potentialités et limitations différentes ont été
utilisées pour I’étude des régimes alimentaires (Shrestha & Wegge 2006). L’observation
directe ou indirecte par vidéo, l’utilisation de données de radio tracking (suivi
télémétrique) permettant de découvrir des restes de proies sur le trajet du prédateur, la
collecte de témoignages peuvent étre utilisées. Quand elle est possible, 1’observation
donne des informations trés précise comprenant aussi 1’age, la taille, le sexe de la proie.
Mais ces techniques ne sont pas opérationnelles pour étudier de trés nombreux individus.
Différentes méthodes invasives ont aussi été largement utilisées, comme 1’analyse de
contenus intestinaux ou stomacaux. Mais elles ne sont pas applicables sur des grands

carnivores ou animaux menaceés d’extinction car elles nécessitent de tuer 1’animal ou au



moins de I'immobiliser pour purger son estomac. L’analyse brute ou histologique de
contenus stomacaux ou intestinaux (Prado et al. 2010; Soininen et al. 2009; Balestrieri et
al. 2011) a I’avantage de permettre 1’identification des proies consommeées quel que soit
leur niveau de digestibilité (Hyslop 1980). Ce type d’échantillon a aussi été utilisé pour
caractériser les especes de proies a partir 1’électrophorése de protéines ou de différentes
techniques immunologiques (test de précipitation de protéines, western blot, ELISA).
Les principales limitations de ces techniques immunologiques sont les faux positifs et
est le partage de déterminants antigéniques par les différentes especes de proies
possibles (Feller et al. 1985). De plus, bien que les tests ELISA permettent la détection
de faibles quantités de protéines d’une proie ils ne sont pas quantitatifs sur ce type
d’échantillons stomacaux (Hoyt et al. 2000). Le développement d’anticorps mono- ou
poly-clonaux est également un processus lourd a mettre en ceuvre (Sheppard & Harwood

2005).

L’identification de proies par étude des feces a été largement répandue, notamment
de par la nature non-invasive de 1’échantillon permettant d’étudier des especes menacées
ou difficilement observables. L’examen brut de restes non digérés (os, coquilles, poil) ou
I’observation microscopique des phanéres sont possibles mais fournissent une
information limitée pour une grande quantité de travail (Oli 1993; Hall-Aspland &
Roger 2007). Le biais di a une digestibilité différentielle des proies peut étre évité par
I’utilisation de méthodes comme la chromatographie en couche mince, la caractérisation
des isotopes stables ou la Spectrographie Proche Infra-Rouge (SPIR). La Caractérisation
des isotopes stables par exemple sur des tissus du prédateur donne des informations a
long terme sur son alimentation mais ne permet pas 1’identification des espéces ingérées.
Apres calibration la méthode SPIR est rapide et peu coliteuse, cependant sa résolution

reste faible et peut générer des faux positifs.

L’analyse moléculaire des feces (HOss ef al. 1992; Kohn et Wayne 1997; Waits et
Paetkau 2005) fournit des données plus fiables et plus précises. Cette approche est
particulierement efficace pour les especes difficilement observables et menacées. Un
probléme important est 1i¢ a la présence de I’ADN du prédateur qui rend difficile
I’utilisation de systemes d’amorces universels permettant d’amplifier I’ADN de toutes
les proies possibles sans connaissance a priori du régime alimentaire. Si les approches
universelles sont efficaces pour les herbivores (Valentini et al. 2009a), elles représentent

un réel challenge pour les carnivores, ’ADN du prédateur étant co-amplifié avec celui



des proies (Jarman et al. 2006) et pouvant devenir dominant dans le produit PCR (Green

& Minz 2005, Jarman et al. 2004, 2006) masquant la présence de proies.

Plusieurs méthodes ont été proposées pour permettre I’amplification des ADN
minoritaires de proies. L’utilisation d’amorces spécifiques d’une espece ou d’un groupe
d’espéces excluant le prédateur (Vestheim et al. 2005; Deagle et al. 2006; Juen &
Traugott 2007; King et al. 2010; Zeale et al. 2011) n’est pas adéquate lorsque que le
spectre de proies est trés large. De plus la définition d’amorces spécifiques n’est pas
toujours facile si les régions étudiées sont peu variables entre proies et prédateur. Des
enzymes de restriction coupant spécifiquement I’ADN du prédateur ont été utilisées avec
des amorces universelles pour montrer la diversité du régime alimentaire dans plusieurs
¢tudes (e.g. Blankenship & Yayanos 2005; Suzuki et al. 2006, 2008; Dunshea 2009).
Mais cette méthode n’est efficace que si I’ADN du prédateur est suffisamment différent

de celui des proies, et nécessite une connaissance a priori du spectre de proies.

Des oligonucléotides présentant des spécificités de leur mode de synthése (e.g.
PNA, LNA, DPO et C3 espaceur) ont été utilisés pour bloquer 1’amplification de
fragments non cibles méme en exces dans I’échantillon. Ces oligonucléotides sont
définis pour étre spécifiques du fragment non souhaité et s’hybrident préférentiellement
avec lui et empéchent son ¢élongation par la polymérase lors de la PCR. Les autres
fragments, méme minoritaires, sont alors amplifiés. L’utilisation conjointe de ce type
d’oligonucléotides avec des amorces universelles a permis plusieurs études (c-a-d
Vestheim & Jarman 2008; Deagle 2009, 2010; Hu ef al. 2009; Chow et al. 2011). Cette
approche de blocage a de nombreux avantages. Par exemple elle ne nécessite pas d’avoir
une information a priori sur la nature des proies consommées. Elle peut étre mis en
ceuvre avec un surcout modéré dépendant du type d’oligonucléotide utilisé. Par exemple,
les oligonucléotides PNA sont 6 fois plus chers que ceux présentant un espaceur C3. Un
probléme concernant I’ensemble des méthodes moléculaires est qu’elles ne permettent

pas de détecter les cas de cannibalisme.



1.2 Nouvelles Techniques de Séquencage pour P’analyse du régime

alimentaire d’une carnivore: application au chat lIéopard au Pakistan

Chapitre issu de [IParticle: Carnivore diet analysis based next
generation sequencing: application to the leopard cat (Prionailurus

bengalensis) in Pakistan

Shehzad W, Riaz T, Nawaz MA, Miquel C, Poillot C, Shah SA, Pompanon F, Coissac E,

Taberlet P. (article en révision dans Molecular Ecology).

L’article présenté dans ce chapitre présente la méthode alternative a 1’étude des
restes non digérés, pour déterminer le régime alimentaire des carnivores a partir de
feces. Cette méthode basée sur 1’utilisation des NTS est appliquée au chat 1éopard par
I’étude de 2 populations issues de régions du Nord Pakistan écologiquement contrastées
ANP et CGNP (Ayubia National Parc et Chitral Gol National Parc). Bien que le chat
léopard soit relativement commun dans une grande partie de I’Asie, on dispose de peu

d’informations sur ce prédateur peu visible.

L’¢tude des régimes alimentaires de carnivores est basée sur 1’utilisation d’un
barcode amplifi¢ avec les amorces [2SV5F/12SV5R définies a I’aide du programme
ecoPrimers (Riaz et al. 2011). ecoPrimers détermine des barcodes et leurs amorces
associées en scannant des bases de données génomiques. Il retient les solutions
optimisant la couverture taxonomique et le pouvoir discriminant du barcode, prenant en
compte des contraintes prédéfinies telles que la taille du marqueur ou les taxons ciblés.
Le marqueur /12SV5F/12SV5R est un barcode universel pour les vertébrés défini a partir
des bases de génomes mitochondriaux complets disponibles a ce jour. Les amorces
amplifient un fragment d’environ 100 pb de la boucle V5 du géne mitochondrial 128S.
Malgré une faible taille, qui permet ’amplification a partir d’ADN issu de féces, ce
barcode a un fort pouvoir discriminant. Riaz et al. (2011) ont montré qu’il identifie 77 %
des especes et 89 % des genres de vertébrés. Etant donné que les systémes universels
tels que celui-ci amplifient a la fois I’ADN des proies et celui du prédateur, notre travail
a eu pour objectif de développer une méthode bloquant I’amplification du prédateur (ici
le chat léopard). Sur le fragment cible, nous avons défini un oligonucléotide

chevauchant de 6 bases la séquence de 1’amorce anti-sens et s’étendant jusqu’a une
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région spécifique du chat léopard (Fig. 2.2e). Nous avons test¢ D’effet de cet
oligonucléotide avec des PCR utilisant le couple d’amorces /2SV5F/12SV5R en absence
ou présence de 1’oligonucléotide de blocage PrioB (20 fois plus concentré que les
amorces). Le séquencage NTS des produits PCR a montré 1’efficacité de dispositif (voir

Fig. 1.1).

L’analyse de 22 échantillons fécaux de la population ANP et de 16 de la
population CGNP a révélé 18 types de proies dont 8 mammiferes (dans 87 % des feces),
8 oiseaux (34 %), un amphibien (16 %) et un poisson (3 %) (Fig. 1.2). Sept proies n’ont
été rencontrées que dans un échantillon. Quatre de ces 18 proies (Apodemus rusiges,
Dryomys nitedula, FEoglaucomys fimbriatus, Lepus capensis) sont des especes
vulnérables (Sheikh & Malour 2004). Le chat 1éopard qui est répandu au Pakistan est
donc un danger potentiel pour ces especes que 1’on retrouve dans 44,7 % (en fréquence
cumulée) des feces. Une étude plus approfondie doit avoir lieu pour évaluer
I’importance de ce danger et proposer des stratégies de gestion appropriées prenant en
compte a la fois les prédateurs et les proies. Une plus grade diversité des proies a été
observée en ANP, reflétant probablement la plus grande productivité¢ et diversité des
foréts tempérées de ce parc. Nos résultats confirment le large spectre de proies du chat
léopard, composé surtout de rongeurs (principalement Muridae). La comparaison de nos
résultats a ceux d’études menées plus au Sud de son aire de répartition montre une
tendance a la consommation de proies plus grosses au Pakistan. La méthode ADN
universelle développée ici est simple a mettre en ceuvre, particulierement robuste et
ouvre la voie a des analyses a grande échelle. Elle apporte donc un plus par rapport aux
méthodes traditionnelles et peut étre étendue a d’autres carnivores en modifiant les

oligonucléotides de blocage de I’ADN du prédateur.



PCR amplification with V5 PCR amplification with V5 & PrioB

—_— e —
PAPLWNOD—L OO N RN WEN —

0 20 40 60 80 1000 20 40 60 80 100

. Leopard cat . Rodentia . Insectivora |:| Lagomorpha
|| Piciformes [ ] Galliformes B passeriformes [l Columbiformes
. Others |:| No considerable PCR product

Fig. 1.1 Comparaison de I'amplification avec ou sans oligonucleotide de blocage
(pourcentage). Les taxons des proies sont donnés au niveau de 1’ordre, les poissons et

amphibiens sont regrpupés dans la catégorie "others".
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a) Ayubia National Park

Mammals

House rat
(Rattus rattus)

Himalayan wood mouse
(Apodemus rusiges)

Murree vole
(Hyperacrius wynnei)

House mouse
(Mus musculus)

Kashmir flying squirrel
(Eoglaucomys fimbriatus)

Forest dormouse
(Dryomys nitedula)

b) Chitral Gol National Park

Asiatic white toothed shrew
(Crocidura pullata)

1 Cape hare
(Lepus capensis)
Birds

Kalij pheasant
(Lophura leucomelanos)

Chicken
(Gallus gallus)

Koklass pheasant
(Pucrasia macrolopha)

Chukar partridge
(Alectoris chukar)

Babbler
(Timaliidae)

Jungle crow
(Corvus macrorhynchos)

Woodpecker
(Dendrocopos sp.)

Rock pigeon
(Columba livia)

Amphibian

- Murree hill frog

(Paa vicina)
Fish

Cat fish
(Siluriformes)

Fig. 1.2 Comparaison du régime alimentaire du chat léopard entre les Parcs
Nationaux d'Ayubia et du Chitral Gol
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1.3 Une jungle sans proie : maintien d’une population menacée de

panthére par exploitation des ressources domestiques

Chapitre issu de Particle : Jungle without prey: livestock sustains

population of an endangered cat in Pakistan

Shehzad W, Nawaz MA, Pompanon F, Purevjav L, Coissac E, Riaz T, Shah SA,
Taberlet P. (submitted in Oryx).

Le conflit entre humains et grands carnivores est I'un des grands défis de la gestion
des populations de grands carnivores. Les principales préoccupations sont (i)
I'augmentation de la population humaine au cours de la derni¢re décennie, (ii) la
dégradation et la fragmentation des foréts amenant a la perte d'habitat pour les
populations de carnivores, et (iii) la prédation du bétail di au manque de proies
naturelles, conduisant aux abattages de carnivores sauvages commis en représailles. Une
véritable estimation des especes de proies consommées par un prédateur est un repere
nécessaire pour évaluer l'ampleur de ce conflit. Nous avons utilis¢é des analyses
récemment développées du régime alimentaire a partir de I’ADN pour étudier le profil
des proies de la population de léopard commun du Parc National Ayubia (Ayubia
National Park, ANP) au Pakistan. Les résultats de cette étude ont clairement démontré
que le léopard commun est un prédateur généraliste qui se nourrit principalement
d’animaux domestiques. D’aprés les fréquences d'apparition des proies dans 57
échantillons de matieres fécales, la cheévre domestique prédominait dans le régime
alimentaire (64,9 %), suivi du chien (17,5 %) et de la vache (12,3 %). Les animaux
domestiques (chevres, chiens, vaches, buffles, chevaux et moutons) apparaissent dans 54
des 57 matieres fécales, ce qui correspond a une fréquence d'apparition de 0,95. Une
stratégie en deux étapes devraient €tre adoptée pour atténuer le conflit, premiérement en
introduisant des compensations financieres aux ¢leveurs a I’intérieur et autour de la zone
protégée, ensuite en permettant de rendre a nouveau disponible des proies sauvages.
Nous espérons que les résultats de cette étude contribueront a la survie des populations

de 1€éopard commun au Pakistan.
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1.4 Préférence alimentaire du léopard des neiges dans le Sud du Gobi,

Mongolie

Chapitre issu de P’article : Prey preference of snow leopard (Panthera

uncia) in South Gobi, Mongolia.

Shehzad W, McCarthy TM, Pompanon F, Coissac E, Riaz T, Taberlet P. (Submitted in
PLoS ONE).

L’information sur le régime alimentaire des grands carnivores qui sont discrets et
qui habitent des terrains difficiles d’acces est importante pour bien concevoir des
stratégies de conservation. Partout sur I’ensemble du territoire du Iéopard des neiges, la
prédation sur le bétail et les abattages commis en représailles sur les prédateurs sont
devenus un sérieux probleme. D’ailleurs, plusieurs études ont été réalisées sur I'écologie
alimentaire du léopard des neiges en utilisant des approches classiques. Ces techniques
ont d’inhérentes limites pour identifier correctement aussi bien les excréments de
lIéopard des neiges que les taxons des proies. Afin d'examiner dans le régime alimentaire
du léopard des neiges la fréquence d’apparition des proies de bétail et de 1’argali presque
menacé, nous avons utilis¢ une approche récemment développée sur le régime
alimentaire a partir de I’ADN, et I'avons appliquée a une population de I€opards des
neiges des montagnes Tost, dans le Sud de Gobi en Mongolie. Apres avoir extrait ' ADN
a partir de feces, utilisé des amorces universelles pour les vertébrés et un oligonucléotide
de blocage spécifique de I’ADN du 1éopard des neiges, une région de ~100 paires de
bases du géne mitochondrial de I’ARN 128 a été amplifié. Les amplicons ont ensuite été
séquencés sur une plate-forme de séquengage de nouvelle génération. Nous avons
observé un total de cinq proies différentes dans 81 échantillons de feces. Le bouquetin
de Sibérie prédomine dans le régime alimentaire (dans 70,4% des feces), suivi de la
chevre domestique (17,3%) et du mouton argali (8,6%). Les grands ongulés composent
la majeure partie de l'alimentation (dans 98,8% des féces), en incluant les ongulés
sauvages (79%) et le bétail domestique (19,7%). Les résultats de cette étude vont
permettre de comprendre 1'écologie alimentaire du l€éopard des neiges, aussi bien pour
répondre aux questions de conservation qu’aux questions de gestion appliquées a ce

félideé sauvage.
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1.5 Conclusions et perspectives

La combinaison d’oligonucléotides de blocage avec des amorces universelles
permettant d’amplifier ’ADN de tous les vertébrés a partir d’un extrait de feces, suivi
par séquengage du produit PCR a I’aide de NTS ouvre de large perspectives dans 1’étude
des régimes alimentaires de carnivores. L’oligonucléotide de blocage permet de réduire
I’amplification de ’ADN du prédateur (par exemple a 2.2 % des séquences produites
dans le cas du chat léopard), et d’amplifier ’ADN de proies méme lorsqu’il est
minoritaire dans I’extrait de départ. Cette technique basée sur 1’analyse d’échantillons
non invasifs est adaptée a 1’étude d’especes menacées et permet de caractériser des
régimes alimentaires extrémement diversifiés (cas du chat 1éopard). Nous avons montré
que cette technique peut facilement étre adaptée a différents types de carnivores par
modification de 1’oligonucléotide de blocage (I€éopard commun et 1éopard des neiges
mais également loup, non présenté ici). L’efficacité de cette méthode repose en grande
partie sur l’'utilisation des NTS, permettant de séquencer en une expérimentation un
grand nombre de produits PCR, pour peu qu’ils aient ét¢ générés avec des amorces
marquées (le tag étant un court oligonucléotide spécifique de I’échantillon ajouté aux
amorces et permettant de trier les séquences produites lors de 1’analyse). Ainsi cette
méthode est particulierement adaptée aux études a grandes échelles combinant des

centaines d’échantillons.

Ce systetme est robuste et a une meilleure résolution que les méthodes
traditionnelles dans I’identification des proies. Nous 1’avons démontré en comparant
I’approche ADN avec I’examen microscopique des poils dans des feces de loup
(Shehzad et al. en prép; article non présenté dans ce manuscrit). La technique ADN leve
de nombreuses ambigiiités concernant des espéces proches de proies difficilement
distinguables par I’examen microscopique. Il est également possible de combiner
I’analyse ADN du régime alimentaire avec un génotypage permettant I’identification
individuelle et le sexage. On peut ainsi réaliser une analyse compléte de la population

sans suivi direct sur le terrain, a partir d’échantillons non invasifs.

La méthode développée ne nécessite aucune information a priori sur les proies, ce
qui n’est pas le cas lorsque I’on utilise de systémes d’amorces spécifiques (d’une espece

ou d’un groupe d’especes), ou que I’on recherche des sites de restrictions absents des
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séquences de proies. L’utilisation d’amorces de blocage est également peu colteuse en
comparaison des autres types d’oligonucléotides modifiés (par exemple six fois moins

cher que les PNA; Chow et al. 2011).

Une question encore débattue est 1’aspect quantitatif des analyses ADN de régimes
alimentaires, a savoir si le nombre de séquences obtenues pour différentes espéces d’un
échantillon est proportionnel aux proies consommeées. Cet aspect a été abordé dans
plusieurs études récentes (c-a-d Valentini et al. 2009a; Soininen et al. 2009; Deagle et
al. 2009, 2010). Le nombre de séquences ne peut pas Etre interprété de fagon
quantitative pour plusieurs raisons. L’utilisation d’amorces universelles sur des
mélanges prédéterminés a pu montrer un biais d’amplification en faveur de certaines
especes (Polz & Cavanaugh 1998). Ces biais sont notamment observés lorsque la
séquence de certaines espeéces differe de celle des amorces, favorisant I’amplification
des fragments d’ADN ou des amorces s hybrident parfaitement. Dans notre approche
les régions ciblées par les amorces universelles V5F et V5R sont trés fortement
conservées (article I) limitant les biais de PCR. Deagle ef al. (2010) ont suggéré que des
variations en densité de mitochondries selon les échantillons peuvent également faire
varier le nombre de séquences obtenues. Dans nos études, nous avons donc évité les

interprétations quantitatives, ne travaillant qu’en présence/absence de proies par feces.

Au cours de notre étude, nous avons di également faire face a limitations
générales a tous types d’études ADN du régime alimentaire. La caractérisation ADN de
feces ou de contenus stomacaux donne une vision instantanée de 1’alimentation qui peut
différer d’un comportement a long terme. Une récolte suivie des féces n’est pas toujours
possible pour des espéces tres discrétes. Dans ce cas 1’étude des signatures isotopiques
qui produit des informations a long terme a partir de poils ou de tissus du prédateur est
intéressante. Elle est complémentaire des analyse ADN, car seule, elle ne permet pas une
différenciation des proies au niveau spécifique. Une autre limitation de données ADN
est ’impossibilit¢ de différencier la prédation de la saprophagie. On peut alors
surestimer le niveau de prédation dans la caractérisation d’un réseau trophique. Des
méthodes immunologiques permettent de distinguer la consommation de proies vivantes
de celle de cadavres (Clader et al. 2005) et offrent ainsi une approche complémentaire
des techniques que nous avons développées. Les approches ADN ne permettent pas non
plus d’estimer 1’age des proies. Quelques tentatives ont €té entreprises pour déterminer

I’age d’individus d’especes difficilement étudiables (voir le revue de Dunshea et al.
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2011). L’utilisation de la dégradation des télomeres comme marqueur de 1’dge ne
semble cependant pas une méthode fiable, et seule I’observation de la proie ou de ses
restes peut aujourd’hui donner une information précise. La méthode que nous avons
développée ne permet pas non plus de détecter les cas de cannibalisme, par exemple
dans le cas de la prédation de jeunes, puisque leur ADN ne peut étre distingué de celui
du prédateur. Plus généralement, les amorces utilisées (/2SVSF et 12SV5R) ne
permettent de caractériser que des vertébrés alors que de nombreux carnivores ont un
régime plus diversifi¢ incluant des invertébrés et méme des plantes. Par exemple le
blaireau (Meles meles) a un large spectre de proie incluant amphibiens, reptiles, oiseaux
et petits mammiferes, mais aussi vers de terre, insectes et racines (Revilla & Palomares
2002). Dans le cas de régimes omnivores, il est possible de combiner différentes
amorces a celles ciblant les vertébrés, pour caractériser les plantes (e.g. Taberlet et al.
2007; Valentini et al. 2009a) ou les vers de terre (Bienert et al. sous presse). D’autres
problémes reposent sur la qualité et I’exhaustivité des bases de références utilisées pour
identifier les taxons. Par exemple la détection de proies endémiques de la zone d’étude
peut étre problématique si elle n’est pas présente dans les bases publiques comme
Genbank/EMBL/DDBJ (voir discussion de 1’article I). Ainsi, nous recommandons de
construire des bases de références locales pour une caractérisation précise du régime

alimentaire.

Comme toutes techniques de séquencage les Nouvelles Techniques de Séquencage
sont sources d’erreurs par incorporation de mauvaises bases lors de la synthése. La
technique Illumina est plus sensible aux substitutions qu’aux insertions délétions, alors
que la technique 454 a plus de probléme dans le séquencage d’homopolymeres. Lors du
séquengage de produits PCR elles permettent également de révéler les erreurs produites
lors de I’amplification. Ces erreurs sont d’autant plus probables lors de 1’analyse
d‘échantillons environnementaux contenant les ADN de plusieurs especes. Dans ce cas,
il est possible de produire des séquences chiméres qui se forment quand un fragment
incomplétement synthétisé (ou plus court) a un moment de la PCR joue le role d’amorce
sur un fragment d’une autre espece au cycle suivant. Nous avons observé beaucoup de
séquences chimériques dans nos résultats, bien qu’elles soient en proportion
relativement faible par rapport aux séquences exactes. Ce type d’erreur est génant pour
I’identification des especes, mais les chimeres ont généralement de faibles scores

d’identité dans les bases de référence.

16



Les écologistes moléculaires se tournent maintenant de plus en plus vers 1’étude de
I’ADN des régimes alimentaires. Malgré des contraintes techniques, qui doivent étre
levées, telles que la sélection de métabarcodes et la quantification de proies dans un
¢échantillon, ces nouvelles techniques ont un fabuleux potentiel. Elles fournissent des
données précises et moins biaisées que celles obtenues par d’autres techniques plus
classiques. Des ¢études récentes ont permis de caractériser des régimes herbivores
(Valentini et al. 2009a), carnivores (notre ¢tude) et omnivores (Alfstrom ef al. en prép.).
Alternativement, alors que 1’utilisation de PCR basées sur les métabarcodes est toujours
problématique, nous suggérons I’application d’une approche de «sonde de capture», en
utilisant les régions conservées d’oligonucléotides ciblés. Ces sondes de capture
permettent de récupérer des fragments cible qui seront séquencés en utilisant les NTS
pour identifier les différents taxons présents dans un échantillon environnemental. La
probabilité de trouver une sonde conservée est plus élevée que celle de trouver des
paires d'amorces. En outre, de nombreuses sondes, ciblant différents groupes
taxonomiques peuvent étre multiplexées, en une seule expérimentation, pour révéler tous

les taxons (voir Taberlet et al. article soumis).

L’analyse de régime basée sur la présence/absence de proies est trés informative.
Cependant, comme nous I’avons souligné, il est difficile d’obtenir une information
quantitative (proportions des proies consommeées). De méme, 1’estimation du nombre
d’individus consommés d’une méme espéce n’est pas estimable. Sans cet aspect
quantitatif, les études ADN fourniront une information incompléte. Deagle et al. (2010)
ont abord¢ 1’étude de ces aspects quantitatifs et ont montré les limites des techniques
basées sur I’ADN. Dans cette optique, des études pilotes sont en cours dans notre
laboratoire en utilisant des multiplexes de barcodes afin d’étudier des régimes
omnivores. A l'avenir, nous suggérons également d'essayer une autre approche pour
trouver les différentes proportions des taxons des différentes proies présentes dans un
¢chantillon environnemental en utilisant le séquencage direct des extraits d'ADN de
I'environnement. Les plate-formes NTS ont la capacit¢ de produire des millions de
séquences appartenant a différents taxons. Méme si seulement une petite partie de ces
séquences pourrait étre identifiée en recherchant dans I’ensemble des bases de données,
suffisamment d’informations serait disponible pour décrire la diversité de I'échantillon.

Par ailleurs, une approche telle que le shotgun pourrait avoir l'avantage de permettre
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d'identifier les proportions relatives entre les différents types d'ADN provenant de

différents groupes taxonomiques. (Taberlet et al. article soumis).

Les résultats présentés dans ce manuscrit sont le reflet des régimes étudiés sur une
saison. Cependant, nos recommandons que les études écologiques nécessitant ce type de
données soient menées sur le long terme. C’est cette dimension temporelle qui doit

permettre une vision précise des relations prédateur/proie ainsi et de leurs variations.
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2. Introduction

2.1 DNA barcode —a reliable tool for species identification

Accurate species identification is fundamental to recognize and describe
biodiversity. Traditional identification based upon morphological characteristics with
identification keys, is not always evident (Hajibabaei et al. 2007). For example some
organisms like insects have entirely different morphological features from larval to
adulthood (Jinbo et al. 2011). Moreover, morphological basis identification requires a
lot of expertise and time, and is still prone to many errors (Hebert & Gregory 2005;
Hajibabaei ef al. 2011). Recent advances have proposed the feasibility of introducing
an identification system based on the sequence variation of small DNA fragments
(Hebert et al. 2003a,b; Valentini et al. 2009b). A barcode is a standardized region of
DNA designated for reliable identification either to the species level (sensu stricto;

Hebert et al. 2003b) or to any taxonomical level (sensu lato; Valentini et al. 2009b).

The main objective of this approach (DNA barcoding) is to establish a large-
scale reference sequence database against which unknown samples can be compared
for identification. This concept was first introduced by Arnot et al. (1993) and did not
gained much acceptability among scientific community. Later, Hebert et al. (2003b)
suggested a quick and accurate identification system from biological samples, by
amplifying the mitochondrial cytochrome c oxidase subunit I (COI) gene and referred
this approach as ‘DNA barcoding’. Afterwards, the Consortium for the Barcode of
Life (CBoL, http://barcoding.si.edu) was proposed with the aim of developing standard
protocols for DNA barcoding and to create a comprehensive DNA barcode library.
More recently, in October 2010, this project has entered into a new phase with the
launch of the International Barcode of Life project (iBoL; http://ibol.org/), relying on
the alliance of 27 countries that aim to establish an automated identification system

based on a DNA barcode library of all eukaryotes.

An ideal DNA barcode should meet the following criteria as suggested by
Taberlet et al. (2007). First, it must be highly conserved within the same species, but
variable among all species to identify. Second, it should be standardized i.e. the same
DNA region has the ability to identify species from various taxonomic groups. Third,

the target DNA region should contain enough phylogenetic information to easily
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assign an unknown species to its taxonomic group (genus, family, etc.). Fourth, the
variable region should be between two highly conserved regions, so that the fragment
can be amplified for a broad range of species. Fifth, the target DNA region should be
short enough (about 150 bp) for allowing amplification of degraded DNA recovered
from environmental samples. Finding a DNA barcode marker, which fulfills all the
above criteria, is quite critical. However, for different group of users (e.g. taxonomists
versus ecologists) the priority given to the above five criteria may be different. For
example, for taxonomists, a high level of variation with sufficient phylogenetic

information is required, while ecologist will favor short and robust barcodes.

Advances in bioinformatics have guided the choice of universal barcodes by
selecting more resolutive regions with fewer ambiguities (Bellemain et al. 2010;
Ficetola ef al. 2010). For example, Riaz et al. (2011) developed a program called
‘ecoPrimers’ that scans whole genome databases (e.g. mitochondrial genome
databases) to find such markers that will be used with no need for a priori information
about the prey species. This program optimizes two quality indices called barcode
coverage and barcode specificity to select the most efficient markers from a set of
reference sequences, according to specific experimental constraints such as the length
of the marker or the range of target taxa. Barcode coverage evaluates the ability of
primers to amplify taxa within the target group. Barcode specificity measures the
ability of markers to discriminate among taxa. The recently developed Next
Generation Sequencing (NGS) technologies combined with DNA barcoding have
revolutionized ecological studies (Valentini et al. 2009b), as huge amounts of
sequence reads can be generated to characterize the complete biodiversity of a PCR

product obtained from environmental samples (Jinbo et al. 2011).

DNA barcoding has a tremendous potential for being used in various fields. It
can be used in diverse domains of biological sciences including taxonomy, ecology,
conservation biology, agriculture, fish management and forestry (Hollingsworth 2007).
DNA Barcoding ideally allowed molecular based identification of unknown taxa,
where morphological identification can offer only approximate assignments up to the
genera /family or order level (Darling & Blum 2007). It presents a direct approach,

involving analysis of DNA sequence for each sample.

Species identification from environmental samples is fundamental in ecological

studies (Damm et al. 2010). The DNA recovered from non-invasive sampling
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techniques is usually degraded and fragmented (Taberlet et al. 1999). DNA barcoding
is an ideal system for studying such samples by proposing markers that can amplify
short and degraded DNA sequences. DNA metabarcoding is a new concept dealing
with the simultaneous characterization of many taxa present in an environmental
sample (e.g. feces or soil), by amplification of its DNA with universal primers and

next generation sequencing of the PCR product (Taberlet ef al. accepted).

DNA barcoding/metabarcoding has the remarkable potential for studying the diet
of endangered animals. It offers quite a flexible range of different sampling methods
from stomach contents (Vestheim & Jarman 2008) to feces analysis (Pegard et al.
2009; Valentini et al. 2009a; Stech et al. 2011; Shehzad et al. in press). Depending on
the question addressed, specific barcodes (Deagle et al. 2009; Zeale et al. 2011) or
universal primers (e.g. Taberlet ef al. 2007; Riaz et al. 2011; Bienert et al. in press)
could be used for prey identification. Recently “mini-barcodes” have been developed,
studying especially the diet from highly degraded environmental samples. These mini-
barcodes are very short fragments, for example, the ‘g-h’ part of the #nL. (UAA) P6
loop of the chloroplast DNA, to study plant taxa (10-150 bp, length of amplified
fragment excluding length of primers; Taberlet et al. 2007). Similarly, Riaz et al.
(2011) have proposed a mini-barcode (~ 100 bp) targetting the mitochondrial 12rRNA
gene of vertebrates. DNA barcoding is quite promising in study the diet where animals
are endangered and difficult to observe directly (Valentini et al. 2009b; Shehzad et al.
in press). It is even able of analyze prey items consumed where identification of

morphological features are impossible (Agusti ef al. 2003; Zeale et al. 2011).
2.2 Next generation sequencing systems

Technological advances in sequencing platforms have changed the scenario of
many ecological studies including diet analysis (Deagle et al. 2009; Valentini et al.
2009a). The NGS (Next Generation Sequencing) systems have increased throughput
by use of massive parallel DNA sequencing systems (Kircher & Kelso 2010). The
sequence of a huge number of different DNA molecules can be determined in a single
experiment at a substantially low price (Pegard et a/. 2009; Schadt et al. 2010). These
systems allow millions of ‘reads’ to be produced in a single experiment, in contrast to
existing Sanger capillary sequencer, the throughput of which is mostly limited either

by a 96-sequencing templates (Hert et al. 2008; Schuster 2008) or rarely 384-
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sequencing templates (Shibata et al. 2000; Emrich et al. 2002). In order to study the
full complexity of PCR products such as those obtained from environmental samples,
the Sanger capillary sequencing is fairly tedious and inefficient, as it requires prior
multistep cloning procedures of different amplified DNA fragments. This makes this
method not cost effective (Margulies et al. 2005; Pegard et al. 2009).

NGS with rapidly growing technology refers to several innovative systems. They
arrived in the commercial marketplace only over the last decade and comprise the 454
sequencing (used in the 454 Genome Sequencers, Roche Applied Science; Basel), the
Solexa technology (used in the Illumina, Genome Analyzer; San Diego), the SOLiD
platform (Applied Biosystems; Foster City, CA, USA), the Polonator (Dover/Harvard)
and the HeliScope Single Molecule Sequencer technology (Helicos; Cambridge, MA,
USA). Since then, tremendously new genome research projects have been undertaken

that exploit the awesome throughput advantages of these systems (Shendure & Ji

2008).

In this study we used Illumina sequncing for analyzing the diet. The Genome
Analyzer IIx of Illumina works on the principle of sequencing by synthesis. It uses
reversible terminator chemistry with four different fluorescently labeled nucleotides.
First a library of the sequences that need to be determined must be prepared (Bentley
et al. 2008; Metzker 2010): two different adapters are ligated at the each end of a DNA
molecule, which is an amplicon from a PCR product in our case. Then each DNA
molecule is covalently attached to a glass surface by one of the adapters (Fig. 2.1).
This library is then amplified (solid state amplification) using unlabelled primers and a
polymerase. Several cycles of amplifications are undertaken to create a dense cluster
of DNA template surrounded by adapters at both ends. This step is called solid-phase
bridge amplification. Then, sequencing starts with the addition of fluorescently labeled
dNTPs terminators and a DNA polymerase. As the complementary base has been
incorporated at first position, the polymerization is stopped for a short time and
unincorporated nucleotides and other reagents are then washed away. A laser is used to
excite and read this bound fluorescent nucleotide and the signal is recorded. The
fluorescent label and the terminating group attached to the incorporated base are then
removed, allowing for further extension of DNA fragment (Ansorge 2009; Kicher &
Kelso 2010; Metzker 2010). Illumina has recently introduced a technical update by

reverse strand sequencing of each DNA molecule called “paired-end reads”.
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1. PREPARE GENOMIC DNA SAMPLE 2. ATTACH DNA TO SURFACE 3. BRIDGE AMPLIFICATION

4. FRAGMENTS BECOME DOUBLE 5. DENATURE THE DOUBLE-STRANDED 6. COMPLETE AMPLIFICATION
STRANDED MOLECULES 7. DETERMINE FIRST BASE

F—— Attached

terminus

Attached
terminus

Free

Laser

8. IMAGE FIRST BASE

A

Fig. 2.1 Various steps involved in Illumina sequencing.

Up to eight samples can be loaded onto the flow cell of Genome Analyzer for
simultaneous analysis. Various steps from sample preparation to images of bases are
illustrated above.

Source (http://www.illumina.com/downloads/GenomeAnalyzerBrochure.pdf)
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With the capacity of pooling many samples in one experiment and generating
huge amount of data (Valentini et al. 2009a), in addition to short sequencing read
lengths, these platforms are even ideal for ecological studies, which mostly relay on
short and degraded DNA recovered from non-invasive sampling. There has been a
growing trend by ecologists to exploit NGS platforms in diet analyses of various
species (e.g. Deagle et al. 2009, 2010; Pegard et al. 2009; Soininen et al. 2009;
Valentini et al. 2009a; Raye et al. 2011; Zeale et al. 2011; Shehzad et al. in press).
Next Generation Sequencing revolutionized the analysis of diets based on feces,
because the various amplicons of a PCR product can be characterized simultaneously
without cloning. Moreover, short DNA fragments either from stomach contents or
feces can be easily amplified (Valentini et al. 2009b). The increasing availability of
NGS platforms at competitive price makes possible large-scale diet studies at low
costs (Deagle et al. 2009; Pegard et al. 2009; Valentini et al. 2009a). Recent studies
using NGS have marked an epoch in the realm of herbivores diet. Valentini et al.
(2009a) have presented a universal approach by combining DNA barcoding and
pyrosequencing for the diet analysis of herbivores, using a part (g and /) of the P6 loop
of the choloroplast #7nl. (UAA) intron (Taberlet et al. 2007) as a barcode. The authors
have exploited the full range of plant taxa of various herbivore animals. Comparison
with traditional methods with cutting edge techniques evaluated NGS diet assessment
as a better choice (Soininen ef al. 2009). Pegard et al. (2009) clearly demonstrated that

the NGS approach is much more efficient than cloning to study the diet of herbivores.
2.3 Carnivores diet analyses

Several works have been conducted on the diet of invertebrate preadators, to find
the trophic interactions between invertebrate predators and their prey (Symondson
2002; Read et al. 2006; King et al. 2010). However, our intensions mainly focus here

to the diet of large carnivores.

Knowing about the prey of large carnivores, which are highly endangered and
difficult to observe due to their cryptic nature and remote habitat is quite challenging.
These carnivores are keystone species of an ecosystem and have large effects on its
functioning despite relatively low biomass (Mills et al. 1993; Power et al. 1996). They

maintain the biodiversity through resource facilitation, trophic cascade among
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different prey species, dependence on ecosystem productivity and extend links to

many ecosystem components (Sergio ef al. 2008).

2.3.1 Role of diet studies in ecology

Predation is a central interspecific relationship that may be studied to understand
ecosystem functioning and evolution. It can be studied by multidisciplinary approaches
involving ecological, evolutionary and behavioral sciences. Diet studies help
evaluating the resources utilized within an ecosystem (Mills 1992) by characterizing
prey selection with regards to prey availability. Information about the diet of
individuals within an ecosystem is a good indicator of ecosystem stability. For
example, it can be used when studying the introduction of an invasive species or the
removal of an existing native species, by measuring the influence of these species on
the food web. For example, in large parts of western Alaska the sea otter (Enhydra
lutris) population was largely affected by the arrival of whales (Orcinus orca). By
predating extensively on sea otter population, whales greatly reduced their number.
This resulted in an increase of invertebrate grazers, which in turn reduced the biomass
of kelp (Estes et al. 1998). Similarly removal of a native predator can also affect the
trophic cascades within an ecosystem. Crooks & Soulé (1999) reported that absence of
coyotes (Canis latrans) in California increased the meso-predators population like
opossums, foxes and house cat in the area, which were previously fed by the coyote.
These meso-predators ultimately increased the predation pressure on scrub-breeding

song birds and native rodents.

Another aspect of analyzing diet relates with the determination of the health
status associated with mal or insufficient nutrition. Such studies have been conducted
mainly on captive animals in zoos (e.g. Nijboer & Dierenfeld 1996), but it would be
informative to collect the same kind of data in the wild. Transfer of pathogens, for
instance, bacteria, viruses and parasites is quite easy when a predator feeds on disease-
affected prey. In a recent incidence, on 26 February 2011, a snow leopard adult female
was captured in Manthal (Sakardu, Gilgit Baltistan province, Pakistan). The animal
died soon after capture and was in devastating condition due to the probable predation
of a sheep heavily infested by mange mites, an ecto parasite

(http://www.snowleopardnetwork.org/blog/?p=353).
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Accurate information about diet is also essential to address human-wildlife
conflicts as well as predation on vulnerable prey species. Human-wildlife conflicts are
common where large carnivores and sympatric human population reliant upon the
same resources such as livestock (e.g. Bauer & Kari 2001; Bagchi & Mishra 2006;
Sangay & Vernes 2008; Dar et al. 2009; Inskip & Zimmermann 2009). Sometimes
people overemphasize predation losses to get more financial compensation (Orga
2008). Also, precise information about the diet can help identifying prey with a
vulnerable or endangered status (see discussion of articles I and III). Ultimately
meticulous prey information can than be helpful to build balanced conservation
strategies taking into account people grievances and vulnerability of predator and prey

species.

2.3.2 Traditional approaches for carnivores diet
2.3.2.1 Direct or indirect monitoring of predation

Various approaches have been used to study the animal’s diet depending upon
their potentials and limitations (Shrestha & Wegge 2006). The simplest approach is the
direct monitoring of an animal predation in the field (Scheiffarth 2001). This method
whenever, possible is more accurate and provides a direct information about the diet of
an animal. Moreover, information about the age and sex of the prey species consumed
can be assessed. However, this observation is prone to several potential limitations like
the presence of an observer, may alter the predation behavior (Gordon 1994). It is
laborious because only a limited number of individuals can be monitored at a time.
Moreover, this method is impracticable under complex situations, e.g. when an animal
feeds on a group of different prey species at a time and leaves no remain for
identification (Shehzad et al. in revision). Also, it is not easy to observe the diet of
nocturnal animals and requires special night vision apparatus (e.g. Allison &
Destefano 2006). Moreover, it is nearly impossible to directly note the prey intake
when animal is highly elusive and inhabiting remote terrains (e.g. snow leopard,

McCarthy et al. 2008; Ale & Brown 2009).

Using video monitoring to identify both predator and prey species provides the
accurate information on diet without disturbing the animal (Varley ef al. 1994). This

approach has been used to study the diet both in controlled and field conditions
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(Merfield et al. 2004). But video techniques could be insufficient in field conditions

because of the low rate of predators and prey entering into the field of view.

Similarly, radio telemetry is now being used to study the predation of species
that are difficult to observe directly. Radio tagged animals are followed and prey
estimation is done on the basis of prey remains found. The major advantage of this
approach is that information about the age and sex of the prey item consumed is
possible. This approach has been used to study the predation behavior of some elusive
species like snow leopard (Grongberg 2011), wolf (Knopff et al. 2009) and cougar
(Anderson & Linzey 2003; Sand et al. 2005). Current GPS collaring studies of snow
leopards in Mongolia (Panthera/Snow Leopard Trust unpublished data) have been
successful in identifying kill sites and prey remains in over 240 instances between
2008 and 2011. That study is unique in its success and is not easily replicated broadly
across the range and diet information from such studies remains site specific.
Furthermore, following the remains of killed prey in remote areas is extremely difficult
(Jackson 1996) and cannot be evident when predator consumes entire prey, leaving no
remain. Moreover, radio collaring requires the capture and immobilization of the

animal, which is an invasive approach that cannot be encouraged in all situations.

The inference from field surveys, questionnaires and interviews with local
community can give information about predation for secretive and highly endangered
carnivores (Mishra 1997; Namgail et al. 2007; Dar et al. 2009). However, this
information may be biased towards the public opinion if lacking scientific validation.
Most of the time, such surveys are limited only to livestock predation and usually do

not provide adequate information about wild prey (see article III).

2.3.2.2 Different methods to study the diet using invasive sampling

Analysis of stomach contents obtained by killing the animal, or after
immobilizing and stomach flushing (Wilson 1984) has been widely used. Some studies
have also focused the diet of large endangered carnivores by examining stomach
contents from dead carcasses (e.g. otter from England; Britton ef al. 2006 and red fox
from Italy; Balestrieri et al. 2011). Given that soft-bodied prey items are mostly
underestimated in fecal contents, the real assessment of prey items consumed
irrespective to their digestibility could be the obvious advantage of this approach

(Hyslop 1980). Then stomach contents have been widely used for prey identification
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either on micro-histological examination (Soininen et al. 2009; Prado et al. 2010;

Balestrieri et al. 2011) or on gross morphological basis.

Besides the visual assessment of prey remains, protein electrophoresis
(Greenstone 1999; Symondson 2002) coupled with staining for enzyme activity (e.g.
isomerase and estrases; Traugott 2003) has been extensively used to study the diet of
invertebrates (Symondson 2002). The extracts from homogenized predators (or either
their gut contents) has been analysed on polyacrylamide gels followed by staining for
their enzymatic activities. Bands are then compared with those of target prey. The
major limitation of this method is its low resolution due to insufficient species-specific
diagnostic bands. Furthermore, it is difficult to interpret complex band patterns
obtained when a gut contains the remains of several prey species (Walrant & Loreau

1995).

Stomach/gut contents were thoroughly examined using different immunoassays
developed for mainly invertebrate carnivore species (see Symondson et al. 1999, 2002;
Symondson 2002; Fournier et al. 2008). Such assays are based on the principle of
specific antigen-antibody coupling interactions. The product followed by such
interactions is determined by an enzyme-substrate indicator system. Immunoassays
can detect the prey protein, which serves as antigens, in the stomach contents of the
carnivore. For example, we can use monoclonal antibodies binding with high
specificity to an epitope (binding site of the antigen), or polyclonal antibodies binding
to a whole antigen. Different immunoassays from the less sensitive protein
precipitation test (Berth & Delanghe 2004) and western blotting (Hoyt e al. 2000) to
the more sensitive enzyme-linked immunosorbent assays (ELISA) have also been used
to study the diet of various invertebrates. In western-blot technique, the antigen can be
probed with the specific antibodies thus the reaction can be revealed with 5-Bromo-
4chloro-3-indolyl phosphate (BCIP) on a nitrocellulose membrane. In ELISA, a
positive reaction (specific antigen-antibody interaction) is revealed by the color
produced by a substrate/enzyme reaction. ELISA based analysis is quite sensitive and
may detect the presence of a prey protein even in minute amount, this method is also
quantitative (Naranjo et al. 2001). The monoclonal antibody assays were quite useful
to detect specific target prey species for which they were developed (Pompanon et al.
in press). But the main limitation of these assays is the high rate of false positives, due

to shared antigenic determinants between various putative prey species (Feller et
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al. 1985). Moreover, developing monoclonal antibodies is time-consuming and

requires laborious hybridoma screening protocols (Sheppard & Harwood 2005).

However, the analysis of stomach/gut contents provides an invasive approach
that requires direct handling of animals. So it may be suitable for small or

experimental animals but cannot be encouraged for large and endangered animals.

2.3.2.3 Different methods of diet analyses using non-invasive sampling

Feces may represent readily available and easily collected source of information
(Putman 1984) without disturbing or touching the animal. This is the method of choice
while dealing with endangered and elusive animals (Kohn & Wayne 1997). The main
limitation of this sampling technique is that in determining the diet, it represents the
short-term diet profile (Deagle 2006). Carnivore feces contain diagnostic and
undigested parts, such as bony parts, shells or hairs that help recognizing the prey
consumed (Tsukahara 1993; Bowen 2000; Pickering 2001; Tollit et al 2003).
However, recovery of hard parts and undigested remains is not always easy, large
bones and teeth are generally fragmented and not evident to identify (Oli 1993),
providing limited information. The analysis of undigested prey hairs in predator feces
through the hair mounting technique has been most commonly used to study the diet of
elusive and endangered carnivores (Chundawat & Rawat 1990; Lhagvasuren &
Munkhtsog 2000; Bagchi & Mishra 2006; Anwar et al. 2011; Bianchi et al. 2011).
Hair slides are compared with reference specimens on the basis of histological
examination (e.g. Oli 1993; Mukherjee ef al. 1994). This method is laborious and time
consuming, in terms that scientists may need to prepare a considerable number of
slides from each specimen in order to obtain reliable information (Oli 1993). Also, hair
structures may vary according to their place on the same animal fur (Oli 1993; Moyo
2005), or can show similar characteristics for several related species (Oli 1993; Hall-
Aspland & Roger 2007). Finally, the lack of reference specimens may be the main

barrier in accurate diagnosis.

These limitations have been circumvented by the development of techniques that
do not rely on the recovery of digestion-resistant parts. The thin layer chromatography
(TLC) of fecal bile acids has been used to some extent (Quinn & Jackman 1994;
Fernandez et al. 1997). Iverson et al. (2004) described that fatty acids that are released

from ingested lipid molecules during digestion are not degraded. Since a limited
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number of fatty acids can be bio-synthesized by animals, it is possible to distinguish
between dietary and non-dietary parts. But the major limitation of this technique is that
the fatty acids signatures of prey species may very close to that of the predator and

making identification difficult (Piche ef al. 2010).

The characterization of naturally occurring stable isotope ratios is another
powerful tool to describe dietary patterns in terrestrial and marine ecosystems (Rundel
et al. 1989; Lecomte et al. 2011). The ratios of stable isotopes of carbon and nitrogen
in the predator tissues and feces depend on its diet (DeNiro & Epstein 1978, 1981;
Tieszen & Boutton 1989; Darimont & Reimchen 2002). It is useful where two
isotopically distinct dietary sources are available to consumers (Robbins et al. 2005).
Stable carbon isotopes can distinguish between marine and terrestrial dietary protein
(DeNiro & Epstein 1978, 1981), and between herbivores and carnivores protein (Roth
& Hobson 2000). Stable nitrogen isotopes reflect the trophic position of an organism
within a food web (Ambrose & DeNiro 1986). Isotopic dietary estimates are based on
the assimilation and not ingestion of food (Hobson & Clark 1992). The main
advantage of this method is that diet can also be inferred from hairs and bones giving
long-term information from such samples (Roth & Hobson 2000). This approach can
also be used to infer the diet of fossil remains (Feranec & MacFadden 2000; Pérez-
Claros & Palmqvist 2008; Garcia et al. 2009). The variation of isotopic values of
carbon and nitrogen measured in bones or teeth give indications on carnivorous and
herbivorous diets. But identification at the species level is not possible through this

method.

Near Infrared Reflectance Spectroscopy (NIRS) is another method increasingly
used to infer some chemical constituents present in the diet (Park er al. 1998). Near
infrared spectra depend upon the number of different chemical bonds like O-H, C-H
and N-H, which are present in the diet (Dixon 2009). The spectral features, after
calibration, are used to predict the composition from unknown samples (Osborne et al.
1993; Tran et al. 2010). This method is both time and cost effective and reduces the
bias between estimated and reference value, as hundreds of samples can be run per day
without requiring reagents once the calibration has been achieved (Foley ef al. 1998).
Most commonly NIRS is used in studying foraging strategies in ecology by estimating
the nutritional components, including total nitrogen, moisture, fiber, and starch etc.

This method has several limitations. Variation and non-homogeneity in particle size
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can lead to biased analysis: A larger particle size results in an increased path length for
the incident light and thus an increased reflectance. The calibration is a crucial and
challenging step that requires a lot of skills and time, and developing a functional
calibration for a field study must use samples of those species the predator is

considered to be eating (Kaneko & Lawler 2006).

2.3.3 PCR-based/ DNA-based methods for carnivore diet analyses

Molecular analysis provides a better approach to study the diet compared with
traditional methods, as it does not rely upon morphological characteristics that may
damaged during capturing, ingestion and digestion (Jarman et al. 2002; King et al.
2008). This approach also provides an improved resolution to identify the prey items,
when compared with traditional methods (Soininen et al. 2009; Braley et al. 2010;
Zeale et al. 2011). The molecular analysis of diet exploits a wide range of sampling
sources, from stomach or gut contents (Deagle et al. 2005a; Troedsson et al. 2009;
King et al. 2010; Marshall et al. 2010), to regurgitates (Taberlet & Fumagalli 1996)
and is even efficient for studying degraded feces (Pegard et al. 2009; Valentini et al.
2009a; Kowalczyk et al. 2011; Raye et al. 2011; Shehzad et al. in press). It has been
extensively used to study a broad range of predators, including marine mammals
(Deagle et al. 2005b; Dunshea et al. 2008; Toillit et al. 2009), marine invertebrates
(Blankenship & Yayanos 2005; Braley et al. 2010), seabirds (Deagle et al. 2007a,
2010), terrestrial invertebrates (Garros et al. 2008), terrestrial birds (Valentini et al.
2009a; Oehm et al. 2011), small terrestrial vertebrates (Soininen et al. 2009), flying
mammals (bats; Bohmann et al. 2011; Zeale et al. 2011), and also large terrestrial
herbivorous and carnivorous vertebrates (Pegard et al. 2009; Valentini et al. 2009a;

Kim et al. 2011; Raye et al. 2011; Shehzad et al. in press).

DNA based approaches are particularly suitable for studying the feeding ecology
of elusive and secretive animals, by using their feces as a source of DNA (Deagle ef al.
2007b; Fernandes et al. 2008; King et al. 2008; Corse et al. 2010). The ideal situation
consists in the use of universal primers, as this requires no a priori knowledge of the
diet to amplify prey DNA. If this approach has been successfully implemented for
herbivore (Valentini et al. 2009a), the analysis of carnivore diet represents a real
challenge, as predator DNA can be simultaneously amplified with prey DNA (Jarman
et al. 2006; Deagle et al. 2007a). Furthermore, prey fragments might be rare in the
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DNA extract, and consequently they have the tendency of being missed during the
early stages of PCR, resulting in a PCR product containing almost exclusively the
dominant sequence of predators (Jarman et al. 2004, 2006; Green & Minz 2005).
Various methods have been proposed to avoid the amplification of dominant fragments

of DNA predator and let the lesser fragments of prey be amplified.

2.3.3.1 Amplifying prey from a specific group or species

Species-specific or group-specific primers have been specially designed to avoid
priming on predator DNA and to specifically amplify the target prey species
(Vestheim et al. 2005; Deagle et al. 2006; Juen & Traugott 2007; King et al. 2010;
Zeale et al. 2011). This approach can only be implemented with a prioiri knowledge
about the potential prey and hence cannot be used in a blind way. Moreover, this is not
a suitable method if the potential range of prey species is large (Vestheim & Jarman
2008). Group-specific primers targeting broader groups of prey have been designed in
several studies (Walter et al. 2000; Jarman et al. 2004; 2006; Kuusk & Agusti 2008;
Metzler et al. 2009). However, designing group-specific primers is not always
straightforward when the conserved sequences that can act as priming sites for prey are

too close to the homologous sequences of the predator.

The primers targeting a broad range of prey taxa but amplifying a barcode with
low taxonomic resolution can be best employed in combination with primers targeting
less taxa but leading to higher resolution (Pompanon et al. in press). In such cases, the
specific primers focus on a particular group with a lower taxonomic level (i.e., genus
or species). One such example is the study of Australian fur seal diet (Deagle et al.
2009). The authors used a primer set that amplified a wide range of prey sequences at
high taxonomic levels. Then more specific primer sets were used to identify particular
prey groups with a higher resolution. Another example is the snow leopard diet
analysis that used universal primers for vertebrates (/2SV35; see article III). These
universal primers amplify a barcode with high taxonomic resolution (it unambiguously
identifies 77 % species and 89 % genus for 103 EMBL releases), but that cannot
differentiate domestic sheep (Ovis aries) from argali (Ovis ammon). We designed a
specific primer pair (Ovis) using cytochrome b gene of mitochondrial DNA that could

clearly differentiate between these two prey down to species level.

32



2.3.3.2 Amplifying all prey with universal primers

As discussed in the previous section, the overwhelming dominance of predator
DNA within an environmental sample impedes the amplification of all prey DNA
when a PCR is done with universal primers. However, various approaches have been
proposed either by using restriction enzymes or by modifying the oligonucleotides, to

limit the amplification of predator DNA.

A restriction enzyme chosen to digest the target fragment of the predator DNA
and leaving the DNA of all prey intact may serve the purpose. After such digestion the
predator DNA is no longer available for PCR amplification and all prey target
fragments (prey) can be amplified with universal primers (Blankenship & Yayanos
2005). This method has been successfully applied to reveal the prey diversity in
various studies (e.g. Blankenship & Yayanos 2005; Suzuki et al. 2006, 2008; Dunshea
2009). However, this method has several technical constraints. First, this methodology
will only be effective when both predator and prey sequences are sufficiently different
from each other; otherwise, the restriction enzymes, which cut the predator sequences,
can also digest the prey sequences (Green & Minz 2005). Second, the DNA must be
under its double stranded form for restriction enzyme to digest it, and single stranded
predator fragments can be avoided by restriction enzymes and subsequently amplified.
Third, this approach is not effective once predator sequences have already been
amplified because the DNA of several prey may be already missing and could not be
retrieved even with another subsequent amplification. This problem was addressed by
Dunshea (2009) who tested the effect a digestion enzyme treatment before and after
PCR to avoid overcoming predator amplicons. Fourth, this approach still requires a
priori knowledge of all possible prey sequences to be sure that restriction enzyme will

not digest any prey DNA.

The PCR clamping approach uses a modified oligonucleotide (a Peptide Nucleic
Acid, PNA) to suppress the dominant sequences present in a mixture. A PNA is a
synthetic analogue of DNA (Deoxyribonucleic acid) generating PNA-DNA duplexes
that are thermodynamically more stable than DNA duplexes (Fig. 2.2a) (Orum et al.
1993; Nielsen & Egholm 1999; Sawata et al. 1999). Thus, a PNA analogue specific of
a sequence preferentially anneals with it, making this complex inert for elongation by a
polymerase, as a PNA cannot function as a primer (@rum 2000). Consequently, the

other sequences present in a template, even rare, can be amplified with universal
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primers (Chow et al. 2011). This tactic has been widely used in various studies to
block dominant sequences (e.g. Demers et al. 1995; Hyrup & Nielsen 1996; Knudsen
& Nielsen 1997; Macadangdang et al. 2011) even for diet assessment (Chow et al.,
2011). However, this approach is not cost effective. It is six times more expensive than
a blocking oligonucleotide used for the same purpose. Another potential problem

could be the non-specific clamping of PNA (Chow ef al. 2011).

Another kind of modified oligonucleotide (Locked Nucleic Acid, LNA) has been
used to tightly lock a specific dominant sequence and restrain its amplification. LNA
are synthetic analogues in which the ribose ring is “locked” by a methylene bridge

between the 2-oxygen and the 4-carbon (Fig. 2.2b), thus reducing the conformational

flexibility of the ribose and increasing binding affinity within the phosphate (Braasch
& Corey 2001). Several studies have demonstrated that LNA has strong affinity and
sensitivity for its complementary strand of DNA (Dominguez & Kolodney 2005;
Najafi-Shoushtari et al. 2010). Addition of each locked nucleobase in an
oligonucleotide can increase its melting temperature (Tm) by 3-6°C. Hu et al. (2009)
used LNA protocol to detect point mutation in cancerous versus healthy cells. Addition
of a locked nucleobase is an expensive procedure thus the method is not cost effective.
Furthermore, Tm of the reaction may increase with addition of each locked

nucleobase.

Dual Priming Oligo (DPO) is another technique based on a modified
oligonucleotide system, which can be applied to study rare sequences within a
template. The DPO is a double priming system consisting of a long primer at the 5’
end (stabilizer), a short primer at the 3’ end (determiner), and a polydeoxyinosine
linker (Fig. 2.2¢) (Chun et al. 2007; Yoo et al. 2007). The two primers have distinct
priming temperatures while the linker makes a bubble like structure and is not
involved in the priming, which does not increase the Tm of the oligonucleotide (Chun
et al. 2007). Due to its high reliability and sensitivity, the DPO platform has been
widely used in the detection of pathogens and rare mutation in various clinical samples
(Woo et al. 2008; Horii et al. 2009; Kwak ef al. 2010). Vestheim & Jarman (2008)
applied this DPO system to study the diet of Antarctic krill. In order to block
amplification of krill DNA, the authors designed a DPO specific of the krill target
sequence. During a PCR reaction with universal primers this system has significantly

prevented the amplification of predator’s DNA allowing that of prey DNA.
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The simplest and cheapest of all modified oligonucleotides that can be used to
stop the amplification of a given sequence includes a 3-carbon spacer (C3-spacer) (Fig.
2.2d). This blocking oligonucleotide will hybridize with the complementary target
DNA, making it inaccessible for the polymerase. The rare sequences present in a
template can then be amplified with universal primers (Vestheim & Jarman 2008).
This method has been effectively used in many scientific domains including clinical
chemistry (Kageyama et al. 2008; Wang et al. 2008; Li et al. 2007, 2009),
environmental microbiology (Liles et al. 2003) and even in archeological sciences
(Gigli et al. 2009). However, its use in dietary analysis opens broad perspectives.
Vestheim and Jarman (2008) first used a blocking oligonucleotide to assess the diet of
Antarctic krill. More recently, Deagle et al. (2009, 2010) investigated the diet of
Australian fur seals (Arctocephalus pusillus) and penguins (Eudyptula minor) by
combining this blocking oligonucleotide approach with the use of the 454 GS-FLX

pyrosequencing technology for subsequent characterization of PCR products.
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block complementry sequences €) C3 spacer (designed for this study)
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2.4 Potentials of metabarcoding diet assessement to adress ecological

and social issues

DNA metabarcoding has many advantages over the other methods previously
discussed in this chapter, to resolve several ecological and social issues. As discussed
in the section 2.3.1, DNA metabarcoding helps to answer the ecological questions
related to the introduction of an alien, or removal of a native species within an
ecosystem. The impact on food web can be measured by exploiting environmental
samples, and such an approach is ideal for wild and elusive species without observing

or capturing them.

Similarly, metabarcode approaches have potentials to assess the real extent of
human-carnivore conflicts. Such conflicts arise, when human and carnivores live in
sympatry and share the same resources (Inskip & Zimmermann 2009). The causes and
nature of such conflicts have been discussed in detail in articles (I and III). The
metabarcode approaches are helpful to accurately analyse the diet and hence contribute
to resolve these conflicts. For examples, when a predator is held responsible relying on
livestock, then measures to mitigate such conflicts should be adopted, which would
address both community grievances and conservation of a carnivore in the area (see
discussion of article II). Conversely, the accurate diet assessment helps to reduce the
unnecessary stress to a carnivore, from the local community when it is just alleged to

predate on livestock, but in real sustaining on wild prey (article III).
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2.5 Objective of this study

This thesis has following two main objectives

To develop a universal approach for carnivores diet analysis, without any a priori
information about all the vertebrate prey taxa (article I). We combined metabarcoding

approach with next generation sequencing to achieve this objective.

Using feces as a source of DNA we have designed universal primers for vertebrates
125V5 (Riaz et al. 2011). To limit the amplification of predator sequences which
normally are in excess or sometimes predominated the PCR products, predator specific
blocking oligonucleotides were designed. These blocking oligonucleotides were
modified at 3’ end with a C3 spacer (see Fig. 2.2d & Fig. 2.2e). We validated the
effect of the blocking oligonucleotide by performing PCRs with the /2SV5F/I12SV5R
primer pair in absence or presence of a predator specific blocking oligonucleotide (20
times concentrated than the PCR primers). The amplicons were subsequently

sequenced using a NGS platform to reveal the diet.

Apply this approach to other carnivores diet: common leopard (Panthera pardus)
population of Pakistan (article II), snow leopard (Panthera uncia) population from

Mongolia (article I1I).

We studied three endangered wild felids (leopard cat, common leopard and snow
leopard) from Asia, for which different scientific questions related to conservation
issues were addressed: (i) the intraspecific variability of the diet, between two
Pakistani populations of leopard cat, (i) Human-leopard conflicts, when predator
relies mainly on domestic animals for its survival, (ii1) the assessment of snow leopard

diet, when it is mostly alleged for predation on livestock prey.
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Abstract

Diet analysis is a prerequisite to fully understand the biology of a species and the
functioning of ecosystems. For carnivores, traditional diet analyses mostly rely upon the
morphological identification of undigested remains in the faeces. Here, we developed a
methodology for carnivore diet analyses based on the next-generation sequencing. We
applied this approach to the analysis of the vertebrate component of leopard cat diet in
two ecologically distinct regions in northern Pakistan. Despite being a relatively
common species with a wide distribution in Asia, little is known about this elusive
predator. We analysed a total of 38 leopard cat faeces. After a classical DNA extraction,
the DNA extracts were amplified using primers for vertebrates targeting about 100 bp of
the mitochondrial 12S rRNA gene, with and without a blocking oligonucleotide specific
to the predator sequence. The amplification products were then sequenced on a next-
generation sequencer. We identified a total of 18 prey taxa, including eight mammals,
eight birds, one amphibian and one fish. In general, our results confirmed that the
leopard cat has a very eclectic diet and feeds mainly on rodents and particularly on the
Muridae family. The DNA-based approach we propose here represents a valuable
complement to current conventional methods. It can be applied to other carnivore species
with only a slight adjustment relating to the design of the blocking oligonucleotide. It is
robust and simple to implement and allows the possibility of very large-scale analyses.
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ing, despite their relatively low biomass (Mills et al.

Introduction 1993; Power et al. 1996). The modal mass concept (Mac-

The nature of trophic interactions is a fundamental
question in ecology and has commanded the attention
of biologists for decades. Dietary behavioural studies
provide key data for understanding animal ecology,
evolution and conservation (Symondson 2002; Krahn
et al. 2007). Wild felids are among the keystone preda-
tors and have significant effects on ecosystem function-
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donald et al. 2010) proposes that each felid species
focuses on large-as-possible prey to maximize their
intake relative to their energy expenditure for each
catch, provided that such prey can be safely killed.
Owing to their elusive behaviour, scientific knowl-
edge of South Asian wild cats is limited (Nowell &
Jackson 1996). The leopard cat (Prionailurus bengalensis)
is a small felid (weight 1.7-7.1 kg; Sunquist & Sunquist
2009), with a wide range in Asia (8.66 x 10° km?;
Nowell & Jackson 1996). Beginning in Pakistan and
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parts of Afghanistan in the west, the leopard cat occurs
throughout Southeast Asia, including the islands of
Sumatra, Borneo, and Taiwan. It extends into China,
Korea, Japan and the Far East of Russia. (Macdonald
et al. 2010). The leopard cat’s flexible habitat selection
and prey choices favour its distribution throughout the
range (Watanabe 2009; Mukherjee et al. 2010). It is
found in very diverse environments, from semideserts
to tropical forests, woodlands to pine forests and scrub-
land to agriculture land (Sunquist & Sunquist 2002). It
prefers to live in habitats near sources of water and can
be found in the close proximity to human population
(Scott et al. 2004).

The population status of the leopard cat is not uni-
form throughout its range. The cat is relatively secure
in China (Lau et al. 2010) and in India (Nowell & Jack-
son 1996), endangered in Korea (Rho 2009) and most
endangered in Japan (Mitani et al. 2009). In Pakistan,
this species is categorized by the IUCN as ““data defi-
cient” as no information exists about the extent of its
occurrence, nor its occupancy, population and habitat
(Sheikh & Molur 2004). Major threats to the species
include hunting, habitat loss and fragmentation because
of the human population expansion in addition to com-
petition for prey with other sympatric carnivores (Izawa
& Doi 1991). Commercial exploitation for the fur trade
is a significant threat throughout its range (Sheikh &
Molur 2004); in China, the annual pelt harvest was esti-
mated at to be 400 000 animals in mid-1980s (Nowell &
Jackson 1996).

Despite being a relatively common species with a wide
distribution, comparatively little information is available
about the diet of the leopard cat in general, and no infor-
mation at all specific to Pakistan, where this predator is
rare. Faeces analysis by hair mounting and bone exami-
nation is used extensively and can provide information
about the diet (e.g. Oli et al. 1994; Gaines 2001; Bagchi &
Mishra 2006; Lovari et al. 2009). Muridae (mainly Rattus
spp- and Mus spp.) seem to represent the main prey
items throughout the leopard cat distribution range, sup-
plemented by a wide variety of other prey including
small mammals such as shrews and ground squirrels,
birds, reptiles, frogs and fish (Tatara & Doi 1994; Grass-
man ef al. 2005; Austin et al. 2007; Rajaratnam et al.
2007; Watanabe 2009; Fernandez & de Guia 2011).

Molecular analysis of faeces (Hoss et al. 1992; Kohn &
Wayne 1997) provides an alternative noninvasive
approach to study animal diet, but prey DNA in faeces
is often highly degraded, preventing the amplification of
long fragments (Zaidi et al. 1999; Jarman et al. 2002).
Until 2009, most of the molecular-based studies to ana-
lyse diet were carried out using traditional sequencing
approaches (e.g. Deagle et al. 2005a, 2007; Bradley et al.
2007). These methods require cloning PCR products and

subsequent Sanger sequencing of these clones by capil-
lary electrophoresis. However, this approach is both
time-consuming and expensive (Pegard et al. 2009).

Next-generation sequencing is revolutionizing diet
analysis based on faeces (Valentini et al. 2009b), because
sequence data from very large numbers of individual
DNA molecules in a complex mixture can be studied
without the need for cloning. Valentini et al. (2009a)
have presented a universal approach for the diet analy-
sis of herbivores. The methodology consists of extract-
ing DNA from faeces to amplify it using the universal
primers g and /i, which amplify the short P6 loop of the
chloroplast trnL. (UAA) intron (Taberlet et al. 2007), and
in sequencing the PCR products using a next-generation
sequencer.

While such an approach has been successfully imple-
mented for herbivores, the analysis of carnivore diet
presents a real challenge when using primers for mam-
mals or vertebrates, as predator DNA can be simulta-
neously amplified with prey DNA (Deagle et al. 2005b;
Jarman et al. 2006). Furthermore, prey fragments might
be rare in the DNA extract from faeces, and conse-
quently be prone to being missed during the early
stages of PCR, resulting in a PCR product almost exclu-
sively containing the dominant sequences of predators
(Jarman et al. 2004, 2006; Green & Minz 2005). Various
methods have been proposed to avoid amplifying pred-
ator DNA. Species-specific or group-specific primers
have been specially designed to avoid priming on pred-
ator DNA and to specifically amplify the target prey
species (Vestheim et al. 2005; Deagle et al. 2006; King
et al. 2010). This is not a convenient strategy if the prey
are taxonomically diverse, which makes the design of
suitable primers difficult (Vestheim & Jarman 2008).
Another strategy involves cutting predator sequences
with restriction enzymes before and/or during and/or
after PCR amplification (Blankenship & Yayanos 2005;
Green & Minz 2005; Dunshea 2009). However, these
approaches can only be implemented with a priori
knowledge of the potential prey.

The ideal system for studying carnivore diet using
DNA in faeces lies in combining, in the same PCR,
primers for vertebrates and a blocking oligonucleotide
with a 3-carbon spacer (C3-spacer) on the 3’ end that
specifically reduces the amplification of the predator
DNA. Such a blocking oligonucleotide must be specifi-
cally designed to target predator DNA and thus bind
preferentially with predator sequences, limiting their
amplification. This concept has been effectively used in
the field of clinical chemistry (Kageyama et al. 2008;
Wang et al. 2008; Li et al. 2009) and in environmental
microbiology (Liles et al. 2003). However, the applica-
tion of blocking oligonucleotide in trophic studies is rel-
atively recent. Vestheim & Jarman (2008) first used a

© 2012 Blackwell Publishing Ltd



blocking oligonucleotide to assess the diet of Antarctic
krill. More recently, Deagle et al. (2009, 2010) investi-
gated the diet of Australian fur seals (Arctocephalus pus-
illus) and penguins (Eudyptula minor) by combining a
blocking oligonucleotide approach with 454 GS-FLX
pyrosequencing technologies.

The main aim of this study was to analyse the leop-
ard cat diet in two distinct environments in Pakistan by
developing a method that would give the vertebrate
diet profile of a carnivore without any a priori informa-
tion about the prey species. This method is based on
the use of recently designed primers for vertebrates
(Riaz et al. 2011) together with a blocking oligonucleo-
tide specific to the leopard cat and employing a high-
throughput next-generation sequencer. However, such
an approach cannot detect the cases of infanticide and
possible cannibalism that have been documented in
Felidae (e.g. Natoli 1990).

Materials and methods

General strategy for diet analysis of the leopard cat

Figure 1 outlines the general strategy we followed for
the diet analysis of the leopard cat. After the faeces
collection and DNA extraction, the samples were con-

[ Faeces collection in the field
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firmed to be those of leopard cat by using leopard cat—
specific primers. Selected samples were amplified in two
series of experiments, one with primers for vertebrates
and the other with the same primers plus a blocking oli-
gonucleotide specific to the leopard cat. These PCR
products were subsequently sequenced using the Illu-
mina sequencing platform GA IIx. The amplified
sequences of prey taxa were identified by comparison
with reference databases (GenBank/EMBL/DDB]J), tak-
ing into account prey availability according to their geo-
graphic distributions.

Sample collection and preservation

Putative felid faeces were collected in two areas: Ayu-
bia National Park (ANP) and Chitral Gol National Park
(CGNP). Both national parks are located in the Khyber
Pakhtunkhwa province and represent two extremities
of the leopard cat range in Pakistan (Fig. 2). These
national parks have disparate environments. The ANP
is comprised of moist temperate forests, subalpine
meadows and subtropical pine forests. Mean tempera-
tures range between 4.2 °C in January to 26 °C in July.
The altitudinal variation ranges from 1050 to 3027 m,
and the mean annual rainfall is between 1065 and
1424 mm. It has ~200 species of birds, 31 species of

Fig. 1 Flowchart diagram showing the
various steps involved in the diet analy-
sis of the leopard cat. The samples in
the dotted box were discarded from fur-
ther experimentation.
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Afghanistan

mammals, 16 species of reptiles and three species of
amphibians (Farooque 2007).

The CGNP generally falls into a subtropical zone
with vegetation classified as dry temperate forests. For-
ests of the park are growing under the extremes of cli-
matic and edaphic factors, and tree canopy is rarely
closed. Mean temperature of the valley ranges between
1 °C in January to 24 °C in July, and average annual
rainfall varies between 450 and 600 mm. The park sup-
ports 29 mammals, 127 birds and nine reptiles (GoN-
WEFP & TUCN 1996; Mirza 2003).

We collected 114 faecal samples from ANP and 67
from the CGNP. The samples were preserved first in
90% ethanol and then shifted into silica gel for trans-
portation to LECA (Laboratoire d’Ecologie Alpine), Uni-
versité Joseph Fourier, Grenoble, France, for diet
analysis.

DNA extraction

All extractions were performed in a room dedicated to
degrade DNA extractions. Total DNA was extracted
from about 15 mg of faeces using the DNeasy Blood
and Tissue Kit (QIAgen GmbH). Each 15 mg faecal
sample was incubated for at least 3 h at 55 °C with a
lysis buffer (Tris-HCI 0.1 v, EDTA 0.1 M, NaCl 0.01 m

ANP = Apubis Rstinasl Par

Fig. 2 Sampling locations of leopard
cat faeces in northern Pakistan.
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and N-lauroyl sarcosine 1% with pH 7.5-8), before fol-
lowing the manufacturer’s instructions. The DNA
extracts were recovered in a total volume of 250 pL.
Blank extractions without samples were systematically
performed to monitor possible contaminations.

Selection/designing of primer pairs for the leopard cat
diet study

Identification of faecal samples as leopard cat. We used the
leopard cat-specific primer pair PrioF/PrioR, amplifying
a 54-bp fragment (without primers) of the mitochon-
drial 12S gene (Table 1). The specificity of this primer
pair was validated both by empirical experiments
(Ficetola et al. 2010) and by the program ecoPCR (Belle-
main ef al. 2010; Ficetola et al. 2010), with parameters
to prevent mismatches on the two last nucleotides of
each primer, and designed to tolerate a maximum of
three mismatches on the remaining part of the primers.
The goal of such an experimental validation was to dis-
tinguish leopard cat faeces from those from the two
other felid species potentially occurring in the study
areas, i.e. the common leopard (Panthera pardus) in ANP
and the snow leopard (Panthera uncia) in CGNP. The
primary identification of samples was carried out on
the basis of the presence of a PCR product of the suit-

Table 1 Sequences of the primer pairs used in the study. The length of amplified fragments (excluding primers) with Prio & 12SV5

was 54 and ~100 bp, respectively

Name Primer sequence (5-3") References

PrioF CCTAAACTTAGATAGTTAATTTT Ficetola et al. (2010)
PrioR GGATGTAAAGCACCGCC Ficetola et al. (2010)
12SV5F TAGAACAGGCTCCTCTAG Riaz et al. (2011)
12SV5R TTAGATACCCCACTATGC Riaz et al. (2011)
PrioB CTATGCTTAGCCCTAAACTTAGATAGTTAATTTTAACAAAACTATC-C3 This study

© 2012 Blackwell Publishing Ltd



able length as revealed by electrophoresis on a 2% aga-
rose gel. The samples successfully amplified using
PrioF/PrioR were selected for further analyses.

The PCRs were carried out in a total volume of 20 pL
with 8 mm Tris-HCI (pH 8.3), 40 mm KCl, 2 mm MgCl,,
0.2mmMm of each dNTP, 0.2 um of each primer, BSA
(5ug), 05U of AmpliTag Gold® DNA polymerase
(Applied Biosystems) using 2 uL of DNA extract as a
template. The PCR conditions were set as an initial 10-
min denaturation step at 95 °C to activate the polymer-
ase, followed by 45 cycles of denaturation at 95 °C for
30 s and annealing at 53 °C for 30 s, without elongation
steps as the amplified fragment was very short.

Blocking  oligonucleotide  specific ~ to  leopard  cat
sequences. The PrioB (Table 1) blocking oligonucleotide
specific to leopard cat sequences was designed as sug-
gested by Vestheim & Jarman (2008). This blocking oli-
gonucleotide was used to limit the amplification of
leopard cat sequences when using the primers targeting
all vertebrates. Table 2 presents a sequence alignment
of PrioB with the main groups of vertebrates. This
blocking oligonucleotide might also slightly block the
amplification of other felid species, but will not prevent
the amplification of other vertebrate groups.

Primer pair for vertebrates. We used the primer pair
12SV5F/12S5V5R designed by the ecoPrimers program
(Riaz et al. 2011). ecoPrimers scans whole genomes to
find new barcode markers and their associated primers,
by optimizing two quality indices measuring the taxo-
nomical coverage and the discrimination power to
select the most efficient markers, according to specific
experimental constraints such as marker length or tar-
geted taxa. This primer pair for vertebrates represents
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the best choice found by ecoPrimers among short bar-
codes, as derived from the available vertebrate whole
mitochondrial genomes currently available. It amplifies
a ~100-bp fragment of the V5 loop of the mitochondrial
12S gene, with the ability to amplify short DNA frag-
ments such as those recovered from faeces, and has a
high taxonomic resolution, despite its short size. Using
the ecoPCR program (Bellemain et al. 2010; Ficetola
et al. 2010), and based on the release 103 of the EMBL
database, this fragment unambiguously identifies 77%
of the species and 89% of the genera as recorded by
this EMBL release (Riaz et al. 2011).

DNA amplification for diet analysis

All DNA amplifications were carried out in a final vol-
ume of 25 pL, using 2 pL of DNA extract as template.
The amplification mixture contained 1 U of AmpliTaq
Gold® DNA Polymerase (Applied Biosystems), 10 mm
Tris-HCl, 50 mm KCl, 2 mm of MgCl,, 0.2 mm of each
dNTP, 0.1 um of each primer (12SV5F/12SV5R) and
5 pg of bovine serum albumin (BSA; Roche Diagnostic).
The PCR mixture was denatured at 95 °C for 10 min,
followed by 45 cycles of 30 s at 95 °C and 30 s at 60 °C;
as the target sequences are ~100 bp long, the elongation
step was removed to reduce the +A artefact (Brown-
stein et al. 1996, Magnuson et al. 1996) that might
decrease the efficiency of the first step of the sequencing
process (blunt-end ligation). Using the aforementioned
conditions, the DNA extracts were amplified twice, first
with 12SV5F/12SV5R (0.1 um each) and second with
12SV5F/12SV5R/PrioB (0.1 pm for 12SV5F and 12SV5R,
2 uM for PrioB). These primer concentrations have been
chosen after a series of test experiments, with various
concentrations of PrioB (data not shown).

Table 2 Sequence alignment showing the specificity of the PrioB blocking oligonucleotide. The first six nucleotides of the PrioB
blocking oligonucleotide overlap with the 12SV5R amplification primer. This sequence alignment contains two other Felidae species
(Felis catus and Panthera tigris), another carnivore species from the Ursidae family (Ursus arctos), two rodents (Rattus rattus and Micro-
tus kikuchii), one insectivore (Crocidura russula), one bird (Gallus gallus), one amphibian (Rana nigromaculata) and one fish (Cyprinus

carpio)

Accession number Species name

Sequences (5-3")

PrioB blocking oligonucleotide

HM185183 Prionailurus bengalensis .. ....
NC_001700 F. catus ... ..
JE357967 p. tigris ...,
NC_003427 u. arctos i e ...
NC_012374 R. rattus ... ...
NC_003041 M. kikuchii ...,
NC_006893 C. russula L ...
NC_007236 G. gallus — LL....
NC_002805 R. nigromaculata T.....
NC_001606 C. carpio ...

CTATGCTTAGCCCTAAACTTAGATAGTTAATTTTAACAAAACTATC

....................... CCC.A. .. it
............ Coveeeeen o lCCCAL L il
...... T.....A..A A..T...AA.CA...TTAT

............ C.TA...A...CA.C..CA....TAT.T
............ C.TAG..A..AAAAC.A...TA.T.G..
............. A.A.C.A.C..A.AAC.AG.CTG.TCG
.......... TC......CC.CCCA.C.CAC.TGTATC.
..... GT....AATC.ACTCAC.CCAACCA.CGC.AGGG
C G...... C...C.TCC.GC.AC..TT.G.TGTC.
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The primers for vertebrates, 12SV5F and 12SV5R,
were modified by the addition of specific tags on the 5
end to allow the assignment of sequence reads for the
relevant sample (Valentini et al. 2009a). All of the PCR
products were tagged identically on both ends. These
tags were composed of CC on the 5 end followed by
seven variable nucleotides that were specific to each
sample. The seven variable nucleotides were designed using
the oligoTag program (http://www.prabi.grenoble.fr/trac/
OBITools) to have at least three differences among the
tags, to contain no homopolymers longer than two and
to avoid a C on the 5" end so as to allow the detection
of a possible deletion within the tag. All of the PCR
products from the different samples were first purified
using the MinElute PCR purification kit (QIAGEN
GmbH), titrated using capillary electrophoresis (QIAxel;
QIAgen GmbH) and finally mixed together in equimo-
lar concentration before sequencing.

DNA sequencing

The sequencing was carried out on the Illumina Gen-
ome Analyzer IIx (Illumina Inc.), using the Paired-End
Cluster Generation Kit V4 and the Sequencing Kit V4
(Ilumina Inc.), following the manufacturer’s instruc-
tions. A total of 108 nucleotides were sequenced on
each extremity of the DNA fragments.

Sequence analysis and taxon assignation

The sequence reads were analysed separately with and
without the blocking oligonucleotide, using the OBI-
Tools  (http://www.prabi.grenoble.fr/trac/OBITools).
First, the direct and reverse reads corresponding to a
single molecule were aligned and merged using the
solexaPairEnd program, taking into account data quality
during the alignment and the consensus computation.
Primers and tags were then identified using the ngsfilter
program. Only sequences with a perfect match on tags
and a maximum of two errors on primers were
recorded for the subsequent analysis. The amplified
regions, excluding primers and tags, were kept for fur-
ther analysis. Strictly, identical sequences were clus-
tered together using the obiuniq program, keeping the
information about their distribution among samples.
Sequences shorter than 60 bp, or containing ambiguous
nucleotides, or with occurrence lower or equal to 100
were excluded using the obigrep program. Taxon assig-
nation was achieved using the ecoTag program (Pegard
et al. 2009). EcoTag relies on a dynamic programming
global alignment algorithm (Needleman & Wunsch
1970) to find highly similar sequences in the reference
database. This database was built by extracting the rele-
vant part of the mitochondrial 125 gene from EMBL

nucleotide library using the ecoPCR program (Bellemain
et al. 2010; Ficetola et al. 2010). A unique taxon was
assigned to each unique sequence. This unique taxon
corresponds to the last common ancestor node in the
NCBI taxonomic tree of all the taxids of the sequences
of the reference database that matched against the
query sequence. Automatically assigned taxonomic
identification was then manually curated to further
eliminate those sequences that were the likely result of
PCR artefacts (including chimeras, primer dimers or
nuclear pseudogenes) or from obvious contaminations.
Usually, chimeras can be easily identified by their low
identity (<0.9) over the entire query sequence length
with any known sequence and by their low frequency
when compared with the main prey items. Finally, the
prey items were tentatively identified by correlating
sequence data with the potential leopard cat vertebrate
prey known to be present in the two regions where the
faeces were collected, with the constraint that such
potential prey must be phylogenetically close to the
prey identified in the public database by the ecoTag
program. The significance of diet differences between
ANP and CGNP was assessed by Pearson’s chi-squared
tests with simulated P-values based on 10° replicates,
using the frequency of occurrence of prey in faeces.
Results of such a test have to be analysed carefully
because categories used in the contingency table are
prey and several prey are detected in each faeces
(Wright 2010). This potentially induced a bias if we
consider that two prey in the same faeces cannot be
considered as independently sampled. If it really exists,
the dependency between prey count leads us to overes-
timate the true number of degrees of freedom. This is a
main problem if the test is not rejecting the null
hypothesis, but in case of the rejection of this null
hypothesis, this places us on the conservative side of
the decision.

Rarefaction analysis of prey in faeces originating
from ANP and CGNP

We used species rarefaction curve to estimate the total
number of prey species likely to be eaten by the leopard
cat in the two study areas. The species accumulation,
based on the faecal samples, was computed using the
analytical formulas of Colwell et al. (2004) in ESTIMATES
(Version 8.2, R. K. Colwell, http://purl.oclc.org/
estimates).

Results

Of 181 putative felid faeces collected in the field, 38
samples were confirmed to be that of leopard cat with
species-specific primers (22 from ANP of 114, and 16
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from CGNP of 67). The next-generation sequencing gen-
erated about 0.6 and 0.5 million sequences for the sam-
ples without and with the blocking oligonucleotide
(Table 3), respectively. After applying different filtering
programmes, we finally obtained 232 and 141 sequences
from the run without and with blocking oligonucleo-
tides, respectively. Sequences within a sample having
either a low frequency (e.g. <0.01 when compared with
the most frequent sequence) or being very similar to a
highly represented sequence were considered to be
amplification/sequencing errors and were discarded.
All faeces identified as leopard cat with the species-spe-
cific primers were confirmed by sequencing. The leop-
ard cat sequence (accession numbers FR873685 and
FR873686) was found with a frequency superior to 0.5
in all samples when using only the 125V5 primer pair
(Fig. 3). As in similar experiments (e.g. Deagle et al.
2009), we found some human contaminations corre-
sponding to 0.2% and 5.4% of the sequences without
and with the blocking oligonucleotide, respectively. A
few PCR artefacts with very short sequences were also
observed when using the blocking oligonucleotide, but
not without blocking.

Effect of blocking oligonucleotide on predator/prey
amplification

When amplifications were carried out only with 125V5
primers, sequences of the leopard cat represented
91.6% of the total count, eight samples (sample 1-8;
Fig. 3) exclusively yielded the leopard cat sequence,
and 11 different prey taxa were observed in the diet.
The blocking oligonucleotide PrioB drastically reduced
the amplification of the leopard cat sequences, down to
2.2% of the total sequence count, with no leopard cat
sequences observed in 31 samples. Under blocking
nucleotide conditions, we recorded the amplification of
seven additional prey items not previously detected
when the same samples were amplified using the
125V5 primers. The amplification failed in three sam-
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PCR amplification with V'5 PCR amplification with V5 & PrioB

OO U B LN —

0 20 40 60 80 1000 20 40 60 80 100

. Leopard cat . Rodentia D Lagomorpha
I:l Piciformes . Galliformes . Passeriformes . Columbiformes
. Others D No considerable PCR product

Fig. 3 Comparison of the amplifications of leopard cat and its
prey sequences with 12SV5 primers for vertebrates without
and with blocking oligonucleotide. The prey items are shown
up to the order rank; fish and amphibians are grouped
together in the “others” category. Each horizontal bar corre-
sponds to the analysis of a single faeces using the 125V5 prim-
ers, either without blocking oligonucleotide (on the left) or
with blocking oligonucleotide (on the right). On each bar, the
different colours represent the sequence count (%) of predator
and prey items present in the sample. Samples 25, 27 and 35
did not show any considerable PCR products with blocking
oligonucleotide amplification.

. Insectivora

ples when using the blocking oligonucleotide. The com-
parison of amplifications without and with blocking
oligonucleotide is shown in Fig. 3.

Table 3 Overview of the sequence counts at different stages of the analysis

Primer pair used 12SV5F/12SV5R 12SV5F/12SV5R/PrioB
Number of properly assembled sequences* 592 648 498 595
Number of unique sequences 44 441 73 414
Number of unique sequences, longer than 60 bp 44 066 46 765

Number of unique sequences, longer than 60 bp,
with occurrence in the whole data set higher
or equal to 100 (corresponding percentage of
properly assembled sequences*)

232 (56.91%) 141 (44.84%)

*Direct and reverse sequence reads corresponding to a single DNA molecule were aligned and merged, producing what we called a

““properly assembled sequence”.

© 2012 Blackwell Publishing Ltd
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Diet composition of leopard cat

A total of 18 different prey taxa were identified in the
diet of the leopard cat, seven of which were identified
without ambiguity up to species level (Table 4). A max-
imum of seven prey items were observed within the
same faeces sample, while 15 samples had only a single
prey. We were not able to recover any prey DNA from
only a single faeces: the experiments without and with
blocking oligonucleotide with that sample produced
only leopard cat sequences.

The diet composition of the leopard cat from ANP
was eclectic; we observed 15 different prey taxa in 22
faeces samples. The house rat predominated the diet (in
68% of the faeces), followed by Asiatic white-toothed
shrew (32%) and Murree hill frog (27%). We observed
seven prey items (Himalayan wood mouse, Kashmir
flying squirrel, Murree vole, Asiatic white-toothed
shrew, chicken, kalij pheasant and jungle crow) within
a single faeces, whereas six faeces indicated only a sin-
gle prey. Overall, Rodentia dominates the diet at ANP
with a presence in 91% of the faeces (Fig. 4a). Table 5
gives an overview of the leopard cat diet in Pakistan
compared with previous studies.

Eight prey taxa were identified in 16 faeces from
CGNP. The house rat predominated the diet (in 44% of
the faeces), followed by Kashmir flying squirrel (31%)
and Himalayan wood mouse (19%). Rodentia with five
different prey species also dominated the diet at CGNP
with a presence in 81% of the faeces (Fig. 4b).

While the leopard cat diet in both ANP and CGNP is
composed mainly of rodents, the differences between
these two areas were significant, both when considering
all prey species independently (P-value: 0.01; y* test
with simulated P-value based on 10° replicates) and
when grouping prey according to their taxonomy (Rod-
entia, Insectivora, Lagomorpha, Aves, Batracia and Tele-
ostei; P-value: 0.03; y*> test with simulated P-value
based on 10° replicates). As discussed in the study by
Wright (2010), using Pearson chi-squared test for such
data can lead to misinterpretation because of the over-
estimation of the degrees of freedom. By overestimating
the degrees of freedom, it is more difficult to reject the
null hypothesis. Consequently, rejecting the null
hypothesis, as we did, places us on the conservative
side of the decision.

Results of the rarefaction analysis are presented in
Fig. 5. The number of prey species expected in the
pooled faecal samples, based on the rarefaction curve,
was 15 (95% CI: 13.91-16.09) and 8 (95% CI: 4.14-11.86)
for the ANP and CGNP, respectively. In the case of
ANP, 13 of 15 species with a cumulative frequency of
93% in the diet were detected in the first 11 samples. In
CGNP, all of the documented prey species were

detected in first 13 samples and the rest of the samples
reflected their repeats.

Discussion

The leopard cat diet

All documented studies, including the present study,
suggest that the order Rodentia is the primary prey
base for the leopard cat (presence in 81.2-96.0% of the
faeces in six studies, Table 5). Within Rodentia, the Mu-
ridae family dominates, with a presence in 50.0-86.4%
of the faeces in Pakistan and up to 96% in other locali-
ties. The arboreal behaviour of the leopard cat (Nowell
& Jackson 1996) broadens its trophic niche by enabling
it to hunt tree-nesting birds and even flying squirrels in
Pakistan. Birds and herpetofauna (reptiles and amphibi-
ans) are apparently the other main food groups after
mammals. Birds have been reported in all studies,
although the highest frequency was observed in Paki-
stan (presence in 18.7-45.5% of the faeces). In contrast
to previous studies, where conventional methods did
not allow species identification for birds, we are report-
ing eight distinct taxa. This specificity is an evident
advantage of DNA-based diet methods recently devel-
oped. We also report fish in the diet, which have only
once been reported previously (Inoue 1972). Our
method did not allow the detection of invertebrates or
plants, although these have been reported in other stud-
ies.

The results of the rarefaction analysis show the effi-
ciency of the molecular method for detecting prey; this
is advantageous for studying rare species that inhabit
difficult terrains and that do not allow for collecting a
large number of samples. Our sample size is smaller
than what is generally recommended for classical diet
studies; previously, 80 samples have been suggested for
common leopards (Mukherjee et al. 1994). However,
considering the greater detection efficiency of the new
method, supported by the rarefaction estimates, our
sample size seems to be adequate for estimating the
vertebrate diet diversity of the leopard cat in the two
studied regions.

The higher diversity of prey detected in samples from
ANP as compared to those from CGNP probably
reflects the higher productivity and diversity of temper-
ate forests in the former park. The Kashmir flying squir-
rel prefers to nest on dead trees and is found in both
national parks. Its frequency as a prey item was signifi-
cantly higher in CGNP, the open forests of which prob-
ably make flying squirrel more susceptible to predation.

Surprisingly, the leopard cat seems to predate on
prey with larger adult body size in Pakistan than in
southern parts of its range (Table 5). Larger prey was
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(a) Ayubia National Park

(b) Chitral Gol National Park

Fig. 4 Composition and comparison of
the various prey items consumed and
their relative frequency in the diet of
the leopard cat at (a) Ayubia National
Park and (b) Chitral Gol National Park.

Mammals
House rat - Asiatic white toothed shrew Babbler
(Rattus rattus) (Crocidura pullata) (Timaliidae)
Himalayan wood mouse Cape hare Jungle crow
(Apodemus rusiges) (Lepus capensis) (Corvus macrorhynchos)
Birds
Murree vole Kalij pheasant Woodpecker
(Hyperacrius wynnei) (Lophura leucomelanos) (Dendrocopos sp.)
House mouse Chicken Rock pigeon
(Mus musculus) (Gallus gallus) (Columba livia)
Amphibian
Kashmir flying squirrel Koklass pheasant Murree hill frog
(Eoglaucomys fimbriatus) (Pucrasia macrolopha) (Paa vicina)
Fish
Forest dormouse Chukar partridge Cat fish
(Dryomys nitedula) (Alectoris chukar) (Siluriformes)

Table 5 Comparison of leopard cat diet across its range in Asia. Except the present study, all other references estimated the diet

using traditional morphology-based methods

Occurrence in faeces, %

Other Reptiles and
Locality Rodentia mammals Birds amphibians Fish Invertebrates Plant matter =~ References
ANP, Pakistan 90.9 31.8 455 273 45  Not recorded Not recorded Present study
CGNP, Pakistan 81.2 6.2 18.7 0.0 0.0 Not recorded  Not recorded  Present study
Negros-Panay Faunal 96.0 8.0 8.0 — — — 12.0 Fernandez &
Region, Philippines de Guia (2011)
Khao Yai National Park, 93.8 24.5 8.2 8.2 — 36.7 — Austin et al. (2007)
Thailand
Sabah, Malaysian Borneo  93.1 4.2 5.6 19.4 — 11.1 11.1 Rajaratnam et al.
(2007)
North-central Thailand 89.0 17.0 4.0 — — 21.0 — Grassman et al.
(2005)
Tsushima islands, Japan =~ 91.3 0.3 36.5 22.3 — 24.3 78.8 Tatara & Doi
(1994)

usually the house rat (140280 g), but even bigger prey
were occasionally reported. Grassman et al. (2005)
found remains of Java mouse deer (Tragulus javanicus;
1.18-1.28 kg from Weathers & Snyder (1977) and Endo
et al. 2002) in leopard cat faeces, and Austin et al.
(2007) once recorded a large ungulate (Cervus unicolor;

70.5-112 kg from Idris et al. 2000). In Pakistan, many
large prey were found in the diet, including the Kash-
mir flying squirrel (560-734 g; Hayssen 2008), the cape
hare (2.10-2.30 kg; Lu 2000), the chukar partridge (450—
800 g; del Hoyo et al. 1994), the kalij pheasant (564—
1150 g; del Hoyo et al. 1994), the koklass pheasant
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Fig. 5 Species accumulation curves based on the prey species
identified in the faecal samples of leopard cat collected in ANP
(a) and CGNP (b).

(930-1415 g; del Hoyo et al. 1994) and the jungle crow
(570-580 g; Matsubara 2003). Two nonexclusive expla-
nations can be proposed to explain such a diet shift
towards larger species. First, only juveniles of the larger
species may have been captured. It is important to note
that remains of juveniles might be difficult to identify
in faeces using traditional approaches. DNA-based
methods allow straightforward taxon identification, but
obviously not the age of prey. Second, the body size of
the leopard cat in Pakistan might be larger than in
southern areas of its distribution range, possibly
explaining their ability to catch larger prey. This last
hypothesis tends to be supported by the fact that the
leopard cat is known to show considerable variation in
size across its geographic distribution, with larger ani-
mals in China and Russia (Sunquist & Sunquist 2009),
but cannot be confirmed because of the scarcity of data
in Pakistan.

We conclude that the results of the present study are
in general agreement with previous diet studies of
the leopard cat indicating a very eclectic diet. However,
the present study highlighted a possible broadening of
the diet to include larger prey and provided more
precise information by resolving major diet groups to a
lower taxonomical level, which was not previously
possible using conventional methods.
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Conservation implications

The current extent of occurrence of the leopard cat in
Pakistan is not resolved (Sheikh & Molur 2004). It his-
toric range started from Chitral and extended to the
eastern border of Pakistan, including areas of Swat,
Hazara and Ayubia National Park (Nowell & Jackson
1996; Roberts 2005). In the north, it occupied parts of
Gilgit Baltistan probably up to an elevation of 3000 m
(Habibi 1977). The present study documents its current
occurrence in two extremities of its historic range. A
leopard cat was photographed in CGNP (SLT 2008),
and authors have collected evidence of its presence in
Machiara National Park, Azad Jammu and Kashmir,
and western parts of the Gilgit Baltistan. This evidence
suggests that the historic range of the cat in Pakistan is
probably intact, although its population status needs to
be determined.

Among the 18 taxa eaten by the cat in Pakistan, four
(Apodemus rusiges, Dryomys nitedula, Eoglaucomys fimbria-
tus and Lepus capensis) are categorized as vulnerable
(Sheikh & Molur 2004). Because the leopard cat is highly
adaptable and appears to be widespread in Pakistan,
it may be a potential threat to these species, which have
a cumulative frequency of 44.7% of occurrence in fae-
ces. A population assessment of the leopard cats is
needed to evaluate the magnitude of this possible threat
and to tailor an appropriate management strategy for
both prey and predator.

A DNA-based approach for studying carnivore diet

Diet analysis combining next-generation sequencing
and vertebrate primers with blocking oligonucleotides
has tremendous potential for large-scale studies on car-
nivore diet. This approach is very robust and presents
the complete diet profile of the vertebrate prey con-
sumed. It is highly accurate and discriminates between
closely related species in most of the cases. Moreover, a
priori knowledge of prey items consumed is not essen-
tial, as it is when designing more specific DNA-based
approaches. However, such analyses can yield a sub-
stantial amount of artefactual sequences including chi-
meras, nuclear pseudogenes and primer dimers,
especially when using the blocking oligonucleotide. As
our primers target highly conserved DNA regions in
vertebrates, it seems unlikely that a nuclear pseudogene
will better match with the 125V5 primers than the true
mitochondrial copies. Furthermore, as mitochondrial
copies are much more frequent than nuclear copies, the
number of occurrences of any pseudogene sequence
should be much lower than the corresponding mito-
chondrial sequence. With regard to these possible arte-
facts, we recommend keeping stringent PCR conditions
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as described in the Materials and Methods section and
treating as significant only sequences showing a strong
correspondence with a known sequence (at least >0.9)
together with a relatively high frequency.

An ongoing debate on DNA-based diet studies con-
cerns the quantification of different prey items con-
sumed and their relative presence in sequence counts.
This issue has been highlighted in several recent DNA-
based dietary studies (e.g. Deagle et al. 2009, 2010;
Soininen et al. 2009; Valentini ef al. 2009a). The
sequence count cannot be interpreted as quantitative for
a few reasons. Biased amplification of some species has
been observed when PCR was carried out of a known
mixture (Polz & Cavanaugh 1998). Strong biases will
occur in dietary studies when primers mismatch with
certain prey sequences, resulting in the amplification
inclined towards the perfect matches. The two highly
conserved regions targeted by the primers 12SV5F and
12SV5R make the approach less susceptible to PCR
biases. Deagle et al. (2010) suggested that differences in
the density of mitochondrial DNA in tissues can also
bias the sequence count. In the present study, we
avoided quantitative interpretations from the results
of our sequence counts and recorded only the pres-
ence/absence of the different prey in the different faeces.

The blocking oligonucleotide approach has consider-
able potential for its use in trophic analyses. The design
of a blocking oligonucleotide specific to the leopard cat
requires knowing the leopard cat sequence for the target
DNA region. In this study, the blocking oligonucleotide
technique not only inhibited the amplification of the
leopard cat DNA, but also uncovered seven more prey
taxa in the diet that had not been amplified previously
without the blocking oligonucleotide. We used a high
concentration of PrioB (2 um) compared with 12SV5F
and 12SV5R primers (0.1 pm each). For each faeces sam-
ple, we systematically ran amplifications without and
with blocking oligonucleotide, as amplification with
such a relatively high PrioB concentration might fail.

One limitation of the approach with the 12SV5F and
12SV5R primers proposed here is that it only identifies
vertebrate prey. Many carnivores have a more diverse
diet, including invertebrates and plants. For example,
the Eurasian badger (Meles meles) exploits a wide range
of food items, especially earthworms, insects and grubs.
It also eats small mammals, amphibians, reptiles and
birds as well as roots and fruits (Revilla & Palomares
2002). For instance, to study the badger’s diet, we sug-
gest complementing the primers for vertebrates with
several additional systems, such as primers targeting
plant taxa (e.g. Taberlet et al. 2007; Valentini et al.
2009a) or earthworms (Bienert ef al. 2012).

One more limitation of this approach for identifying
vertebrates is that cases of cannibalism cannot be

detected. In such a situation, the predator DNA cannot
be distinguished from the prey DNA that belongs to
the same species. This limitation was not acknowledged
in previous DNA-based diet analyses for vertebrate pre-
dators, despite the cases of cannibalism have been doc-
umented, for example, in Otariidae (e.g. Wilkinson
et al. 2000). However, if cannibalism is important from
a behavioural point of view, it represents a marginal
phenomenon when studying the diet.

Another potential difficulty concerns species identifi-
cation. In some cases, we had to combine the best
match using public databases together with expert
knowledge about the available prey in the location
where the faeces were collected. For example, in our
study, the best match (99%) for MOTU number 3 in
public databases corresponded to two species of the
genus Phasianus (P. colchicus and P. versicolor). These
two species are not recorded in ANP, and thus, we
identify this MOTU as the closest relative (Huang et al.
2009; Shen et al. 2010) occurring in ANP, the Kkalij
pheasant (Lophura leucomelanos). If the identification of
the kalij pheasant seems reliable, some other putative
identifications are more problematic, particularly those
having a relatively low identities with known sequences
in public databases (i.e. Hyperacrius wynnei, Paa vicina,
L. capensis, Dendrocopos sp., and D. nitedula). To remove
such uncertainties, we recommend constructing a local
reference database when possible.

The results of the present study correspond to sum-
mer diet and may not reflect the complete diet profile
of the leopard cat in Pakistan. In future, it would be
interesting to collect samples throughout the year, with
the attendant possibility of revealing more prey taxa
than what we have observed in this study.

Conclusion

Noninvasive sampling is the only way to study the diet
of elusive animals like the leopard cat. In Pakistan, we
obtained results confirming the eclectic characteristics
of this predator, together with an extension of the diet
towards larger prey. The DNA-based approach has a
better resolution than conventional approach-based
identification of prey from hair and bone remains.
While DNA-based methods cannot assess prey ages,
conventional approaches might reveal the potential ages
of the prey when necessary, possibly determining
whether juveniles or adults of larger prey were con-
sumed. As a consequence, DNA-based diet analysis can
provide a valuable complement to conventional meth-
ods.

The DNA-based approach we propose here is particu-
larly robust and simple to implement and allows the
possibility of very large-scale analyses. It can be applied

© 2012 Blackwell Publishing Ltd



to other carnivore species with only a slight adjustment
concerning the design of the blocking oligonucleotide.
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Study area and sampling
Ayubia National Park was established in 1984 and is spread over 33 square kilometers;
surrounding reserved forests cover an area of 150 square kilometers (Fig. 1). The park is
comprised of moist temperate forests, sub-alpine meadows, and sub-tropical pine forests.
The altitudinal variation ranges from 1050 - 3027 m a.s.l., and it receives a mean annual
rainfall between 1065 - 1424mm. It has approximately 200 species of birds, 31 species
of mammals, 16 species of reptiles and three species of amphibians (Farooque, 2007).
Three historically occurring wild ungulate species (Musk deer Moschus moschiferus,
Grey goral Naemorhedus goral, Barking deer Muntiacus muntjak) have been illegally
hunted to extirpation from the area in the recent past. The leopard population had
become extremely rare by the early 1980s and was close to extinction in Galiat region
and adjacent areas. However, the creation of ANP in 1984 served as a healthy means to
recover some species like the common leopard and Rhesus monkey (Macaca mulatta)
(Lodhi, 2007).

One hundred and eleven putative common leopard fecal samples were collected in
ANP during the summer season in 2008. These samples were preserved first in 90 %
ethanol and then shifted into silica gel for transportation to LECA (Laboratoire
d’Ecologie Alpine), Université Joseph Fourier, Grenoble, France, for diet analysis of the

common leopard.
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Methods

DNA extraction

All extractions were performed in a room dedicated to the extraction of degraded DNA.
Total DNA was extracted from about 15 mg of feces with the DNeasy Blood and Tissue
Kit (QIAgen GmbH, Hilden, Germany), following the manufacturer’s instructions, with
a slight modification at the beginning of the protocol as described by Shehzad et al.
(submitted). The DNA extracts were recovered in a total volume of 250 pL.. Blank
extractions without samples were systematically performed to monitor possible

contaminations.
Primer design

Identification of predator species

A primer pair PantF/PantR highly specific to the common leopard was designed on the
12S mitochondrial rRNA gene (Table 1), with the 3'-end of each primer as different as
possible from other species. The specificity of this primer pair, amplifying a 79 bp
fragment, was validated in silico by using the ecoPCR program (Bellemain et al., 2010;
Ficetola et al., 2010), with the following parameters: a perfect match on the two last
nucleotides, and a maximum of three mismatches on the remaining nucleotides. With
these parameters, only the P. pardus mitochondrial 12S gene was recovered. This in
silico validation confirmed that PantF/PantR should unambiguously identify common
leopard feces. The PCRs were carried out in a total volume of 20 ul with 8 mM Tris-HCI
(PH 8.3), 40 mM KCI, 2 mM MgCl,, 0.2 uM of each primer, BSA (5 pg), 0.5 U of
AmpliTaq Gold® DNA polymerase (Applied Biosystems) using 2 pul as DNA template.
The PCR conditions were chosen as an initial 10 min denaturation step at 95°C,
followed by 45 cycles of denaturation at 95°C for 30 s and annealing at 53°C for 30 s.
Thus, the primary identification of the samples was done on the basis of the presence of
a PCR product of the suitable length revealed by electrophoresis on a 2 % agarose gel.
The samples successfully amplified by the PantF/PantR primer pair were selected for
further analyses.

Universal primer pair for vertebrates 12SV5F/I12SV5R

We used the primer pair /2SV5F/12SV5R designed by the ecoPrimers program (Riaz et
al., 2011). The ecoPrimers scans whole genomes to find new barcode markers and their
associated primers. This program optimizes two quality indices measuring the

taxonomical coverage and the discrimination power to select the most efficient markers,
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according to specific experimental constraints such as marker length or targeted taxa.
This universal primer pair for vertebrates represents the best choice found by ecoPrimers
among short barcodes according to the available vertebrate whole mitochondrial
genomes currently available. It amplifies a ~100 bp fragment of the V5 loop of the
mitochondrial 12S ribosomal gene, with the ability to amplify short DNA fragments
such as recovered from feces, and has a high taxonomic resolution despite its short size.
Using the ecoPCR program (Bellemain et al., 2010; Ficetola et al., 2010), and based on
the release 103 of the EMBL database, this fragment unambiguously identifies 77 % of
the species and 89 % of the genera.

Blocking oligonucleotide specific to leopard sequence

The PantB (Table 1) blocking oligonucleotide specific to leopard sequence was designed
as suggested by Vestheim & Jarman (2008), and overlaps the amplification primer
12SV5R by six nucleotides. This blocking oligonucleotide was used to restrain the
amplification of common leopard sequences when using the universal primers targeting
all vertebrate prey.

DNA amplification for diet analysis

All DNA amplifications were carried out in a final volume of 25 pL, using 2 uLL of DNA
extract as a template. The amplification mixture contained 1 U of AmpliTaq® Gold
DNA Polymerase (Applied Biosystems, Foster City, CA), 10 mM Tris-HCI, 50 mM
KCl, 2 mM of MgCl2, 0.2 mM of each dANTP, 0.1 uM of each primer (/2SV5F/I12SV5R)
with 2 uM of PantB, and 5 pg of bovine serum albumin (BSA, Roche Diagnostic, Basel,
Switzerland). The PCR mixture was denatured at 95°C for 10 min, followed by 45
cycles of 30 s at 95°C, and 30 s at 60°C; as the target sequences are about 100 bp long,
the elongation step was removed to reduce the +A artifact (Brownstein et al., 1996;
Magnuson et al., 1996) that might decrease the efficiency of the first step of the
sequencing process (blunt-end ligation).

The universal primers for vertebrates /2SV5 were modified by the addition of
specific tags on the 5’ end to allow the assignment of sequence reads to the relevant
sample (Valentini et al., 2009). As a consequence, all the PCR products were tagged
identically on both ends. These tags were composed of CC on the 5' end followed by
seven variable nucleotides that were specific to each sample. The seven variable
nucleotides were designed using the oligoTag program

(www.prabi.grenoble.fr/trac/OBITools) with at least three differences among the tags,
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without homopolymers longer than two, and avoiding a C on the 5' end. All the PCR
products from the different samples were first purified using the MinElute PCR
purification kit (QIAGEN GmbH) then titrated using capillary electrophoresis (QIAxel,
QIAgen GmbH, Hilden, Germany) and finally mixed together, in equimolar
concentration, before the sequencing.

DNA sequencing

The sequencing was carried out on the Illumina/Solexa Genome Analyzer IIx (Illumina
Inc., San Diego, CA 92121 USA), using the Paired-End Cluster Generation Kit V4 and
the Sequencing Kit V4 (Illumina Inc., San Diego, CA 92121 USA), and following
manufacturer's instructions. A total of 108 nucleotides were sequenced on each
extremity of the DNA fragments.

Sequence analysis and taxon assignation

The sequence reads were analyzed using the OBITools
(www.prabi.grenoble.fr/trac/OBITools). First, the direct and reverse reads corresponding
to a single molecule were aligned and merged using the solexaPairEnd program, taking
into account data quality during the alignment and the consensus computation. Then,
primers and tags were identified using the ngsfilter program. Only sequences with a
perfect match on tags and a maximum of two errors on primers were taken into account.
The amplified regions, excluding primers and tags, were kept for further analysis.
Strictly identical sequences were clustered together using the obiunigq program, keeping
the information about their distribution among samples. Sequences shorter than 60 bp, or
containing ambiguous nucleotides, or with occurrences lower or equal to 100 were
excluded using the obigrep program. The obiclean program was then implemented to
detect amplification/sequencing errors, by giving each sequence within a PCR product
the status of "head" (most common sequence among all sequences that can be linked
with a single indel or subsitution), "singleton" (no other variant with a single difference
in the relevant PCR product), or "internal" (all other sequences not being "head" or
"singleton", i.e. corresponding to amplification/sequencing errors). Taxon assignation
was achieved using the ecoTag program (Pegard et al., 2009). EcoTag relies on the
FASTA35 program (Needleman & Wunsch, 1970) to find highly similar sequences in
the reference database. This database was built by extracting the relevant part of the
mitochondrial 12S gene from EMBL nucleotide library (release 107) using the ecoPCR

program (Ficetola et al., 2010). A unique taxon was assigned to each unique sequence.
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This unique taxon corresponds to the last common ancestor node in the NCBI taxonomic
tree of all the taxids, annotating the sequences of the reference database that matched
against the query sequence. A final filtering was carried out by removing sequences that
were never "head" or "singleton", sequences that were not identified at the family level
(for removing putative chimeras), and the sequences with a total count among the whole
dataset inferior to 750 (plus the removal of an obvious human contamination). Finally,
automatically assigned taxonomic identification was completed manually by combining
the automatic identification with distribution data of prey in the study area to obtain a

more precise identification when relevant.
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Results

Of 111 presumed common leopard fecal samples received from ANP, 60 (54.0 %)
samples were identified as belonging to this species using PantF/PantR specific primers
and selected for further experimentation. After assembling the forward and reverse
reads, and filtering for primers and tags, we obtained a total of 652 090 sequences,
corresponding to 36 929 unique sequences (DRYAD entry: doi:XXXXXX). The
removal of sequences shorter than 60 bp and with a total count of less than 100 reduced
the dataset to 150 sequences. Ninety-four sequences that were never "head" or
"singleton" were removed, as were 41 sequences with a total count among all samples of
less than 750. This threshold has been determined in order to avoid, having twice the
same species identification in the result list, and with a lower identity for sequences
below the threshold. Finally, three sequences without a perfect identity corresponding to
the reference database were also removed, leading to 12 (including one Panther pardus
plus 11 prey sequences) MOTU (Molecular Operational Taxonomic Unit; Blaxter,
2004). The filtered data are available at DRYAD doi: XXXXXX. All feces identified as
common leopard with the PantF/PantR specific primers were further confirmed by the
sequencing and common leopard sequences were observed in all the samples with an
overall relative frequency of 0.16. This means that the 2uM concentration of blocking
oligonucleotide used in this experiment reduced but did not prevent completely the
amplification of common leopard sequence. Three feces exclusively amplified common
leopard sequences, failing to provide information about any prey item. Eleven different
prey taxa were identified in the remaining 57 feces. A maximum of three prey items
were observed in one feces sample, two prey in seven samples, while single prey items
were recoded in 49 feces. Based on the frequency of occurrence of prey items in the 57
feces, the domestic goat predominated the diet (64.9 %), followed by dog (17.5 %) and
cow (12.3 %). Domestic animals (goat, dog, cow, water buffalo, horse and sheep)
occurred in 54 out of 57 feces, corresponding to a frequency of occurrence of 0.95, with
5 feces containing two domestic items. Fig. 2 illustrates the relative frequencies of

different prey items present in the diet of common leopard.
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Discussion

Feces analysis by combining universal primers for vertebrates (plus a blocking
oligonucleotide specific to predator DNA) with next generation sequencing revealed the
diet of the elusive and endangered common leopard in Pakistan. In 57 feces, we were
able to identify a total of 11 prey species. Our results confirmed that the common
leopard is a generalist predator, consuming a wide variety of prey ranging from large,
medium to small ungulates, carnivores, rodents, birds and fish.

About 95 % of the leopard prey items in ANP are domestic animals and such a
high predation rate may be due to several reasons. First, the lack of natural prey in ANP
provokes leopard attacks on domestic stock. Second, poor husbandry and penning of
livestock make domestic animals more vulnerable to leopard attacks. Finally, seasonal
factors affect livestock susceptibility to predation; the sampling of the present study was
done during the summer, when most of the livestock is sent to pasture for grazing mostly
unattended, or occasionally guarded by dogs. It is interesting to note that dogs are the
second most common leopard prey, results possibly originating from guard dogs as well
as stray dogs. We also found leopard cat, red fox and Kashmir flying squirrel in the
leopard diet. These species have never been reported leopard prey before. Among the 11
taxa eaten by leopards in ANP, only one species, Kashmir flying squirrel, is categorized
as vulnerable (Sheikh & Molur, 2004). This species was represented by a single sample,
indicating that leopards do not seem to exert significant predation pressure on threatened
species, as observed in the case of leopard cat in the same area (Shehzad et al.,
submitted).

The rhesus monkey (Macaca mulatta) is common in ANP, and is generally
believed as a major part of the leopard diet there (Lodhi, 2007). However our findings
do not support this perception, as we did not find any monkey sequences in the leopard
feces despite that our reference database contained several exemplars. There are
conflicting reports about leopard predation on primates from different parts of its range
in Asia and Africa. According to the type of habitat, primates are reported to be the
major prey (Cowlishaw, 1994; Isbell, 1994; Zuberbuhler & Jenny, 2002) or occasional
prey of leopards (Nowell & Jackson 1996; Hayward et al., 2006). Apart from the
availability, leopard selection for primates depends on several factors. First, arboreal
primates are reported to be at greater risk of predation when they are more exposed
(Isbell, 1994) as in forest edges or in relatively open canopy forests (Nowell & Jackson,

1996), because such landscape structures force primates to travel on the ground, which
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makes them more susceptible to predation by leopards. Second, inter-specific social
dominance determines rights in food and space, and tigers are known to socially
dominate over leopards (Seidensticker, 1976). In areas where both species co-exist,
tigers attack more ungulate prey, and consequently leopards are left to eat higher
proportion of primates (Schaller, 1967; Seidensticker, 1983). Third, Seidensticker (1983)
argues that intensity of predation on primates correlates with the availability and
abundance of alternate prey. For example, in Royal Chitwan National Park, Nepal,
predators (tiger and leopard) kill primates only occasionally because of the abundant and
diverse alternate prey base that is available (Seidensticker, 1976). Finally, leopards
killed primates more often in areas where domestic livestock sources were not available
(like in Meru-Betiri, Indonesia, Seidensticker & Suyono, 1980) as compared to areas
where livestock is abundant (Royal Chitwan National Park, Seidensticker, 1976). The
close canopy of temperate forest in ANP, which makes capturing monkeys difficult, and
the availability of alternate abundant prey in the form of livestock are likely the factors
accounting for the absence of monkeys in the 57 feces of leopard analyzed.

It is clear from the present findings that the leopard population in ANP sustains on
domestic animals, and in fact actual loss of livestock may be even higher than that
observed in the diet since leopards are considered to be surplus killers and have been
reported to kill up to 22 sheep in single attacks (Sangay & Vernes, 2008). This high level
of predation has adverse effects on the small local economy and sparks serious conflicts
between the leopard and local community. Mitigation of conflict between the leopard
and local community is of the utmost importance. Failure to address this issue will
jeopardize leopard conservation in ANP.

A two-step strategy should be adopted to motivate the local community to
contribute to efforts for common leopard conservation. Immediate measures may include
the introduction of incentives that should lead to a better acceptance of the predator.
These incentives could be support for livestock insurance, for vaccination programs, and
for improving livestock guarding facilities. Mishra et al. (2003) have shown that
incentive programs can potentially strengthen conservation efforts by changing people’s
attitudes towards conservation. One such program is insurance for livestock in affected
communities, an initiative that has been tested in snow leopard conservation programs.
Mishra et al. (2003) highlighted the significance of insurance programs to protect the

snow leopard and its prey in the Indian Himalaya and Mongolia. As a part of the
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program, livestock holders protect snow leopards and leave some space for its prey to
graze.

Livestock losses due to disease are reported to be substantially higher than
predation by carnivores (Uphyrkina et al., 2002; Dar et al., 2009) and impose a
significant economic burden on rural communities. In Machiara National Park,
Pakistan, the economic value of livestock losses was estimated to be US$ 137 183;
72.7 % of that loss was due to disease caused mortalities (Dar et al., 2009). Protecting
livestock from disease can reduce overall mortality rates and economic impacts on the
community. The livestock vaccination program has been used as an effective
conservation tool to protect snow leopards in northern Pakistan (Nawaz, 2009). In this
program, the community is trained in animal health and husbandry practices and are
provided vaccines against prevailing diseases at subsidized rates. In turn, the community
agrees to tolerate predation losses and protect wildlife. As a joint venture between the
government, community and the Snow Leopard Trust, this program is being
implemented in 12 communities in northern Pakistan (Nawaz, 2009), and could be
replicated in ANP. The ANP is one of the major tourism nodes in Pakistan; millions of
people visit it every year to enjoy its natural beauty and wilderness. The park entry fee
and other revenues from associated tourism could help lessen the heat of conflict if
shared with the local community.

Measures to curtail predation incidences can help reduce conflicts and make
conservation efforts more efficient and cost-effective if they go hand in hand with the
incentive programs. For example, improvements in penning and guarding facilities can
bring significant reduction in predation losses in livestock enclosures. Moreover,
increasing vigilance at night and guarding livestock during grazing can reduce the risk of
leopard attacks.

Awareness and education programs catering to the local community, students, and
park visitors can promote tolerance for the leopard and build support for conservation
efforts. Mass media can be used to disseminate the information about conservation
issues.

In a second step, attention should be paid to the re-introduction and protection of
wild prey in ANP. Depletion of natural prey due to poaching is the main reason for the
leopard’s dependence on livestock for food in ANP, and thus the major source of
conflict in the area. Re-introduction of wild prey species like musk deer, barking deer

and goral may help resolve these issues in the longer run. However such efforts would
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only be successful if poaching of these species were checked in ANP and its surrounding

areas through strict law enforcement.
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Conclusions

The leopard is thought to be a major predator of livestock in ANP, and its frequency of
killing domestic animals has increased since the creation of park. Livestock losses by
predation have an adverse effect on the small economy of the local community as well
as on leopard conservation efforts. Mitigation of conflicts between the leopard
population and the local community is of the utmost importance for leopard conservation
in the area. Due to the lack of scientific information, the real assessment of the conflict
between leopard population and local community in ANP is not possible. The findings
of the present study have clearly demonstrated that at least in the summer, the leopard
population in ANP is largely reliant upon domestic animals for its survival. A two-step
strategy should be adopted to mitigate the conflict, first by introducing incentives in and
around the protected area, and then by making wild prey available again. We hope that
the results of this study will rapidly stimulate the implementation of such a conservation

strategy and ensure the survival of the leopard population in Pakistan.
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Figures Legends
Fig. 1 Sampling locations of common leopard cat feces in Ayubia National Park (ANP).
Fig. 2 Composition of the various prey items consumed and their relative frequency in

the diet of common leopard at Ayubia National Park.
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Tables

Table 1 Sequences of the oligonucleotides used in the study. PantF, PantR, 12SV5F,

and /2SV5R are amplification primers. PantB is a blocking oligonucleotide. The length

of amplified fragments (excluding length of primers) with Pant and /2SV5 primer pairs

were 79 bp and > 101 bp respectively

Name  Oligonucleotide sequence (5°-3”)

Reference

PantlF GTCATACGATTAACCCGG

PantR  TGCCATATTTTTATATTAACTGC

12SV5F TTAGATACCCCACTATGC

12SV5R TAGAACAGGCTCCTCTAG

PantB CTATGCTTAGCCCTAAACCTAGATAGTTA
GCCCAAACAAAACTAT-C3

Ficetola et al., 2010
Ficetola et al., 2010
Riaz et al., 2011
Riaz et al., 2011
This study
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Prey frequency of common leopard in Ayubia National Park
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Abstract

Accurate information about the diet of large carnivores that are elusive and inhabit
inaccessible terrain, is required to properly design conservation strategies. Predation on
livestock and retaliatory killing of predators have become serious issues throughout the
range of the snow leopard. Several feeding ecology studies of snow leopards have been
conducted using classical approaches. These techniques have inherent limitations in their
ability to properly identify both snow leopard feces and prey taxa. To examine the
frequency of livestock prey and nearly-threatened argali in the diet of the snow leopard,
we employed the recently developed DNA-based diet approach to study a snow leopard
population located in the Tost Mountains, South Gobi, Mongolia. After DNA was
extracted from the feces, a region of ~100 bp long from mitochondrial 12S rRNA gene
was amplified, making use of universal primers for vertebrates and a blocking
oligonucleotide specific to snow leopard DNA. The amplicons were then sequenced
using a next-generation sequencing platform. We observed a total of five different prey
items from 81 fecal samples. Siberian ibex predominated the diet (in 70.4 % of the feces),
followed by domestic goat (17.3 %) and argali sheep (8.6 %). The major part of the diet
was comprised of large ungulates (in 98.8 % of the feces) including wild ungulates
(79 %) and domestic livestock (19.7 %). The findings of the present study will help to
understand the feeding ecology of the snow leopard, as well as to address the

conservation and management issues pertaining to this wild cat.

82



Introduction

Apex predators play a key role in maintaining biodiversity in an ecosystem, through
population dynamics and trophic cascades [1,2]. Despite a relatively wide distribution
across 12 central Asian countries, information about snow leopards is scarce due to their
remote habitat and cryptic nature [3]. The International Union for the Conservation of
Nature (IUCN) Red List of Threatened Species has identified the snow leopard as being
endangered since 1988; Appendix I of the Convention on International Trade in
Endangered Species (CITES) has listed it as such since 1975. Its population is estimated
to be between 4,500 and 7,500 throughout its range [4], with 800 to 1,700 in Mongolia
[5]. Snow leopard populations are declining across most of its range. Primary threats
include habitat degradation and fragmentation due to livestock grazing and human
population expansion, poaching for pelts and bones, killings of snow leopards in
retribution for predation on livestock, and reduction of natural prey populations due to
illegal and legal hunting, as well as competition from livestock [6-8].

Diet analysis helps to reveal the plasticity of a predator’s ability to both use and
conserve resources available to it. This knowledge is important, especially when an
animal is as endangered and secretive in nature as the snow leopard [9]. Snow leopards
are considered to be opportunistic predators that exploit a wide range of prey species
[10]. Large ungulates (notably blue sheep, markhor, urial, ibex, goats and sheep) often
represent the major constituents of the snow leopard’s diet. Additional prey items that
have been observed include unidentified birds and a wide variety of medium and small
mammals, such as marmots and other rodents [9,11-14]. In Mongolia, Siberian ibex and
argali are the natural prey of the snow leopard [15].

Detailed and accurate data on predators as well as their prey is required to assess
the real magnitude of predation. This knowledge is imperative for the design of balanced
conservation strategies.

To date, the diet of the snow leopard has been analyzed using different classical
methods. Inference from field surveys, questionnaires and interviews with members of
the local community can give an assessment of snow leopard predation and has been
effectively used in some studies [e.g. 16,17]. But such studies may only represent public
opinion if they lack scientific confirmation. Radio telemetry provides a realistic

opportunity to study animal movements, home range, pattern of habitat utilization, social

83



organization [5] and to document predation by snow leopards [9,18]. Although locating
the remains of killed prey in high, steep terrain is extremely difficult [19], current GPS
collaring studies of snow leopards in Mongolia (Panthera/Snow Leopard Trust
unpublished data) have successfully identified kill sites and prey remains in over 250
instances between 2008 and 2011. However, that study is unique in its success and is not
easily replicated across the snow leopard’s broad range. Additionally, diet information
from such studies remains site specific.

Fecal examination may then represent the most readily available and easily
collected source of diet information [20]; this technique has been previously used to
study snow leopard diet [7,9,11,14]. Such diet analysis requires the identification of
undigested remains, bones, teeth or hair in feces. There have been two potential problems
relating to feces examination of the snow leopard. The first relates to the accurate
identification of snow leopard feces in the field, while the second deals with the
limitations of accurately identifying the prey taxa. Large bones and teeth are generally
fragmented and therefore difficult to identify [21]. Hair examination is commonly done
through comparisons of reference specimens with salvaged hair mounts [21]. However,
this method is laborious and time consuming. Hairs from the same animal may also vary
in structure according to their location within its fur. Similarly, hair from several related
species may possess similar characteristics [21]. Finally, the lack of reference specimens
can prohibit accurate diagnosis.

Snow leopard feces are identified in the field mostly on the basis of color, shape,
location, pugmarks, scrapes, or the remains of prey species near the feces [11,14].
However, carnivore feces are quite similar in their morphological characteristics; it is
therefore not always easy to differentiate the feces among the sympatric carnivores [14,
22, 23]. To address this problem, some studies [e.g. 24,25] have used detection dogs
trained to locate the feces of endangered species. In another study, scat detection dogs are
being trained to distinguish snow leopard feces from other non-target feces after they
have been collected in the field and shipped to the USA, thus eliminating the cost and
complications of bringing a dog to the field. This may prove to be cost-effective for
studies of snow leopards in which finding feces in the field is not difficult, but making a
correct species identification is critical (McCarthy & Parker, unpublished data). But this

approach is also prone to sample misidentification. Assumptions based on such errors
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may lead to incorrect conclusions regarding the conservation implications for these
endangered species. Alternatively, feces collection in the field has been validated by
genetic analysis [26,27]. So far, two studies [7,9] have identified snow leopard feces
genetically and then determined prey consumed using classical approaches.

Livestock depredation has become a real challenge in central Asia throughout the
range of the snow leopard [28]. Snow leopards are thought to be one of the major killers
of livestock, which results in hostility towards the animal from local communities
[16,29,30] and retribution killings of snow leopards [14,31]. In a survey conducted in the
four regions of Mongolia, 14 % of livestock holders have admitted to hunting snow
leopard to carry out retribution killings of their livestock [32]. Namgail et al. [17] have
stated that 38 % of the total livestock losses in Ladakh, India, can be attributed to snow
leopards. Similarly, high proportions (40 - 58 %) of livestock in snow leopard diet have
been reported in two regions of India [14]. Due to these factors, local support of
conservation efforts for this wild cat is questionable across its range.

This study aims to test two hypotheses about the snow leopard population from the
Tost Mountains, South Gobi, Mongolia (i) Does livestock constitute the major part of the
snow leopard diet? (ii) Does the snow leopard predate on threatened argali sheep? In our
effort to address the potential limitations of the methods available to analyze the diet of
snow leopards, we have benefited from the recent development of a DNA-based
universal approach for diet analysis [33], which combines universal primers for
vertebrates with a blocking oligonucleotide specific to snow leopard DNA and
subsequent high-throughput next-generation sequencing. The results of the present study
precisely identify all the prey items consumed, thus providing important knowledge for

the conservation and management of this wild cat.
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Results

Of 203 putative snow leopard fecal samples collected in the field of Tost Mountains
South Gobi Mongolia, 88 (43.3 %) samples were identified as originating from this
species using snow leopard specific primers (UnciF/UnciR); these were selected for
further experimentation. After assembling the forward and reverse reads, and filtering for
primers and tags, we obtained a total of 1900638 sequences for these 88 feces samples,
corresponding to 173770 unique sequences (DRYAD entry: doi: XXXXXX). Removing
sequences shorter than 60 bp and with a total count inferior to 100 reduced the dataset to
463 sequences. Also removed were 364 sequences that were never "head" (most common
sequence among all sequences that can be linked with a single indel or substitution) or
"singleton" (no other variant with a single difference in the relevant PCR product), as
were 74 sequences with a total count among all samples inferior to 1000 (these sequences
only corresponded to variants of more common sequences). This threshold has been
determined in order to avoid duplicative species identifications in the results list and with
a lower identity for sequences below the threshold. Finally, 19 sequences were removed
that lacked perfect identification from the reference database or were that of prey that had
already been identified with higher count, leaving six (including one Panthera uncia and
five prey sequences) MOTU [Molecular Operational Taxonomic Unit; 34]. Table 1
presents the overview of sequence counts at different stages of the analysis. The filtered
data are available at DRYAD doi:XXXXXX. All feces identified as snow leopard with
the snow leopard specific primers (UnciF/UnciR) were further confirmed by sequencing;
snow leopard sequences were observed in all of the samples with an overall relative
frequency of 0.26. This means that the 2uM concentration of blocking oligonucleotide
used in this experiment reduced, but did not completely block the amplification of the
snow leopard sequence (see Table 2 for a comparison of the results with and without
blocking oligonucleotide). We observed seven samples that produced only the snow
leopard DNA fragment but no prey count. Nine samples contained a sequence that
corresponds to both argali and domestic sheep. These two species were prevalent in our
study area. Further sequencing experiments with primer pair OvisF/OvisR, amplifying a
82 bp of the cytochrome b gene, had successfully identified argali and domestic sheep in

seven and two samples, respectively.
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Diet composition of snow leopard

The diet composition of snow leopards in the Tost Mountains of Mongolia was not
highly diverse; a total of only five different prey items were identified in the diet. All
prey taxa were identified to the species level. We observed one prey item per sample in
all 81 samples, although we could not amplify any prey sequence in seven samples.

On the basis of its occurrence in feces, the Siberian ibex was observed to be the
most frequent prey (70.4 %), followed by domestic goat (17.3 %) and argali sheep
(8.6 %). Overall, ungulates comprised the dominant part of the diet (in 98.8 % of the
feces) including wild species (79 %) and domestic livestock (19.7 %). Only one species
of bird other than ungulates was recorded; a chukar partridge was recorded in one (1.2 %)
fecal sample (Figure 2). Table 3 presents an overview of the snow leopard diet in the Tost

Mountains, South Gobi, Mongolia, in comparison with other studies.
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Discussion

Our results are in general agreement with previous studies, indicating that large
ungulates (wild and domestic) represent the major part of snow leopard diet (in 38.7 -
98.8 %, of the feces). Moreover, Siberian ibex are most abundantly observed (9.1 -
70.4 %) in the diet in many parts of snow leopard range except in the regions where ibex
are rare [11,12]. However, our results differ from other studies in that we are reporting
high predation on wild ungulates (79 %), which is considerably higher that previous
reports (which range from 12.9 -56.9 %). It seems that snow leopard predation and
plasticity depends upon the availability of its natural prey. Our study area appears to host
an abundant population of wild ungulates, including Siberian ibex and argali sheep. It
may be easier for snow leopard to attack wild prey than domestic, because the latter is
often guarded by humans. In previously reported studies, medium and small mammals
provide an important dietary supplement (3.9 - 53.3%). The absence of any medium or
small mammals in our results cannot be considered to be an indication of preference,
since we have no data on prey availability. Large wild cats tend to prefer large-sized prey
[35-37]. Bird species represent an important element of snow leopard diet; although they
are observed in low frequencies (1.2 —15.9 %), birds are consistent in all documented
studies (Table 3).

Our findings support previous studies that snow leopard tend to focus primarily on
a single prey item [11,12]. We also observed only a single prey species per fecal sample.
The average body weight of an adult snow leopard is about 40 - 45 kg [21,38], for which
the required daily prey biomass is estimated to be 1.5 to 2.5 kg [12]. Predation on large
prey is therefore sufficient to fulfill its bodily requirements for several days. McCarthy
[5] estimated that snow leopards kill a large prey item every 10 - 15 days and feed on it
for an average of 3 - 4 days and sometimes up to one week.

Although this study only examined vertebrate prey items consumed by snow
leopards, some studies [9,11-14] have documented plant material in snow leopard feces
(see also Table 3). Why snow leopards consume plant matter has not been definitively
determined, although some studies [11,13,14] have suggested this phenomenon is the
result of accidental ingestion while feeding on prey. The possibility has not been ruled
out that plant matter fills some specific dietary need such as providing minerals or

vitamins not readily gained from animal matter.
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We observed seven samples that contained snow leopard DNA exclusively; no prey
DNA could be amplified from them. A plausible explanation for this is found in that
snow leopards may go several days between meals [5,19] and in the latter part of this
interval its feces would likely contain mostly hair (from grooming) and the cat’s own
metabolic waste products. Another difficulty arose in differentiating between argali and
domestic sheep. These two species have the same sequence when using the universal
primers for vertebrates /12SV5F/I12V5R. Both these prey species are found in the study
area. To remedy this, we designed a new primer pair OvisF/OvisR, targeting a part of the
cytochrome b gene from mitochondrial DNA. It showed consistent variation between
these two potential prey species and helped to discern argali and domestic sheep remains.

DNA-based techniques provide a powerful means to study the feeding ecology of
wild and cryptic species like the snow leopard. By using universal primers for
vertebrates, limiting snow leopard sequences with a blocking oligonucleotide, and then
using next generation sequencing, we were able to precisely identify all prey items to the
species level. Traditional methods of snow leopard diet analyses via fecal samples have
been unable to identify soft and well-digested components or the remains of specific bird
species. Our approach has an obvious advantage in that virtually no vertebrate prey
remained unidentified as the /2SV5F/12V5R primers amplify 98% of all vertebrates [47].
Conservation implications for snow leopards in Mongolia

A clear and unambiguous understanding of an endangered carnivore’s diet is
crucial for conservation planning for the species. To date, despite numerous studies, the
diet of the snow leopard has been inadequately assessed. This has been true for at least
two reasons: misidentifying feces as being those of snow leopards, and the inherent
inaccuracies of classic macro- or micro-histological examination of fecal content. This
study shows that both potential shortcomings can now be overcome through genetic
techniques.

A better understanding of the diet of the snow leopard will allow us to more
accurately assess the level of conflict between the cats and pastoralists who rightly or
wrongly attribute their livestock depredation losses to snow leopards. Mitigating
measures can then be designed that address a real, as opposed to a perceived, conflict.

In this study, argali, the largest wild mountain sheep, represented 8.6 % of diet of

snow leopards in the Tost Mountains. Argali are listed as “nearly threatened” in the
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IUCN Red List. Threats to the species, other then predation by snow leopards, include
loss or degradation of habitat due to competition with domestic sheep and illegal hunting
for meat and horns [39,40]. In consideration of their prevalence in snow leopard diet,
adequate conservation strategies are required to protect and increase the existing
populations of argali in the Tost Mountains and elsewhere in the snow leopard range [41-
43]. Illegal hunting should strictly be discouraged while habitat restoration for this wild
sheep should be pursued.

The techniques we describe here can also be employed to help assess opportunities
to increase snow leopard numbers in areas where they have been reduced. Knowledge of
diet composition and prey availability in such instances would help conservationists
determine if adequate wild prey is available to support hoped-for increases in snow
leopard populations. This would help avoid situations where increasing leopard numbers
only result in escalating conflicts with livestock and humans, dooming the effort to
failure. Conversely, where conflict is already high and conservation efforts focus on
reducing livestock depredation (predator-proof corrals, better guard dogs, etc.), an
accurate assessment of current diet composition and wild prey availability would help
avert unintended stress to snow leopards already facing inadequate food supplies to

sustain their existing numbers.
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Materials and methods
Study area and sample collection

During the summer of 2009, 203 fecal samples were collected in the Tost
Mountains of South Gobi province, Mongolia (Figure 1). The fecal collection, conducted
by Panthera and the Snow Leopard Trust, was part of an ongoing long-term study of
snow leopard ecology [44]. All necessary permits were obtained for the described field
studies. Sampling authorizations in the South Gobi study area were provided by the
Mongolian Ministry of Nature, Environment and Tourism. All samples were in 10 ml
vials with ~ 6 ml of silica gel. Each sample was later divided into three sub-samples for
separate analysis. One sub-sample was submitted to the Global Felid Genetics Program at
the American Museum of Natural History (AMNH) for species and individual
identification through microsatellite analyses. A second sub-sample was sent to Working
Dogs for Conservation (Bozeman, Montana, USA) to help train and test scat detection
dogs in species identification. A third sub-sample was sent to the Laboratoire d’Ecologie
Alpine (Université Joseph Fourier, Grenoble, France) for dietary analyses.
DNA extraction

All extractions were performed in a room reserved for the extraction of degraded
DNA. Total DNA was extracted from about 15 mg of feces with the DNeasy Blood and
Tissue Kit (QIAgen GmbH, Hilden, Germany), following the manufacturer’s
instructions, with a slight modification at the beginning of the protocol as described by
Shehzad et al. [33]. The DNA extracts were recovered in a total volume of 250 uL.. Mock
extractions without samples were systematically performed to monitor possible
contaminations.
Designing primer pairs for snow leopard diet study
Identification of predator species

A primer pair UnciF/UnciR highly specific to the snow leopard was designed on
the 12S mitochondrial rRNA gene (Table 4), with the 3'-end of each primer as different
as possible from other species. The specificity of this primer pair, amplifying a 68 bp
fragment, was validated in silico by using the ecoPCR program [45,46], with the
following parameters: a perfect match on the two last nucleotides, and a maximum of
three mismatches on the remaining nucleotides. Using these parameters, only P. uncia

mitochondrial 12S gene was recovered. This in silico validation confirmed that snow
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leopard specific primers (UnciF/UnciR) should unambiguously identify snow leopard
feces. The PCRs were carried out in a total volume of 20 pl with 8 mM Tris-HCI1 (PH
8.3), 40 mM KCI, 2 mM MgCl, 0.2 uM of each primer, BSA (5 pg), 0.5 U of AmpliTaq
Gold® DNA polymerase (Applied Biosystems) using 2 uL as DNA template. The PCR
conditions chosen were an initial 10 min denaturation step at 95°C, followed by 45 cycles
of denaturation at 95°C for 30 s and annealing at 53°C for 30s. Thus, the primary
identification of the samples was done on the basis of the presence of a PCR product of
the suitable length revealed by electrophoresis on a 2 % agarose gel. The samples
successfully amplified by the snow leopard specific primer pair (UnciF/UnciR) were
selected for further analyses.
Universal primer pair for vertebrates 12SV5F/12SV5R

We used the primer pair 12SV5F/12SV5R (Table 4) designed by the ecoPrimers
program [47]. The ecoPrimers scans whole genomes to find new barcode markers and
their associated primers. This program optimizes two quality indices that measure the
taxonomical coverage and the potential discrimination power in order to select the most
efficient markers, according to specific experimental constraints such as marker length or
targeted taxa. This universal primer pair for vertebrates represents the best choice found
by ecoPrimers among short barcodes, according to the available vertebrate whole-
mitochondrial genomes currently available. It amplifies a ~100 bp fragment of the V5
loop of the mitochondrial 12S gene with the ability to amplify short DNA fragments such
as recovered from feces, and which has a high taxonomic resolution despite its short size.
Using the ecoPCR program [45,46], and based on the 103 release of the EMBL database,
this fragment unambiguously identifies 77 % of the species and 89 % of the genera.
Blocking oligonucleotide specific to snow leopard sequence

The UnciB (Table 4) blocking oligonucleotide sequence specific to snow leopards
was designed as suggested by Vestheim & Jarman [48]. It overlaps the amplification
primer /2SV5R by six nucleotides. This blocking oligonucleotide was used to restrict the
amplification of snow leopard sequences when using the universal primers that target all
vertebrates.
Primer pair to distinguish Ovis aries and O. ammon

The two closely related prey species, domestic sheep (Ovis aries) and argali sheep

(O. ammon), have potentially similar sequences for the amplified fragment of 12S
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ribosomal RNA gene. A special primer pair OvisF/OvisR (Table 4) targeting cytochrome
b gene was designed to amplify a homologous mitochondrial DNA region (~82 bp) that
shows consistent variation between Ovis aries and O. ammon.

DNA amplification for diet analysis

We performed experiments without and with the blocking oligonucleotide. All
DNA amplifications were carried out in a final volume of 25 uL, using 2 uL. of DNA
extract as template. The amplification mixture contained 1 U of AmpliTaq Gold® DNA
Polymerase (Applied Biosystems, Foster City, CA), 10 mM Tris-HCI, 50 mM KCl,
2 mM of MgCl,, 0.2 mM of each dNTP, 0.1 uM of each primer (/12SV5F/12SV5R) and
2 uM for PrioB (PrioB only in the experiments with blocking oligonucleotide), and 5 pg
of bovine serum albumin (BSA, Roche Diagnostic, Basel, Switzerland). The PCR
mixture was denatured at 95°C for 10 min, followed by 45 cycles of 30 s at 95°C, and
30 s at 60°C; as the target sequences are ~100 bp long, the elongation step was removed
to reduce the +A artifact [49,50] that might decrease the efficiency of the first step of the
sequencing process (blunt-end ligation).

The universal primers for vertebrates /2SV5F and 12SV5R were modified by the
addition of specific tags on the 5’ end to allow the assignment of sequence reads to the
relevant sample [51]. All the PCR products were tagged identically on both ends. These
tags were composed of CC on the 5' end followed by seven variable nucleotides that were
specific to each sample. The seven variable nucleotides were designed using the oligoTag

program (www.prabi.grenoble.fr/trac/OBITools) with at least three differences among the

tags, without homopolymers longer than two, and avoiding a C on the 5' end in order to
allow detection of possible deletions within the tag. All of the PCR products from the
different samples were first purified using the MinElute PCR purification kit (QIAGEN
GmbH). They were then titrated using capillary electrophoresis (QIAxel, QIAgen GmbH,
Hilden, Germany) and finally, mixed together in equimolar concentration before the
sequencing step.
DNA sequencing

Sequencing was carried out on the Illumina Genome Analyzer IIx (Illumina Inc.,
San Diego, CA, 92121 USA), using the Paired-End Cluster Generation Kit V4 and the
Sequencing Kit V4 (Illumina Inc.) and following manufacturer's instructions. A total of

108 nucleotides were sequenced on each extremity of the DNA fragments.
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Sequence analysis and taxon assignation

The sequence reads were analyzed wusing the OBITools program

(www.prabi.grenoble.fr/trac/OBITools). First, the direct and reverse reads corresponding
to a single molecule were aligned and merged using the solexaPairEnd program, taking
into account data quality during the alignment and the consensus computation. Then,
primers and tags were identified using the ngsfilter program. Only sequences with perfect
matches on tags and a maximum of two errors on primers were taken into account. The
amplified regions, excluding primers and tags, were kept for further analysis. Strictly
identical sequences were clustered together using the obiunig program, keeping the
information about their distribution among samples. Sequences shorter than 60 bp, or
containing ambiguous nucleotides, or with a number of occurrences lower or equal to 100
were excluded using the obigrep program. The obiclean program was then implemented
to detect amplification/sequencing errors, by giving each sequence within a PCR product
the status of "head" (most common sequence among all sequences that can be linked with
a single indel or substitution), "singleton" (no other variant with a single difference in the
relevant PCR product), or "internal" (all other sequences not being "head" or "singleton",
i.e. corresponding to amplification/sequencing errors). Taxon assignation was achieved
using the ecoTag program [52]. EcoTag relies on the FASTA35 program [53] to find
highly similar sequences in the reference database. This database was built by extracting
the relevant part of the mitochondrial 12S gene from the EMBL nucleotide library
(release 107) using the ecoPCR program [46]. A unique taxon was assigned to each
unique sequence. This unique taxon corresponds to the last common ancestor node in the
NCBI taxonomic tree of all the taxids annotating the sequences of the reference database
that matched against the query sequence. A final filtering was carried out by removing
sequences that were never "head" or "singleton", sequences that were not identified at the
family level (for removing putative chimeras), and sequences with a total count among
the whole dataset of less than 750 (plus the removing of an obvious human
contamination). Finally, when a more precise identification was required, automatically
assigned taxonomic identifications were completed manually by combining the automatic

identification with distribution data of prey in the study area.

DNA amplification and sequencing to differentiate between domestic and

argali sheep
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Fecal samples that amplified domestic or argali sheep sequences were re-amplified
with primer pair OvisF/OvisR and re-sequenced, using capillary sequencing to distinguish
between these two species.

PCR amplifications were conducted in a 20 pl volume with 2 mM MgCI2, 0.2 mM
of each dNTP, 0.2 uM of each primer (OvisF/OvisR) and 0.6 unit of AmpliTaq Gold
Polymerase (Applied Biosystems). After a 10 min period at 95°C for polymerase
activation, 45 cycles were run with the following steps: 95° C: 30 s, 65° C: 30 s, without
the elongation step. The PCR products were purified using the QIAquick PCR
purification kit (Qiagen GmbH). Fifteen nanograms of purified DNA from this PCR
product were used to sequence the OvisF and OvisR primers separately. Sequence
reactions were performed for both DNA strands by using the ABI PRISM Dye
Terminator Cycle Sequencing Reaction Kit (Applied Biosystems, Carlsbad, California
90028 USA) in a 20 pl volume with 0.2 uM of each primer. Twenty-five cycles were run
with the following steps: 95° C: 30 s, 65° C: 30 s, without the elongation step. Excess dye
terminators were removed by spin-column purification and the products underwent
electrophoreses on an ABI 3130x]l PRISM DNA sequencer (Applied Biosystems) using
the POP 7 polymer.
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Figures Legends
Figure 1 Location of Tost Mountain study site in South Gobi, Mongolia.

Figure 2 Relative frequencies of various prey species present in the diet, on the basis of

their occurrence in feces of snow leopards from the Tost Mountains, South Gobi,

Mongolia.
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Tables

Table 1 Overview of the sequence counts at different stages of the analysis

Number of reads (% Number of unique
of properly assembled  gequences”

sequences”)

Number of properly assembled 1900638 173770

sequences
Filtering sequences length>=60bp & 963714 (50.70 %) 463

count>=100

Filtering for most of the 841459 (42.27 %) 74
PCR/sequencing errors
Perfectly assigned taxa 725969 (38.19 %) 6

* Direct and reverse sequence reads corresponding to a single DNA molecule were
aligned and merged, producing what we called a "properly assembled sequence".

b Strictly identical sequences correspond to “unique sequence”.
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Table 2 Comparison of PCR amplification without and with blocking oligonucleotide

(DRYAD entry: doi: XXXXXX).

Snow leopard
Other sequences (%)
sequence (%)

Experiments without blocking oligonucleotide = 87.45 12.55

Experiments with blocking oligonucleotide 25.76 74.24
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Table 4 Sequences of the primer pairs used in the study. The length of amplified fragments

(excluding primers) with Unci, 128V5 and Ovis were 68 bp, ~100 bp and 82 bp, respectively.

Name Primer sequence (5°-3")

Reference

UnciF  CTAAACCTAGATAGTTAGCT
UnciR  CTCCTCTAGAGGGGTG
12S8V5F TAGAACAGGCTCCTCTAG
12SV5R  TTAGATACCCCACTATGC

UnciB  CTATGCTTAGCCCTAAACCTAGATAGTTAG
CTCAAACAAAACTAT-C3

OvisF AAACTATGGCTGAATTATCCGATA
OvisR TCCGATGTTTCATGTTTCTAGGAA

Ficetola et al. 2010
Ficetola et al. 2010
Riaz et al. 2011
Riaz et al. 2011

This study

This study

This study
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Figure 1.
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Figure 2

Prey frequency of snow leopard in Tost Mountains, South Gobi, Mongolia

- Siberian ibex
(Capra sibirica)

Argali sheep
(Ovis ammon)

Domestic goat
(Capra hircus)

Domestic sheep
(Ovis aries)

Chukar partridge
(Alectoris chukar)
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6. Conclusions and perspectives

Combining the use of blocking oligonucleotides and universal primer pair for
vertebrates with subsequent sequencing of PCR products with NGS has awesome
potential to study carnivores diet. The blocking oligonucleotide specific to predator
DNA restrains its amplification (e.g. 2.2 % of the total sequence count, in case of
leopard cat diet) and at the same time allowing amplifying all vertebrate prey taxa
present in a template, which otherwise could not be amplified with universal primers
(see Fig. 3; article I). This technique has been presented by focusing primarily on a
highly eclectic diet of the leopard cat (Prionailurus bengalensis). We were able to
explore eighteen different prey taxa in 38 feces, belonging to different groups of
mammals, birds, amphibians and fish, indicating that prey identification from a diverse
range is possible with this method. Exploiting feces as a source of DNA, this system is
particularly ideal to study the diet of endangered and elusive species, where non-

invasive samples are the only source of information.

This system corresponds to a universal method and is highly adaptable to all
carnivore species, by designing a blocking oligonucleotide homologous to predator
DNA. We have applied this approach to other carnivore species i.e. the common leopard
(Panthera pardus) and the snow leopard (Panthera uncia) to assess their diet (articles 11
and III). The availability of next generation sequencing together with the use of tagging
systems that allow sorting out the sequences according to their sample of origin requires
automated sequence analysis through the use of new bioinformatic tools. Thus, such
approach is ideal for large-scale diet studies combining hundreds of samples together in

a single sequencing run.

This system is robust and provides more precision for the identification of prey
items consumed, as compared with the traditional methods of prey identification. We
compared this approach with hairs microscopy using wolf feces (Shehzad et al. in prep;
not presented in this manuscript). Our technique identified prey more accurately and
precisely than microscopic examination that leads to ambiguities especially while
identifying closely related species. When combined with the individual identification

based on microsatellites, this system is able to assess individual diet as well as
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differences related to sex, without monitoring them in the field. This methodology does

not require any a priori information about the prey and is even cost effective.

An ongoing debate on NGS diet studies is their ability to quantify food items
consumed through sequence counts obtained from PCR products characterization. This
issue has been addressed in several recent studies (e.g. Deagle et al. 2009, 2010;
Valentini et al. 2009a; Soininen et al. 2009). The sequence count cannot be interpreted
as quantitative for several reasons. The biased amplification of some species has already
been observed, when PCR with universal primers was carried out on a known mixture
(Polz & Cavanaugh 1998). In dietary studies strong biases occur when mismatches exist
between the primers and the sequence of certain prey, resulting in the preferential
amplification of fragments bearing no mismatch on the priming sites. Biases may also
occur due to differences in DNA fragments, especially when using environmental
samples. In a recent study, Rayé¢ et al. (2011) have reported that the short t7nL size of
Helianthemum mummularium compared to other plant species could be a reason of
having more amplified sequences for this species. The two highly conserved regions
targeted by the universal primers /2SV5F and [2SV5R make the approach less
susceptible to PCR biases (article I). Deagle ef al. (2010) suggested that differences in
the tissue mitochondrial DNA density can also bias the sequence count. In the present
study, we avoided interpreting our results in a quantitative way according to sequence
counts, and we only recorded the presence/absence of the different prey in the different

feces.

We address here certain limitations associated with DNA based diet studies in
general and our proposed approach in particular with the probable solutions. Using feces
or stomach contents to identify prey through DNA based methods provide a picture of
the diet at a given time. However, in some cases long-term predation data are required
for example for certain cryptic and endangered predators the long-term prey information
is important for the conservation point of view. The diet inferred from isotopic
signatures using tissue samples provides relatively long term information, but are unable
to differentiate the prey taxa to species level. Another potential limitation of DNA based
diet analysis is the impossibility to differentiate scavenging on dead animals or predation
on alive prey. Scavenging may lead to false over estimation of the predation resulting in
establishing wrong trophic interactions. Another point is that DNA based approaches are

unable to determine the age of a prey, however few attempts have been made to study
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the age of wild animals (see review by Dunshea et al. 2011). By exploiting the
degradation of telomeres during the life to infer the age of an individual is not a reliable
method. However, such information can only be inferred by monitoring of the animal in

the field or by examining prey remains at the point of hunt.

Our method is unable to detect the prey in case of cannibalism when the predator
has eaten its own young, as prey DNA cannot be distinguished from the predator DNA.
Another limitation of the approach is that the /2SV5F and 12SV5R primers only amplify
vertebrate DNA. Many carnivores have a more diverse diet including invertebrates and
plants. For example, the Eurasian badger (Meles meles) exploits a wide range of food
items with earthworms, insects, and grubs. It also eats small mammals, amphibians,
reptiles and birds as well as roots and fruits (Revilla & Palomares 2002). For such kind
of diet, we suggest to complement the universal primers for vertebrates with several
additional systems, such as primer targeting plant taxa (e.g. Taberlet et al. 2007;
Valentini et al. 2009a) or earthworms (Bienert et al. in press). Another potential
difficulty concerns the identification of prey taxa especially, which are endemic to the
study area and whose sequence is not present in public reference databases (see
discussion of article I). We recommend building a local reference database for all the

prey species present in the study area, for accurate assessment of diet.

The errors may occur during amplification process (i.e. PCR errors) or at the time
of sequencing (i.e. sequencing errors). There may be two types of errors inherent due to
PCR, chimeric products and point mutations (Acinas et al. 2005). The chances of PCR
errors are even high when using environmental samples having DNA of mixed taxa,
because this allows the formation of chimeric fragments during the PCR. Such errors
result from the existence of incompletely amplified fragments or short fragments that act
as primers in the next PCR cycles. We observed many of such chimeras in our
sequencing files, but they were relatively few compared with the exact sequences having
high copy numbers. Furthermore, they had low matching frequencies with sequences
from reference datbases. The PCR induced point mutations occur due to
misincorporation of bases. Such errors are attributed to 7ag polymerase enzyme (Cline
et al. 1996). If such error occurs during the early cycles of PCR, this will exponentially
replicate these errors. As a result, we may have some closely related amplicons when
compared with the reference sequences. Errors may also occur during the sequencing

process due to misincorporation of bases. For example, the Illumina sequencing is
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susceptible to substitutions rather than to insertions or deletions while the 454
sequencing is prone to sequencing errors like insertions or deletions and also having
technical problem in sequencing of homopolymers. Such errors may make the species
identification difficult. The error rates observed in 454 platform are more (~ 1 %)

compared with [llumina platform (~0.1%) (Glenn 2011).

There is now a growing trend for molecular ecologists to study the diet. Despite
some technical constraints, which still need to be addressed, like selection of
metabarcodes and quantification of different prey in a sample, the DNA-based diet
studies have a fabulous potential by allowing obtaining an accurate information less
biased than that obtained with other techniques. Recent advances have successfully
identified prey items consumed as in case of herbivores (Valentini et al. 2009),
carnivores (present study) and omnivores (Alfstrom et al. in prep). Alternatively, where
the use of PCR based metabarcodes is still problemantic, we may suggest to apply a
capture probe approach, using oligonucleotides targeting conserved regions. These
capture probes allow retrieving target fragments that will be sequenced using NGS for
identifying the different taxa present in an environmental sample. The probability of
finding a conserved probe is higher compared with that of finding PCR primer pair. In
addition, many probes, targeting different taxonomic groups can be multiplexed in a

single experiment to reveal all taxa (see Taberlet ef al. submitted).

The diet analysis based upon the presence/absence of a prey is helpful to estimate
diet composition. As discussed earlier in this chapter, it is difficult to obtain quantitative
information, i.e. the proportion of the various prey items consumed, from such analyses.
At the same time, DNA-based studies may fail to infer whether a predator has consumed
one or several individuals of the same species. Without the ability to quantify the
accurate diet estimates, the DNA-based diet studies would present some missing
information. In a feeding trial experiment Deagle et al. (2010) have attempted to
quantify the consumed prey species, but somehow, the data did not accurately reflect
what predators have consumed. Trying to answer the same question, early
experimentation is also in progress in our laboratory, by multiplexing various barcodes
in a single PCR to study omnivores diet. In the future, we also suggest trying another
approach to find the different proportions of various prey taxa present in an
environmental sample using direct sequencing of environmental DNA extracts. The

NGS platforms have ability to produce millions of sequences belonging to different taxa.
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Even if a small part of these sequences would be identifiable by screening database,
enough information would be available to describe the diversity of the sample.
Furthermore, such a shotgun approach would have the potential advantage to identify the
relative proportions among the various types of DNA originating from the different

taxonomic groups (Taberlet ef al. submitted).

The results presented in this manuscript reflect the diet as a result of an extensive
sampling during one season. However, for studies addressing the conservation of
endangered predators and prey species, we recommend long-term diet assessment. The
concrete ecological conclusions can only be drawn with such long-term studies. Such
studies are also be needed to predict accurate relationships between predators and prey,

shift in prey species, etc.
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