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Thesis Abstract

Diets of large marine predators have been extelysstudied to assess
interactions with fisheries, monitor links betweiat and reproductive success, and
understand trophic interactions in marine ecosysté&ince marine species can rarely
be observed foraging directly, most studies relyhenidentification of prey remains
in stomach contents or faeces to determine theif@es being consumed. While this
approach has provided a wealth of informationag keveral limitations resulting
primarily from difficulties identifying digested py and from biased recovery of
remains due to differential digestion. My thesiplexes the use of molecular genetic
methods in dietary studies of large marine preda@NA-based identification
techniques have been used in several diet stuniethe methods and applications
are still in the early stages of development. Thhoa number of studies, |
investigated the ability to recover genetic datafivarious dietary samples using a
range of genetic techniques.

A) Genetic screening for prey in the gut contents feogiant squid- | assessed the
use of polymerase chain reaction (PCR)-based metioodsolation of prey DNA
from anArchiteuthisgut content sample. A taxonomically informativelecalar
marker was selected and a screening method dewkimieg denaturing gradient gel
electrophoresis. The methodology was used to iygotey from otherwise
unidentifiable hard-part remains and the amorplstwsy component of the squid gut
sample. The techniques developed here provideahzefvork for later chapters.

B) Analysis of prey DNA in faeces of captive sea lions

Part I: DNA detection, distribution and signal pestence— A feeding trial with
captive Steller sea lion&@metopias jubatysvas carried out to investigate the use of
genetic faecal analysis as a tool to study dieseld group-specific PCR detection to
determine: (i) the reliability of prey DNA recoveri) the distribution of prey DNA
within faeces and (iii) the persistence of the gersgnal after a prey item was
removed from the diet. The proportions of prey DAeveral samples were also
determined using a clone library approach to deatesnfi DNA quantification could
provide semi-quantitative diet composition datasiries show that the prey DNA
could be reliably detected in sea lion faeces hadyenetic signal could persist in
samples up to 48 hours after ingestion. Proportdqsey DNA isolated from faeces
were roughly proportional to the mass of the ptegns consumed.

Part Il: DNA quantification— Quantitative real-time PCR was used to further
investigate if quantitative diet composition dataild be obtained through
guantification of the DNA present in faeces. | diféed the relative amounts of DNA
in three fish species being fed to captive seas|ittien determined the amount of
DNA recovered from these prey items in the sesslitaeces. The results indicate
that diet composition estimates based on the velatinounts of DNA in faeces can
be biased due to the differential survival of DNArh different fish species; however,
these biases may be less than those commonly @olsierthe conventional analysis
of prey hard remains.



C) Quantification of damage in DNA recovered from tdesamples- | developed a
general method to quantify the frequency of DNA dgmpresent in specific gene
regions. The technique was applied to assess tharamf DNA damage in predator
and prey DNA recovered from sea lion faeces. Thienaged frequency of DNA
damage was always higher for the prey DNA tharitferpredator DNA within a
faecal sample. The findings have implications farker development and
comparison of results obtained in future DNA-badied studies.

D) Studying seabird diet through genetic analysisaetés- | investigated the diet of
macaroni penguind&udyptes chrysolophpthrough conventional analysis of
stomach contents and through the analysis of pix Bxtracted from faeces.
Genetic data was obtained from faecal samples U&BTg tests to determine the
presence or absence of DNA from potential diet #emd also using a clone library
approach. Approximately half of the faecal sampdss$ed positive for one or more of
the prey groups targeted with PCR tests. EuphaD$iid was most commonly
detected in early stages of chick rearing and Dh#nfa myctophid fish was
prevalent in faeces collected later; this trendonéd the data obtained from the
stomach contents. Analysis of prey sequences iivéusal” clone libraries revealed a
highly biased recovery of sequences from fish pifeig; bias is most likely caused by
the use of degenerate primers with a higher bindffigity for fish DNA template
compared to DNA from other prey groups. Resultsioieid from the genetic and
traditional approaches are compared, and potdntiae applications of the genetic
techniques to studying seabird diet are discussed.

This series of studies has contributed signifigatiot our understanding of the
strengths and the limitations of DNA-based dietysia. The work identifies
situations where genetic methods can be successafullied to study the diet of
marine predators and provides guidance for futiwgiss in this emerging field.
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Chapter 1

General Introduction

“I suppose | ought to eat or drink something oreathbut the great question is,

what?”

— LEWIS CARROLL,

Alice’s Adventures In Wonderland
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1.1 Introduction

The determination of trophic relationships witbinlogical communities has
been the central goal of innumerable ecologicalisgi(Pimm 2002). In the marine
environment, concerns over the effects of incregéelohl fishing pressures, climate
change and other human induced ecosystem modifitsakiave resulted in
increasingly detailed studies of oceanic food w@bges 2003). Data from these
studies are critical for implementation of curreahservation strategies, such as
ecosystem-based approaches to fisheries managé@amnta & Cochrane 2005) and
the development of marine protected areas (Stadd 2005). Research on the diet of
upper trophic level animals is especially extensive to their long history of
exploitation (Myers & Worm 2005), fluctuations ineir population sizes (Springet
al. 2003) and their sensitivity to changes in ecosgsttructure (Reiet al.2005).
Methods of determining diets of these species ared. Numerous studies have
employed gut content analysis (e.g. Ealey 1954x&ret al. 1985), identification of
hard remains in faecal samples (e.g. Tollit & Theomp1996; Oret al.2004),
analysis of fatty acid signatures (e.g. Phillgisal.2001; Iversoret al.2004), analysis
of tissue stable isotope ratios (e.g. Hobsbal.1997; Chereét al.2000) or
observations of feeding behaviour (e.g. Bowtal.2002). The diversity of methods
used to study diet reflects the fact that noneuareersally adequate, and the amount
of interest in diet studies indicates further refirents would be valuable.

In this thesis, | investigate the applicabilityretently developed DNA-based
methods for studying the diet of top-level marinedators. The focus is primarily on
obtaining diet information through genetic analysfifaeces collected from pinnipeds
and penguins, but the methods can be applied nemrerglly to identify prey remains
in gut contents or faeces from a range of organismthis general introduction, | will
begin with a brief review of the non-genetic methoded to study the diet of marine
mammals and seabirds, outline the current stakami/ledge in the field of DNA-
based diet analysis and highlight some relevaarditire in allied fields. | will finish

by outlining the studies presented in later chapdéthe thesis.
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1.2 Conventional dietary analysis methods

1.2.1 Stomach content analysis

Traditionally, the diet of marine mammals and $eksbwas determined
through analysis of stomachs contents (Pitcher ;1G8tXall et al. 1985). For a diet
study carried out in the Gulf of Alaska, Pitche®§0) collected 548 harbour seals “by
rifle”; almost all early diet studies used lethahgpling directly or obtained stomach
samples from commercial hunts. In most situatidestructive sampling is now
ethically unacceptable and commercial hunts of meamammals and seabirds are
very limited. Procedures have been developed dovatbllection of stomach contents
without using lethal sampling (Hyslop 1980; Wilsb®84; Harvey & Antonelis
1994). While these methods are a huge improvenibitiadly, they still can be quite
invasive. For example, the stress of handling asd of fluid during the stomach
flushing procedure has been reported to cause tigaria in penguins, which can be
lethal to the sampled bird in rare cases (e.g.r@diaet al.2003). In addition, the
collection of stomach contents from seabirds tylfyicaccurs as the adults return to
feed chicks; interception of this food has the pbé& to impact on chick development
(Chiaradiaet al.2003). In pinnipeds, sample collection usuallyoires the use of
anaesthetic agents for animal immobilization (van Hoffet al.2003), a procedure
that is not without risk. Due to these potentigpauts, the number of stomach
samples that can be collected in diet studiest&nokstricted.

Ethical concerns aside, there are several otludrigns with the approach.
One drawback is that prey remains present in stbmapresent only very recently
consumed prey. This means that a large numbemngblea need to be analysed to
obtain a representative picture of the diet of pytation. In addition, often a
considerable proportion of stomachs are empty. Foasipresent in less than half of
the 548 harbour seal stomachs collected by Pi{d®&0). Stomachs that do contain
food usually contain a mixture of partially digestnft tissue and various hard parts
(fish otoliths and other bones, crustacean exogkedeand cephalopod beaks).
Identification of these prey items is time consugrémd requires considerable
taxonomic expertise. Often a significant proportidrihe sample cannot be positively
identified based on morphology (Croxatlial. 1985; Scribner & Bowman 1998). This
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introduces significant bias into the analysis beeagome prey species will rapidly
become unrecognizable, while others are resistedigestion or possess easily
identifiable hard parts (Hartley 1948; Hyslop 19@&les 1988). This bias is made
worse by differential passage rates of remains franous prey species — such as the
accumulation of large cephalopod beaks in sealatbs(Harvey & Antonelis,

1994). Another problem is that different enumeraticethods (frequency of
occurrence, percentage by number, percentage by, mraconstitution of biomass)
can lead to considerably different pictures of d@mhposition (Hyslop 1980; Lescroel
et al.2004). A final difficulty with the approach is th#e collection of stomach
samples requires animal capture. Depending onrdaafor species being studied,
this can be quite time consuming and operatiorgifficult (van den Hoffet al.

2003).

Even with the weaknesses outlined above, stomatet analysis can
clearly provide valuable dietary information. P&l a large number of samples are
collected and analysed, and various enumeratiohadstare sensibly employed, a
reasonable assessment of diet composition cangee®x. The approach can also
provide data that is difficult to obtain using altate methods, such as direct
information on the size of prey being consumedaatd on meal size (Barlow &
Croxall 2002). For seabirds, analysis of stomactiertts obtained by stomach
flushing remains the standard method of diet ama{@reenet al. 1998; Hull 1999).

1.2.2 Faecal analysis

Over the last 20 years, the study of pinniped kst been primarily carried
out through analysis of prey remains in faecesl(etahl. 1998; Harcouret al.2002;
Lake et al.2003). The advantages of this method over storoantent analysis are
that sample collection is easier, the disturban@ntmals is minimal and often a high
proportion of samples contain prey remains. Degpiése benefits, many of the same
drawbacks remain: faecal samples provide only psmat of prey consumed over a
short time period (Hammond & Rothery 1996); thenidfeation of prey hard parts is
a slow process requiring development of approptatenomic keys or extensive

reference collections (Olesiuk 1993); and the databe biased due to species-
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specific differences in hard part survival duringas$tion (Jobling 1987; Harvey
1989).

The biases caused by differential digestion haanlwell documented
(Jobling 1987). Some prey species have no hard paat survive digestion and are
missed entirely in faecal-based estimates of distposition (Da Silva & Neilson
1985). For those prey species that are represegtbdrd parts in faeces, only a
fraction of the hard parts ingested remains intidervey 1989; Tollitet al. 1997,
Bowen 2000). This results in the dietary importaotprey species with small,
fragile bones being underestimated and prey spegibsig, robust bones being
overestimated (Bowen 2000; Tolét al.2003). In addition to determining prey
numbers, many studies calculate the original presnass (Laaket al.2002). This is
accomplished by using the lengths of otoliths amalkis to estimate the length and
masses of the ingested fish and cephalopods. Téiegure can introduce further
bias in diet estimates because hard parts eradlfexent rates (depending on species
and size of prey). Captive feeding trials have bemployed to assess the changes in
number and size of hard parts that occur as they thpaough the digestive tract of
various pinnipeds (Harvey 1989; Tokit al.2003) and results from these studies can
be used to develop correction factors in ordeotopensate for digestion biases.
While correction factors are certainly useful,ashheen demonstrated that digestion
rates are affected by many different factors (gpgcies of predator, activity level of
predator and size of prey) making their developnagwt application challenging
(Bowen 2000; Tollitet al. 2003).

An additional limitation of dietary studies basmufaecal analysis is that there
is usually no link between a sample and a parti@an@mnal. This means that dietary
differences between categories of the predatoh(ascsex or age class) cannot be
explored (for exception see Reethl 1997).

Nevertheless, as with stomach content analysisalaanalysis can provide
useful dietary data, especially in situations whheesystem has been relatively well
studied. This allows major biases to be accourdedrid meaningful interpretations
can be made when large numbers of samples aresadalgven where biases
associated with the approach exist, they shoulaienelatively consistent within
predator species; this allows temporal and spettiahges in prey composition to be

monitored. It should be noted that conventionat&eanalysis is not a useful method



Chapter 1: General Introduction

for dietary analysis in most seabirds and someipéats due to the very low recovery
of prey hard parts in their faeces (Hartley 1948leG & Cheal 1992).

1.2.3 Tissue biomarker methods

In order to overcome problems associated with atinmtontent and faecal
analysis, indirect biochemical approaches have degaloped to study diet. Two
methods are commonly applied to marine predatatsaalhbe briefly considered
here: fatty acid signature analysis and stabl®sotechniques.

Fatty acid analysis of predator tissue can proiiftemation on diet since
many prey species differ in their fatty acid compos (due to differences in lipid
synthesis pathways) and, upon consumption, thésesfeid signatures are
incorporated into predators’ fat stores (Iversoml.2004). Due to the large variety of
fatty acids present in phytoplankton, fatty acids garticularly good biomarkers in
marine ecosystems (Racktal. 1998; Iversoret al.2004). The potential of this
approach has been recognised for well over 20 y@shopet al. 1983), but only
recently has the method been widely applied anelsassl in detailed diet studies
(Bradshawet al.2003; Grahl-Nielseet al.2003; Iversoret al.2004). While
numerous studies have inferred differences inlised on fatty acid signatures,
many factors complicate interpretation of resulitsese factors include: geographic
and temporal variation in prey fatty acid profi{@gersonet al. 1997); metabolic
changes to fatty acids within the predator (lversbal.2004); selective
use/deposition of fatty acids (Hooketral.2001); and questions over the appropriate
statistical treatment of data (Grahl-Nielsen 199%) taxonomic resolution of the
technique (i.e. ability to classify prey groupsg@et in the diet) varies considerably.
Some studies obtain species level discriminatiearglonet al.2004), whereas others
only differentiate between broad prey groups (&s- or squid-dominated diets;
Bradshawet al. 2003)

Like fatty acid analysis, stable isotope technguedy on a chemical signature
from prey items being incorporated into a predattssues. Specifically, ratios of
stable isotopes of nitrogef’ll/**N) and carbon’fC/**C) have been used in dietary
studies (Hodum & Hobson 2000). The rare heavy @ouf nitrogen is enriched 3-
4%, per trophic level relative to the lighter isogophis means the ratio 5IN/**N in
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an animal’s tissues can be used to determineojdiic position (Hobsoet al. 1997).
Carbon only experiences minor enrichment, but #rban isotope ratio provides
information on contributions from different souradgrimary production (e.g.
freshwater versus marine, inshore versus offsi{@egrelet al.2000). The
taxonomic resolution of the technique has beenangxut with the development of
mixing models (Phillips & Gregg 2001; Philligs al.2005), but stable isotope
techniques are generally most appropriate for assast of broad dietary shifts and
changes in foraging location (Bochetral. 2000).

A major advantage of using one of the tissue biaeramethods to study diet
is that they provide data over longer time scaléss means that fewer samples need
to be analysed to obtain a community level viewlief. It also means information
about prey consumed during the non-breeding peaodoe obtained. Most of the
traditional diet data available for sea birds amohipeds has been collected during the
breeding season, when animals are easily accessitllstomach/faecal samples can

be obtained, even though this may only be a smagfigrtion of the annual cycle.

1.3 Application of DNA-based techniques to diet analysis *

The ability to identify prey remains at a molecu&vel promises to help
overcome several of the inherent limitations ok&rg techniques (Symondson
2002). The application of molecular species datad&chniques to dietary samples
can allow for more accurate taxonomic identificatad prey remains (Purcedt al.
2000) and could speed up sample processing (Waltdr1986). In addition, a
molecular approach can allow dietary informatioméoretrieved from samples which
traditionally have been considered uninformativeg.(bird faeces; Sutherland 2000).
Finally, detection of prey by molecular means caelduce the biases caused by
reliance on identification of digestion-resistardrghologically recognisable hard
parts (Symondson 2002). A number of studies halreeded on some of these
promises (Table 1.1 and 1.2), but this field okeesh is still in the early stages of
development. Most published studies have focusaeamical aspects of the

research, or present results from preliminary stsidi

! For this section (1.3) | have reviewed only litera published before 2004 since this is the whait t
was available when | starting writing the first pkers of my thesis. Relevant papers that have been
published since then will be discussed in the cardémy work in later chapters of the thesis.
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Early diet studies using molecular identificatmfrprey relied on the use of
monoclonal antibody techniques to detect prey-$ipgmioteins in dietary samples.
This immunological approach has been used extdgsiveletect species of prey
being consumed by insect predators (see recemwdy Symondson 2002), and has
also been applied to detect prey in the stomaclplesnof seabirds (Waltet al.

1986) and squid (Kear 1992). Large numbers of goitpdes can potentially be
screened rapidly using monoclonal antibodies, buetbpment of each specific assay
is time-consuming. In addition, it is unlikely pegdr faecal samples could be tested
using the approach because only minute quantifieadigested prey protein survive
digestion. The development of polymerase chainti@a¢PCR) (Mulliset al. 1986)
has allowed prey DNA to be detected in both stonsarhples and faeces, and this
approach has almost completely supplanted thefusehwunological techniques. In a
recent review of molecular identification of preygredator diets, Symondson (2002)
concluded that: “PCR-based techniques have praveer highly effective and
versatile in recent laboratory trials and are kel rapidly displace all other
approaches”.

The PCR technigue allows exponential amplificatiba specific DNA
region; the amplified region is defined by shodgeuspecified DNA primers (Mullis
& Faloona 1987). Features of PCR that make it @algtrly well suited for use in
DNA-based diet studies are: (1) it is extremelys#@re, requiring only very small
amounts of substrate DNA; and (2) it is very specffo only DNA fragments that
match the PCR primers will be amplified. Virtuadlif DNA-based diet studies have
used PCR to amplify DNA present in dietary sampiesrder to obtain enough
material for subsequent analyses. Two general appes can be taken to identify
prey DNA from dietary sources using PCR. In thetfapproach, PCR primers are
designed to amplify DNA only from a specific targeey species (or group of
species). Successful PCR amplification of DNA ectied from diet samples using
these primers indicates the presence of DNA froerptirticular target (e.g. Agusti
al. 2003). The second approach utilizes primers whiold to DNA regions
conserved in a broad range of prey items. Theroo§ithe DNA molecules present in
PCR products amplified with conserved primers atessequently determined either
by sequencing (e.g. Poinat al.2001), restriction enzyme analysis (e.g. Asaleida
al. 1997) or through hybridization techniques (e.gs&@& Kocher 2002).
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The use of DNA-based methods in diet studies cansf on either material
recovered from stomach contents or faeces. Inalh@afing review of the work that

has been done to date, | will address each separate

1.3.1 DNA-based stomach content analysis

In invertebrate diet studies, few non-moleculgsrapches exist to study diet
(Symondson 2002); this may explain why researcthese animals has featured so
prominently in the development of DNA-based diatlgisis (Table 1.1). The initial
investigation of PCR-based methods to identify gmesent in stomach contents was
in a study on the predation by sand shri@pmfigon affini$ on larval stone flounder
(Kareius bicoloratuy (Asahidaet al.1997). This laboratory based study determined
the ability of PCR to detect fish mitochondrial DNtDNA) in the stomach
contents of sand shrimp at various time pointg gitedation (0-5 hours). The
researchers used both fish-specific primerskarfaicoloratusspecific primers that
targeted relatively large fragments of the mtDNAtrol region (~ 2600 bp and 1400
bp respectively). The results showed that the tdige DNA fragments could only be
detected in 50% of the stomach samples after thwaes, and this DNA fragment was
undetectable five hours after predation. Deteatvas better for the 1400 bp
fragment; it could be detected in 50% of the sasptElected after five hours.
Besides highlighting the potential of this apprqabis study also discussed the
relative merits of using species-specific versusemgeneral PCR primers.

Shortly after this study, a number of PCR-based eperiments were
published focusing on the application of the appihda studies of predator-prey
relationships among terrestrial arthropods (revidiwe Symondson 2002). In one of
the early arthropod studies, Za@tial (1999) carried out an experimental feeding
trial with carabid beetles as predators and mosgsiias prey. Prey DNA was
detected by PCR using primers targeting a moscaézific region of a multiple-
copy nuclear esterase gene. Two fragment sizesamapéified (146 and 263 bp). The
shortest fragment of mosquito DNA could be detetbedip to 28 hours (the
maximum time tested for in the feeding trial); wés detection of the larger
fragment was less consistent. This study clarifiedadvantages of targeting shorter

DNA fragments and, along with other experimentabiiag trials (Agustét al. 1999;

10
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Chenet al.2000; Hoogendoorn & Heimpel 2001), opened the fwayield-based
applications. The first field-based study with éstrial arthropods examined
predation by spiders on three species of Colleminoden agricultural ecosystem
(Agustiet al 2003). These researchers targeted the mtDNA bydore oxidase |
gene (211-276 bp), and in preliminary laboratoigi$rfound prey DNA was
detectable in 100% of spiders for 24 hours aft@ndeed a single collembolan. In the
field, they found collembolan DNA in almost halfthie collected spiders. The
Collembola species detected most frequently irsfhder gutsiéotoma anglicanp
was the least numerous in the field (based on v&uwaeys), indicating this prey was
preferred by the spiders.

There have been only a few studies that have &atas the genetic
identification of prey remains in vertebrate gubhtemts (Table 1.2). Unlike the
situation for invertebrates, where DNA is extradiun the entire stomach contents
(Asahidaet al.1997), or the entire predator (Zaatial. 1999), vertebrate studies can
focus analysis on individually isolated prey remisamhich are morphologically
unidentifiable. This was the case in a study cdroet by Scribner & Bowman
(1998). These researchers isolated the remains/ehjle ducks and geese present in
the stomachs of glaucous gullsatus hyperboreysand then identified these remains
using PCR amplification of microsatellite loci. Theesults showed a significant
proportion of gull stomachs contained goslingsraperor geese&;hen canagica
(26.3%), Canada geedtranta canadensiét1.4%) and greater white fronted geese,
Anser albifrong23.2%). Extrapolation of their data to the pogiotaof gulls and
these three geese species in the region indicateattality rate of up to 40% of the
hatched goslings due to gull predation. Anothedystun a vertebrate predator
developed a PCR-based assay for the detectiomvall leod Gadus morhupin
homogenised stomach contents of predatory fishdR@¥ocher 2002). The assay
was validated in an experimental feeding trial tesded on some field collected
samples. Two additional rather specialised stutke® used DNA-based gut content
analysis to study aspects of vertebrate diet: (Deet al.2001) used microsatellite
markers to documented filial cannibalism (i.e. aonption of one’s own offspring) in
nest-tending fish; and (Rollet al. 2002) used the approach to analyse the intestinal
contents of the Tyrolean Iceman (a naturally muredi€orpse roughly 5000 years
old).

11



Table 1.1Dietary studieSof invertebrate predators investigating the use of DNA-basgHads for prey detection in gut contents.

Predator Diet Iltems Detected Sample  Gene Marker Sample Field- Reference
Tested Size Size based

Sand shrimp Stone flounder Stomach mMtDNA 1400 — 2600 24 No Asahida al. (1997)

(Crangon affiniy (Kareius bicoloratuy contents D-loop

Predatory bug Moth eggs Whole predator  Nuclear 250 - 1100 20 No Agustt al.(1999)

(Dicyphus tamanini (Helicoverpa armigera Various

Carabid beetle Mosquito Whole predator  Nuclear 150 - 260 70 No Zaidit al.(1999)

(Pterostichus cupreys (Culex quinquefasciatyis Esterase

Predatory bug Whitefly Whole predator  Nuclear 310 - 2100 20 No Agustit al.(2000)

(Dicyphus tamanin)i (Trialeurodes vaporariorumn Various

Lady beetle and lacewing Cereal aphids Whole predator ~ mtDNA 80 — 390 ~ 100 No Chest al.(2000)
(Rhopalosiphunspp.) Coll

Carabid beetle Corn borer moth eggs Whole predator  Nuclear 150 — 490 94 No Hoogendoorn & Heimpel (2001)

(Coleomegilla maculaje (Ostrinia nubilalig rDNA

Linyphiid spiders Various Collembola species Whaledator  mtDNA 210-280 82 Yes Agustt al. (2003a)

Col
Predatory bug Pear psylla Whole predator ~ mtDNA 190 — 270 NA No Agustét al.(2003b)
(Anthocoris tomentosjis (Cacopsylla pyricola Col

?Includes primary literature published before 2@@4 listed in the Web of Scierftdatabase. Diet studies on parasites are excledgdstudies analysing the source of
insects’ bloodmeals).

®Indicates the approximate number of separate sangéed for prey DNA. Many studies analysed eaafpe with several different PCR tests.



Table 1.2Dietary studie3of vertebrate predators investigating the use of DNA-based methrqui®{ detection in stomach contents or faeces.

Predator Diet Items Detected Sample  Gene Marker Sample Field- Reference
Tested Size Siz€ based
Brown bear Plants Faeces Chloroplast 360 3 Yes Hosst al. (1992)
(Ursus arcto} soft matrix rbcL
Glaucous gull Various ducks and geese Stomach Nuclear 60— 120 99 Yes  Scribner & Bowman (1998)
(Larus hyperboreys (Anatidae and Anserinae) prey items Microsatellite
Harbour seal Salmonid species Faeces mMtDNA 370 39 Yes Purcelkt al. (2000)
(Phoca vituling (Onchorhynchus spp.) hard-parts Colll (116 bones)
Various passerine birds Various insect species d3aec mMtDNA 125 > 50 Yes Sutherland (2000)
soft matrix rDNA
Species of nest-tending fish Conspecific canrzledliembryos Stomach Nuclear NA 38 Yes DeWoodgt al.(2001)
prey items Microsatellite
Penguin and whale Krill Faeces/stomach  Nuclear 220 -330 7 Yes Jarman al. (2002)
(Malacostraca) rDNA
Various predatory fish Larval cod Stomach mtDNA 130 220 Yes Rosel & Kocher (2002)
(Gadus morhup contents rDNA
Various marine predators Japanese flounder Stomach mtDNA 150 22 Yes Saitoht al.(2003)
(Paralchthys olivaceys contents D-loop

?Includes primary literature published before 2@64 listed in the Web of Scierftdatabase, with the exception of Pureglal. (2000) and Sutherland (2000) which were

included due to their relevance to the thesis tdpiadies based on the analysis of ancient remaéns not included.

®|Indicates the approximate number of separate sangsted for prey DNA. Many studies analysed eaafipde with several different PCR tests.
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1.3.2 DNA-based faecal analysis

The first study to demonstrate that dietary information coulobt@ned from
DNA present in faeces was published by Heéisal. (1992). These researchers
amplified a 356 bp fragment of DNA from European brown bear fagitk glant-
specific PCR primers targeting the chloroplast ribulose-bisphtspheboxylase
(rbcL) gene. A positive PCR result indicated the presenceaott @NA, and direct
sequencing followed by comparison with known sequences revealed e nexl
plant DNA was fronPhotinia villosa Berries from this plarform a dominant
component of these bears’ diet during late summer, so the digti@rytself was not
surprising. However, the fact that plant DNA could pass throughdahgs digestive
system indicated that a wealth of previously unattainable didtda existed in
faeces. Little progress followed this initial success, progbladtause the lack of
sequence data for most species meant a monumental sequeraingaifd have
been required to identify any unknown DNA sequences recovered fropsfaéhe
use of species-specific primers was also limited by tHedasequence data available
at this time — since the development of these primersreticomparative sequence
data. Dietary analysis based on DNA in faeces was evenumadtinued by ancient
DNA researchers who documented the diet of an extinct ground slotlgthanalysis
of ancient faecal material (coprolites) (Poieaal. 1998). They amplified a 183 base
pair fragment of the chloroplagicL gene, cloned the PCR products and sequenced
72 clones. The recovered plant sequences were compared to sequédeeBank
and seven groups of plants were identified to family or ordanéPet al 1998).
Further studies on plants in ground sloth diet and the dietary divefsitghaic
humans (animal and plant components) have since been carried oalyssaof
DNA obtained from coprolites (Hofreitet al.2000; Poinaet al.2001).

Further diet work relying on analysis of DNA in the faeces oferopbrary
species was published by Puraatlial. (2000). This study used DNA-based methods
to identify salmonid bones recovered from the faeces of harbalst Salmonid
otoliths can be identified to species, but they are fragilenahdell represented in
seal faecal samples (Purcetllal.2000). Other skeletal remains from salmon that are
more commonly found in seal faeces can only be identified to faewdy. In order to

determine predation rates of the harbour seals on specifiespga@almon (including
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some species from endangered populations), Petcall (2000) extracted DNA from
146 bones obtained from seal faeces. They were able to amplifpfGicts from
102 of the samples and the DNA was identified to species lesg#duencing or
restriction enzyme analysis. In their study, identificatioprely still relied on some
hard parts surviving digestion, and the bones had to be individuabyadand
identified to family level before genetic analysis. Nelvelgss, the DNA-based
approach provided important data that could not have been obtained bgetres.

A detailed assessment of the use of DNA-based faecakanalydiet studies
of insectivorous birds was carried out by Sutherland (2000). In this unpedblis
thesis, PCR was used to amplify insect DNA from faecesafive starlingsSturnus
vulgaris) and from faeces of wild nestlings of blue tlafus caeruleus great tits P.
major) and swallowsHlirundo rusticg. Sutherland (2000) used PCR primers
targeting relatively conserved regions of the 12S mtDNA geaé of his studies and
identified recovered prey DNA by restriction enzyme analyssequencing. The
captive feeding trial with starlings demonstrated that inB&A could be reliably
recovered from passerine bird faeces. It also indicated timagfitt be possible to
qguantify the relative amounts of different prey species beinguocoes by
determining the proportions of DNA present in faecal samples. Thitgtiae
conclusions were based on results from DNA clone librarested using mixtures of
faeces obtained from starlings fed either locustgijsta migratorig or grasshoppers
(Schistocerca gregar)aThe faeces from starlings on the two different diets were
mixed in ratios of 9:1, 3:1, 1:1, 1:3 or 1:9; these ratios correspondétbwire
proportion of clones from the prey species present in the respelcnelibraries. In
the analysis of wild nestling diets, results from the two gseaf tits showed the
faeces from both species contained a similar range of mamdtpoleteran prey. The
diet diversity of swallow nestlings was compared between @itesganic farms and
conventional farms. Due to a relatively small sample sizesame difficulty
identifying recovered insect DNA, no firm conclusions could be nsadeerning
differences between the sample sites, but once again DNAafn@riety of insect
prey species was recoverable.

One of the driving forces behind the development of DNA-basedlfaeca
analytical methods for studying diet has been that the approsattiptly provides a
non-invasive alternative to stomach content analysis (Symondson Z0@2jvas the

motivation for a study of prey DNA in faeces of whales and p&sguJiarmaret al.

15



Chapter 1: General Introduction

2002). The faeces of these groups contain very few morphologicatlyfidiele prey
remains, and their diet is generally studied through stomachnt@mtalysis. The

lethal sampling of whales for scientific research (includirgg sliudies) has been
particularly controversial (Ichii & Kato 1991; Araet al.2000). Jarmast al.(2002)
collected faeces from pygmy blue whalBsl@enoptera musculyand Adelie

penguins Pygoscelis adelige The species of krill being consumed by these predators
was determined using krill-specific primers to amplify DNAracted from their

faeces. The main conclusion of this study was that recoveraydpA was present

in amorphous faecal material obtained from these marine predatdrthis material
could be used in diet studies. This finding provided the impetubdanitiation of

my PhD project.

1.4 Relevant research in allied fields

In the review of DNA-based diet analysis presented so feyé only
discussed genetic studies that have focused directly on obtainiagydgormation.
There is also a large amount of highly relevant work thabbas done in related
fields. This includes research on non-invasive genetic sampliraggnt DNA,
microbial biodiversity and DNA barcoding. | will briefly outlimme of the
important contributions from these fields.

Non-invasive genetic sampling generally refers to resdhatiobtains DNA
samples from free-ranging animals without having to captureesr ebserve the
animals of interest (Taberlet & Waits 1998). The DNA cawolitained from shed hair
or feathers, eggshells, urine or faeces. DNA from theseemigasually present in
low quantities and the DNA is often degraded. Prey DNA etddaitom faeces or gut
contents share these properties, therefore many of the methbtiavth been
developed in this field are relevant for DNA-based diet studiaberletet al. 1999;
Morin et al.2001; Broquet & Petit 2004). Particularly relevant are methodgci
specifically for use with faecal DNA, such as preservatioDMA in faeces,
(Frantzeret al.1998) and faecal DNA extraction methods (Wehawteh. 2004). A
number of studies in this field have also assessed the abitigtéct various genetic
markers in degraded DNA samples (Kadtral. 1995; Taberleet al. 1996).
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Scientists from the field of ancient DNA research wheefirst to characterize
dietary DNA in faeces (Hos=t al. 1992); this is not surprising since these researchers
pioneered the recovery of degraded DNA using PCR (Paabo 1989; Paabbla€90;
et al. 1996). Much of the ancient DNA literature (recently revielwegdadbeet al.
2004) is relevant to DNA-based diet studies, especially ttadlet studies that have
been carried out on DNA damage (Hofrei¢ial.2001; Gilbertet al.2003; Mitchell
et al. 2005). The persistent problem of PCR contamination in ancient f2ithes is
also highly pertinent to DNA-based diet studies. The extremetisépsf PCR
amplification means that great care has to be taken to presmpositive results
being obtained. Numerous precautionary measures have been outlsrecidiyt
DNA researchers to prevent the occurrence of this problem wbeing with small
amounts of DNA template (Cooper & Poinar 2000; Gille¢rl. 2005).

Researchers interested in microbial biodiversity have adomgededic
approach to characterize species diversity in environmentalassiue to the
difficulty in culturing and/or microscopically identifying timeajority of microbes
present in the environment (Deloagal. 1994). The methodology often used in these
studies is to isolate total DNA obtained from a microbial comtguamplify a region
of DNA from the sample using PCR and then identify and quan&iynbers of the
microbial community using sequence polymorphisms (e.g. Dedba1994;
Orphanet al.2000; Brakeet al.2001). This is the same approach that has been
adopted by many DNA-based diet studies, a reflection that thetivbjef dietary
work is essentially the same as that of microbial biodiyessitdies (i.e. to identify
and quantify the “community” of prey DNA in a sample). Sevefahe methods
microbiologists have developed could be applied in DNA-based diet stidie
example, microbiologists commonly use genetic fingerprinting teciesi (e.qg.
denaturing gradient gel electrophoresis) to allow physical depac the DNA
sequence polymorphisms in their samples (Muyzer 1999); this approadrbeoul
used to determine DNA diversity in dietary samples. The tqgadlesiused for
gquantitative analysis of microbe species present in complex méxtdrDNA are also
highly relevant. These analyses have been done through clonind €\&dr1990)
and more recently using real-time PCR (Fiereal. 2005); both approaches could be
applied to quantify DNA in dietary samples. Finally, a lasgeount of important

literature has been published by microbiologists on the pitfalisioff PCR-based
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methods to obtain an accurate representation of the endogenous DHAt pres
sample (reviewed by Forney al 2004).

DNA barcoding refers to the development of large-scale stdizedr
seqguence databases in order to allow taxonomic classification of unknolgical
samples. This type of database has been in use by microbiofogistany years
(Wuytset al.2001), and a comprehensive database of animal DNA sequences from
the mitochondrial cytochrome oxidase | gene (COl) is in the psogEbeing
developed (Hebest al.2003). Information from the COI database could be directly
applied to identify prey DNA isolated in diet studies if t@RPassays used target the
COlI gene. Even without making direct use of this DNA barcoditgbdese, much of
the literature in this field is useful since it provides acemtual framework for the
application of DNA-based taxonomy (Hebettal 2004; Blaxteet al. 2005).

1.5 Thesis outline

The data chapters of this thesis (Chapter 2 — Chapter 6) wigtenvas
separate scientific papers that have either been publisheditsed, or are in the
process of being published. These papers include research onsa dinarp of
marine predators and each focuses on distinct questions; thashesigogether by
the common theme of developing a DNA-based approach for studying diet.

Chapter 2 details the analysis of the gut contents from asyjait
(Architeuthis sp. This chapter differs from the rest of the thesis by foxuen
DNA-based analysis of material from stomach contents, rttharon faecal
samples. Considering only one sample was available, the stgdité detailed.
However, very little is known about the diet of giant squids@esious dietary
studies on squids commonly report significant numbers of unidentifiabains,
indicating that the development of a DNA-based approach forifidation of their
prey would be useful. In addition, the prey species likely to be catbmthe giant
squid (fish, squid and crustaceans) were the same groups thainterested in
detecting in dietary samples from other predators. Thus,ttldg provided an
opportunity to design suitable PCR primers to look at these prey grodpslowed
me to trial the use of denaturing gradient gel electrophorBstse methods are

applied further in studies carried out later in the thesis.
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Chapter 3 outlines a feeding trial carried out with capttede® sea lions
(Eumetopias jubatygo investigate the feasibility of using DNA-based analysihef
soft matrix of faeces to study pinniped diet. Based on previous/dr&t(both
molecular and conventional) it was apparent that controlled feedpgriments with
captive animals would be required to validate the DNA-based appridagrevious
controlled feeding trials investigating DNA-based diet methedkldieen carried out
with mammals. In field-collected pinniped faeces, prey DNA been isolated from
hard parts, but not from the soft-matrix of faeces (Puatedl.2000). Since it is
known that digestion bias effects recovery of hard-parts, legiaiotfocus on prey
DNA extracted from soft matrix of faeces. The feedind wias designed to addresses
a number of fundamental questions:

e Can prey DNA be reliably detected in the soft matrix ofleeafaecal samples?

» Can DNA from prey items fed as a small proportion of the dietebected?

¢ How is prey DNA distributed in faeces?

* How long after ingestion does a signal from prey DNA persishnmptes?

¢ How long does prey DNA survive in unpreserved samples?

» Are the relative amounts of DNA recovered from prey specmsoptional to
their mass in the diet?

« What is the quality of the prey DNA recoverdd?

Chapter 4 contains a detailed analysis of the amount of pMéyddesent in
the sea lion faecal samples. Using quantitative real-tinke @€CR), | further
investigated results from the previous chapter that showed (basethlysis of PCR
clone libraries) that the proportions of fish DNA in faeces foaptive sea lions were
roughly proportional to the mass of the prey items consumed. Tl gBER
allowed more samples to be analysed and provided an independent method of
measuring the amount of prey DNA present in the samples.

Chapter 5 focuses on measuring the quality of DNA recove e dal
samples. The concept of DNA quality is often discussed, andlyusefars to the
level of DNA degradation in a sample — but there is no wayeafsuring this in many
situations. | present a general method to quantify DNA damagepirin specific

DNA sequences. The approach is applied to determine the qudityAfriginating

% This question is further evaluated in the nexadatapter.
® This question is considered in a separate chapter.
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from predator (sea lion) and prey (herring) in the faecal sesyqalllected during the
captive feeding trial.

Chapter 6 presents results from a field-based study on thef dnetcaroni
penguins Eudyptes chrysolophudDietary information was collected using DNA-
based analysis of faecal material as well as through coowah8tomach content
analysis. Comparisons are made between the traditional aaticgéata, and future
prospects for using a DNA-based approach to study seabird didseanssed.

The thesis concludes with a review of some concurrently publisNéd D
based diet studies on pinnipeds, a general discussion and suggestiangé
directions of research in this field. The appendices incluflan(évaluation of the
strengths and weaknesses of nested-PCR; (Il) details opR@RBrs used in the
thesis; (IIl) summary of gPCR data collected in Chapten);détailed results from
the macaroni penguin faecal DNA clone library analysis (Ch&pter

For chapters that have been published (or submitted) citatioroand ¢
authorship details are included at the end of this section. ¢dasdlk, | was the senior
author, and conducted the laboratory work, analysis of data and vaftihg papers.
My co-authors contributed significantly to the initiation of grejects, sample
collection, advice on analysis, and/or by critically reviewtimg papers in preparation
for publication. The published papers have been modified to ingetip@tchapters
into this thesis; however, each chapter is essentiaficsatained and there may be

some repetition in content throughout the thesis.

1.6 Details of publications resulting from thesis

Chapter 2:

Deagle BE, Jarman SN, Pemberton D and Gales NJ (2005) Gseregning for prey
in the gut contents from a giant squigt¢hiteuthissp.).Journal of Heredity96, 417-
423.

Chapter 3:

Deagle BE, Tollit DJ, Jarman SNindell MA, Trites AW and Gales NJ (2005)
Molecular scatology as a tool to study diet: analysis of prej DiNscats from
captive Steller sea lionsolecular Ecology14, 1831-1842.
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Chapter 4:

Deagle BE and Tollit DJ (2006) Quantitative analysis of prey DiNginniped
faeces: potential to estimate diet compositiGoRservation Geneticén press

Chapter 5:

Deagle BE, Eveson JP and Jarman SN (submitted) Quantificaftdamage in DNA
recovered from highly degraded samples — a case study on DIdAded.

Chapter 6:
This chapter has not yet been submitted as a paper.

Additional publications containing results from thesis

Jarman SN, Deagle BE and Gales NJ (2004) Group-specific pageehain
reaction for DNA-based analysis of species diversity and igentdietary samples.
Molecular Ecology13, 1313-1322. (Chapter 2)

Tollit DJ, Heaslip S, Deagle BE, Iverson SJ, Joy R, R@&8 and Trites AW
(2006) Estimating Diet Composition in Sea Lions: What Technique to Chdose
Sea lions of the worl¢eds. Trites AW, Atkinson S, DeMaster D, et al.). AlmSea
Grant College Program, University of Alaska Fairbanks. (Gragjt
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Genetic screening for prey in the gut contents frona Giant
Squid

An ocean without its unnamed monsters would be like a completely dssatelep

— JOHN STEINBECK & EDWARD RICKETTS,

Sea of Cortez



Chapter 2: Giant Squid Gut Content Analysis

Abstract

Information on the diet of giant squid&r¢hiteuthisspp.) is scarce because
these animals are rarely taken from their deep-sea habdatery few specimens
have morphologically recognisable remains in their digestivéstracthis chapter, |
explored the use of PCR-based methods for detection of DNA in thegmneyns and
amorphous slurry from afsrchiteuthisgut sample. Primers with conserved binding
sites were designed to amplify a region of the 16S mtDN#fpotential prey
species. The amplified sequence varied in size allowing atpaof fragments from
fish (~ 255 bp in size) and squid (~ 180 bp in size). Prey DNA couddripdified
from prey remains as well as from the amorphous stomach cohept Sequence
comparisons identified fish prey as blue grenadadruronus novaezelandipe
Isolation ofArchiteuthisDNA from an ingested tentacle and the presence of chitin
fragments indicate cannibalism may occur in giant squid. Dengtgradient gel
electrophoresis was used to screen for less common DNA tgwesling a relatively
high frequency of PCR generated false alleles but no additionaspeeies. A
limitation of using universal primers to screen the gut sampkethe prevalence of
DNA from the predator (78 out of 80 clones initially screened daome
Architeuthig. The application of a chordate-specific primer set allowad gtenadier
DNA to be detected without screening large numbers of clones fililing suggests
group-specific primers that exclude predator DNA will be wiseffuture DNA-based

diet studies.
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2.1 Introduction

The giant squidsAfchiteuthisspp.) have long captured the public’'s
imagination because of the rarity of specimens, their enorsipeisnd their
existence in an alien habit#@tcchiteuthissquid have been found over a huge
geographic range in the Pacific, Atlantic, Indian and Southerar@d€larke 1966;
Ellis 1995) and are common enough to form a significant part ofnspérales caloric
intake in many areas (Clarke & MacLeod 1982; Clarke & Young 1993jpite their
apparent ubiquity very little scientific data has been colieatethe species and only
recently the first live giant squid was observed in the vidlsbpdera & Mori 2005).
The taxonomy of the group is in a state of confusion due to the spoedre (both
temporally and spatially) of collection and the poor quality oftrapscimens (Férch
1998). Ecological data are non-existent with the exception of sdaererices which
have been drawn from physiological and morphological observations1(&33;
Norman & Lu 1997; Lordaet al.1998).

One of the most fundamental pieces of information needed tostade a
species’ biology and role in an ecosystem is knowledge of itsBleaiuse so little is
known about giant squid, diet data is particularly valuable, amdload light on
topics as diverse as this species habitat preference andhsvgrability (Lordanret
al. 1998). Of the common methods for determination of diet (direct olismTygut
content analysis and fecal analysis), only identificatioprey remains in the
digestive tract is feasible for these squid. Some data hasbtected by
morphological gut content analysis of specimens collected through ataidsioding
or chance stranding. However, these squid are usually in poor conditidheagut is
often “empty” with no morphologically recognisable content (Férch 199&n i
material is present, classification of the remains basedorphological features is
notoriously difficult due to the squid tendency to tear apart and/finaterate prey
items (Kear 1992). This has resulted in many scales, bones anddtftgsh found
in giant squid digestive tracts being reported as unidentifi&idiell 1998; Lordaet
al. 1998; Bolstad & O’Shea 2004). The limited information publisheAmhiteuthis
diet indicate fish and cephalopods are their most importantwréycrustacean
remains occasionally being observed (F6rch 1998; Loetlah 1998). This is
consistent with findings from studies of other large squid (Bbgt al.2003).
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The difficulties associated with diet determination throughalis
identification of squid gut contents has led to the use of other metichisis fatty
acid analysis (e.g. Phillipst al 2001) and the identification of prey remains using
immunological approaches (e.g. Kear 1992). The use of DNA idextiific
techniques seems like a logical approach to help identify decothppseies in squid
gut contents. PCR-based methods have been used to detect spaudiE ciplarval
fish from predatory fish stomachs (Rosel & Kocher 2002), and to igestécies of
krill flushed from stomachs of Adelie penguins (Jarratal.2002). Both the slurry
of digested material in the stomach and isolated prey remapnsomtain DNA
which could be extracted and amplified using PCR. Three geaqgrabaches could
be taken to amplify DNA from these sources: (i) PCR primergdoeilused to detect
specific species (e.g. Rosel & Kocher 2002) (ii) PCR priroeusd amplify a specific
group of prey items (e.g. Jarmanal 2002) or (iii) “universal” primers could be used
to amplify DNA from a broad range of unspecified prey iteeng.(Rolloet al.2002).
In the latter two approaches the amplified DNA would need tddified through a
phylogenetic-based approach. Since the data available on tloé¢ gii@nt squid is so
incomplete, targeting specific species is not appropriateodpgbased approach
could be useful, especially as a method of excluding the predatdAsfrom
downstream analysis. A limitation in this particular cagéas giant squid are known
to feed on other squid, so the predator falls within a group of pat@nély species.
Amplification of DNA from a broad range of species could potdgtidentify all
prey DNA present (including unexpected prey items). HoweveA Dbdim the
predator, parasites and other non-prey species may be presengirn, ttherefore
relatively large numbers of DNA molecules may need to beaclkerised to isolate
prey sequences.

In this chapter, | use PCR-based methods to determine thegaegs present
in the gut of a giant squid collected in Tasmania, Austraha.DNA was extracted
from both amorphous gut material and isolated prey remains. puiseers which
target conserved primer binding sites as well as group-spedifiners which amplify
only chordate DNA. DNA sequences obtained were compared wih thailable in
the public data base and a sequence similarity approach waesdapplilentify prey
species. Denaturing gradient gel electrophoresis (DGGE) wdstoscreen
amplified DNA fragments in order to check for DNA moleculesprg at low level

in the amplified mixture. The methodology presented will provittarmework for
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future studies, considerably increasing the potential for diatatdlection from

scarce specimens of giant squid and other rare marine asuchlas beaked whales.

2.2 Methods

2.2.1 Architeuthis Sample

TheArchiteuthisspecimen was caught on June 14 1999 by a trawler fishing
for blue grenadier at a depth of 500-700 meters off the west@ofasmania. The
squid was a male weighing 190 kg, it was frozen on board the boképhnfilozen in
storage until dissection in September 2002. It was opened alongitingl garface by
cutting the mantle cavity via a longitudinal incision from therfel to the rear. The
posterior viscera were exposed and the oesophagus traced througbaieciina,
stomach, intestine and rectum region. The gut contents weoxedrfrom the base
of the oesophagus, stomach and caecum then stored in 95% ethandheOnly t
knowledge that the sample was from the gut of a lAcetiteuthisspecimen was
provided to me before the end of the genetic analysis (no infilomart

location/method of capture or potential prey species).

2.2.2 DNA extraction

DNA was extracted from amorphous particles and recognizablegreins
which were isolated under a dissection microscope. The settietheaf the
amorphous particles was approximately 1 L. The isolated prey remainded: (a) >
50 scales, all of similar size and shape (b) three sBld (mm) tentacle fragmefits
(c) one bone fragment (d) 12 chitinous squid beak fragments (< 5FompPNA
extraction, the amorphous particles were resuspended and safriplaet avere
centrifuged for five min — yielding approximately 200 mg of petlateaterial. |
extracted DNA from two pellets in independent procedures. Incghbtrof
extractions DNA was extracted from individual scales (n =té@d}acle fragments (n
= 2) and the bone fragment. All extractions were done using the

* The third tentacle sample is in storage at therieasan Museum and Art Gallery.
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hexadecyltrimethylammonium bromide (CTAB) method (D&IBoyle 1987). In
this procedure all steps were carried out in 1.5 mL tabdsentrifugations were at
14000 rpm in a microcentrifuge. The samples were homaoggemsl75uL CTAB
buffer (2% CTAB; 100 mM Tris HCI, pH 8.0; 1.4 M NaCl; 20 mM EBT0.2% 2-
mercaptoethanol), gL Proteinase K (20 mg/mL) was added and samples were
incubated at 65°C for one h. Sequential extractions were done wiitL 150
chloroform:isoamyl alcohol (24:1), 150 of phenol:chloroform:isoamyl alcohol
(25:24:1) and 15QL of chloroform:isoamyl alcohol (24:1), with five min
centrifugations between steps. The DNA was precipitatextitition of 15QuL
isopropanol (-20°C) and pelleted by a 20 min centrifugation. The DNAwasked
with 400uL of 70% ethanol, centrifuged for 5 min, air dried and resuspenda@
uL of distilled water. The concentration of purified DNA was d&ieed using a
PicoFluor fluorometer (Turner Designs). Near the end of the s, was also
extracted from fish tissue obtained from a local fish markaeguke method outlined

above.

2.2.3 Primer design

Conserved PCR primers have previously been developed which amplify
segments of mMtDNA from a broad range of animal taxa (PalL8¥86). These
primers are often used in phylogenetic studies and in order to pegidiéable
amount of sequence data the size of the products are genx&@lyp. Since DNA
from the squid gut was likely to be degraded, | wanted to angpbtyorter fragment
(~200 bp) and therefore designed a new primer pair. The 3' endrofttdehondrial
ribosomal 16S gene (flanked by conserved primers 16Sar-5" and 168alu81pi
19967 was chosen as a potential target. This region has been wigebcterized,
providing a large dataset to help identify unknown sequences. Segueere
obtained from GenBank for a taxonomically diverse group of 30 fisteighshyes
and Chondrichthyes), 30 cephalopods and several crustaceans. Treeabgned
and suitable primers selected (see Table 2.1 for primer sexguand representative
alignments). The primer binding region is highly conserved in cepbds and fish

with slightly more variation found in crustaceans. It is posdibtesign degenerate

® The 16Sbr-3' primer was inadvertently referedstd@Sa-3' in Deaglet al 2005a.
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primers which would have incorporated the small amounts of varitiat was
observed. However, potential incorporation of mismatches in P@iRipis may have
confused interpretation of the DGGE analysis and the misnsase®med unlikely to
significantly affect primer binding, so | chose non-degenerategpsitmased on the
squid sequence. The amplified region is short and variable, maxgniiz likelihood
of amplification and of obtaining informative sequence data. Artiaddi useful
feature of the amplified region is that it varies in lengitihin and between the major
taxa targeted. Based on the complete set of species useahén geasign, the size of
the this fragment is 258 bp £ 8.4 SD in fish and 180 bp + 25.9 Sphhat®pods,
with no overlap identified between these groups (Figure 2.1).iZbénscrustaceans
overlaps that of the squid (Table 2.1).
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Figure 2.1Distribution of fragment sizes of the PCR products which would be
amplified from a taxonomically diverse group of 30 fish (Osteichthyes and
Chondrichthyes) (black bars) and 30 cephalopods (grey bars) using 16S mtDNA
primers (16S1F and 16S2R). Sizes are based on sequence data taken from GenBank.

In addition to the conserved primers, | used primers which sgahifamplify
DNA from chordates to obtain sequences from the squid gut. Theserpitake
advantage of the unique arrangement of mitochondrial genes inttdwhomdrial
genome of Chordata and amplify parts of the two mitochondrial rpé&l#es and the
intervening valine tRNA gene (Jarmanal.2004).
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Table 2.1Primers used in the current chapter aligned with homologous sequeosesspresentative target taxa.

Phylum Class Family Genus + species Accession #  1A§3— 3') 16S2R (5- 3) Product Size
GGACGAGAAGACCCT  CGCTGTTATCCCTATGGTAACT (bp)
Chordata Mammalia Physeteridae (sperm whales)Physeter macrocephalus AJ277029  A-------------- ------------o- G------ 228
Elasmobranchii  Squalidae (dogfish sharks) Squalus acanthia Y18134 R G------ 261
Rajidae (skates) Raja radiata AF106038 Ar------------- mo-s-oo-oo-o G------ 261
Actinopterygii  Amiidae (bowfins) Amia calva AY442347 A -----mmmmmmms mmemmmieeem e G------ 280
Congridae (conger eels) Conger myriaster AB038381 A------------ss mmmmmmee-o G------ 271
Clupeidae (herrings, sardines) Sardinops melanostictus AB032554  A-------------- -------------- G------ 249
Cyprinidae (minnows, carps) Cyprinus carpio X61010 R R R LR G------ 255
Salmonidae (salmonids) Oncorhynchus mykiss ~ L29771 R G------ 259
Neoscopelidae (lanternfishes) Neoscopelus microchir ~ AP002921 A-------------- -------------- G------ 254
Gadidae (cods, haddocks) ~ Gadus morhua X99772 R R G------ 254
Berycidae (alfonsinos) Beryx splendens AP002939 A-----------mss mmmmmmimeom e G------ 255
Zeidae (dories) Zenopsis nebulosus AP002942 Ar---------mmos mmmsooiooos G------ 251
Gasterosteidae (sticklebacks) Gasterosteus aculeatus AP002944  A--------------  ------oooooo-- G------ 251
Sparidae (porgies) Pagrus major AP002949 A-------------- -------------- G------ 254
Mollusca Cephalopoda Architeuthidae (giant squids) Architeuthis dux AY377629 ------mmmmmmmms e e 190
Onychoteuthidae (hook squids)Moroteuthis ingens X79580 W -----msss--mss meeeeeoo oo 190
Loliginidae (squids) Loligo bleekeri AB0O09838 -----------mmm mmee oo 183
Loliginidae (squids) Sepioteuthis lessoniana AY131035 ---------------  mmmme oo 186
Ommastrephidae (squids) Nototodarus gouldi AY380810 ------------mm- mmeee e oo 191
Ommastrephidae (squids) Todarodes pacificus AB158364 --------------- mmeemeooaooao oo 191
Octopodidae (octopus) Octopus vulgaris AJ390312 ------ R 203
Octopodidae (octopus) Hapalochlaena maculosa AY545107 - ---=---==---=== —cc-commm oo 189
Sepiidae (cuttlefishes) Sepia pharaonis AF369117 --------ccc-ces  mmeeecenceceneaeea 184
Sepiidae (cuttlefishes) Sepiella maindroni AF369959  ------------ooo oo oo oo 191
Arthropoda Malacostraca Euphausiidae (krills) Euphausia superba AB084378 T----- T---mmmme e AA------ 200
Euphausiidae (krills) Nyctiphanes australis AF177181 T----- Tommmmmme mmm e AA------ 202
Penaeidae (penaeid shrimps) Penaeus monodon AF217843 ------ LR il AA------ 207
Penaeidae (penaeid shrimps) Xiphopenaeus kroyeri ~ AF192093 ------ R R L R P LR AA------ 207
Palinuridae (spiny lobsters)  Jasus edwardsii AF337979 ------ LR il AA------ 210
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2.2.4 PCR amplification and cloning

Standard PCR reactions were performed gh 8f template in a 2pL
volume containing 0.4iM of each primer, 0.125 mM dNTPs, 2.0 mM MgClx
AmpliTag Gold® buffer and 0.625 units AmpliTaq Gold® thermostable DNA
polymerase (Applied Biosystems). Thermal cycling condition®®bh primer sets
were as follows: 94C for 10 min then 35 cycles (98, 30s / 58C, 30s / 72C, 45s)
followed by 72C for 2 min. Samples were separated on a 2.0% agarose &el. PC
products were cloned into the pER1-TOPO vector (Invitrogen). Positive
transformants were identified using blue/white colour selectimeri size was

checked by digestion witicaR| and separation of bands on a 2.0% agarose gel.

2.2.5 Sequence analysis

Sequencing reactions were carried out with the Big Dye ptideoxy
sequencing dye terminator kit (Applied Biosystems). Electroptsovess performed
on an Applied Biosystems 377 automated DNA sequencer. DNA sequences whe
compared with publicly available sequences in GeneBank using BEA&ThH
(Altschul et al. 1990). Sequence data were aligned using CLUSTAL_X (Thomgitson
al. 1997). To determine sequence relatedness | used the neighbor-jdgairidnin
(Saitou & Nei 1987) in MEGA version 2.01 (Kumetral.2001) based on distances
calculated using Kimura’s two-parameter model (Kimura 1980)1ddleotides
transitions and transversions were included in the analysi€atiad positions

containing insertions/deletions in the alignment were excluded.

2.2.6 DGGE analysis

In order to identify additional sequence variants in the 16S rG#ucts |
used DGGE, a technique which can separate variable DNA seguafideletonet
al. 2004). Separation is accomplished by electrophoresis of the Digkérms in a
polyacrylamide gel containing a gradient with an increasing cdraten of

denaturants. The mobility of the fragments is determined byiadting behaviour
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as they denature and this is highly sequence dependent (&ydr$987).
Theoretical melting profiles were constructed by using the proyf&inr94, which
can be found on the Internet at http://web.mit.edu/osp/www/melt(Figure 2.2).
DGGE was performed using the DCatlsystem (Bio-Rad, Hercules CA).
Acrylamide gels (7.5%) were poured using a Model 475 GradientdDglSystem
(Bio-Rad, Hercules CA) and run at 56°C. For samples seddmateGGE, thel6S1R
primer was redesigned to incorporate a GC clamp
(999cgggggcggcgggacgggegeggggcgeggce gggeg-
CGCTGTTATCCCTATGGTAACT, Sheffielet al. 1989), the annealing temperature
was lowered to 50 °C and other conditions were the same asstatitard PCR.
Template was 25 ng genomic DNA qrllof a 1:100 dilution of unclamped PCR
product or plasmid DNA. Electrophoretic conditions (gradient ranggg®land
length of run) which resulted in clear band separation werencieks by

experimenting with several different species of fish and squid.

100
95 —
90 |
85

80
75 ——Blue Grenadier

70 - Architeuthis
65
60
55
50 T T T T T

1 51 101 151 201 251

Base Position

Melting Temperature

Figure 2.2 Theoretical melt maps for 16S mtDNA fragments amplified from Blue
Grenadier (291 bp) and Architeuthis (229 bp) template with a 3' GC clampaépri
(constructed by using the program MELT94). The lower melting temperattine
Architeuthis fragment is typical for squid due to lower GC conthit is expected to
result in lower mobility of squid fragments in a DGGE gel.
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2.3 Results

2.3.1 Conserved 16S primers

The concentration of DNA purified from the two amorphous squid gut
samples were 12 ng/ and 8 ngiL. PCR amplification of DNA extracted from both
gave a strong “squid sized” band (~190 bp) and a much weaker “fisti bened
(~250 bp). The clones obtained from these amplifications contbirteshsert sizes
corresponding to the two PCR bands observed (78 small and 2 largejetrio
increase the number of clones with the larger insert a segdoaad-stab PCR
(Bjourson & Cooper 1992) was carried using the faint large bandtherirst PCR
as template. Clones produced from the band-stab PCR gave attnasproportions
of the two inserts (26 small and 24 large).

Sequencing was initially carried out on seven clones contashiog inserts
and six clones with the longer insert. The short insert clonesgeguences 189 bp in
length, six were identical and the seventh differed from thesesiygle nucleotide
substitution. The longer insert clones gave sequences 252 bp in kgajtihthey
were identical except for a single nucleotide substitution in egeence. The
consensus sequences were compared with entries in GenBankcdiseha the small
fragment (GeneBank accession AY392149), the sequence exactheahatc
mitochondrial 16S sequences fréuchiteuthisdux The next closes matches were
from a variety of squid species all with >25 nucleotide diffeesraver the region.
The longer DNA sequence (GeneBank accession AY392146) matched osety cl
with mitochondrial 16S sequences from fish species in the ordéfoBaes, with
four of the top five matches being within the family Gadidaeid&ntity matrix
(giving the proportion of identical residues between sequences}shatthe longer
DNA sequence and the top five BLAST matches are about 80% identitahone
being a likely species match. Based on this information | olitdissue samples from
two local GadiformesMoro moroandMacruronus novaezelandipand one species
belonging to the sister order Zeiform&yftus travergi. DNA was extracted from
these species and the 16S fragment amplified and sequenced (Geo&zaskon
AY392146-48). Analysis of these sequences showed a perfect neaedehn the

unknown sequence from the squid gut &hchovaezelandiaérigure 2.3).
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(@)
Gadus morhua
Merlangius merlangus
L Theragra chalcogramma
Pollachius virens
L Lotalota
Squid Prey
Caelorinchus kishinouyei
P
0.05
(b)
Famil
Gadus morhua
Merlangius merlangus Gadidae
Theragra chalcogramma
Pollachius virens
Lota lota Lotidae
Mora moro Moridae
| Squid Prey
Macruronus novaezelandiae .
. - . Merlucciidae
Merluccius bilinearis
Caelorinchus kishinouyei Macrouridae
Cyttus traversi Zeidae
P

0.05

Figure 2.3Neighbor-joining tree based ofa) the 252 bp mtDNA sequence obtained
from the Architeuthis gut sample aligned with: sequences of theldisest Blast
matches (G. morhua, M. merlangus, T. chalcogramma, P. virens anad)aiat the
sequence of a related fish belonging to a genus previously identifiedaEteuthis

prey (C. kishinouyeilb) Additional sequences obtained from fish species during the
present studybpld), and an additional GenBank sequence from the family
merlucciidae (M. bilinearis). All of the species belong to treeoGadiformes with

the exception of C. traversi which belongs to the sister ordéordes.
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The concentration of DNA purified from the scales, bone fragauedt
tentacle fragments was below the level measurable usintpovorheter (< 5 ngi).
The amplification of DNA from the 10 scales resulted in amples producing fish
sized bands and weak squid sized bands. The remaining four scplessgave weak
or no obvious fish sized bands. The bone fragment and tentacle fragmashiced
only fish or squid sized bands respectively. Cloning and sequendingsef PCR
products revealed all sequences matched dilh@ovaezelandiaéblue grenadier) or
Architeuthissequences previously obtained. While the bone and tentacles ggave onl
blue grenadier oArchiteuthissequences, a mixture of sequences was obtained from
scales indicating\rchiteuthisDNA present in the gut was associated with the fish
scales. The intensity of fish sized bands from the scaledaritbhe fragment were
much stronger than the fish bands observed in the amorphous PCR products,
indicating that the vast majority of blue grenadier sequencamebtfrom these

samples originated from the scales or bone.

2.3.2 Chordate primers

The major limitation in the use of conserved primers to sdreegut sample
was the prevalence of DNA from the predator (78 out of 80 clonily screened
were squid sized and came fréuchiteuthis see below). The chordate specific
primer set will only identify a sub-set of potential prey spgcbut all sequences
obtained should be from prey rather than the predator. Using timerset | obtained
amplification products from the amorphous component, the bone fragme®toand
of the 10 scales. All of these PCR products were sequenceghaaddentical
sequences 312 bp long. This sequence matched perfectly with seqtignseegion

obtained from a blue grenadier tissue sample.

2.3.3 DGGE analysis

Analysis of theoretical melting profiles for fish and squid Df¥#gments
amplified by the conserved primers revealed significant diffaxe between these
groups due to differences in guanine and cytosine (GC) content (Ri@yré&lot

surprisingly then, DGGE conditions which resulted in good separatifvagrhents
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was different for fish and squid: for the fish surveyed conditions we30-70%
gradient at 50 V for 8 h on a 16 cm gel; for squid fragments bpatagion was
achieved with a 0-50% gradient at 60 V for 8 h on a 16 cm galr@4). The
analysis of the PCR amplifications from the amorphous componenhatamd-stab
gave two bands correspondingArchiteuthisand blue grenadidrands (Figure 2.4:

lane 9).

1 2 3 45 6 7 8 910

<+— Arrow Squid

- - ‘“ h Architeuthis

Blue

- . < .
- Grenadier

Figure 2.4Denaturing gradient gel electrophoresis separation of mtDNA 16S PCR
products. Lanes 2 + 10 are amplified from genomic DNA of arrow squid
(Nototodarus sp.) and blue grenadier (Macruronus novaezelandiae) respectively.
Lane 9 is an amplification of DNA extracted from the amorphous slumponent of
the Architeuthis gut contents, remaining lanes are amplified from €ldeeved from
the same source. Sequences of the clones shown either matothiteuthis
consensus (lanes 3, 5, 7) or are closely related (lane 1, variant H4laregiant B;
lane 6, variant D; lane 8, variant F. See Table 2.2 for sequences).

While these results indicate that the majority of DNA presetiie sample
comes from these two species there is potential foalessdant DNA sequences to
be present. To check this possibility 26 fish sized and 80 squid $trexsavere
amplified and screened for sequence variation. The analysie éih sized clones
showed 23 samples matched the electrophoretic mobility of the comuo®on b
grenadier sequence (GenBank accession AY392146); the three rencéonieg had
unique DGGE bands. Sequencing of these clones revealed one waglthbase
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pair variant of the blue grenadier sequence which had been pigvarrgified and
the two other sequences were unique, but differed by only 1 or Zblasttutions
from the common blue grenadier sequence (Table 2.2). Screer80gqtiid sized
clones revealed 70 clones running parallel to the comfnamteuthissequence
(GenBank accession AY392149) and 10 not matching the reference sequeguee (F
2.4). The 10 variant clones were sequenced revealing eighediffeequences all

closely related to the previously obtainfeahiteuthissequences (Table 2.2).

Table 2.2Variable sites identified in nucleotide sequences obtained from amorphous
slurry component of the Architeuthis gut contents.

Position of variable sites # of sequences Frequéom
DGGE
Architeuthis
1 1 1 1 1
1 2 4 1 1 1 4 5
7 9 8 4 5 6 6 9
Consensus T T T CCT CC 6 70/80
Variant A C . 1 1/80
B . C 1 1/80
c . c . . . . 1 1/80
D . . . . . C . 1 1/80
E . . T 2 2/80
F T T 2 2/80
G T T . T 1 1/80
H T T T T 1 1/80
Blue Grenadier
1 5 8
6 4 1
Consensus G C T 5 23/26
Variant A T . 1 1/26
B . . G 1 1/26
cC A . G 1 1/26

“these variants were not separable from each ottugrithe DGGE conditions used

It is interesting to note that change in the mobility of¢hguence variants
during DGGE corresponds well with predicted shifts. InAhehiteuthissequences
multiple C-T transitions resulted in a stepwise decreasebility of the fragment
due to progressive lowering of the fragments denaturation terape(&igure 2.4,
Table 2.2). Similarly T-C transitions resulted in increasedilitybf the amplified
fragment. One of the weaknesses of DGGE is that somersmxjuariants will not be
detected since they do not affect the fragments denaturationregarpgfor example

A-T or C-G transversions). This feature may have resulted inderestimation of
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the total number of sequences present, but it is unlikely Dbily hew species

(expected to contain several base pair substitutions) would have Esea.m

2.4 Discussion

This chapter reports on the development and application of ges@sdor
the identification of prey remains recovered frAnchiteuthisgut contents. Primers
were designed which amplify a conserved region of 16S mtDNA tHatgin size
between fish and squid, allowing separation of DNA recovered tinese potential
prey groups. The analysis of Architeuthisgut sample revealed both fish and squid
sized PCR products. These PCR products were screened for segagaots (i.e.
different species of fish or squid) using DGGE. Additional secgenere recovered
from PCR amplifications using a chordate specific primer set.

Fish DNA was amplified from scales, bones and the slurry compoh¢he
Architeuthisgut sample using both primer sets. These sequences wetly initia
characterised (based on publicly available sequence datdpagibg to a single
Gadiforme species, sequencing of local Gadiformes allowed dertfy the prey
species as blue grenadier (called hoki in New Zealand). Bhisfiecies occurs in
waters of southern Australia and around New Zealand, and thaeydarainant
component of the upper continental slope fish fauna around Tasmaryi&(Blaber
1989). The capture &rchiteuthisby several commercial trawlers targeting blue
grenadier in Australia (D. Pemberton, unpublished data) and Nalargke(Bolstad &
O’Shea 2004) has suggested these fish form a component of tbéAtiehiteuthis
however, blue grenadier had not previously been recorded in gut casftents
Architeuthis The absence of direct evidence for this link had led previousers to
conclude thaArchiteuthisprobably preys on the same food items as blue grenadier
rather than the blue grenadier itself (Bolstad & O’Shea 200#)iriteresting to note
that the threérchiteuthisspecimens found stranded in southern Tasmania (first in
1986, then again in 1992 and 2002) were all found between June and eamyfeepte
— which is the same time of year that blue grenadier fronr#lisst waters gather to
spawn in dense aggregations off western Tasmania (€uain989).

The squid DNA sequences that | isolated from the giant squiclagely
matchedArchiteuthisand the majority of these sequences are likely to havenatagl
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from the gut lining of the predator. Detection of cannibalism uBINé-based
methods is possible, but only through the development and use of indisfidw#fic
DNA markers.Using onlyinformation from more conserved markers, such as the
ones used in the current chapter, it is not possible to differebidiveen predator
and prey of the same species. However, the ability to igentfphologically
ambiguous tissue fragments is a strong point of the genetidficktian approach

and amplification of DNA extracted from the small tentacdgments found in the
squid produced onbarchiteuthissequences. This finding suggests that cannibalism
has occurred, a conclusion further supported by the presence @crgghd beak in
the gut and the lack of any DNA from different squid speci¢iser80 clones which
were screened using DGGE. Cannibalism has been widely repo#ter squid
(Santoset al. 1997; Quetglast al. 1999; Phillipset al.2003) and has recently been
described irArchiteuthis(Bolstad & O’Shea 2004). It should be noted that autophagy
or accidental self-ingestion cannot be ruled out as a potemtialesof the tentacle
fragments (see discussion in Bolstad & O’Shea 2004).

Genetic identification from amorphous gut material is appealmze data
collection is not limited to undigested tissue and hard part rsm&ince DNA from
several species of prey may be present in this mixture ogeteeous amplification
products must be separated for identification. To identify diffetéS PCR products
| took advantage of the size differences in the amplificgiroducts and also applied
DGGE (Muyzer 1999). Direct DGGE analysis of PCR products ttfmrsquid gut
identified both the blue grenadier afcthiteuthisamplification products. Since rare
amplification products are likely to be hard to detect using dR€R, | also screened
individual clones derived from these PCR products. In the 80 sqed and 26 fish
sized clones analysed no new prey species were identified vdpwieis analysis did
detect multiple sequences closely matctnchiteuthisand blue grenadier. Possible
origins of these sequences include: heteroplasmy, amplificationrfrultiple
genetically different individuals or PCR-induced mutations regyftiom the
amplification of degraded DNA. These possibilities are not ntiytaaclusive so it is
difficult to discount any completely, however several facts indittae majority of
these sequences are PCR artefacts. First of all mtiet changes are C-T transitions
which is consistent witffagpolymerase errors generated from damaged template
through cytosine deamination and jumping PCR (Hofreited. 2001). Secondly, all

alleles are separated from the next closest allele mgke swucleotide substitution
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suggestingn situ generation. Finally the nucleotide substitutions are inconsisiént
patterns of conserved versus variable sites observed in cteldbd species (5 of the
7 substitutions in thArchiteuthissequence occur in sites which are conserved among
the 30 other species of cephalopod surveyed for primer design).

In the DGGE bands amplified directly from squid stomach DNA tategl
did not observe artefacts formed by PCR induced errors (Figurél'Bid)suggests
that the ratio of undamaged to damaged template is high enouglute et the
damaged templates are indistinguishable through direct PC¥&smsndlhrough
cloning of individual molecules | confirmed that the majorityevendamaged,;
however, the frequency of false alleles was high enough toergesiith the
screening for prey species represented by a low frequency DNAelt may be
possible to lower the background level of false alleles throughsthef a polymerase
possessing 3'-5' exonuclease activity (proofreading) or by teeawhthe DNA
extraction with uracil N-glycolase (Hofreitet al.2001). Another way to detect prey
DNA representing a small proportion of total extracted DNA ésdévelopment of
group specific primers which exclude DNA from the predator araifglify only a
portion of potential prey (Jarma al. 2004). This approach is exemplified by the
single-step isolation of blue grenadier DNA in this study, thrahghuse of chordate-
specific primers.

The scarcity ofArchiteuthisspecimens necessitates a detailed analysis of each
one if our knowledge of this species is to increase substantiayu3e of DNA-
based methods to study diet allows identification of prey recdyeven gut contents
— including prey remains which could not be identified using morphologiethods.
The universality of genetic methods could also allow a standard pratogol
content analysis to be developed, maximizing information gain $moradically
collected samples. One of the factors currently limitinguses of this approach is that
prey identification relies on DNA sequence data being avaifabk wide range of
potential prey species. With the rapid increase in availablé 8equence data (e.g.
Miya et al 2003) and development of taxonomic systems based on DNA sequences
(Hebertet al.2003; Ros®t al.2003; Tautzt al.2003), genus or species

identification of DNA sequences should become increasingly possible.
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Chapter 3

Analysis of prey DNA in faeces of captive Stelleres lions

Part I: DNA detection, distribution and signal pergstence

In my village there is no shame in being namedHerdung goddess... Dung, that fertilizes and causes
the crops to grow! Dung, which is pattied into chtplike cakes when still fresh and moist, and is

sold to the village builders, who use it to secame strengthen the walls of Kachcha buildings mafde
mud. Dung, whose arrival from the nether end oflegoes a long way towards explaining their

divine and sacred status! Oh, yes, | was wronginhia| was prejudiced, no doubt because its
unfortunate odours do have a way of offending mgitee nose — how wonderful, how ineffably lovely
it must be to be named for the Purveyor of Dung.

— SALMAN RUSHDIE,
Midnight's Children
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Abstract

In this chapter, | presented results from a captive feddalgarried out to
test whether prey DNA could be reliably detected in scat ssigm Steller sea
lions Eumetopias jubatysTwo sea lions were fed a diet of fish (five species) and
squid (one species), and DNA was extracted from the soft compuoinemitected
scats. Most of the DNA obtained came from the predator, butixgycould be
amplified using prey-specific primers. The four prey speciemfednsistent daily
proportions throughout the trial were detected in more than 90% stdh@®NA
extractions. Squid and salmon, which were fed as a relativellf parcentage of the
daily diet, were detected as reliably as the more abundadritetiies. Prey detection
was erratic in scats when the daily diet was fed in twdsribat differed in prey
composition, suggesting that prey DNA is passed in meal speadies. Prey items
that were removed from the diet following one day of feeding welgdetected in
scats collected within 48 hours of ingestion. Proportions of fish D&gnt in eight
scat samples (evaluated through the screening of clone libragesyoughly
proportional to the mass of prey items consumed, raising the pibgsibusing DNA

quantification methods to provide semi-quantitative estimatdgbtomposition.
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3.1 Introduction

Determining trophic relationships within an ecosystem is glagtyof many
ecological studies (Trites 2003); however, obtaining reliable olatdiet composition
for most species is fraught with difficulties. Pinnipeds aregroap of vertebrates
whose diet has been extensively studied due to population declis@mnefpinniped
species (e.g. Merricgt al. 1997; Sinclair and Zeppelin 2002), declines in numbers of
some of their prey (e.g. Oet al 2004), and because of the overlap between their
prey and species targeted by commercial fisheries (ergiddd and Croxall 1988).
At present, pinniped diet is primarily studied by morphological ifieation of prey
hard part remains found in scats (cephalopod beaks, fish otoliths and (t2lesg)k
1993; Tollit and Thompson 1996; Sinclair and Zeppelin 2002). There are serediral
documented problems with data from these studies chiefly restritimgthe fact that
prey species with robust hard parts, which can readily surviestibg, are likely to
be over-represented in scat whereas prey species with lessaphashard parts are
likely to be under-represented or not represented at all (H&8&83; Tollitet al
1997). While numerical correction factors can reduce thesesbiabas been
demonstrated that digestion rates are affected by many diffactors (Bowen 2000;
Tollit et al. 2003), making their application problematic. Alternative metragles
such as stable isotope and fatty acid signature analyses (Hetteoh997; Iversoret
al. 2004) provide less specific, longer term data that are usefuhny situations.
However, they typically require animal capture and they do noigedkie taxonomic
and/or the numerical resolution that is often obtainable frotresedysis.

Traditional mammalian diet studies (using morphological ideatifin of
prey remains in scats) have been carried out in combinatiomerittic analysis of
the predator's DNA present in scats to identify which spedfipsedator the scat
originated from (Farrekt al. 2000) and to ascertain the species and sex of the
defecator (Reedt al. 1997). The use of DNA-based techniques to study diet directly
has been carried out mainly in terrestrial invertebratesrevbredators are sacrificed
and the prey present in their stomachs is identified using pag®ehain reaction
(PCR) detection methods (Symondson 2002; Agtsdl. 2003; Kaspeet al. 2004).
This destructive approach is clearly less acceptable in naliemstudies and has led

to the development of non-invasive methods to detect prey DN#gindats of
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vertebrate predators (Hossal. 1992; Jarmaet al. 2002; Purcelét al. 2004). Multi-
copy nuclear ribosomal and mitochondrial DNA (mtDNA) prey markeve laen
obtained from whale and penguin scats (Jarata 2002, 2004), and single copy
nuclear DNA prey genes (Y-chromosome fragments from male izl deer)
have been detected in the soft component of female bear scatshihdt al 2003).
Purcellet al (2004) used DNA extracted from bones found in Pacific harbour seal
scats to obtain species-level identification of salmonids. dpypsoach allowed
greater resolution than morphological analysis of the salmon boh&h(provided
identification only to family level), but identification waslkstiontingent on prey hard
parts surviving digestion. Detecting the presence of prey DNAe soft component
of scats may provide an alternative means of determininghdieis less affected by
biases associated with differential digestion and passagédBiet al 2003) and
could also allow for the detection of soft bodied prey items.

| conducted a feeding trial with captive Steller sea li@hwsr{etopias jubat)s
to further investigate the capacity of genetic techniquesciover prey DNA from
scats. The diet of this sea lion has been well studied usmgentional methods
making it a good model species for evaluation the DNA-based app&tatbr sea
lions are found across the North Pacific Ocean rim (from nortregran, through the
Aleutian Islands, and south to California; Figure 3.1). There hars delramatic
decline of the western populations over the past 30 yeateg Bmd Larkin, 1996),
and to determine the causes of this population crash, a number etdtade
investigated what these sea lions eat (Mereic&l. 1997; Sinclair & Zeppelin 2002;
Winship & Trites 2003). Captive feeding trials have also beamedaout with Steller
sea lions to examine the biases associated with conventiodgddradietary analysis
(Tollit et al. 2003).

The approach used in the current genetic feeding trial was tatdbk&
reliability of PCR amplification of prey DNA from the seaif animals fed a
consistent daily diet made up of several prey species. Isatheveral sub-samples
of each scat to determine distribution of prey DNA in the saadisincluded novel
“pulse” prey items to monitor the persistence of the gesaial. Finally, | assessed
whether some quantitative estimate of diet composition could beettby
quantifying the amount of DNA present in the scat through the sageehPCR

clone libraries.
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Figure 3.1Distribution of Steller sea lions and the delineation of the twandist
stocks. Map courtesy of the US National Marine Mammal Laboratory.

3.2 Materials and Methods

3.2.1 Feeding trial and sample collection

Two female Steller sea lions participated in the triahfiuly to September
2003 at the Vancouver Aquarium Marine Science Centre. Theyhoesed
individually either in a continuously flowing 20,000 L saltwater swamk with a 2 x
2 m haul-out platform or in a 1.8 x 2.5 m grated dry run. The firsh@niHazy,
#F97HA, mean mass 146 kg, six years old) was in the feedinfpirié8 days and
the second animal (Nuka, #FO0ONU, mean mass 131 kg, three yeds @di)days.
Six species of prey were used in the trial: Pacific heri@igdea pallasi), surf smelt
(Hypomesus pretiosyssockeye salmorQOnhcorhynchus nerlawalleye pollock
(Theragra chalcogrammacapelin Mallotus villosu$ and Californian market squid
(Loligo opalescenge The basic daily diet (7-8 kg per day, ~5.5% of body maas) w
fed in two meals (at ~9:30 and 14:30) and consisted of herring (47%4s8),,smelt
(34%), salmon (13%) and squid (6%). This diet was initiated atfleasdays before

the first scats were collected. Over most of the thaldiet was fed in two meals
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which were equal in mass and had the same proportions as ttaatiytaliet.
However, during the first 14 days of the trial, Animal 1 wexb the basic daily diet in
unequal meals, with only smelt being fed in both meals (Mealasl6a25 kg
consisting of 60% herring, 32% smelt and 8% squid; Meal #2 was 1.1nkgstng
of 57% salmon and 43% smelt). This regime allowed us to evahaextent of
mixing of prey DNA from different meals. The other variatiarthe basic diet was
the inclusion of novel prey species in place of herring. Wais done on three
occasions — one day where pollock was fed to Animal 1 in placerafdand
another two days where capelin was fed to Animal 2 instead fidn.eFhe purpose
of these novel prey pulses was to determine how long prey DNAdvbeutietectable
in scats after consumption (see Figure 3.2 for overview dirigaegimes and Figure
3.3 for dates of sample collection).

During the feeding trial, samples were collected fromeeithdividual scats
obtained on the dry-run/haul-out (n = 13), or from scats obtained throughtamk
draining (n = 27) (Figure 3.3). Four samples were taken during edebtion. Three
small sub-samples (2-3 mLs faecal material) were obtdineddistinct intact faecal
lobes. The remainder of the scat (or random portions of severalwdisn volume of
scat was prohibitively large, >250 mL) was mixed to forrmalfblended sample.

All scat samples were preserved in 95% ethanol 3-5 timeg¢a¢er than the sample
volume.

Several additional scat samples were analysed during the Bugyscat sub-
samples were collected as control samples from captivéossanbt directly involved
in the trial — three from an animal being fed a diet of solalyifie herring and one
from an animal being fed solely pollock. In order to investigageddgradation of
DNA in unpreserved scats, components of two large scat sam@ledeft at ambient
temperature (high 2€, low 13C, mean 1%9C) in an open container exposed to
sunlight and sub-samples (n = 18) were preserved in ethanolest tanging from 0 h
to 18 days. Finally, twelve sub-samples were taken froiowsscats collected
during the study period (from sea lions within and outside of the statlyrad known
diets). | processed these samples using a blinded procedunmgd@rmation on the
prey DNA expected to be in these samples was withheld from nhé lad finished

the laboratory analysis).
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Feeding Regimes ]

|

'

/(A) Basic diet:

most of the trial.

Consisted of herring (m 47%),
smelt (m 34%), salmon (= 13%)
and squid (o 6%), fed in two
equal daily meals. This diet
was fed to both sea lions for

kee/

(1

weeks.

B) Unequal meals:

Same as basic diet except the
two meals differed in size and
species composition. This diet
was fed to one sea lion for two

¢ -
N

~

/(C) Pulse species:
Same as basic diet except
capelin or pollock was fed in
place of herring. These novel
prey species were fed for one
day and then excluded from
the diet for at least one week.

~

Feeding trial scat samples
Four samples were taken during each scat

collection. Three small sub-samples were collected
from intact lobes, the remaining material was mixed
and a final “blended” sample was taken.

Additional scat samples analysed

- Control samples: scats from sea lions fed exclusively herring or pollock
- Time course samples: scats left unpreserved and sub-sampled over time
- Unknown samples: sub-samples processed using a blinded procedure

Figure 3.20verview of feeding regimes and scat samples collected durifeettieg

trial.
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Figure 3.3Schematic of feeding trial experiment showing timing of scagat@h and pulse feeding events (pollock and capelin arrows). Each
block represents a day, for the first 24 days scats were ongctedl from one animal (Hazy), on days 25 — 48 scats weretedligom two

animals (Hazy and Nuka). Shaded days at the beginning of the trial{eB)srepresent the unequal meal feeding regime. See tduttfuer
details.
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3.2.2 DNA extraction, PCR and sequencing

Extraction of DNA from scats was carried out using the @M DNA Stool
Mini Kit (Qiagen). Samples were resuspended in the storageatthiad then 1.5 mL
of the ethanol/scat slurry was removed and centrifuged foeB6@00 rpm in a
microcentrifuge. The ethanol was poured off and the dry weight qfetthet was
determined. All remaining steps followed the manufaetsiinstructions, except that
only half the recommended volume of buffers/ Inf&iki™ tablets was used. The buffer
volumes were cut down to reduce the risk of crossowetamination by minimizing the
number of pipetting steps and by reducing the voluhtiguid loaded into spin columns
and tube§.The DNA was eluted in 100L Tris buffer (10 mM). In total, DNA was
extracted from 194 samples (120 distinct sub-samples and 40 dlesuples from
the 40 feeding trial scat collections, three herring onlyssoae pollock only scat, 18
exposure time course sub-samples and 12 blind sub-samplesgtiBrtidanks
(containing no scat) were included (n = 8) to check for crossaveammination. Scat
DNA extractions were done in a laboratory that had not previously bged for
DNA analysis and were carried out before any prey DNAaexascted from tissue.
Extraction of DNA from prey tissue was carried out usingQiegen DNeasy tissue
extraction kit (Qiagen).

The 3' end of the mitochondrial 16S ribosomal RNA gene was classa
PCR target since | had previously designed conserved primers witli@amplify a
short DNA fragment from the prey species used in the feedind168ILF + 16S2R;
Table 3.1) and | had also developed a DGGE based species tagiotifimethod for
this region (Deaglet al.2005a). In addition to these “universal” primers, | ampglifie
prey DNA using two sets of group-specific primers (Figure. e of these primer
pairs specifically amplifies DNA from the fish prey and thieestamplifies only squid
DNA. The fish-specific forward primer was designed by aligrthe Steller sea lion
16S mtDNA sequence (GenBank Accession NC 004030) with homologous sequences
from the fish prey species fed in the feeding trial (GenB¥rdession AY799999-
AY800003). The resulting primer (16fishF, Table 3.1) was usedrijunotion with
16SR (~ 250 bp product). It is completely conserved in the feedihfjshaspecies

® with the large volumes suggested in the kit ttig diften came in contact with the sample and drops
would be released on opening.
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but only one out of five base pairs at the 3' end of the priratzinthe Steller sea lion
and the primer is not conserved in squid. The squid PCR prirnsesii(Table 3.1)
amplify a region of nuclear 28S ribosomal DNA (~180 bp product) squid, but
not from other molluscs or more distantly related animal {(fx&oldsworthy and S.
Jarman, unpublished data).

Standard PCR reactions were performed ah df DNA extracted from scat
in a 25uL volume containing 0.44M of each primer, 0.2 mM dNTPs, 2.0 mM
MgCl,, 1x BSA (New England Biolabs),1x AmpliTaq Gold® buffer and 0.628s
AmpliTaq Gold® (Applied Biosystems). Cycling conditions werddaiews: 94C
for 10 min then 35 cycles (8@, 30 s/ 558C, 30 s/ 72C, 45 s) followed by 7Z for
2 min. Aerosol-resistant pipette tips were used with all P@&isns and negative
control reactions (extraction controls and a PCR blank) wererpegtl with each
batch of PCR amplifications. Samples were separated on aab&3%se gel or
gradient acrylamide gels. Sequencing was carried out using theD@&Qerminator
Cycle sequencing Quick Start Kit, employing half reactionscglpets were
electrophoresed on a Beckman Coulter CEQ 2000 sequencer. Sequendhe 66
ribosomal RNA gene of the fish prey species were obtained throregtt dequencing
of PCR products amplified using the primers 16Sar-5' and 16Sbri3ir(Bial996).

Table 3.1PCR primers used in this chapter (size of products given Appehdix Il

Pimer nam& Sequence 553’ Target (gene: species)

16S1F ggacgagaagaccct mtDNA 16S: sea lion, fishidsq
16SfishF agaccctatggagctttagac mtDNA 16S: fisteeding trial
16S2R cgctgttatcecctatggtaact mtDNA 16S: sea ligh, quid

16S2R Clamp gggcgggggcggcgggacgggegegggg  mtDNA 16S: sea lion, fish, squid
cgcggcegggcegcegcetgttatcectatggtaact
Squid28SF cgccgaatcccgtcgcmagtaaamggcttc nucl&rA8A: squid

Squid28SR ccaagcaacccgactctcggatcgaa nuclear 288 dguid

2F and R denotes forward and reverse.

" The 16Sbr-3' primer was inadvertently referedsd 6Sa-3' in Deagl al. 2005b.
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DNA extraction from
scat samples

l 1
Universal approach Group-specific approach
l | |
PCR using PCR using PCR using Quantitative
conserved squid-specific fish-specific Estimates
primer pair primer pair primer pair
(16S1F + (Squid28SF + (16SfishF
16S2R) Squid28SR) +16S2R) l
1 l [ PCR products cloned ]
Separation of Separation of Separation of l
products using products on products using
DGGE agarose gel DGGE e N
50 clones from each
library identified using
l l DGGE
. J
Gels scored Gels scored e 3 N
Nc_J prey_DNA for +/- of PCR for +/- of PCR Proportion of clones from
identified product from products from each fish species
squid the five fish L calculated )
species

Figure 3.40verview of genetic analysis performed in this chapter. Tdmickvs
represent analysis carried out on all scat samples, thin arrows ghalysis carried
out on a sub-set of samples.
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3.2.3 DGGE analysis

| used denaturing gradient gel electrophoresis (DGGE) to sepanigue PCR
products in amplifications expected to contain DNA from multiplecges (see Myers
et al 1987; Lessa and Applebalm 1993). DGGE was performed using the DCode
system (Bio-Rad). Acrylamide gels were prepared accotditige manufacturer’s
instructions and poured using a Model 475 Gradient Delivery Sy&erR@ad).

For samples separated by DGGE, the1l6S2R primer was redetsigned
incorporate a GC clamp (Sheffiedtl al. 1989). Nested PCR was carried out to
improve the intensity of the bands obtained from the fish-spedifi® @ising the
clamped reverse primer) and scat DNA templ&emary enrichment PCR was
conducted using the unclamped primer pairs (16S1F and 16S2R). Cyclditjactn
were: 94C for 10 min then 20 cycles (98, 30 s/ 56C, 30s/ 72C, 1 min), followed
by 722C for 2 min. The secondary PCR was carried out as for stan@&td R@ee
previous section) with the clamped reverse primer aud df the primary reaction as
template. Electrophoretic conditions (percentage acrylamiddiegt range, voltage
and length of run) that resulted in clear band separation wezerdieed by
experimenting with products amplified from genomic DNA of theymmecies (see

Results section).

3.2.4 Quantitative Estimates

Clone libraries were constructed from fish PCR products to dyaiméi
proportions of fish DNA present in eight samples (Figure JH¢. eight samples
analysed included five DNA samples from scats collecteeihvihe sea lions were fed
the basic diet in equal meals and three DNA samples fcais sollected when the
daily diet was fed in unequal meals. The clone libraries septdéemplate DNA from
single scat samples (n =5, three from equal diet feedgighe and two from unequal
diet feeding regime) or mixtures of DNA from seven scats Bntwo from equal diet
feeding regime and one from unequal diet feeding regime). The iXtures were

included to determine if pooling of DNA from several extractioosii provide an

8 See discussion at the end of Appendix | on tleeafi:iested PCR.
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average view of diet rather than the snapshot that might betedgemm an

individual scat. Scats potentially containing pollock or capeADRvere not

included in this analysis. Standard PCR (as above) wasdaut using 5@L

reaction volumes, gL of scat DNA template and the 16SfishF and 16SR primer pair.
PCR products were cloned into the p&2RL.-TOPO TA cloning vector and

transformed into TOP10 chemically competEatherichia col(Invitrogen). The
bacteria were plated and positive transformants recognizedhlsggvhite colour
selection. For each sample, 50 white colonies were picked upipgte tip and
suspended in a 2L PCR mixture containing the primers (16SF and 16SR). Standard
PCR was carried out to amplify DNA from each colony and thdietpproduct

was identified by DGGE analysis. By tallying the identityp6fclones in each library,

| obtained an approximate estimate of the proportions of fish Dsepit in each
sample. The fish component of the daily diet comprised of he({®dip), smelt

(36%) and salmon (14%). If the prey DNA in the clone librariesevpeesent in

identical proportions to the mass of the prey items in thettliegxpected range in

the proportions estimated by the approach is quite wide simpliodisnpling
variability. For a random sample of 50 drawn from a multinomtistribution with the
proportions 50%, 36% and 14%, the observed proportions have a 95% chance of
falling in the range 50%+13.9%, 36%+13.3% and 14%+9.6% respectivédyigiad

using the formulg + 196,/ p(L— p)/50, wherep is the true proportion).

3.2.5 Data analysis

For statistical tests, each DNA extraction waated as an independent
sample. Statistical differences in PCR detectitesravere evaluated by Chi-squared
contingency table tests for comparisons betweehéififferent prey species (ii) the
blended samples and the sub-samples and (ii)aimples collected during the basic
diet equal and unequal meal feeding regimes. Qlugqgtests were also carried out to
evaluate whether estimates of the proportionssbf BEINA were consistent between
scat samples and whether these estimates weretaniswvith the proportions of fish
mass in the diet. Statistical tests were perforusag The R Foundation for
Statistical Computing Version 1.9.1 alpha softw@eDevelopment Core Team
2004).
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3.3 Results

3.3.1 DGGE separation of PCR products

The DGGE conditions that allowed separation ofI68nd 16S2R Clamp
PCR products for the six prey species were a lipéaereasing 30-70% denaturing
gradient (with 100% denaturants being 40% formaraiu® 7M urea) in a 7.5%
polyacrylamide gel. PCR products amplified from tisé DNA using the primers
16SfishF and 16S2R Clamp were separated on a 6fagglamide gel that also
contained a linearly increasing 30-70% denaturiraglignt (Figure 3.5a). The running
temperature for both was 86 and the 16 cm gels were run at 70 V for 8 hidhit
runs separating bands amplified from genomic DNAhefprey species identified two
alleles for herring. These alleles ran further thands from any other species on the

gel and both were scored as herring in subsequafhisas.

Figure 3.5Denaturing gradient gel electrophoresis of 16S ofittndrial DNA
fragments amplified from fish prey species fedrduthe feeding trial. (a) PCR
products amplified from genomic DNA template: Scggemix (lane 1), Pacific
herring (lane 2), smelt (lane 3), pollock (lane g9ckeye salmon (lane 5) and capelin
(lane 6) (b) PCR products amplified from DNA exteaicfrom scat. Four samples
amplified salmon, smelt and herring DNA (lanes,15,%6) and two samples amplified
only smelt and herring (lanes 3, 4).
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3.3.2 Detection of prey DNA in feeding trial scatgples

The average mass of scat used in the DNA extrect@as 79 + 29 mg. The
initial PCR tests were done on DNA from five scatples using the 16SF and 16SR
primers (universal approach, Figure 3.4). Amplifica from each produced a single
band which did not migrate with any of the preydspon the DGGE gel. The five
amplification products were cloned and four clofiesn each were sequenced. All 20
sequences matched perfectly with a Steller seaskguence from GenBank (NC
004030). An additional 50 clones were screenedyUSiBGE in an attempt to identify
DNA from prey which could potentially be presentat level in these PCR
products. Each of these clones also originated Bealion DNA.

To overcome swamping by the predator's DNA, atttfar prey detection
attempts were done using the group-specific appr@@igure 3.4), which excluded
sea lion DNA from amplification. When the sea liomsre fed the basic diet (i.e.
excluding the scats collected when Animal 1 wasuieelqual meals as well as those
collected within 48 h of the pulse species beirt),fa total of 108 samples (27
blended and 81 sub-samples) were collected frostai. Using squid-specific
primers, PCR amplification of DNA extracted froneie samples gave an overall
percent frequency of detection (PFD) of 94% — wijlnid DNA being detected in at
least one of the samples from every scat. Usindishespecific primers the PFD of
fish DNA was 97%. The PFD levels for the individéiah species scored on DGGE
gels (Figure 3.5b) were 94% for herring, 87% fdm&m and 92% for smelt. As with
the squid, DNA from each fish species was deteicted least one sample from every
scat. The detection levels of the four prey speci¢ise basic diet were not
significantly different from one anothef(= 0.4307, df = 3, p-value = 0.9338). The
PFD values were significantly higher for the bleshdeat samples (98%) compared
with the sub-samples (90%y(= 6.5, df = 1, p-value = 0.011); results are
summarized in Table 3.2.

In scat samples collected from Animal 1 while sbhasumed unequal meals,
the overall PFD was 66% versus a PFD of 95% wherreteived the basic diet with
meals of equal composition (Table 3.3). This dédfere in detection level was highly
significant ¢* = 52.46, df = 1, p-value < 0.001) and reflectspgtprey detection

(which roughly corresponds to meal composition},aincrease in the number of
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scat samples failing to produce any PCR produci®lSvas the only species
included in both daily meals during the 14 day waeneals feeding regime. In scats
collected over this period, smelt had a PFD of &hpared with 61% for herring,
68% for salmon and 50% for squid. Results frompthise prey feedings (pollock fed
for a single day and capelin fed for a single dayveo occasions) showed that both
pollock and capelin were only detected immediatelypwing their inclusion in the
diet and their detection was limited to scats otdld within 48 h of consumption
(Table 3.4).

Table 3.2Frequency of detection of prey DNA in scat samptdiected during the
basic diet feeding regime of the feeding trial (3@81ples collected from 27 scats).
This summary excludes results from scats collegtddn 48 h of the sea lions being
fed pulse diet items and results from scats catbethen diet was being fed in
unequal meals.

Blended sample Sub-sample Total
Squid 100% 93% 94%
(27127) (75/81) (102/108)
Herring 100% 93% 94%
(27/27) (75/81) (102/108)
Smelt 96% 90% 92%
(26/27) (73/81) (99/108)
Salmon 96% 84% 87%
(26/27) (68/81) (94/108)
Total 98% 90% 92%
(106/108)* (291/324)* (397/432)

* Difference between blended and sub-samgles6.48, df = 1, p-value = 0.011

3.3.3 Control samples

DNA extracted from the control scat samples (ctdd from sea lions fed
only herring or pollock) produced no visible PCRqucts with the squid primer set
and the fish primer set produced single bands e®BGE gels which matched the
expected prey species. All extraction blanks wergative.
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Table 3.3Frequency of detection of prey DNA in scats callddtom a sea lion while
being fed the same basic diet in either: (1) twibydaeals of equal size and species
composition (60 samples from 15 scats) or, (2)daity meals of unequal size and
species composition (28 samples from 7 scats).liResclude the scats collected
within 48 h of the animal being fed pulse diet gem

Equal meals Unequal meals
Squid 95% 50%
(57/60) (14/28)
Herring 95% 61%
(57/60) (17/28)
Smelt 95% 86%
(57/60) (24/28) T
Salmon 97% 68%
(58/60) (19/28)
Total 95% 66%
(229/240)* (74/112)*

t Smelt was included in both meals, remaining igsefed exclusively in meal 1 or meal 2

* Difference between equal and unequal mgats 52.45, df = 1, p-value < 0.001

Table 3.4Summary of the PCR detection results in days fatigwclusion of pulse
species (pollock or capelin) in the diet for a $enday. Each shaded block represents
a scat sample and symbols show the presence (@)sence {) of the DNA in the
blended sample and three sub-samples tested

Day 1 Day 2 Day 3 Day 4 Day 5
Pollock -——— ++-—- -——— -———-
Capelin 1 +++ 4+ B -] .
Capelin 2 ++-- ++++ ]

++++
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3.3.4 Time course samples

The two scat samples that were sub-sampled ovextanded time period
initially had detectable DNA present from eachha four prey species in the basic
diet. The first scat was sampled from 0-8 days witist samples being taken over the
first two days. The second scat was sampled eesvydhys over an 18 day period. In
both samples detection failed simultaneously fopay markers (between day five
and eight for the first scat and between day twbsaven for the second scat). |
tested all samples with the 16S1F and 16S2R coedgmimer set to determine if the
decomposing scats had produced chemicals witloagsinhibitory effect on PCR
amplification. These primers produced PCR prodiastsll of the sub-samples,
indicating amplification was possible from the tdatps where detection of prey
DNA had failed. The PCR product was presumably fega lion template and the
drop-off in amplification of prey but not predaoNA is likely due to the larger

initial amount and higher quality of predator DN#the samples.

3.3.5 Unknown samples

Using the blinded procedure | tested 12 scat sasrfpr the presence of six
potential prey items. DNA was extracted from eammgle only once. Two of the 12
samples failed to produce any PCR products, 28ipeays were detected in the
remaining 10 samples (Table 3.5). Subsequent cosguanf the genetic test results
with known prey species in the diets indicated thdéntified 100% of the species
eaten in eight of the scat samples and identifiedhtajor diet component but missed
other minor prey species in two samples (Table Blb)false positives were obtained
in this analysis.
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Table 3.5Results of blind PCR tests preformed on 10 scatautples. Symbols
indicate presence or absence of DNA marker in Spegsence or absence of prey
species in diet, incongruent results are shadeduReare not shown for 2 scat
samples which produced no PCR products.

Scat samples

1 2 3 4 5 6 7 8 9 10
Pollock =/- -/- - ==+ - == == == -
Salmon ++ ++ H+ o HE o= o+ A o /-
Capelin ++ -I- e . s R R
Smelt +/+ +/+ +/+ ++  —/- —/+ +/+ ++ =+ —/-
Herring —-/- +/+ +/+ +H+ /- +/+ +/+ +/+ +/+ +/+
Squid +/+ +/+ +/+ ++  —/- —/+ +/+ ++ =+ —/-

3.3.6 Quantitative estimates

Analysis by PCR/cloning detected all of the figshypspecies in the five scat
samples collected when the sea lions were fed gualeneals per day (50 clones
analysed per sample). The proportional estimates these scats were consistent
with each othenf = 9.47, df = 8, p-value = 0.305) even though thveas
considerable variation (herring ranged from 54-72fbelt ranged from 12-28% and
salmon ranged from 16-28%); results summarisedgarg 3.6. Only one of the
estimates from these five scat samples was consistth proportions of fish mass in
the diet (i.e. had a2 value greater than 0.05). Herring and salmon @ nolée over-
represented while smelt was under-representeceioltime libraries (Figure 3.6).

The proportional estimates were much more varifsléhe three scat samples
collected when the daily diet was fed in two unégueals. The proportions of fish
DNA in the two libraries produced from individualats matched the composition of
individual meals better than the overall daily dieigure 3.7). The daily proportion of
herring was grossly under-estimated in one libeargt salmon was completely absent
in the other. Only the proportion of smelt (whichsvfed in both meals) was

estimated reasonably well. The quantitative eseno@itained from the clone library
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produced by mixing DNA from seven of these patatsts did provide an estimate

more in line with the overall proportions of prégms in the diet (Figure 3.7).

Diet fed in equal meals

Herring
Diet
Scatl
Scat2
Scat3
Mix1
Mix2

Smelt
Diet
Scatl A
Scat2 A
Scat3 A
Mix1 4
Mix2 A

Salmon
Diet
Scatl A
Scat2 A
Scat3 A
Mix1 A
Mix2 A

|
60

| |
80 100

% of diet by mass or % DNA from clone library

Figure 3.6 Dot plot showing estimates of the proportions sif §pecies in diet
obtained through analysis of DNA in clone librari@fese scat samples were
collected when the two daily meals were identisalomposition. Points show the
proportion of each fish species by mass in di¢ahd DNA proportions in clone
libraries (A). Bars represent the 95% probable range of esemétiue to sampling
error) if DNA proportions are equivalent to mas®portions (see text for details).
Clone libraries represent DNA from single scat skggScat1-3) or mixtures of DNA

from 7 scats (Mix1-2).
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Diet fed in unequal meals

Herring
Diet ——
Meall n
Meal2 -

Scat4 A
Scat5 A
Mix3 N

Smelt
Diet —_—l—
Meall u
Meal2 u
Scat4 A
Scatb A
Mix3 A

Salmon
Diet
Meall u
Meal2 u
Scat4 A
Scats A
Mix3 A

T T T T T T

0 20 40 60 80 100

% of diet by mass or % DNA from clone library

Figure 3.7Dot plot showing estimates of the proportions sl §pecies in diet
obtained through analysis of DNA in clone librari@fese scat samples were
collected when the two daily meals differed in cositppon. Points show the
proportion of each fish species by mass in di¢ahd DNA proportions in clone
libraries (A). Bars represent the 95% probable range of esemétiue to sampling
error) if DNA proportions are equivalent to mas®portions (see text for details).
Clone libraries represent DNA from single scat slsgScat 4-5) or mixtures of
DNA from 7 scats (Mix 3).
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3.4 Discussion

Although previous studies have amplified prey Di¥ém vertebrate scat
using PCR, this chapter reports the first resutimfa controlled feeding trial looking
at detection of DNA from several prey speciesitlally attempted to use a single
PCR test to simultaneously amplify DNA from all pieems present in each scat
sample. This approach has advantages, primarilgusecprimer binding and PCR
conditions will be consistent for all prey speciasd the laboratory analysis is
minimised. However, primers which are conservedragtbe target prey species
usually also amplify DNA from the predator by nesigs This was a serious problem
in the current study — by direct screening of PE@&pcts generated using universal
primers only sea lion DNA was detected in the seatples. Predator DNA was
expected to be prevalent since a previous studydftliat nearly one third of the PCR
products generated from fin whale scats (using noata-specific primers) matched
the fin whale DNA sequence (Jarmetral. 2004). However, the absolute dominance
of sea lion DNA was unexpected and reinforced gedrto actively exclude the
predator DNA from analysis. This can be accomplisine designing PCR primers
targeting evolutionary cohesive groups of prey thidltnot amplify predator DNA
(see Jarmaat al 2004), or it can be achieved using subtractiveesing methods
(such as predator DNA specific restriction enzyngestion or subtractive
hybridization).

| chose to employ group-specific approach, usimggrs that targeted short
regions of fish-specific (mitochondrial) and sqsigecific (nuclear ribosomal) DNA.
PCR products from the five fish species were sepdnasing DGGE. Using this
method the prey DNA detection success rates wexehigh (close to 100% for
samples taken from scat samples that had beendalridetection success rates for
squid and sockeye salmon, which were fed as dawelkasmall percentage of the
daily diet, were equivalent to rates for the mdyaradant diet items (smelt and
herring). | did find that the detection of prey DNMas less consistent in samples
taken from a small distinct part of individual scabmpared with samples that were
taken from blended scat. This finding suggestsiiNA from different prey species
is not distributed evenly within a single scat &ad implications for the development

of sampling protocols. The results also demonstrateprey DNA from different

62



Chapter 3: Sea Lion Feeding Trial |

meals consumed on the same day is not well mixezhgracats, implying that the
DNA in each scat represents the prey species catsoner a short time interval.
Analysis of scats produced after the inclusionafel pulse prey items in the diet
showed that detection of the novel prey DNA isrietd to scats produced within 48
hours of consumption. While these results needigation with other species of prey
(and predator species), they indicate that prey DiNgcat samples can be reliably
detected through PCR analysis and this can prdindeaesolution data on recently
consumed prey. The limited time that prey DNA cardbtected after ingestion is a
constraint shared to some extent by hard part sisafyollit et al 2003); this is a
serious limitation for studies of marine mammakst florage long distances from sites
where scats can be collected. Estimates of dietlonger time periods may have to
be obtained from alternative techniques such alysisaf fatty acids (Bradshaet

al. 2003; Iversoret al. 2004) or by using animal-borne video systems (&oet al
2002).

Using DGGE to separate DNA markers from multijpdé fspecies worked
satisfactorily in the captive feeding trial but thevere a few limitations. First, the
presence of sequence diversity within the heriirag tvere used in the experimental
feedings resulted in two markers coming from timigle prey item. This feature
could confuse interpretation of results in a figfplication where more inter-specific
prey diversity might be expected. Second, | foudight heteroduplex band formed
between capelin and smelt. This band migrated thegpollock-sized band and could
be accounted for in this controlled study (sinckog& and capelin were not fed
together) — but again, this could cause difficsliirea field application. | suggest that
DGGE should only be applied when the diversityhaf prey targeted by the PCR
tests is limited and well defined, otherwise clghand sequencing is probably a
better option (e.g. Jarma al. 2004; Kaspeet al. 2004).

PCR-based detection methods have several limigtiosituations where
target DNA is present in low amounts and the gualitsamples is poor (Taberlet
al. 1999). The problem most likely to be encountereithe analysis of prey DNA in
scat is the production of false positive and/osdategative results. Cooper and Poinar
(2000) outline procedures for working with anciBMNA to help prevent the
occurrence of false positives (amplification of #raaounts of contaminant DNA
when target DNA is absent in the sample). To apfiithese procedures to studies of

prey DNA from even moderate numbers of scat sanvptesd be unfeasible.
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Fortunately, molecular analysis of prey DNA in eamporary scat samples is not
quite as extreme as ancient DNA research. Phyisolaition of workspace for pre-
amplification steps, proper use of negative cordroplifications, verification of the
reproducibility for a sub-set of samples and someszvalidation with independent
hard part analysis are minimum precautions thatl he®e carried out to allow
confidence in positive results from field studigéslferletet al. 1999).

The production of false negative results (failof@mplification when target
DNA is or was present in the sample) could be dwenumber of reasons. These
include degradation of the DNA present in the samnialilure of the DNA extraction
or failure of the PCR amplification. In the currettidy, the known diet and high prey
DNA detection rates allowed us to rule out the ommnce of large numbers of false
negatives. However, in studies where the diet kxawn, monitoring the incidence
of false negatives is extremely difficult. An inditon of the potential frequency of
false negatives in molecular scatology studiesbeaabtained by looking at the

amplification success rate of predator mtDNA frazatgTable 3.6).

Table 3.6Percentage detection of predator mtDNA from studasying out PCR
analysis of DNA from mammalian scat.

% Detection of Sample Size

Predator mtDNA Species Reference
70% 20 Harbour and Grey Seals Retdl (1997)
80% 20 Black Bear Wasset al. (1997)
90%* 50 Sun Bear Wasset al. (1997)
100% 23 Mustelid Species Hansen and Jacobsen (1999)
59% 34 Felid and Fox Farredt al. (2000)
53% 163 Marten and Fox Davisehal (2002)
90%* 30 Marten Davisost al. (2002)
84% 130 Wolf Lucchingt al. (2002)
88%* 300 Brown Bear Murphgt al. (2003)
7% 128 Fox, Wolverine Daléat al. (2004)

* captive animals
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These data show that it can be difficult to anygtifedator mtDNA from scats
even though this target is expected to be ubigsitmd, based on results from the
current study, present in higher quantities thay @NA. It is also obvious from
these data that the frequency of negative reshtamed in different studies varies
considerably, with field-based studies tendingdweha higher incidence of negative
results compared with captive animal studies.

Completely eliminating false negatives in DNA-bdsket studies is not likely
to be possible. However, there are ways to redue@ctcurrence of this type of error.
Obtaining fresh scat samples is of primary imparéar found that in unpreserved
scat samples, prey DNA was no longer detectabde fifie to seven days; this
indicates that while scats do not have to be cateonmediately after defecation,
they should be as fresh as possible. The idertiicand exclusion of samples of
very poor quality can be done by pre-screeningARXxtractions (e.g. Moriet al
2001) or through the use of internal positive calst(i.e. primer sets which target
prey groups expected to be represented in all)sddte number of false negatives
obtained when focusing on good quality scats cameteced by processing several
samples per scat. In the current study, | failedetiect some prey DNA in scat sub-
samples collected when the sea lions were beingistently fed the basic diet.
However, when | pooled data from the four sampfesysed from each scat, DNA
from all prey species was identified in every scat.

Estimating not only prey diversity but also relatamounts of prey eaten is
the goal of many pinniped diet studies. This infation can be used in conjunction
with estimates of the predator species’ energeticirements and prey energy density
to obtain overall consumption estimates (e.g. Qle&B93; Winship and Trites 2003).
Presence/absence data from hard part studies easibed to estimate the relative
frequency of occurrence of different prey in thetdBSinclair and Zeppelin 2002).
Genetic data seems suited to this type of anatysce large numbers of samples can
be screened once appropriate tests have been pesdlaithough the potential
occurrence of false negative results must be direfonsidered — see discussion
above). The heterogeneous distribution of prey Dithin a scat and the short
detection period of prey DNA are also advantageotisis type of study since the
detection of prey in different scat samples wiely represent independent

observations (see Tolkt al 2003 for discussion).
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Estimates of the relative proportions of diffarprey species in the diet can be
improved through the reconstruction of prey biomésstudies that rely on
recovering and identifying hard parts, this is aspbshed by estimating the number
and size of prey consumed based on counts and reeasts of hard parts recovered
in scat. These estimates are biased since thenpageeof hard parts recovered from
different prey species varies considerably andibe of hard parts is often reduced
due to digestion (Tolliet al. 1997; Bowen 2000). In captive feeding trials, the
recovery rates for fish otoliths range from 0-8984 atolith digestion results in the
underestimation of fish length by 16-51% (Tadlttal. 1997). Correction factors have
been developed to account for these biases (HA3@9; Tollitet al. 1997), but final
estimates remain limited by wide confidence intirva

Genetic analysis of scats could potentially previibmass estimates if the
amount of DNA from each prey species is proportiomd@he mass of the prey in the
diet. Even if it is only possible to classify prepmass present in each scat into a few
categories using DNA quantification (e.g. < 20%,52006, 50-80%, >80%), these
data would allow a substantial improvement in eatés of overall proportions of the
prey in diet compared with simple presence andratesdata (S. Jarman, unpublished
data). The quantitative estimates of the propostiminfish prey DNA in scats did
provide a rough estimate of the proportion of ibh present in the meals fed during
the trial. Averaged over a number of samples thisllof accuracy would provide
useful data on diet composition and will likely pide better quantitative estimates
than obtained from hard part analysis under soreas®s (Da Silva and Neilson
1985; Jobling 1987). By pooling DNA from severaatphy” scats collected when a
sea lion was fed two meals with different prey cosipon, | obtained a composite
picture of overall diet rather than of individuakais. This sample averaging
approach could be useful for reducing the numbeaaiples that need to be
analysed | did observe some directional bias in the amafif@NA coming from
different prey species. This could be due to a pulogical factor such as PCR bias
(Suzuki & Giovannoni 1996), or it could be due pesies-specific differences in
mtDNA copy number, cell density or DNA survival thg digestion. Presumably
correction factors similar to those used with haad dietary data could be developed

and applied. Based on these initial quantitatigeilts, further assessment of the

® See further discussion of this idea in Chaptey.82).
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ability of DNA amounts in scats to estimate projoral diet composition seems
warranted. The clone screening quantification tegren| have used here is straight
forward to apply; however, it is laborious (predhglthe analysis of a large number
of samples) and allows only end-product analyséalf@me PCR quantification
could be a more productive approach since it Midvarapid simultaneous
guantification of DNA from multiple prey speciese&-time PCR will also allow
guantitative comparisons between prey speciestttd®y different PCR tests (e.g.
the amount of fish compared with squid in the autrsgudy); this type of comparison
was not possible using the clone library approaamployed.

The use of molecular scatology to study diet hagpbtential to provide new
insight into the diet of vertebrate predators. Maceurate taxonomic identification of
prey remains in scats can be obtained (Hofreital 2000; Purcelet al 2004) and
employing genetic methods has obvious benefitages where soft bodied prey or
prey with fragile bones are suspected to be aniitapbpart of the diet. The
technique also provides a means to carry out aprdent dietary analysis of scats.
The combination of genetic and hard part datasedsld also help clarify the errors
associated with each method. Measures of dietgltyeand studies focusing on small
groups of prey species are currently feasible ugergetic techniques. However,
genetic markers will need to be characterised fanyrprey species if the approach is
to be widely applied, and several aspects of thinoa®logy will need further
development before a complete picture of diet Gandnstructed through molecular

scatology.
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Abstract

Following on from Chapter 3, | continued to invgate the possibility of
using the relative amounts of DNA recovered froffedent prey in faeces to obtain
guantitative diet composition data. Here, the fil@DNA in faeces obtained from the
Steller sea lion captive feeding trial were analyssing quantitative real-time PCR
(qPCR). The faecal samples were collected wheartiraals were being fed a diet
consisting of 50% Pacific herrin@lupea pallasij, 36% surf smeltHypomesus
pretiosud and 14% sockeye salmo@rfcorhynchus nerRady mass. Quantitative
real-time PCR was used to measure the amount oRN#tibom the three fish species
in: (i) a blended tissue mix representative ofdba lion diet and (ii) the sea lion
faecal samples. The percent composition of fish#&@xtracted from the
undigested tissue samples (n = 10) correspondedmably well to the mass of fish in
the mixture (58.6 + 4.6% for herring, 27.9 + 2.266 $melt and 13.5 + 3.1% for
salmon). In the faecal samples (n = 23) the absalotount of fish mtDNA recovered
varied 100-fold, but the percent composition ofttivee fish was relatively consistent
(57.5 £ 9.3% for herring, 19.3 £ 6.6% for smelt &812 + 12.2% for salmon).
Differences between the mtDNA proportions in tlestie samples compared to the
faecal samples indicate there are prey-specifeesian DNA survival during
digestion. Nevertheless, these biases may beHasdhose commonly observed in
the conventional analysis of prey hard remainsfaritier investigation of this

approach is warranted.
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4.1 Introduction

Pinnipeds are important top level predators inymaarine ecosystems
(Bowen 1997). Their population size can be affettedhanges in prey availability
(Sotoet al.2006), and when pinniped populations are largey ttan have significant
impacts on populations of their prey (Broweteal. 2002; Davidet al.2003). Reliable
methods of estimating pinniped diet compositionaitical for the appropriate
management in situations where populations of peuté or their prey are endangered
(Sinclair & Zeppelin 2002; Purcedit al.2004). Diet composition is usually
determined by analysis of hard part remains indagbut estimates can be inaccurate
due to variation in the recovery of hard parts frdifferent prey species (Tollét al.
1997; Bowen 2000).

Recently a number of studies have demonstratef#sehility of using DNA-
based methods to identify prey hard remains inipethfaeces (Purcedit al.2004;
Kvitrud et al.2005), or to identify prey from DNA present in theft matrix of faeces
(Deagleet al.2005b; Parsonst al.2005). Obtaining quantitative diet composition
data from DNA-based studies could be possible usetgency of occurrence data
from a large number of samples, but this data eamisleading if prey occurring in
faecal samples are consumed in different amoustsnites could be improved
through quantification of the DNA present in faetfahe amount of DNA from prey
species in the samples is proportional to theirsnrashe diet (Deaglet al. 2005b;
Kvitrud et al.2005). Through the analysis of PCR clone librariggeviously found
that the proportions of fish DNA in faeces from thap sea lions were roughly
proportional to the mass of the prey items consu(@eagleet al.2005b). While
these results indicate some quantitative signasupeesent, they were based on the
analysis of a small number of samples, and theystiew an apparent bias in the
relative amount of DNA recovered from differentifispecies. This bias could be an
artefact of the clone library method used — calmsedariation in amplification
efficiencies between different prey species (vomtdihgerodeet al. 1997).
Alternatively, the bias could be due to speciessHigedifferences in DNA density of
the prey, or differential DNA survival during diges. If differences in prey DNA
density can explain the bias, it would be feasibldevelop and apply prey-specific

correction factors. If there are differences inydPdNA survival during digestion, it
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may still be possible to develop experimentallyiviit correction factors but this
would be more difficult.

Here, | use quantitative real-time PCR (QPCRMt@stigate these issues. This
method can be applied to measure the amount of DOA a target of interest in
dilute DNA samples (Milleet al.2003). The technique measures the fluorescence
produced by an increase in number of DNA copies\ddPCR amplification. The
time taken for the fluorescence to increase taestiold level is directly related to the
initial amount of DNA present in the sample (Wittvet al. 1997). Comparisons with
a standard curve, generated with known amounttadirgy DNA template, allow the
amount of DNA in samples to be determined. Onceblé standards and species
specific primers have been developed, the usegg®GR approach to quantify the
amount of DNA in faecal samples is much faster tin@nclone library method used
in the previous chapter. In addition, potentiafati&nces in amplification efficiencies
between the DNA from different prey species areexied for when using this
method.

In this chapter, | determined the relative amowot®itochondrial DNA in a
blended tissue mix representative of the diet béadgo captive Steller sea lions
(Eumetopias jubatyqi.e. what goes in). | then determine the amafi@NA

recovered from these prey items in the sea licmetés (i.e. what comes out).

4.2 Materials and Methods

4.2.1 Faecal and tissue samples

The sea lion faecal samples were collected duhedeeding trial outlined in
the previous chapter (Deagie al.2005b). The 23 samples analysed here are separate
faecal samples from two captive sea lions whictsaomed a constant diet fed in two
equal daily meals (i.e. independent blended samptdiected when animals were fed
the basic diet; Figure 3.2). The fish componerthefdiet consisted of 50% Pacific
herring Clupea pallasij, 36% surf smeltHypomesus pretiosysand 14% sockeye
salmon Oncorhynchus nerRay mass. Faecal samples were blended to break up

separate lobes and preserved in 95% non-denattitadcd. DNA was extracted from
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the amorphous soft matrix using the using the QIAaBNA Stool Mini Kit
(Qiagen) as described previously (Deagfi@l. 2005b).

A tissue mix equivalent to the sea lions’ diet wasduced by mixing 150
grams of Pacific herring, 108 grams of surf smett 42 grams of sockeye salmon.
Fish were taken from the frozen stock fed to teelsms; the salmon had been
cleaned with head and fins removed, the herringsamelt were whole. Samples were
thawed and blended in a chopping blender, andgbed was further homogenised in
ethanol using a micro blender (CAT brand, model 03BR From this finely
homogenised tissue, ten aliquots were removed (72nf)) and DNA was extracted
following the same procedure as for the faecalesions. These samples were

diluted to approximately 1 ng pgL before being used in qPCR.

4.2.2 Quantitative PCR

The quantity of extracted mtDNA was estimated gSiYBR® Green based
gPCR assays (Wittwesat al. 1997). For each of the three fish species | desigtCR
primers that amplify products (65-69 bp in sizenfrthe 3' region of the
mitochondrial 16S rDNA gene: Herring-1F @CAATCACGAAAAGCAGGT-3') and
Herring-69R (5 €GAAGACGTTTGTGCCAGTA3"); Smelt-1F (5'-
ACGTCAAACTTCCCCTTTCA3') and Smelt-65 R (8CAACCGAAGACAGGAGAGA-3);
Salmon 1F (56GCAGATCACGTCAAAAAC-3') and Salmon 65R (5'-
AGACATATGGGCTAGGGGTG3'). The primers were designed with reference to
alignments of the sequences from the sea lion ktitk@e fish species in order to
ensure they were specific to the target species.

Amplifications were run using the Chroni4letection system (MJ
Research). The PCR mix () consisted of 1QL QuantiTect SYBR® Green RT-
PCR mix (Qiagen), 0.5M of each primer, 1 x BSA (New England Biolabs) @
template DNA (diluted 1:5). Thermal cycling condits were: 94°C for 15 min
followed by 35 cycles of: 94°C, 30 s/ 55°C, 30729C, 45 s; optical data were
acquired following each 72°C extension step. A sebef samples were separated on
1.8% agarose gels to confirm product size and ¢akffor primer dimers.

To ensure accurate relative quantification of @A from the prey species |

used a single recombinant plasmid containing tlevamt 16S mtDNA region from
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each of the target species as a common standaliér(ktial.2003). The plasmid was
constructed using conserved primers (16SfishF &%2R; Deaglet al. 2005b),
modified to include restriction sites on the 5' €Rjure 4.1; primer sequences given
in Appendix II). PCR products generated from tHevant genomic DNA were
digested to produce cohesive ends and then ligatedheKpnl/Xhd sites of the
pCR®2.1 TOPG cloning vector (Invitrogen). The resultant plasmids sequenced to
confirm the presence of one copy of each of thertesand the concentration of
plasmid DNA was determined by fluorescence of Pre@@ (Molecular Probes) in a

PicoFluor fluorometer (Turner Designs).

Herring Smelt Salmon
N N A
s ~N s ~ s ~
—> < —> <+
|
* A
Kpnl EcoR | Xmal /Agel Xhol

pCR®2.1
TOPCO’

Three Fish
Plasmid
4594 bp

Figure 4.1Schematic of the plasmid used as a standard in gHFG& plasmid insert
contains mtDNA 16S gene fragments from three fishiss ligated into the

polylinker region of pCR2.1 TOPT (Invitrogen). Arrows represent the binding sites
of the species-specific primers used during qPCR.

Independent standard curves were generated ve#ttih PCR run using
concentrations of the three-fish plasmid which emgassed the range of target (a 2-
fold dilution series for tissue and a 5-fold dianiseries for faecal DNA; determined

in preliminary experiments). For individual extriacis, DNA copy numbers for all
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three target species were quantified in a singlgusing a PCR reagent mix differing
only in primer composition). Separate standard esiwere initially constructed for
each primer set; however, there were no consigiffetences in these curves, so the
data were pooled to create one standard curveupdrased on a minimum of 15
reference points. To assess inter-run variability, independent runs were carried
out for each sample. Template free negative corgadtions were included for each
PCR mix within every PCR run to ensure that reachiatches were not
contaminated. For quantitation, the threshold cyClgwas set at 10 standard
deviations above the mean fluorescence over cyolger 1-10 (Figure 4.2).
Likelihood ratio tests (LRT) (Hogg & Tanis 2005w used to test whether
the proportions of mtDNA in the tissue or faecahpées were statistically different
than a specified set of proportions (e.g. the pribmus of fish by mass in the diet). It
was assumed that the proportions of mtDNA followddirichlet distribution, which
is the multivariate generalization of the betardisition used to describe a set of
proportions that sum to one (Kagz al.2000). The Dirichlet distribution was
parameterized in terms of the expected propor@émusan additional variance
parameter. In calculating the likelihood underniél hypothesis, the variance
parameter was allowed to be estimated freely. Timasl RT statistic has a Chi-
squared distribution with-KL degrees of freedom, where k is the number of

proportions (in this case k = 3).
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(a) Herring

O.1lt

Fluorescence

O.0t

(b) Smelt

Fluorescence

Fluorescence

o.0t

Figure 4.2Fluorescence measurements obtained duBN&F Greenreal-time PCR
amplification of DNA from three fish species (a)linceight representative faecal
samples (each sample represented by a distincugol®dhe dotted line on each plot
shows the fluorescence level used for determinatidhe threshold cycle (Cfor

DNA quantitation, shifts of curve to the right iogie lower amount of DNA template
in a sample. Amplifications were run using the @hod™ detection system (MJ
Research).
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v =-0.30= + 10.83; r2 = 0.996

Figure 4.3Example of a quantitative real-time PCR standardrewgenerated
through amplification of the three fish plasmidoP$hows log of initial copy number
(five fold dilution series, starting at approximbtd x10°) versus the PCR cycle at
which the threshold fluorescence level was attaibeda from all three primers sets
is plotted along with the common standard cure dseduantification.

4.3 Results and Discussion

In the standard curves produced from the gPCRitiogpions there was a
linear relationship between the log of the plasBiMA copy number and the;@alue
over the concentration range of the standardvéRies> 0.989; Figure 4.3). Within
tissue samples, the copy number estimates weite/edyaconsistent in the two
replicates measurements (Table 4.1a). Overalpéneent composition of MtDNA in
the tissue was 58.6 + 4.6% for herring, 27.9 + 2f@smelt and 13.5 + 3.1% for
salmon (mean + sd, calculated using mean copy nuddie; Figure 4.4a and Table
4.2a). Compared to mass composition, herring ptop® were somewhat
overestimated (8-9%), smelt were correspondingtjesestimated and salmon
proportions were well matched. The tissue DNA prtipos are statistically different
from the mass proportions (LRT, P value < 0.00&yemntheless they indicate that the
percent composition of fish mtDNA in undigestedtis is a reasonably good proxy
for the relative mass of the corresponding fislgFe 4.4a). One weakness of our
methodology is that the tissue samples analysepsanedoreplicates (i.e. DNA was

extracted from sub-samples removed from a singgeié mix). Intra-specific
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variation in tissue DNA density may exist, and duld be more appropriate to
analyse independent tissue mixes in any futurererpats.

In the faecal samples there was a large randeeitotal amount of fish DNA
in different samples (848 — 150560 copies; Takl®¥.There were also slightly
larger errors in replicate gPCR measurements fratividual samples, possibly due
to the wide range covered by the standard curvespite this, the percentage
composition of the fish DNA within the faeces wafatively consistent (57.5 + 9.3%
for herring, 19.3 £ 6.6% for smelt and 23.2 + 12 &#¥salmon; Figure 4.4b and
Table 4.2b). These results match clone libraryresiees of the proportions of fish
DNA in the faecal samples as determined in theipusvchapter (61%, 19% and 20%

respectively; Figure 3.6).
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Figure 4.4 Box plots showing a summary of the percentage Diw#position data
(median, range and upper/lower quartiles) basedjoantitative real-time PCR
estimates(a) results from tissue mixture (n = 1@)) results from faecal samples (n
= 23). Filled circles show percentage of each fisby species (by mass) in the diet.
Data for two independent runs and the mean valueshown.
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Table 4.1Estimated copy numbers of DNA template in eachties PCR
amplification (two replicate measurements).

(a) Tissue Mix

Sample Herring Smelt Salmon

Number Replicate 1 Replicate 2 Replicate 1 Replicate 2 Replicate 1 Replicate 2
1 66144 72683 29390 28062 13944 13304
2 23909 24026 11416 12177 7647 6068
3 77211 73359 35145 29778 10221 11837
4 25800 20041 9110 9852 6254 4145
5 68303 69280 37568 28094 15879 12677
6 83087 89079 41434 32177 12964 14991
7 55454 65952 25952 24176 12067 8844
8 18734 18009 11337 10818 5259 5196
9 22654 26951 15380 12279 8380 10293
10 16579 22448 11518 10853 5416 5972

(b) Faecal samples

Sample Herring Smelt Salmon

number Replicate 1 Replicate 2  Replicate 1 Replicate 2  Replicate 1 Replicate 2
1 1343 1246 290 401 540 368
2 18787 32492 9424 9225 8430 5543
3 14763 21744 3681 3353 10511 11433
4 84590 77566 38252 41454 30456 28803
5 21347 35755 11850 14802 11337 8748
6 428 658 188 136 116 170
7 4105 4155 1060 1082 817 1056
8 26800 39488 9530 8724 17480 14461
9 5528 8983 2121 2208 7292 4688
10 621 783 441 464 83 59
11 959 1368 370 286 134 126
12 15870 23383 6627 6126 15179 9401
13 6772 6723 1708 1959 2250 2204
14 1681 2069 397 441 1356 1193
15 12531 19324 5076 3785 21657 13606
16 13570 13887 1951 4189 13226 12667
17 3420 4208 1417 1436 908 656
18 2508 2952 823 655 504 569
19 31792 33851 5237 6590 4044 4089
20 27548 58398 29084 15406 16932 9843
21 19421 28447 12077 10526 34086 24150
22 15124 13772 6395 6636 5235 2936
23 557 733 236 293 205 163
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Table 4.2Percent composition of fish DNA in samples (cal@daising mean copy
number from the two qPCR runs).

(a) Tissue Mix

Sample Herring Smelt Salmon
Number % % %
1 62.1 25.7 12.2
2 56.2 27.7 16.1
3 63.4 27.3 9.3
4 61.0 25.2 13.8
5 59.4 28.3 12.3
6 62.9 26.9 10.2
7 63.1 26.0 10.9
8 53.0 31.9 15.1
9 51.7 28.8 19.5
10 53.6 30.7 15.6
Mean 58.6 27.9 13.5

(b) Faecal samples

Sample Herring Smelt Salmon
Number % % %
1 61.8 16.5 21.7
2 61.1 22.2 16.7
3 55.7 10.7 335
4 53.9 26.5 19.7
5 55.0 25.7 19.3
6 64.0 19.1 16.9
7 67.3 17.5 15.3
8 56.9 15.7 27.4
9 47.1 14.0 38.9
10 57.3 36.9 5.8
11 71.8 20.2 8.0
12 51.3 16.7 32.1
13 62.4 17.0 20.6
14 52.5 11.7 35.7
15 41.9 11.7 46.4
16 46.2 10.3 435
17 63.3 23.7 13.0
18 68.2 18.4 13.4
19 76.7 13.8 9.5
20 54.7 28.3 17.0
21 37.2 17.6 45.2
22 57.7 26.0 16.3
23 59.0 24.2 16.8
Mean 57.5 19.3 23.2
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If there is no differential digestion of mtDNA fdne different fish species
then the mtDNA proportions found in faeces shouédah the mtDNA proportions in
the tissue mix. The data show this is not the eabe faecal proportions are
significantly different from the mean proportiomsthe tissue (LRT, P value < 0.001).
This is due to an overestimation of the proportbsalmon and an underestimation
in the proportion of smelt mtDNA in the faecal sdesp The data also indicate that
correction factors based on tissue DNA densityuaedul (i.e. would allow for closer
estimates of the proportions in the diet), evemugothey are not sufficient on their
own to account for the biases observed in fae@zsTable 4.3). | also tried further
adjusting the corrected faecal DNA proportions (€ab3) by applying the mean
number correction factor (NCF) proposed by BowedO(® to account for variation in
hard-part recovery: NCF=3.0 for Atlantic herring34or Surf smelt; 1.6 for Chinook
salmon. Interestingly, the percentage compositgtiimates become 50.3%, 36.6%
and 13.1% — almost exactly matching the diet cortipos This suggests that hard-
part remains and DNA from a particular species bmwffected by digestion in a
similar manner, although further data will be reqdito see if this observation is a

general phenomenon.

Table 4.3Summary of proportional composition data with fdexstimates corrected
to account for differences in tissue DNA density.

Diet speciesif

Herring Smelt Salmon
Diet mass proportionsn ) 0.50 0.36 0.14
Tissue DNA proportionst() 0.586 0.279 0.135
Faecal DNA proportionsx; ) 0.575 0.193 0.232
Corrected faecal DNA proportions() 0.501 0.254 0.245

 Proportions corrected for differences in prey #sBINA density using the formula:

- X C; m, ;
% =———1— where ¢, =—- and n= number of prey items

Z,n :l(Xi G) b
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Correction factors could be developed specificallyDNA by measuring the
relative recovery rates of DNA from various pregnits in further captive feeding
trials. However, the recovery of hard parts hasits®wn to be affected by
numerous variables, such as species of predatorpyatevel of predator and size of
prey; see reviews by Bowen (2000) and Tdtital. (2003). Therefore, investigating
these variables in relation to DNA recovery woutd be a simple task.

It is not clear what implications the observedsbramtDNA recovery will
have for the future of DNA quantification in moléaudiet studies. All methods used
to estimate pinniped diet have limitations andcr@racterised by relatively large
amounts of error (Figure 4.5). Quantification of ®kh faecal samples can provide
some informative data; for example, based on tl@RResults, herring was correctly
predicted as the dominant prey in 21 of the 23 $asnpn situations where large
uncertainties surround conventional hard part feaealysis (Gales & Cheal 1992;
Caspetet al.2006), measuring prey DNA amounts in faeces m#ypsbvide a
useful, albeit potentially somewhat biased, alteveametric. In the current study, |
used species-specific primers to compare consumpfiondividual species, but more
general comparisons could be made (e.g. amouroisid DNA versus total fish
DNA) by using group-specific primers (Jarman eR804). The proposed
guantitative DNA-based faecal analysis could alsased to examine the diet of
species whose faeces do not contain hard-partss@agirds or cetaceans) and could
be modified to quantify prey DNA in stomaches ofdértebrates where few non-
molecular approaches to studying diet exist (Syrson®002).

Perhaps the biggest limitation to the applicabbthis approach at present is
the technical difficulty of quantifying DNA from nhtiple potential prey species
within samples. In addition, prey DNA would need®quantified in a large number
of faecal samples to obtain an average view of Mgtprevious suggestion, that
DNA extracted from multiple faecal samples couldobeled to reduce the amount of
laboratory analysis (Deagéd al.2005b), should be reconsidered due to the large

variation in the total amount of prey DNA in diféatt faecal sampl&$

10If the cloning approach of Chapter 3 is used tiorege proportions of prey DNA, the PCR products
amplified from individual faecal extractions coddd quantified and mixed in equal concentrations
before cloning. This would give equal influenceeh sample in the pooled DNA clone library.
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Figure 4.5Plot of actual diet versus estimated diet usingows biomass
reconstruction methods. Estimates for various [m@scies are based on recovery of
all hard-parts (solid black symbols), recovery liths only (unfilled symbols), or
uncorrected DNA proportions in faeces (colouredasgs). All data are from captive
Steller sea lions and hard part data includes regtated hard remains collected
during tank drains. Figure modified from Tollit&t (2006).

The differential survival of DNA from differentsh species will not
necessarily translate into significant biases iargitative diet estimates obtained
based on presence/absence genetic data (sinassthts ishow prey DNA can still be
detected when present at low levels). The potebé&akfits of using DNA
guantification, versus a DNA-based frequency ofuo@nce approach, will depend
on the composition of faecal samples collectethéfield. If most faeces contain
DNA from only one species or similar amounts of DN&m several species, then
presence/absence data would provide nearly the sdammation as a quantitative
analysis. However, if the opposite scenario is,tamel most faecal samples contain
DNA from several prey species consumed in diffeeenbunts, quantification of the
relative amount of DNA becomes much more importamé diet study focussed on

the impact of pinnipeds on salmonid prey, Laakal.(2002) highlighted tenfold
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differences in diet estimates across species wheparing frequency of occurrence
and biomass reconstruction indices. Differencegwaongly related to size of prey,
with differences greatest when prey were smalaogd. Reliable diet estimates based
on biomass reconstruction require numerical caoedactors to take into account
differential digestion, but reliable estimates ao¢ available for many species
(Bowen 2000). Thus, in cases where pinnipeds amy upon large prey such as
salmon and are also consuming other smaller pneyability to estimate diet
composition using alternate methods, in additiothtse based on frequency of
occurrence, are especially beneficial.

The use of genetic analysis of faeces for studgiagof pinnipeds and other
predators is likely to increase since the apprgaokides species-level identification
of prey (not always possible using prey hard resjaamd because it is possible to
detect prey species that are poorly representdthin/remains in faeces (Purcedl
al. 2004; Parsonst al.2005). This chapter demonstrates the feasibifiguantifying
the amount of DNA from several prey species in atet’ faeces and evaluates the
possibility of using this data to obtain quantitatdiet composition data. The results
indicate that diet composition estimates basedemdlative amounts of DNA in
pinniped faeces can be biased due to the diffadesurvival of DNA from different
fish species during digestion. Additional DNA-basket studies with both captive
and wild animals will be needed to evaluate thaiSgance of this bias and further
evaluate the potential to obtain quantitative d&tmates through the genetic analysis

of faeces.
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Quantification of damage in DNA recovered from faeal

samples

“You want a story without animals.”
“Yes!”

“Without tigers or orang-utans.”

“That's right.”

“Without hyenas or zebras.”

“Without them.”

“Without meerkats or mongooses.”
“We don’t want them.”

“Without giraffes or hippopotamuses.”
“We will plug our ears with our fingers!”
“So I'm right. You want a story without animals.”

— YANN MARTEL,

Life of Pi



Chapter 5: Quantification of DNA Damage

Abstract

A novel method to quantify the frequency of polyass-blocking DNA damage
present in specific gene-regions is outlined. Unkknventional PCR-stop assays this
is accomplished without reliance on a correspondimdamaged DNA control or a
dose-response curve. The approach involves usiagtitgtive PCR to measure the
amount of DNA present at several fragment sizekiwi single sample, then fitting
the resultant data to a model of random fragmenrtat obtain an estimate of the
frequency of DNA damage.). The method was assessed by estimating the arobunt
DNA damage in two components of DNA extracted fritve Steller sea lion faecal
samples these faeces: prey DNA (expected to béyhigiyraded) and predator DNA
(expected to be slightly less degraded). The digtion of fragment lengths for each
target fit well with the assumption of a randongfreentation process and, in keeping
with expectations, the estimated frequency of DNvndge within a sample was
always higher for the prey DNA than for the pred@®A (meankyey= 0.0176 per
nucleotide; meaRyedato= 0.0106 per nucleotide). The results clarify thlative

nature of template quantity measurements obtairreshwanalysing degraded
templates using gPCR (i.e. the estimated amouDtN# will vary with marker size

in a sample-specific fashion). In addition, thedfirgs highlight the benefit of
targeting small fragment sizes in DNA-based diedigts. For example, in Chapter 2,
| targeted a 250 bp prey DNA fragment — by targe#ril50, 100 or 60 bp long
fragment | would have had 6, 15 or 31 times maaetisg template respectively
(based on the average amount of damage estimakexiring DNA). More generally,
this method provides a useful approach for chariaatg mixed, highly degraded
PCR templates such as those often encounteredendias, ancient DNA research

and ecological studies using non-invasive sam@essource of DNA.
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5.1 Introduction

It has become common practice to use DNA derivexh fooorly preserved,
decomposed or ancient tissue sources in evolugipfaensic, ecological and
medical studies (Golenbegg al. 1996; Coombet al. 1999; Glenret al. 1999; Paébo
et al.2004). Often only small amounts of DNA can be astied from such samples
and it is invariably highly damaged. In the abseoiceormal cellular processes, DNA
strand breakage rapidly begins to occur as a reseltdogenous endonuclease
activity and spontaneous depurination (Lindahl J9B@pending on the ambient
conditions, further strand breaks, oxidative dameg® molecular crosslinks
accumulate (P&abo 1989; Hadsal. 1996; Mitchellet al.2005). Assessing the extent
of damage is difficult, especially when the DNAiuterest is present in a sample
containing DNA from several different sources. Hoeme determining DNA quality
is desirable in many situations, as reflected ewdriety of approaches that have
been used to measure DNA damage (Paabo 1989; @beahii990; Cedervalét al.
1995; Glenret al. 1999; Ayala-Torregt al.2000; Hoogendoorn & Heimpel 2001;
Fernandcet al.2002; Gilbertet al.2003; Wandeleet al.2003; Mitchellet al.2005).

Qualitative estimates of DNA fragment sizes caolb&ined through gel
electrophoresis followed by visualisation of fragrse(Paabo 1989; Maro# al.
2002). This approach is simple but has limited iseitg and, because it does not
differentiate between fractions of the DNA extrans, it is generally only useful if all
DNA present has been equally degraded. Furthernmaegpretation of fragment size
distribution on a gel is hindered because DNA fragta separate on a logarithmic
scale and the detection signal typically varieprimportion to fragment size.

Another approach that has been used to assessgqDalay is through
observations of the decrease in PCR amplificatigmad from PCR targets of
increasing sizes (Paabo 1990; Gletml. 1999; Poinaet al.2003). Since many
forms of DNA damage block the extension step of RB&sset al. 1996; Gilbertet
al. 2003), the ability to recover large fragmentsRE@R indicates relatively low
levels of DNA damage. By determining the maximunpéfiable fragment size in
different samples it is possible to compare retatinounts of DNA degradation
(Hoogendoorn & Heimpel 2001). There are severalkeel PCR-based methods used
to measure DNA damage incurred by exposure to reaiagompounds (Jennerwein
& Eastman 1991, Ayala-Torres al.2000; Fernandet al.2002; Mambcet al.2003).
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These techniques, often called PCR-stop assaysumegene-specific damage by
qguantifying the decrease in the number of molecillascan be amplified following a
particular genotoxic treatment. A limitation of therrently used PCR-stop assays is
that the total amount of target DNA has to be gfiadtusing PCR independent
means, or else a dose-response curve needs tostevobed. This precludes their use
in a number of situations.

Here, | extend the existing PCR-based methodsdyygsing an experimental
strategy that can be used to quantify gene-spdaifid damage in dilute samples
without reference to the total amount of DNA in #ample. The approach uses
guantitative PCR (qPCR) to measure the amount pfiiaible DNA present in a
single sample for fragments of various sizes. I{ADdegradation is occurring in a
random fashion, it is possible to estimate theuesgy of polymerase blocking DNA
damage (or DNA breakage) that would explain theepled distribution of DNA
fragment sizes.

In order to assess the proposed method, | estiinateequency of DNA
damage in DNA extracted from faeces. Faeces cobtdifs from a variety of
sources, including DNA from the defecating aninradested food, parasites and gut
bacteria (Poinaet al.2001; Jarmaet al.2004). Of particular interest to ecologists is
the DNA from ingested food, which can be used wolgdiet (Symondson 2002), and
the DNA from the defecating animal, which can beduas a non-invasive source of
DNA from wild species (Taberlett al. 1996; Morinet al.2001). The different
components of faecal DNA are expected to sustaiingiamounts of damage. DNA
from animal food sources are expected to be higagraded since these tissues are
usually fully digested after passing through theptete digestive system. In
comparison, DNA from the defecating animal showddshightly less degraded
because this component largely originates frons#ed along the lower digestive
tract. | examine both prey and predator DNA exgddtom faeces of captive Steller
sea liongEumetopias jubatysIn each case the amount of DNA is quantified gisin
primer sets that amplify fragments of five differéengths (ranging between 61 and
327 bp). | evaluate if a model of random degradetfiks the data and then estimate

the frequency of damage in DNA from each of thgated components.
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5.2 Materials and Methods

The method used to estimate the level of DNA déafian is outlined in

Figure 5.1. Specific details are given in the seithat follow.

a
( ) MtDNA 16S - 3' region (b)
% 7 ] Z=
1 —» <«— = :
2 |
3 —» «— i
4 i
5 —» <+— Gy
1 2 3 4 N .
-_ 0 T T T T T T T T T T T T T T T T T
— — 10 zo 30
—— —
e —_ - oy Cycle
© o (d)
3 N
] A
log(A,) = log(N)— Ax
g | ol
. B g- A =0.018
o -
<] 1S
£ 2
c O é 00
z = S
o
() = 2
- - -
3 A €
A
oA A < 4
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Amplicon size (bp) Amplicon size (bp)

Figure 5.10verview of the approach for quantification of DNd@mage. (a)
Schematic representation showing position of oligh&otides designed to amplify
fragments of increasing sizes and the corresponBi@R products amplified from
genomic DNA (separated on a 1.8% agarose gelRépresentative plot of
fluorescence observations from the quantitative R@Rlification of various sized
fragments of herring DNA. Template for each isghme sea lion faecal DNA
extraction. PCR fragment sizes from left to rigte 89 bp, 123 bp, 184 bp, 226 bp
and 304 bp. (c) Plot of the estimated copy numbesus amplicon size for herring
DNA in a sea lion faecal sample (# 7). (d) The sdate log-transformed and fitted
to a linear model in order to estimate the probepibf a nucleotide being damaged

().
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5.2.1 DNA Samples

The sea lion faecal samples are a subset of frmweeChapter 3. Ten samples
were analysed for endogenous DNA from sea lionRaxific herring Clupea
pallasii). These samples were collected from captive sea lbeing fed a diet
consisting of 47% herring by mass for a periodtdéast 48 hours before collection
(i.e. blended or sub-samples from different dagiected when animals were fed the
basic diet; Figure 3.2) and were previously showvodntain herring DNA. Three
additional sea lion faecal samples were colleatexh fanimals being fed a diet of
100% walleye pollockTheragra chalcogrammaThese samples were used in
spiking experiments for the analysis of length lnition (see section below). Sample

storage and DNA extraction for the sea lion sampéssbeen described in Chapter 3.

5.2.2 Primer design

PCR primers which amplified fragments from theegjion of the
mitochondrial 16S gene (large subunit rDNA genejendesigned using Primer3
(Rozen & Skaletsky 2000). A common forward primersveelected for use with five
reverse primers, producing products in the rangge850 bp (Figure 5.1a). Primer
sequences and product sizes are given in Tabl@belforward primers were
designed with reference to aligned sequences fdufitianal fish species that were
present in the sea lion diet to ensure they weseip to the target species. The
specificity of the primer sets was also tested eicglly against non-target DNA that
may have been present in the faecal extracts. &hang primer sets were tested
against the three faecal extracts from sea liorofey pollock, and the sea lion

primers against herring genomic DNA.
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Table 5.1Primer sequences used to quantify DNA degradation.

Target Forward Primer (5> 3") Reverse Primers (5 3) Product Length (bp)

Sea Lion CAAGTCAACCAAAACGGGATA  CACCCCAACCTAAATTGCTG 61
TCACTCGGAGGTTGTTTTGTT 91
CTTGTTCCGTTGATCAAAGATT 163
TCGAGGTCGTAAACCCTGTT 230
GATTGCTCCGGTCTGAACTC 327

Herring ACCAATCACGAAAAGCAGGT CGAAGACGTTTGTGCCAGTA 69
TAGGGTAGCCCCAATCCTCT 123
GCATGTAGCCGGATCATTTT 184
GGATTGCGCTGTTATCCCTA 226
AATAGCGGCTGCACCATTAG 304

5.2.3 Quantification of mtDNA

The quantity of extracted 16S mtDNA was estimatsidg SYBR Green
based qPCR assays. Amplifications were run usiagtiromo2" detection system
(MJ Research). The PCR mix (RQ) consisted of 1iL QuantiTect SYBR® Green
PCR mix (Qiagen), 0.5M of each primer, 1 x BSA (New England Biolabs) @
template DNA (diluted 1:5). Thermal cycling condits were: 94°C for 15 min
followed by 35 cycles of: 94°C, 30 s/ 55°C, 30729C, 45 s; optical data was
acquired following each 72°C extension step (Figuld). A subset of samples was
separated on 1.8% agarose gels to confirm protiectsd to check for primer
dimers. Product homogeneity was also confirmed biting curve analysis.

A plasmid standard encompassing the relevant 116&H#/ region was
generated from genomic DNA for each target spedies. was accomplished by
amplifying the region using the conserved priméGS1F GGACGAGAAGACCCT
and 16Sbr-3' CCGGTCTGAACTCAGATCACGT) and cloning tARCR products
using the TOPO TA cloning kit (Invitrogen). PlasnidiA was isolated by alkaline
lysis and the concentration of plasmid DNA was deieed by fluorescence of
PicoGreen (Molecular Probes) in a PicoFluor fluoeten (Turner Designs). Standard

curves were generated using a 5-fold dilution sesfgplasmid encompassing the
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concentration range of the faecal template. Sepatanhdard curves were constructed
for each of the different sized PCR amplificatiamsl for each target species.
Independent curves were calculated during each®ERThe binding site for the 327
bp sea lion reverse primer was incomplete in thsrpld control, so quantification of
this DNA fragment was based on the standard cuenergted for the 230 bp sea lion
fragment.

For individual extractions, the complete set afyinent sizes for a particular
target was quantified in a single run (using a R€&Yent mix differing only in
primer composition). This meant variation in reactconditions between the
different sized fragments that were being comparasl minimized. Two independent
runs were carried out for each assay. For quaiotitathe threshold cycle (Owas set
at ten standard deviations above the mean fluanesaever cycle range 1-10. To
avoid contamination with undamaged DNA, faecal Digfplate was added to tubes
first and their caps were sealed before plasmid W& added to appropriate
standard tubes in a separate room. Aerosol-resisi@aette tips were used with all
PCR solutions, and template free negative contadttions were included for each
PCR mix within every PCR run to ensure that reachiatches were not

contaminated.

5.2.4 Analysis of length-inhibition

A decrease in PCR signal with an increase in thgtkeof the product could
result from the absence of high molecular weight?Dh samples, or could result
from selective inhibition of longer PCR amplificatis caused by the coextraction of
inhibitory chemicals, as found in some purifiediant DNAs (Pusclet al.2004). To
determine if extract induced inhibition was a fadtothe current study, | carried out
spiking experiments. Known amounts of herring DNXB&&0 or 13520 copies of the
plasmid control) were added to DNA extracted fraa Bons faeces which contained
no herring (n = 3) and the amount of recoverabterge DNA of the five sizes was

estimated as outlined above.
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5.2.5 Model for quantitative estimates of DNA daenag

DNA damage resulting in strand breaks or chermuadifications that would
prevent PCR amplification can be caused by a numibeechanisms. | assume that
in highly degraded samples such DNA damage ocaasrding to a random Poisson
process at a rate afper nucleotide (i.6\ is the probability of a nucleotide being
damaged). The resulting distribution of undamagagrhent sizes (x) is defined by

an exponential distribution with parameter
f(x) = re™* 1

This model has been used to characterise DNA damdgeed by some mutagenic
agents (Ayala-Torrest al.2000; Fernandet al.2002), and a very similar model has
been used to describe random fragmentation regdtim DNase | digestion (Moore
& Maranas 2000). It follows from the propertiesanf exponential distribution that the
average undamaged fragment size As ahd that the variance of undamaged
fragment sizes is A7.

Since PCR will amplify any DNA which is undamagedi region equal to or
greater in size than the target region, it is appate to consider the probability of a
fragment of size x or greater being present. Thigiven by &%, the complement of
the cumulative exponential distribution. In a PG#idned to amplify a target region
of size x, the expected proportion of amplifiabipies is &*. Thus, there is an
exponential decline in the amount of amplifiabledarct with increasing product size,
and the rate of decline is sharper for higher v&@hfe (Figure 5.2). It follows that if
the total DNA copies present in the sample is Entthe expected number of
amplifiable copies, denoted by As Neé** (Figure 5.1c). Using a logarithmic

transformation this relationship can be expressdihéar form as:
log(Ax) = log(N)— Ax 2
The actual number of amplifiable copies for a gisee (A, will vary due to the

random nature of the degradation process. If theqss is truly Poisson, then the
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Figure 5.2The proportion of amplifiable fragments versus aogu size after a
random degradation process with the probabilityaafucleotide being damaged (
of: 0.00125, 0.0025, 0.005, 0.01 or 0.02.

amount of variance can be calculated theoretieaitytheory, A is binomially
distributed with sample size N and ‘success’ prdligle™. Thus, the variance is
Ne™(1-e™). However, the variability observed in practiceigected to be greater
because the degradation process is not likelylkmwa Poisson process exactly and,
even if it did, there will be experimental measueetrerror. Here | assume that the
error in log(A) is normally distributed with mean 0 and variag@gthis is consistent
with previous studies (Ayala-Torres al.2000). Assuming this error structure, model
(2) can be fit using simple least-squares regregsimure 5.1d).

For each of the ten sea lion faecal samples, dioéd two estimates of copy
number (A) corresponding to five fragment sizes (x) for bséa lion (predator)
DNA and herring (prey) DNA. | fit modePRj to the data from each sample and target
species to obtain estimates of log(N) anavith A being the parameter of key interest.
Coefficients of variation for the parameter estiesaand Rvalues were also obtained

for each of the model fits.
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5.3 Results

5.3.1 Primer testing and DNA quantification

Electrophoresis of PCR amplifications from targehomic DNA extracts
produced sharp bands of the expected sizes fropmiader sets with no primer dimers
visible (Figure 5.1a). None of the primers usethamquantitative assays amplified
products from the non-target templates testednaglting curve analysis performed
on the products indicated that each primer setymed a single product from the
mixture of DNA present in the faecal extractions.

For each of the quantitative PCR assays there Wasax relationship
between the log of the plasmid DNA copy number #uedG value over the
concentration range of the standards (mean ®994). As expected with degraded
DNA template, the amount of amplifiable DNA wasensely related to PCR product
size for all targets amplified from the faecal Dinplates (Figure 5.1c; Table 5.2).
The faecal extracts contained on average eighstmma@e sea lion DNA than herring
DNA at the smallest fragment sizes measured arttri&s more sea lion DNA than
herring DNA at the largest fragment size. Expressedopy number per milligram of
extracted faecal matter, the samples containederage 15109 copies (range 418 —
35498) of the 69 bp herring fragment compared 8202 copies (range 19398 —
281880) of the 61 bp sea lion fragment, and 173sofpange 38 — 395) of the 304 bp
herring fragment compared to 8917 copies (range-68@676) of the 327 bp sea lion
fragment. The large variation in the amount of ptedand prey DNA obtained from
different faecal samples is consistent with anosthedy that has quantified predator
DNA in faeces (Moriret al.2001). There was no clear relationship between the
amounts of sea lion DNA and herring DNA purifiedrfr individual samples (Table
5.2).
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Table 5.2Estimated copy numbers of template in each PCRifivagibn** and
results from the model fits.

(a) Sea lion DNA

Mean copy number at various amplicon sizes Model parameters

Sample a b )
61 bp 91bp 163bp 230bp 327bg A CV(A) 1A R

1 44727 2246! 11965 3746 1387 0.0129 10.3 78 0.92

2 24347  1596¢ 5393 1487 525 0.0148 6.9 67 0.96

3 23682! 19341( 121534 44745 25936 0.0088 9.1 113 0.94

4 35346 3084t 20383 9914 539( 0.0074 10.9 135 0.91

5 43789 2610 11972 4232 127¢ 0.0135 7.6 74 0.96

6 17911¢ 12625t 57217 26322 868¢ 0.0115 7.9 87 0.95

7 16703¢  12345¢ 62726 17076 7944 0.0121 7.0 83 0.96

8 29683  2500¢ 14941 9007 281¢ 0.0089 8.7 113 0.94

9 19882( 22272( 146709 53608 19759 0.0093 11.0 108 0.91

10 58503 4653 34979 25738 962¢ 0.0066 11.7 153 0.90

Mean 10182( 8327 48782 19588 833¢ 0.0106 9.1 101 0.94

(b) Herring DNA

Ssample Mean copy number at various amplicon sizes Model parameters

69bp 123bp 184bp 226bpr 304 by A% cvy)  1a® R?

1 8157 522 143 93 42 0.0221 15.9 45 0.83

2 9927 994 257 240 120 0.0192 19.7 52 0.76

3 14005 201¢ 687 381 178 0.0179 11.2 56 0.91

4 157¢ 41¢ 246 182 69 0.0123 10.9 81 0.91

5 11649 952 243 149 46 0.0222 12.5 45 0.89

6 11754 170C 605 307 120 0.0188 9.7 53 0.93

7 18588 401¢ 1272 1165 234 0.0180 11.7 56 0.90

8 25203 888: 2306 1366 429 0.0173 6.0 58 0.97

9 26295 5497 1299 655 266 0.0197 9.2 51 0.94

10 711 432 238 138 107 0.0086 11.9 117 0.90

Mean 12786 254 729 468 161 0.0176 11.9 61 0.89

&)\ is an estimate of the probability of a nucleotigéng damaged
b 1/\ is an estimate of the average undamaged fragrizen(is base pairs)

1 Mean values from replicate runs are presenteg, lvatues for separate runs given in Appendix Il
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5.3.2 Length-specific inhibition

There was no evidence of inhibitory effects causedhemicals in the three
sea lion faecal DNA extracts that | tested fromlgees fed only pollock. None of the
samples contained endogenous herring DNA, and \spi&ed with known amounts
of herring DNA the amount of DNA measured by theagswas not underestimated.
This was true for all fragment lengths in the agadicating there was no length-
specific PCR inhibition (Figure 5.3).
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Figure 5.3Quantitative estimates of the amount of amplifididering DNA in three
spiked faecal DNA extractions. Horizontal lineswsttbe actual amount of herring
DNA added as template (either 3380 or 13520 copii¢se plasmid control). Symbols
represent the corresponding estimates of the amafumérring DNA in three samples
measured with assays targeting PCR products ofdifferent sizes (69 bp, 123 bp,
184 bp, 226 bp and 304 bp).
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5.3.3 Model results

Results from fitting the random degradation mdé&eto the data for each
sample and target species indicate that the maderitbes the data well, witff R
values generally above 0.90 (Figure 5.4; Table. fi2almost all cases there was a
high level of agreement in the data from the twasr(Figure 5.4), and where the
agreement was not as good is reflected in lowaraRies (e.g. herring in samples 1
and 2).

The estimated probability of a nucleotide being dged K) varied between
samples for a given target species (0.0066 to 8.@d4sea lion DNA; 0.0086 to
0.0222 for herring DNA); however, within a sample A estimate for herring was
always greater than that for sea lion (Figure 324).average, the frequency of
damage was 1.7 times greater for the herring DNApared with the sea lion DNA
from the same sample; a paired t-test indicatediffexrence in\ values is significant
(t = 8.4 with 9 df, p < 0.001). The mean fragmené sn each sample can be
estimated by  (Table 5.2). Averaging over all samples, the meagment size for
the herring DNA is 61 bp versus 101 bp for thelseaDNA.

There is no clear relationship between amount oARg(N)) and level of
degradationX). Correlation between log(N) aidfor sea lion is -0.06; for herring it
is 0.76 but this is being driven by two samplearfd 10) with very low amounts of
herring DNA. Leaving these two points out giveaelation of -0.53, which is not

only weaker but is also a change in direction.
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Figure 5.4Quantitative PCR results obtained for herring DNAd) and sea lion
DNA (blue) extracted from ten sea lion faecal s@&spEhown is the number of
amplifiable copies (logarithmic scale) verus amplicsize for each target species in
each sample. The estimated probability of a nudedieing damagedl] are also
shown for each target species in each sample.
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5.4 Discussion

In this chapter a novel PCR-based method for dadéine measurement of
DNA damage is presented. The approach circumvemtstdematic requirement of
conventional PCR-stop methodology — the need tovidhe total amount of target
DNA (damaged and undamaged) present in a samplaké use of internal
references by measuring the amount of target DNo&gant at several fragment sizes
within a single sample using quantitative PCR. Adogy to a model of random
degradation the amount of available template vatllthe exponentially with
increasing fragment size in damaged samples. Tloeiainof DNA damage can be
estimated by determining the rate of decline. Bipigroach could be applied in a wide
range of projects where quantification of DNA damégrequired. The method will
be particularly useful in experimental work dealmigh highly damaged DNA from
biological samples that contain DNA from a sevemlrces since alternative methods
are not easily applied. These types of samplesaranonly encountered in forensics,
ancient DNA research and ecological studies usamginvasive samples as a source
of DNA.

The approach was assessed by estimating the awioDMA damage in two
components of DNA extracted from sea lion faecesy PNA (expected to be highly
degraded) and predator DNA (expected to be sligely degraded). The distribution
of fragment lengths in these faecal DNA templatieséll with the assumption of a
random fragmentation process, and differencesaresttimated frequency of predator
versus prey DNA damage within samples were congnuigh expectations. To my
knowledge, this study is the first to quantify #maount of prey DNA present in
faecal samples (with the exception of the previthepter), and the first to explicitly
define the amount of template damage in any DNAaexed from faeces. The results
clarify the relative nature of template quantityaserements obtained when analysing
degraded templates using qPCR (i.e. the estimatedia of DNA will vary with
marker size in a sample-specific fashion). This msehat comparisons of DNA
guantity (within and between samples) are deperaetite size of the fragments
targeted by gPCR. This can have important impleceti- for example, a previous
study (Morinet al.2001) used qPCR targeting an 81 bp nuclear gegennt in

order to determine the amount of chimpanzee nu@&sk present in faeces collected
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from wild chimpanzees. One of the purposes of thesay was to predict the recovery
of chimpanzee microsatellite markers which were-26@ bp in size. They found that
in samples where the measured amount of DNA wastlmwvquantity of DNA
measured with the 81 bp marker was not a goodataliof the ability to recover
microsatellites. This finding was likely due tofdifences in the amount of DNA
degradation between samples; if they had meashesamount of DNA present at a
size equal to the fragments amplified during therosatellite genotyping the
predictive power of their pre-screening assay wdilkkely have been stronger.

The quantitative estimates show that there ispesg DNA compared to
predator DNA in sea lion faeces for all PCR fragtrstres tested. Previous studies
(Taberletet al. 1996) have found the low quantity of predator DiNAaeces
problematic, which suggests that the even mordduiramount of prey DNA may be
a serious difficulty for DNA-based diet studiesyiefj on faecal samples. Fortunately,
multi-copy nuclear or mitochondrial genes are ugugbpropriate markers for diet
studies (as opposed to the single-copy markershadrie often targeted for studies on
the predator); this advantage may allow for regaigicovery of prey-specific DNA
sequences from faecal samples.

When the amount of available template is low, kiealge of template quality
is important to allow for an objective appraisabptimal PCR target size. The
appropriate size of a PCR target is a trade offieen the amount of information
obtained from the DNA (directly related to fragmeize) and the quantity of
template DNA available (inversely related to fragim&ize). With no knowledge of
template quality, | previously amplified a 250 lbpgment in order to detect fish
DNA in faecal samples (Deagt al.2005b). Because of the low amount of DNA, |
needed to use nested PCR to consistently obtaingssignals. In light of the amount
of DNA damage in faecal samples, | would have hatb6or 31 times more starting
template if | had used amplicons which were 150, 41060 bp long respectively
(based on the average amount of damage estimakexniring DNA). Since even the
smallest amplicon size would have provided suitédstenomic discrimination for my
purpose, | potentially could have avoided the dseested PCR. Non-invasive studies
focusing on DNA from the predator in faecal samglesuld also preferentially use
short amplicons in order to maximize amplificatgrccess. However, other marker
characteristics (such as information content offitagment or the repeat motif of

microsatellites) should also be considered whenrptey experiments.

101



Chapter 5: Quantification of DNA Damage

In ancient DNA work it has been recognised thaassessment of both the
amount of DNA present and the amount of damageeptes useful in order to define
the limits of subsequent analyses and the authignticthe sample (Paabo 1989;
Mitchell et al.2005). The only ancient DNA study | am aware ofclirhas
guantified the number of fragments of differentgéiis present in a sample is one
which analysed three different fragments (114 B2, 2p and 522 bp) of sloth
MtDNA from a late Pleistocene sloth coprolite (Roiet al.2003). The largest
fragment size they used (522 bp) contained on geevaly 0.5 + 0.5 copies of DNA.
With almost zero copies and such a large relatikar ethis point is not informative
for quantification of damage; however, based orother two points | can estimate
the probability of a nucleotide being damagex¢ be 0 .0331, meaning an average
fragment size of about 30 bp (Figure 5.5).
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Figure 5.5Plots of the estimated proportion of amplifiablagments versus
amplicon size for various faecal DNA extracts. phedator and prey plots represent
the mean lamda values for sea lidn=(0.0106) and herring DNAL(= 0.0176)
determined in the current study. The ancient DNAda was estimated from
published data (Poinar et al. 2003) which quantfstoth mtDNA in a late
Pleistocene sloth coprolité € 0.0331).
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Although this estimate is likely inaccurate duehte limited data, it is
consistent witha priori expectations that ancient faecal DNA would be mrably
more degraded than modern faecal DNA, and it detrates the potential usefulness
of my approach for determining DNA damage in molesdrom ancient sources.

The ancient DNA data also highlight an importarstgtical point — when
using this method to quantify DNA damage in higtdggraded samples, it is best to
determine copy numbers for small fragments. Thixeisause the copy number will
decrease rapidly as fragment size increases ani gR&surements at low copy
numbers (< 100 copies per reaction) are inaccul@eo the larger relative impact of
stochastic factors in PCR (Peccoud & Jacob 1996jti#er concern when dealing
with low copy numbers is the potential influence@donstructive polymerization
(i.e. fragments larger than the size of the DNAfkte being amplified through the
annealing and extension of overlapping fragmeiitsg. difficulty in obtaining large
PCR products from degraded DNA suggest the ovierffllence of this phenomenon
is relatively minor; however, when the amount ohpdate is low, competition for
reaction components is minimal and this sourceir€loes have the potential to
bias result (Golenbergt al. 1996; Binaschet al.2000). A final reason to focus on
shorter PCR fragments is that selective inhibibbfonger PCR amplifications can be
caused by some DNA extracts (Pustfal.2004).

A further potential application of the method abbk for studies on the
process of DNA decay. While DNA damage should dateewith age of template,
the connection is often somewhat unclear (Paabe;X0bertet al.2003; Mitchellet
al. 2005). A possible reason in some studies is thantty is being used as a proxy
for quality (Marotaet al.2002; Wandeleet al.2003). The problem with this is that
the high variance in the quantity of DNA betweeffieslent samples can obscure the
decrease in the amount of DNA over time. In thiglgtthere was roughly a 10-fold
variance in amount of DNA between samples, whetteasariance i values was
only 2-fold. This suggests that it might be bettedetermine DNA degradation in
samples of different ages rather than focusingheratnount of DNA present. Several
studies have measured DNA decay using various bioatal assays (Paabo 1989;
Hosset al. 1996; Mitchellet al.2005). While these studies provide valuable
information on the chemical process of DNA dechg, methods they employ are
often not easily accessible. The currently outlitesthnique should be more

accessible and could be modified to allow for thargification of various forms of
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DNA damage. For example, the frequency of cytode@mination could be
quantified through comparison of the original saenplth aliquots treated with uracil
N-glycosylase (Hofreiteet al.2001). Other forms of damage could also be medsure
using other lesion-specific endonucleases (or cte&reiquivalents) or lesion-specific
repair enzymes (Paabo 1989).

The method presented in this chapter has sewdvahtages over conventional
PCR-stop assays even in situations where the ktteapplicable. The main benefit
of the approach is that it measures the decreameaitable template within samples,
rather than relying on external references. Theofisxternal references requires that
the amount of template be normalized in each sartipeefore the error in the total
DNA concentration measurement (usually obtainedguBICR-independent
fluorometric or spectrophotometric methods) is ipooated into these assays. In
addition, by relying only on comparisons within gdes, absolute quantification of
copy numbers is not critical. This means that ndbARlamage related inhibitory
effects of treatment on PCR will be controlled fioe. the presence of inhibitors
should affect each PCR from the same template gaald the relative gPCR
estimates will not change). The method outlinee tstould also be robust to errors
in gPCR measurement because each sample is gednt#ing several assays (five in
the current study) rather than relying on just ona few assays.

Both the conventional PCR-stop assays and theadetirrently described
have some limitations. First of all, the distrilbatof damage on the DNA molecules
must be approximately random in order for the feegry of DNA damage to be
guantified. This requirement will not be satisfiadall cases, but the current approach
does have the advantage of being able to detescptbblem (i.e. significant
deviations from randomness will be apparent whesmgiting to fit modep).

Another limitation of PCR-stop assays and the cumeethod is that only damage
which blocks DNA polymerase will be measured anchage that partially blocks
polymerase during the extension step will be uratemated (Eckert & Opresko
1999). When template quality is being evaluatedy$sing on the “amplifiability” of
DNA in the sample seems appropriate; however,herastudies this measurement
may not be relevant. Finally, the methods are ensiive enough to measure very
low levels of DNA damage. The sensitivity can bedted by increasing the sizes of
the amplified fragments (Jennerwein & Eastman 199dyrrently used PCR-stop

assays have amplified PCR fragments up to 17.7 kize to measure DNA damage

104



Chapter 5: Quantification of DNA Damage

induced by genotoxic agents at biologically reléwdoses (Ayala-Torrest al.2000).
| have not investigated the limits of the approaatiined here, but it should be
similar to the sensitivity of the conventional PG®p assay.

In summary, the method outlined in this chaptdrlvé useful for quantifying
gene-specific DNA damage in highly degraded, mitezdplate samples that cannot
be analysed using conventional PCR-stop methodolbggy approach should be more
accessible than alternate biochemical methodsud/stg DNA damage and will
allow researchers to measure template quality atuate alternate sources of DNA,
different methods of sample preservation and diffieDNA extraction protocols. The
technique could also be applied to study the poE®ONA decay. Lastly, even in
situations where conventional PCR-stop assaysppigable, the approach may

prove to be a more precise alternative.
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Studying seabird diet through genetic analysis ofakeces: a

case study on macaroni penguin€Eudyptes chrysolophus)

... the use of dung as an indicator of foods of gegies is even less to be

recommended.

— P.H.T. HARTLEY,

Journal article titled “The assessment of the faddbirds’
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Abstract

In the final data chapter | investigated the eflSBNA-based faecal analysis to
obtain dietary information from penguin faeces.&sssnent of penguin diet usually
relies on the analysis of stomach contents obtaimedigh stomach flushing; this
requires bird capture and the results can be bidisedo differential digestion of prey
species. Methods were developed and applied tetdetey DNA present in faeces
collected from macaroni penguirisudyptes chrysolophubreeding at Heard Island.
For comparison, diet data were also obtained thra@ogventional analysis of
stomach contents. To obtain genetic data from fakased two approaches: (1)
specific PCR tests were developed to detect DNAffiwe groups of potential prey,
and (2) prey DNA obtained from a subset of thedhsamples was cloned and
sequenced. Of the 88 faecal samples collecteds38d positive for one or more of
the prey groups targeted with PCR tests. EuphaD$iid was most commonly
detected in early stages of chick rearing and Dh#fthe myctophid fisk.
anderssonivas prevalent in samples collected in later statgestrend mirrored the
data obtained from the stomach contents. Analyfgisey sequences in “universal”
clone libraries revealed a highly biased recovérseguences from fish prey. This
bias is most likely caused by the use of degengratgers with a higher binding
affinity for fish DNA template compared to DNA froather prey groups. In
euphausiid-specific clone libraries the proporidrsequences from the two dominant
euphausiid prey specieSyphausia vallentinandThysanoessa macrurahanged
over the sampling period; again, this reflectedttbed seen in the stomach content
data. Based on these findings, | conclude that Did8ed analysis of faeces has great
potential for detecting specific prey species iabsel diet, and also for monitoring
population level dietary trends. More studies #ygtly DNA-based methods in
combination with conventional methods to analystsd diet would be useful for

further validation of this new approach.

108



Chapter 6: Macaroni Penguin Diet

6.1 Introduction

Prey remains in faeces of predators have long Beemportant source of data
for diet studies. In marine mammals, collectioriagfces and identification of hard
parts (cephalopod beaks and teleost otoliths andd)dhas allowed large numbers of
dietary samples to be analysed in population sualeeys (Olesiuk 1993; Tollit &
Thompson 1996). This approach has not been ussddies of seabird diet because
very few hard-parts are present in avian faecesaagdecognizable material that is
present in the faeces would almost certainly represnly the least digestible food
items (Hartley 1948).

The conventional method for diet analysis in sefhis therefore the
examination of prey remains present in their stdmaktlistorically these samples
were obtained through lethal sampling (Hartley 192&@xall et al. 1985); however,
during the last 20 years most studies have usedbsto flushing as a non-lethal
alternative method of obtaining stomach contentdsdd 1984; Greeet al. 1998;

Hull 1999). While stomach flushing is certainly iamprovement ethically, it is still
intrusive because it requires animal capture aagtbcedure can have negative
impacts on the sampled birds (Chiaraelial. 2003). This means the number of
stomach samples that can be obtained during a &uwften limited and the approach
may not be appropriate for studies of endangerediep. The number of samples that
can be collected is also often constrained by gezational difficulty of the flushing
procedure, and studies are usually restricteddeding birds that are feeding their
chicks (as these are the only individuals thatgfood back to the colony in their
stomachs). Dietary studies based on stomach comtahysis can be further hindered
by a large number of unidentifiable remains ingt@mach (Scribner & Bowman
1998) and recovery biases caused by differentggdsdion and/or retention of prey
remains (Gales 1988).

Stable isotope analysis of tissue or feathersatsmsbeen used to study seabird
diet. This approach provides information on trogbosition of seabirds over
relatively long periods of feeding. It has beenfulsior assessment of broad dietary
shifts and changes in foraging location (Boaoieal. 2000; Chereét al.2000), but

isotope analysis generally cannot provide fineesdét data.
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The recent development of DNA-based methods tysdiet (Symondson
2002) may provide an opportunity to retrieve digiaformation from seabird faeces.
This methodology does not rely on the survivalistially identifiable prey remains
during digestion, only the survival of small amauof prey DNA (Jarmaet al.

2002; Symondson 2002). The majority of genetic slietlies have focussed on
identification of prey remains in stomach contg®tsribner & Bowman 1998; Rosel
& Kocher 2002; Agustét al.2003; Sheppard & Harwood 2005), but the approash h
been applied to faeces in some instances (Sutle2@M0; Jarmaet al.2002;
Jarmaret al.2004; Deagleet al. 2005b; Parsonst al.2005). In birds, Sutherland
(2000) showed that it is possible to recover in§8¢A from the faeces of several
species of passerine birds using polymerase chagtion (PCR). Jarman et al. (2002,
2004) used a similar approach to amplify krill distht DNA from the faeces of

Adelie penguins. These studies clearly show trexetis potential to obtain
information about bird diet based on the DNA initti@eces, but they identified only
a few prey species and analysed faeces colleaeddrsmall number of birds.
Further assessment and validation of the methoglatogeeded before it can be more
widely applied.

The objective of the present study was to compeselts obtained from DNA-
based faecal analysis with conventional stomackecwmnalysis in a dietary
investigation of the macaroni penguku@yptes chrysolophusThe diet of this
penguin has been the subject of several studietodhe importance of this species in
the Southern Ocean ecosystem (Croxall & Prince ;1B&&wn & Klages 1987;
Klageset al.1989; Greeret al. 1998; Crawforcet al.2003). Macaroni penguins have
an estimated population size of more than 11 milbeeeding pairs throughout their
subantarctic distribution, and more than a millpairs are estimated to breed on
Heard Island, the location of the current studyq@met al.1990). Previous diet
studies of the Heard Island macaroni penguin pdipmaising conventional stomach
content analysis have shown they feed primarilg@phausiids, myctophid fish and
to a lesser extent amphipods (Klagesl. 1989; Greeret al. 1998). Here, | report on
the diet of penguins during chick rearing periothe summer of 2003/2004. Diet
was examined through conventional analysis of stbntantents and through the
analysis of prey DNA extracted from the faecesobtain genetic data from the
faecal samples | used two approaches. First, hti@ted the presence or absence of

DNA from some potential diet items by applying P@Rts that specifically amplify
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DNA from targeted groups of prey. Second, the 8l obtained from some of the
faecal samples was cloned and sequenced. Sequadiaesed were then compared to

those in GenBank to further identify prey taxa.

6.2 Material and Methods

6.2.1 Study site, sample collection and DNA exiact

The macaroni penguin diet samples analysed irctiapter were collected
between December @003 and February 162004 at the Capsize Beach breeding
colony on Heard Island (Figure 6.1). The breediyaecin these penguins is highly
synchronous within the colony. The sampling pedodered two distinct phases of
chick rearing: guard stage, when females take $bi@aging trips to provision the
young while the male remains at the colony withahiek (December 20— January
15™; and créche stage, where both sexes take longagifig trips and both provision
the chick (January 16- February 18).

Stomach contents were collected from 69 adultgmetg to the colony using
the water-offloading technique (Hull 1999). A maxim of two stomach flushes were
performed during the procedure and individual bixdse sampled only once (breast
feathers of flushed birds were marked with Niazalya to ensure they were not re-
sampled — this dye is permanent and bird remaikedauntil feathers are moulted at
the end of the breeding season). The recoveredstogontents were drained
through a sieve with 0.5 mm mesh size to removesxwater, and then preserved in
70% ethanol.

| had planned to obtain faecal samples for gemetatysis from the same birds
that were stomach flushed, but very few of thedadfecated on capture. Those that
did defecate almost invariably produced white fli@dcal pellets which contain no
detectable prey DNA (unpublished data). Faeces therefore collected from
penguins present on the beach in front of the gotmer the same time period (n =
88). The faecal samples were collected immediati#&r defecation and stored for
approximately one year in 70% ethanol at 4 °C leegottraction. DNA was extracted
from approximately 100 mg of faecal material froatle sample, using the QlAamp

DNA Stool Mini Kit (Qiagen) with the minor modifitens described previously in
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(Deagleet al.2005b). The DNA was eluted in 1QQ Tris buffer (10 mM). Blank
extractions were included in each batch of extoastio monitor for cross-over

contamination.
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Figure 6.1Location of Capsize Beach penguin colony on Heslaht. Inset map
shows location of Heard Island in relation to Aaditn and Antarctica. Maps courtesy
of the Australian Antarctic Division.

6.2.2 Stomach content analysis

In the laboratory, the stomach samples were stteutriation to remove
fish otoliths and squid beaks. Once hard parts wer®ved, the samples were
drained on a 0.5 mm sieve, blotted dry and the togess of the sample was taken. To

determine the composition of different prey grobgsnass, a 30 g sub-sample was
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analysed in detail (for samples < 30 g the whadensich sample was analysed). Each
sub-sample was examined under a dissection miqueszad divided into broad prey
classes (euphausiids, fish, amphipod, cephalopodsrecognisable material). The
mass of each component was recorded. For the atfmubf composition by mass for
each sample, the unidentifiable component of tiressumple was assumed to contain
the same proportions of prey as the identifiablaponent, and the sub-sample was
assumed to be representative of the entire sai@pbxdll et al. 1985). The
reconstituted mass of the diet is calculated inymhet studies, but was not
determined here for two reasons: (1) in early forgdyips the relatively low level of
digestion for most samples meant that the composiiy mass could be determined
directly; (2) in many of the later samples whichrevenore completely digested, the
otoliths that had accumulated likely represent ntbam one meal and calculation of
mass based on these relatively robust structwlilkely to provide a balanced view
of the diet.

To further identify prey present in the diet, dted and squid beaks were
identified where possible using published keys (K&da 985; Williams &
McEldowney 1990). To identify the euphausiids, &mdetermine their species
composition by number, up to 100 randomly selestdividuals were identified in
each sample (Croxadit al. 1985; Fischer & Hureau 1985). Amphipods were
identified using unpublished reference materiahoigd from the Australian

Antarctic Division.

6.2.3 Genetic presence/absence detection in faaraples

For each faecal sample, the presence/absence Afildh particular prey
item was determined with five separate PCR asssing @roup-specific primers. The
PCR assays were chosen to detect prey items thatpeeviously identified in the
diet of macaroni penguins at Heard Island. Thealhg prey groups, or species,
were tested for: (i) euphausiids; (ii) the myctapfish, K. anderssoni(iii) fish from
the suborder Nototheniodei; (iv) amphipods; andcéphalopods. Primers details are

given in Table 6.1.
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Table 6.1PCR primers used in this chapter to detect DNA ffiom groups of

potential prey in macaroni penguin faecal samples.

Target Primer nam&  Sequence 553' Product  Annealing Reference

(taxon — gene) size(bp) temperature

Euphausiid ° EuphMLSUF tttattggggcgataaaaat 169 54 C This study

— mitochondrial EuphMLSUR  tcgaggtcgyaatctttcttgt This study

16S rDNA

Krefftichthys KaMLSUF cccacatcaaatacccccta 169 55 C This study

anderssoni ° KaMLSUR gggtcattggtggtcagaag This study

— mitochondrial

16S rDNA

Nototheniodei NotoMLSUF ccctatgaagcttyagacrta ~ 275 55 <C Jarman et al. 2004

— mitochondrial NotoMLSUR ccttgttgatawggtctctaaaa Jarman et al. 2004

16S rDNA

Amphipoda AmphNSSF1  ctgcggttaaaaggctcgtagttgaa 204-375 51C Jarman et al. 2006

—nuclear 18S AmphNSSR1  actgctttragcactctgatttac

rDNA

Cephalopoda Squid28SF cgccgaatccecgtcgcmagtaaamggcttc ~ 180 55 °C Deagle et al. 2005b
nuclear 28S Squid28SR ccaagcaacccgactctcggatcgaa Deagle et al. 2005b

rDNA

2F and R denotes forward and reverse.

® The specificity of these primer pairs was notegstxhaustively. The EuphMLSUF primer binding &teonserved in the

euphausiid genera | was targeting and is not ceaden non-euphausiid crustaceans. The KaMLSUF@rininding site is

present irKrefftichthys anderssoniut is not present in several closely related nphuth fish. The KaMLSUF primer set was

tested on genomic DNA from the myctophid fiSkectrona carlsbergand a channichthyi@hampsocephalus gunnarieither of

these templates produced positive PCR amplification
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PCR amplifications were performed in gbreactions containing 04M of each

primer, 0.2 mM dNTPs, 2.0 mM Mg&I1X BSA (New England Biolabs),1X
AmpliTaq Gold buffer and 0.625 units AmpliTag G¢lsbplied Biosystems).

Template was L of the DNA extract. Thermal cycling conditions weas follows:
94°C for 10 min then 35 cycles (92 for 30 s / primer-specific annealing temperature
for 30 s/ 72C for 45 s) followed by 7Z for 2 min. Aerosol-resistant pipette tips
were used with all PCR solutions and negative cbnéactions (extraction control

and a distilled water blank) were performed witbreaet of PCR amplifications. PCR
products were separated by electrophoresis in Ag¥ose gels and visualised by

staining with ethidium bromide and transilluminatiwvith UV light.

6.2.4 Genetic clone library analysis of faecal sémap

PCR clone libraries were produced from represaetéaecal samples which
contained prey DNA and clones from these libranese sequenced. Two primer sets
were used to produce clone libraries:

(A)  The first primer set targets a region of theochondrial 16S rDNA gene
present in sequences from fish, cephalopods amstlhoeans (16S1F-degenerate
gacgakaagacccta and 16S2R-degenerate cgctgttaigtatct, further details in
Table A2.2; based on primers described in Deagkd. 2005a). The adenine
nucleotide on the 3' end of the forward primer do@smatch the primer binding
region in birds, but is conserved in the targeygmups; this single base mismatch
was effective in preventing the amplification ohgein DNA present in the faecal
samples (unpublished data). Using this primervgigh, an annealing temperature of
54°C, | amplified DNA from ten faecal samples and edrthe products. Six
sequences were obtained from each sample, giviogleof 60 sequences from these
libraries.

(B)  The second primer set was the euphausiid pnrae (Table 6.1). With this
primer set | amplified DNA from ten faecal sampdesl ten sequences were obtained
from each sample, giving 100 sequences from tlieseies. PCR amplifications
were carried out following the protocol outlinedtive previous section. Products
were cloned using the TOPO TA cloning system foitayinstructions of the

manufacturer (Invitrogen). Colonies containing mabmant clones were cultured in
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LB broth and plasmid DNA was purified by alkalinsis (Birnbolm & Doly 1979).
Sequencing was carried out on 300 ng of plasmid DNiAg the BigDye Terminator
Version 3.1 cycle sequencing reagents (ABI). Capilseparation was performed on
AB3730xl sequencing platforms at the Australian @ea Research Facility.
Chromatograms were examined by eye to check bédlsgyda the program
Chromas2 (Technelysium). In a few cases, | gengrateown sequence data to aid
in clone identification. This was accomplished lngdt sequencing of PCR products
generated from genomic DNA of known species udnegprimers 16Sar-5' and
16Sbr-3' (Palumbi 1996).

6.2.5 Data analysis

To compare diet composition between the two stafjebick rearing (guard
and créche) | applied the non-parametric methodD8NM (analysis of similarity) to
both the stomach content data and the faecal geathatth, using PRIMER statistical
software (version 5.2.9). The procedures usedvi@tbthose outlined in (Clarke
1993). For the stomach content data, the massgfgrmoups present within each
sample was converted to percentage compositiorseltiata were used in preference
to frequency of occurrence data since the incotraf mass measurements
provides a more accurate account of diet (by privgmprey taken in small quantities
being over-represented). For the genetic resutsyaighting of the detection results
were possible, so comparisons were carried ougubki presence/absence detection
data. For each dataset a similarity matrix was ggad using the Bray—Curtis
similarity measure. ANOSIM tests were run on thdrioas using 999 permutations
to test for statistically significant differencesdiet composition between samples
collected during guard and créche stage. The daniton of each prey category to the
average dissimilarity between the chick rearingesavas calculated using the
similarity percentages procedure (SIMPER).

To identify sequences obtained in the clone lipearalysis, sequences were
aligned and grouped into clusters of nearly idehequences (i.e. sequences
differing by only a few base substitutions). Alligme sequences were compared with
sequences in GenBank using the BLAST program (Aitset al. 1990). Matches that

were identical with sequences present in GenBagek ithwe entire fragment and that
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were different from other species within the sameega were considered to provide
species level identification. If all sequences with nearly identical cluster shared a
common closest match they were considered to bseatme species. If no 100%
matches were present in the database for any merabamearly identical cluster,
the consensus sequence was classified to the |tav@stomic level possible with

reference to the closest BLAST matches.

6.3 Results

6.3.1 Stomach content analysis

Of the 69 stomach samples, 11 were empty and diticaul five were
excluded from further analysis because they hadssmof less than 5 g. The
remaining 53 stomach samples had a mean massgfsié. = 51 g, range = 12- 216
0); these included 37 collected during guard stagkl6 collected during créche
stage of chick rearing. Overall, euphausiids forttexllargest component of the
stomach samples by mass (69%). Fish ranked se2@f4) (followed by amphipods
(8%) and then cephalopods (< 1%); (Table 6.2). Sdrae ranking of relative
importance of these prey groups was obtained basdide frequency of occurrence
data (Table 6.3). ANOSIM tests detect significaffedences in the prey mass
proportions during guard and créche stages (gl 0.441; p = 0.01) This
difference was due to an increase in the amoufstobind amphipods, with a
corresponding decrease in the importance of eupdauduring the later stages of
chick rearing (Table 6.2). SIMPER analysis shoveaentage dissimilarity of 58%
between stages, and the contribution of the preggoaies to the discrimination were:
euphausiids (46%), fish (31%) and amphipod (22%).

The prey species identified in the stomach indualeleast three species of
euphausiids, three fish, two amphipods and onelqdaible 6.4). Two species of krill
(Euphausia vallentinandThysanoessa macruranade up the vast majority of the
identified euphausiids. Both of these species lotogely related sister taxa which
occur in the vicinity of Heard IslandE( frigidaandT. vicing and the fragile
taxonomic features distinguishing these specieg wessing from many of the

partially digested samples, therefore the occugefichese sister taxa in the samples
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could not be discounted. Another species of eupituis tricanthg was found in
very small numbers (only four specimens out of nibesn 3000 euphausiids
identified).E. vallentiniwas the dominant species consumed during the partyof
the study and it was almost completely replaced.byacrurain samples collected
during the latter part of the study. One intadt figas recovered and identified as
Channichthys rhinoceratyu$our additional digested channichthyid icefishese
recovered but could not be further identified, aederal small unidentifiable fish
were also present in the samples. Of the 325%fisliths recovered from the
stomachs which could be identified to specieshalibnged to the myctophlig.
anderssoniwith the exception of a single otolith identifiad coming fronklectrona
antarctica Likewise almost all identified amphipods belonge@ single species,
Themisto gaudichaudithe only exception was a single specimen identidied
Hyperia macrocephala=rom the squid remains present in the samplesaréd lower
beak was large enough to allow identification, thesk came from the squid

Galiteuthis glacialis

Table 6.2Stomach sample composition of the main prey groapsumed by
macaroni penguins during chick rearing (based om mass of prey components in
samples). Unidentifiable material was assumed tdibgibuted in proportion to the
composition of the identified components.

Total (n = 53) Guard (n = 37) Créche (n = 16)
@ (%) ©) (%) ) (%)
Euphausiids 2760.3 69 2279.0 84 481.4 38
Fish 884.2 22 424.5 16 459.7 36
Amphipods 327.4 8 7.6 <1 319.8 25
Cephalopods 10.9 <1 1.0 <1 9.9 1
Total 3982.8 100 27121 100 1270.7 100
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6.3.2 Genetic presence/absence detection in faaraples

Slightly less than half of the faecal samplesd@0of 88) tested positive for
one or more of the prey groups targeted with PGB tén these 39 samples,
euphausiid DNA was detected in 15 samples (38%anderssonDNA in 24
samples (62%), Nototheniodei DNA in 6 samples (1%4)phipod DNA in 14
samples (36%) and cephalopod DNA in 4 samples (1(Bigure 6.2). In these data
there was a significant difference in the prey gedetected between the guard and
creche stage (ANOSIM global R of 0.346; p = 0.@% with the stomach mass data,
euphausiids were detected more in guard stage saropipared with créche stage
samples and the opposite was true for fish and grogs (Table 6.3). The
contribution of these prey categories to the paeggndissimilarity between stages
(73%; SIMPER analysis) were: euphausiids (3&b)ndersson{30%) and
amphipod (20%).

Table 6.3Comparison of percent frequency of occurrence (#i&O) of prey
groups identified through conventional stomach enohtinalysis and genetic analysis
of faeces.

Stomach data Faecal DNA data
Prey ltem Guardn(= 37 Crécheff =196 Guard =13 Crecheif =26
% FO % FO % FO % FO

Euphausiids 97 100 85 15

K. anderssoni 622 100% 31 77
Nototheniodei 5 6 0 23
Amphipods 54 75 15 46
Cephalopods 14 25 0 15

#Based on otolith recovery
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Table 6.4Comparison of the prey identified by conventionaireach content and
faecal DNA analysis.

Prey Group Species ID Stomach Faecal DNA Faecal DNA
contents presence/absenceclone libraries

Euphausiids + + +
Euphausia vallentini + +
Euphausia tricantha +
Euphausia frigida +
Thysanoessa macrura + +

Fish + + +
Krefftichthys anderssoni + +
Electrona antarctica + +
Nototheniinaesp. +
Harpagifersp. +
Champsocephalus gunnari +
Channichthys rhinoceratus +

Amphipods + +
Themisto gaudichaudii +
Hyperia macrocephala +

Cephalopods + + +

Gonatus antarcticus
Galiteuthis glacialis
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Figure 6.2Summary of the detection data for five prey graapgeted with specific
PCR tests. Each box represents results from grtalgeded on right. Each dot
represents a faecal sample which tested positivatfleast one prey item (39 in
total); a filled dot indicates detection of the peular prey group. The horizontal axis
shows the date the samples were collected.
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6.3.3 Genetic clone library analysis of faecal sésp

Seven prey items were identified in the 60 seqgeebdtained from clones
produced from PCR amplifications using the consgprémer set (16S F + R
degenerate); results are summarised in Table Béselclones were almost entirely
derived from fish, with the majority of sequenceatching the myctophid fisK.
anderssoniOther fish represented in the clone librariesuide another myctophid
(E. antarcticg, a channichthyigChampsocephalus gunngrtwo species from the
family Nototheniidae and one fish species whoseaece does not closely match any
of the species represented in GenBank. The onlyfisbrprey detected was from a
single clone identified as the squbnatus antarcticus

In the clone libraries produced from PCR amplifimas using the euphausiid
primer set, three species of krill were identifiedhe 100 clones sequenced. Seventy
of the clones matchell macrura 28 matchedk. vallentiniand 2matcheck. frigida
(Table 6.5). Initial identification based on datagent in GenBank allowed only
genus level identification; final classificatiorgréred that additional sequence data be
generated for these three species (Table 6.5ssified thel. macrurasequences
based on a 100% match but there is no sequencedstable for the closely related
speciedT. vicing therefore, | cannot discount the possibility ttas species is
present but cannot be distinguished. The propodfartones from the two
euphuasiids changed over the sampling period, Bugrhausiasp. being the
dominant krill component of the diet in sampledextied during the early part of the
sampling period andl. macrurabeing identified exclusively in samples collected

later. This mirrors the trend seen in the stomaxtient data (Figure 6.3).
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Table 6.5Summary of the taxonomic classification of sequeiata obtained through
the analysis of clone libraries produced from pandaecal DNA. Further
information on the results from individual samplkegrovided in Appendix IV.

Clone library  Group Species ID # of Accesssion % similarity
— Family clones # of closest
match
A Fish
Conserved - Myctophidae Krefftichthys anderssoni 42 AB042176 100%
primers Electrona antarctica 2 AY141397 99%
— Channichthyidae Champsocephalus gunndri 4 AY249471 100%
— Nototheniidae  Harpagifersp.” 1 AY520130 100%
Nototheniinae sg. 4 DQ356243 99%
— Unknown Unidentified Acanthopterygii 6 DQ356242 82%
Cephalopods
— Gonatidae Gonatus antarcticus 1 AY681032 100%
60
B Euphausiids
Euphausiid - Euphausiidae Euphausia frigida 2 DQ356239 100%
primers Euphausia vallentini 28 DQ356241 100%
Thysanoessa macrura 70 DQ356238 100%
100

#sequence is also 100% match withesox put this species not found near Heard Island
® sequence is 100% match with kerguelensisandH. antarcticus

¢ sequence is 98- 99% match wilmbionototherspp. andNotothenia coriicepoth within the sub-
family Nototheniinae
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(a) Faecal DNA data

o
© O Thysanoessa
< ® Euphausia
© o
Q
© T T T T 1 T
o o (e} [0} (e} o0} (e0]
« ™ i — N a —
[8) (8} 1) C c (] QO
(] (] L] 3] 3] Lo ()]
[a] [a)] L] L] L
(b) Stomach data
o
00}
S o
Q
© T T T 1 T
o o (e} [0} (e} o0} (o0]
« ™ i — N a —
[8) (8} 1) C C ()] QO
(] (] L] ] 3] Lo ()]
[a] [a] L] L] L

Figure 6.3Proportional breakdown of two euphausiid generaigt samples

collected over the sampling period: (a) Based o 4&quences obtained from cloned
PCR products amplified using a euphausiid-spepifimer set (ten sequences from
each of ten clone libraries); (b) Based on numigesent in stomach samples (data
from multiple stomach samples collected on the sagenere pooled).

6.4 Discussion

The stomach content data | collected presenttargiof macaroni penguin
diet that is consistent with the results obtaimethio previous diet studies carried out
at Heard Island (Klage=t al. 1989; Greeret al. 1998). In all three studies the
majority of the diet was made up of a combinatibbwm euphausiidsz. vallentini
and/orT. macrura and one species of myctophid figh,anderssoniAll studies

found that the amphipoB. gaudichaudiwas taken in significant numbers by some
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penguins and that squid was a very minor compoofethie diet. The most common
species of euphausiids in the diet varied betwaafies: Klanges et al. (1989)
reported both species were regularly consumed ithacrurabeing marginally
more important; Green et al. (1998) found almostwesivelyE. vallentiniin the diet;
and | found a shift in the dominant species indiet fromE. vallentinito T. macrura
over the course of the study. Shifts in the priatggustacean species being eaten
have been reported previously in other penguinispemnd are likely due to temporal
changes in prey availability (see discussion ine@ret al. 1998). Dietary changes
through the chick-rearing period of various pengipecies have also been reported,
often with a reduction in the reliance on euphaigsiiuring later stages of chick
rearing (Hindell 1988; Greeet al. 1998). This trend was observed in the current
study; euphausiids constituted 84% of the diet bgsrduring guard stage and 38%
by mass during créche stage. This shift is potiytae to a change in breeding
constraints that allows for longer foraging tripsdulults as the chick develops
(Hindell 1988).

The DNA-based faecal analysis provided promisesylits. | was able to
detect DNA from a range of pre-defined prey groupthe faecal samples using
group-specific PCR assays. The fiShanderssonwas the most common prey
species detected, followed by the euphausiids. @oeapwith the stomach samples
the order of importance of these key prey groups negersed; this probably reflects
the fact that more of the faecal samples were c@itklater in the season when fish
were a more important part of the diet. The dietdnijts that were observed in the
stomach content data are also apparent in theigela¢é. Based on the
presence/absence results there was a decreadedtiateof euphausiid DNA and an
increase in detection of fish and amphipod DNA giigreche stage. The change in
the dominant euphausiid species being consumelebgdanguins during the early
part of the study was clearly seen in the euphdugtiine library data. Additional
sequence results from the clone library analysidicoed the dominance .
anderssonin the fish component of the diet and also reealéarger diversity of
fish prey in the diet than the stomach resultsirenease in the importance of fish
from the suborder Nototheniodei was apparent irgéreetic analysis (in both the
presence/absence and clone library data). The temze of this clade in the diet
could easily have been underestimated in the stormaatent analysis because there

were a number of digested, unidentifiable remaiosmfsmall fish present in the
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stomach samples. Alternatively, the increased tleteof the Notothenidei fish in the
faecal samples could have resulted from real diffees in the diet of the birds that
were stomach sampled versus those whose faecesaraed. The stomach
samples were obtained from breeding birds (i.eefadly selected birds with
protrusive brood pouches that were purposefullyrreng to the colony). In contrast,
the faecal samples were collected from any penguiesent on the beach near the
colony; these samples would have partly (or evestlyJocome from non-breeding
birds. Dietary differences between these groupslite possible since non-breeding
macaroni penguins tend to travel a lot further aredat sea for longer during foraging
trips compared with breeding birds (Trebilco 2004).

| did encounter several difficulties in the geoanalysis that could be
remedied in future studies. First, a relativelygianumber of samples contained no
amplifiable prey DNA, resulting in a smaller thamtiaipated sample size. There are
several possible reasons for this: many of the &snpay have contained PCR
inhibitors, DNA in some samples may have degradeihd storage, or there may not
have been any prey DNA in some samples when they eatlected because the
defecating bird had not fed recently. The last @axgtion is almost certainly true in
some cases since nearly 20% of the breeding iedsatere stomach flushed had
empty stomachs. Non-breeding birds typically spendh longer ashore between
foraging trips (Trebilco 2004), therefore faecesrirmany of these birds may not
contain recoverable amounts of prey DNA. It woudduseful to know the persistence
of a detectable genetic signal in faeces duringpgsrof fasting. This could be
determined using captive birds and might clariy tbasons for the high incidence of
negative results. These data are also needed litaévavhether prey DNA present in
faeces originates only from foraging that occulatieely close to the colony, or if a
genetic signal can be obtained from prey capturedare distant locations.
Regardless of the length of time a genetic sigeadipts, the collection of faeces
should focus on birds that have recently returmech fforaging trips to maximize the
chance of prey DNA being present. It would als@helent to collect large numbers
of samples to compensate for the proportion of $asnjpat do not contain any
amplifiable prey DNA. In the case of penguins dboe@s, the samples are easily
obtained and the initial PCR screening of samplepifey DNA can be done

relatively quickly and cheaply.
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Another technical difficulty was that the clonrlries generated using the
conserved 16S primers (degenerate primers spdlyifasigned to amplify DNA
from a wide variety of prey) did not represent dinersity of prey in the penguins’
diet — almost all the sequences obtained in thadyais came from fish. Two
important prey groups, euphausiids and amphipodes wonspicuously absent in
these libraries. | have previously shown that gitetnte estimates of diet based on
DNA amount in faeces can be biased due to diffeeit prey DNA density and
DNA survival during digestion (Chapter 4; Deagler&@llit 2006). However, the
cause of the major bias found in the present satiigely methodological — the result
of differences in primer binding efficiency for tddferent prey groups targeted. This
is supported by the fact that DNA from euphausiidd amphipods were present in
some of these samples based on the presence/abiseacEigure 6.1 and Table
A4.1). The degenerate primer set used to creatibtlaey was capable of producing
PCR products in preliminary testing carried ouhgsgenomic DNA template from
fish, euphausiids and squid. However, the anne#édingperature of both primers
matching the euphausiid binding regions is lowantthe comparable annealing
temperature for the fish primers (see primer detailAppendix II: Table A2.2). This
could cause differential PCR amplification of thxed template present in the faecal
samples (von Wintzingerod al. 1997). With regards to the lack of representatibn
amphipods in this library, the primers were desigwih reference to amphipod
sequences from the gammaroidean suborder (thegetimeeonly amphipod
mitochondrial 16S sequences available in GenBardgting carried out at the end of
the study revealed that PCR products could nont@ified from genomic DNA of
the hyperiidean speci€eB, gaudichaudiiwith this primer set. To avoid biased
conclusions in future studies that use a “univénsamer approach, an increased
emphasis should be placed on primer selectiom ideal situation, completely
conserved primer binding sites could be targeteldidA from all prey would be
amplified simultaneously, with equal efficiency. fdrtunately very few primers meet
this criterion and also amplify short, informati&lA regions that are well
represented in GenBank. One way to safeguard dagginsous results caused from
primer-specific bias would be to analyse clonedlitas produced from multiple
conserved primer sets to allow for cross-valida{Blankenship & Yayanos 2005).

It might be assumed that the identification ofisgtres obtained in faecal
analyses would be quite limited due to the shorgtle of DNA that can be amplified

127



Chapter 6: Macaroni Penguin Diet

from degraded prey DNA. However, in the currentdgtthe taxonomic resolution
obtainable in some groups based on sequence datalie penguin faeces was very
good. In the euphausiid clone library, | was ablédistinguish between short
mitochondrial 16S sequences from two species igémeisEuphausiaE. vallentini
andE. frigida). These species were not distinguished morphaddlgicy the stomach
content analysis, even though it is highly probdb& both species were present in
the samples. In some groups (e.g. notothenioid éigferentiation between some
closely related species was not possible due kodagenetic variation in the targeted
mitochondrial 16S region. Before a study is indg@@a priori analysis of genetic
variation in potential prey groups should be caroet to determine if the taxonomic
resolving power of a particular marker is suitalolethe question being addressed.

The major limitation | encountered in the idemtfion of DNA sequences
resulted from a lack of reference sequence'titaasome prey groups. One DNA
sequence | obtained is only distantly related t@ss ray-finned fish (approximately
20% divergence) and could not be classified furthbrs was surprising given the
relatively good coverage of this group in the datsb As discussed above, an entire
suborder of amphipods is unrepresented by mitoafimnt6S DNA sequences in
GenBank. This is likely to be the case for manyugsoof marine invertebrates,
making identification in diet samples possible owiyh concurrent sequencing efforts
on samples of the relevant potential prey taxa. @rbe compensatory features of
DNA-based identification is that sequence dataiobthin different studies is easily
catalogued and available for future comparisonssangtiny. This means the
taxonomic classification of sequences can be ingmiaetrospectively as the number
of sequences available for comparison in publialta$e increases. The increase in
available sequence data for some genes, such asttehondrial cytochrome
oxidase subunit | gene, favoured by the internati@NA barcoding effort, will be
rapid (Heberet al.2003). This protein coding gene is not ideal far dlesign of non-
degenerate group-specific primers (Veneeal.2004), but it has found some use in
diet studies (Agustt al.2003; Blankenship & Yayanos 2005). The continued

development of the barcode of life database (oifl@irdatabases that focus on

2| used sequences from GenBank for taxonomic ifieation. These sequences are not always
reliably linked to the respective taxonomic spegcigyédut until better databases become availalge thi
remains the primary source of data for DNA-based studies.
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taxonomy and accuracy of the sequence data gedgveitebe vital to allow for
DNA-based identification to be more generally apglin diet studies.

An established tradition exists of studying thedfag habitats of seabirds by
stomach content analysis, and this will likely rémthe technique used by most
researchers. Stomach content analysis is techniedditively straightforward and
provides some data that are unattainable using oteéhods of dietary analysis (such
as information on prey size and meal size). Howetherapproach does have many
drawbacks, such as: the invasiveness of bird captod the stomach flushing
procedure; the time-consuming nature of samplecttin and analysis; the limited
opportunities for sample collection; and the biadfehe technique caused by variable
digestibility of different prey. Because of theselgems, the use of alternative
approaches such as DNA-based faecal analysisikeélylbecome more common as
supplements to, or even in place of, traditionairgtch content analysis.

The data in this chapter indicates that DNA frowagety of prey is
recoverable from penguin faeces and dietary inftionaan be obtained using DNA-
based species detection methods. The most obvitwasitage of genetic faecal
analysis is that a large number of samples camlected with minimal amount of
disturbance to the birds and these samples caapldiyr screened using
presence/absence PCR tests. The application oférsal” primers in diet studies can
be used to detect DNA from a wide range of pregigseand this may provide a
powerful method for determining the prey consumgdénbird species that have a
broad and/or unknown diet. However, results obthugng primers targeting a broad
range of taxa should be interpreted cautiouslyesditferential amplification of DNA
from different prey species can cause major biases.

In summary, the DNA-based analysis of faeces heet gpotential for use in
detection of specific prey species in seabird @iet] also for monitoring population
level dietary trends. More studies applying DNAdxhsnethods in combination with
conventional methods of dietary analysis would $eful to allow for further

validation this new approach for studying seabied.d
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Chapter 7

General Discussion and Future Directions

“Oh dear! I'd nearly forgotten that I've got to group again! Let me see—how is it

to be managed?”

— LEWIS CARROLL,

Alice’s Adventures In Wonderland
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7.1 Overview of chapter

This thesis consists of a series of studies inyating issues relevant to the
development of DNA-based techniques for studyimgdiet of marine predators. The
data chapters (Chapter 2 — Chapter 6) are selaowd; each includes a discussion of
the results in context of the currently availalerature (including references to other
published chapters). In this final chapter, | wél/iew two recent pinniped DNA-
based diet studies, and conclude with some gedis@lssion of potential directions
for research in this field.

7.2 Recent DNA-based diet studies

A number of DNA-based diet studies have been phbt in the last two years
(Table 7.1 and 7.2). Some of these have not beesidered in the data chapters of
my thesis because they were not available at e tihese chapters were written. The
majority of the recent DNA-based dietary reseam@$ focussed on terrestrial
invertebrates, but there have also been studiesaoime invertebrates, fish and
marine mammals (see references in Table 7.1 anaind. 2eview by Sheppard &
Harwood 2005). Two of these studies (Kvitretdal. 2005; Parsonst al.2005) are on
pinnipeds and are directly relevant to the workiythesis. As such, | will briefly
consider them here.

At the same time that the results from the Stakex lion captive feeding trial
were being published (Chapter 3, Deagjl@l 2005b), another group of researchers
published findings from a similar study (Parsensil.2005). This group developed
PCR tests targeting salmonid mtDNA. They used thssay to test DNA recovered
from the soft matrix of faeces collected from cepyrey sealsHalichoerus grypus
which had been fed a monospecific diet of Atlasitmon Salmo salay. They were
able to detect salmon DNA in 95% of the faecal D&l&racts, a finding that is
virtually identical to the findings presented inaptter 3 (Table 3.2). The ability of the
DNA-based approach to detect salmon DNA in faexss two pinniped species
indicates the method will be generally applicableese results open up exciting new
possibilities for studying interactions betweenmeds and salmon fisheries, an area
of research that that has been hampered by theeloovery rates of salmonid otoliths

in pinniped faeces.
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The second recent pinniped DNA-based diet stusty falcused on salmonid
prey, but was based on analysis of isolated hartd-patained from harbour seal
(Phoca vitulind faeces collected in the field (Kvitried al 2005)°. These researchers
extracted DNA from 751 salmonid bones removed fii@iaecal samples. With
primers targeting the single-copy nuclear growtimiune type-2 gene they were able
to amplify DNA from 421 (56%) of the bones. The P@fRducts varied in size
according to species, allowing identification basadstandard gel electrophoresis. A
total of 237 bones (56%) were from coho salnf@ndorhynchus kisut¢h181 (43%)
were from chinook salmor® tshawytscheand 3 (<1%) were from troud®{ mykiss
or O. clarki). The chinook salmon bones were further analysesigh microsatellite
genotyping, which allowed discrimination betweediundual fish. These
microsatelitte genotypes were used to show thétariaecal samples containing
chinook bones, 32% had remains from more than ishe The remains from one
individual chinook were recovered in three diffareaecal samples (due to multiple
samples having been collected from one seal or fn@w sharing among seals). This
study highlights the power of DNA-based identifioattechniques in diet studies to
provide data that could not be otherwise obtaikEvever, by focusing only on
recovered hard-part remains, the study does netadkantage of the ability to detect
prey in the faecal soft matrix. The 72 harbour $aatal samples that contained
salmonid bones came from a total of 1,407 faecam@ed for hard-parts. It would
be interesting to know what percentage of the 1st0#ples contained salmon DNA

in the faecal soft matrix.

3 The study was similar to the one carried out brc®liet al (2000) — reviewed in Chapter 1 and
published in the primary literature as Puretlal (2004) — who also used PCR to obtain specied-leve
identification of salmonid bones recovered from $aeces.
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Table 7.1Recent dietary studigsf invertebrate predators investigating the use of DNA-based methods for preyodetegtit

contents.
Predator Targeted Diet ltems Sample Tested Gene rkevia Sample Field- Reference
Size Sizé based
Wasp species Various prey items Prey remains in mtDNA 500 — 650 70 Yes Kaspat al. (2004)
(Vespidae) mouthparts rDNA
Predatory beetle larvae Geometrid moth caterpillars Whole predator  mtDNA 140 - 170 46 No Sheppaet al. (2004)
(Curinus coeruleus CoOl
Marine invertebrates Various prey items Gut contents Nuclear + mtDNA 700 - 770 6 Yes Blankenship & Yayanos (2005)
rDNA + COI

Giant squid Various prey items Gut contents mtDNA 190 - 250 1 Yes Deagtt al.(2005a)
(Architeuthissp.) rDNA
Carabid beetle Aphids and slugs Gut contents mtDNA 110 - 250 70 No Foltaet al.(2005)
(Pterostichus melanarijs COl + rDNA
Carabid beetle Earthworms, aphids, weevils and  Gut contents mtDNA 80 — 240 >200 Yes Harpet al.(2005)
(Pterostichus melanarijs molluscs COl + rDNA
Carabid beetle larvae Beetle larvae Whole predator ~ mtDNA 180 — 590 445 No Juen & Traugott (2005)
(Poecilus versicolor (Melolontha melolontha Col
Predatory bug and spider Dimondback moth Whole predator Nuclear 280 - 430 158 Yes Met al. (2005)

(Plutella xylostella or gut contents  rDNA
Carabid beetle Spider and aphid Whole predator mtDNA 110 - 250 >300 No Sheppaetial.(2005)
(Pterostichus melanarius) or gut contents  COI
Carnivorous copepod Copepod Faecal pellets mtDNA 170 14 Yes Vestheirat al.(2005)
(Pareuchaeta norvegiga (Calanus hegolandicys Col

2 Includes primary literature published in 2004 602 and listed in the Web of Sciefia#atabase. Diet studies on parasites are excledgdstudies analysing
the source of insects’ bloodmeals).

®Indicates the approximate number of separate sanséed for prey DNA. Many studies analysed eacfipge with several different PCR tests.



Table 7.2Recent dietary studigef vertebrate predators investigating the use of DNA-based methods for prey deted¢tarachs

contents or faeces.

Predator Targeted Diet Items Sample Tested Gene rkeva Sample Field-  Reference
Size Sizé based

Whale, penguin, squid Various prey items Faeces Nuclear + mtDNA 220 - 370 5 Yes Jarman al. (2004)

soft matrix rDNA
Whale shark Krill Faeces Nuclear 330 3 Yes Jarman & Wilson (2004)
(Rhincodon typys (Malacostraca) soft matrix rDNA
Harbour seal Salmonid species Faeces mtDNA 370 39 Yes Purcelket al.(2004)
(Phoca vitulind (Onchorhynchuspp.) hard-parts colll (116 bones)
Steller sea lion Fish and squid Faeces Nuclear + mtDNA 180 - 250 194 No Deagtt al.(2005b)
(Eumetopias jubatys soft matrix rDNA
Harbour seal Salmonid species Faeces Nuclear GH2 110 - 320 72 Yes Kvitrudet al.(2005)
(Phoca vituling (Onchorhynchuspp.) hard-parts + Microsatellite (751 bones)
Grey seal Atlantic salmon Faeces MtDNA 160 - 330 24 No Parsoes al. (2005)
(Halichoerus grypups (Salmo salayr soft matrix Cytb + rDNA
Large pelagic fish Various prey items Stomach mtDNA 450 12 Yes Smitlet al. (2005)

prey items Cytb
Macaroni penguin Krill, fish and amphipods Faeces mtDNA 170-280 88 Yes Chapter 6 (Unpublished)
(Eudyptes chrysolophys soft matrix rDNA

2 Includes primary literature published in 2004 662 and listed in the Web of Scieflatatabase, with the exception of information frohafter 6 which was
included for comparison. Studies based on the aisadf ancient remains were not included.

®Indicates the approximate number of separate sangi¢ed for prey DNA. Many studies analysed eaafipte with several different PCR tests.



Chapter 7: General Discussion and Future Directions

14 1

12

10

Number of pulications
(o))
|

N O g 1 © N © 9 9O oSG N o™ g [Te}
QO O D NN O 9O 9O O [=]
o o0 0O 0O 0O 0o 0o 0 O O O O O O
- - - - - — — — N N N N N N

Year

Figure 7.1The number of dietary studies using DNA-based ifiation methods
published each year since the first study in 199%@s graph is based only on primary
literature publications that are listed in the WebScienc® database. Diet studies
based on analysis of ancient remains are excludeat@ diet studies on parasites
(e.g. studies analysing the source of insects’ drioeals).

7.3 General discussion and future directions

Interest in the use of DNA-based methods for dyegaralysis has increased
rapidly over the last few years (Figure 7.1), sisgigg that these methods are likely to
become much more commonly applied. Several opgaist for studying the diet of
large marine predators; each has strengths andweesds, and it is important to
consider these in determining the best techniquarig particular dietary study.
DNA-based methods have some inherent limitatioaslll restrict their use. One
obvious limitation, shared to some extent with gemetic stomach content and faecal

analysis, is that collection of samples (and tleeetiata) is restricted to times when
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animals are feeding and accessible. In the cas®&ny species of pinnipeds and
seabirds, DNA-based diet studies will be possiblg during the breeding season
when the animals return to land. Some pinnipedispaio not feed during the
breeding season (e.g. the southern elephanMiealinga leoning; it is unlikely that
DNA-based methods could be used to study the @ittiese predators. Alternative
techniques such as analysis of fatty acids (lvees@h 2004; Bradshawt al 2003)
or stable isotope analysis (Hobsetral. 1997) will need to be applied to determine
diet when a predator’s faeces or stomach contamisat be collected. Another
limitation of DNA-based methods is that the sizd age classes of prey species
being eaten cannot be determined. This informasiaften important (e.g. Regt al.
2005) and can only be obtained in conventional atdntontent or faecal diet studies.

The major strength of DNA-based techniques is ttegyprovide rapid,
accurate identification of otherwise unidentifiapkey remains. In dietary studies of
large marine predators, the most straightforwamiegtion of DNA-based
methodology has been identification of biologiehains (tissue or hard-parts)
recovered from stomach contents. This approachaypied to the giant squid gut
sample analysed in Chapter 2, and has been usadhele to provide diet data in
studies of seabirds (Scribner & Bowman 1998) argkla@elagic fish (Smitet al.
2005). The quality and quantity of DNA recovereahi partially digested remains in
a predator’s stomach should be significantly highan the DNA recovered from
faeces. Therefore, PCR amplifications from thispkate are generally reliable, and
larger fragment sizes (i.e. >500 bp) can be tadyetéowing robust taxonomic
classification of prey. In addition, the charactation of the relatively pure DNA
obtained from isolated prey remains is easier #iailar analysis of mixtures of
DNA (such as the prey DNA in faeces). Becauseahgdication is relatively
uncomplicated and can increase the amount of ddiected from each sample, the
use of genetic identification methods will likelgdome routine in future studies that
obtain stomach contents (especially when large musntif prey remains are
unidentifiable, or when samples from rare specinsgasexamined). DNA-based
identification techniques have also been applidthral-part remains in pinniped
faecal samples (see section 7.1), and such apphsatre bound to continue. The
drawback of focusing on physical prey remains & the differential digestion of
hard-parts will continue to bias results.
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The greatest potential for DNA-based methods t@ade dietary studies of
pinnipeds and seabirds comes from their abilitetdeve information from the soft
matrix component of faeces. In the case of pinrspadalysis of prey DNA in the
faecal soft matrix will allow detection of prey sjpes that are under-represented (or
not represented) in conventional hard-part analysiseabirds, faecal analysis must
rely on soft matrix (due to the absence of hardaies), and genetic methods provide
a non-invasive and potentially less-biased apprecaahpared to stomach content
analysis. While the analysis of faecal soft malias been the primary focus of this
thesis, the total number of studies carrying oist type of analysis has been very
limited (see Table 1.2 and 7.2). Understandablgyge number of questions remain

to be addressed in this new area of research.

7.3.1 Questions for future studies

An immediate focus for future research should éewinining the generality
of findings from initial diet studies focussing prey DNA in the soft component of
faeces. Additional controlled feeding trials simita those on Steller sea lions
(Chapter 2) and harbour seals (Parsetrad. 2005) should be carried out. This is
especially important because the studies doneteolieve relied on only a few
individual predators; therefore, the impact ofarspecific variation in predator
physiology on DNA detection rates has not beenidensd. Feeding trials focusing
on other pinniped species, and where possible airsks, are also of high
importance. Ecological applications of the DNA-mgechniques will undoubtedly
focus on pinnipeds with low hard-part recovery sdg.Arctocephaluseals;
Caspetet al.2006) and on the detection of soft-bodied premggetherefore trials
with these predators and prey would be particulasiyful. While feeding trials are
the only way to answer some important questiorescthical test of the approach will
come from its performance in field-based studid®ré are currently no published
field-based studies that have looked at recovepyrey DNA in the soft matrix
component of pinniped faeces, addressing thisitisfiould be of top priority. Field
studies should initially be carried out in paralléelh other methods of diet analysis to

allow for cross-validation of results (e.g. Chap@grAfter such validation, DNA-
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based methods will be able to be used with contiden situations where other
methods of diet analysis cannot be applied.

A number of more specific questions could alsaderessed to help advance
the field. Potential detection of secondary premaévents could be investigated (this
has been shown to be a source of error in teraéstriertebrate systems; Sheppatd
al. 2005). Studies determining the duration of DNgnsil in faeces during periods of
fasting would also be informative (see discussio@hapter 6). Due to the
significance of sample quality in field-based sasdithe post-defecation degradation
of DNA in faeces should be further evaluated. Optgoo for doing this would be by
combining the time-course experiment of ChapteiitB the method for
guantification of DNA damage introduced in ChageThe stability of DNA in

samples should be considered both before andméeervation in ethanol.

7.3.2 Technical considerations

During the course of my thesis | have used seiffarent genetic techniques
to analyse faecal samples, and this raises th@od®guestion: what approach is the
best one to use? The answer is dependent on teeimental question being asked
and also on the scope of the planned study. Letisider the options. All of the
approaches that | applied involved amplificatiortt@ minute amount of prey DNA
present in samples using PCR. The potential mast &xi the development of non-
PCR methods (e.g. ancient DNA from cave bear bamesrecently cloned without
amplification; Noonaret al.2005), but it seems certain that PCR will contitmplay
a central role in most future DNA-based diet stadidhave previously distinguished
between two general PCR approaches. In the figoagh, PCR primers are
designed to amplify DNA from a particular prey sipsdor wider taxonomic group)
and successful PCR amplification from a sampleciagis the presence of DNA from
the target; | will refer to this as the targetegmach. The second approach utilizes
primers which bind to DNA regions conserved in edat range of prey items and the
PCR products amplified with these conserved priraegssubsequently characterised;
this can be thought of as the exploratory approBoth of these approaches are

useful.
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The targeted approach is useful for addressingfspdietary questions (i.e.
does predator A consume prey B). The approachpspgate when the range of
potential prey is knowa priori, or when particular prey species are of interest.
Targeted PCR assays are relatively easy to dewgdmigh-throughput sample
processing can be implemented. For example, Hatpar (2005) developed a
multiplex PCR assay for detection of prey DNA iamsachs of invertebrate predators.
In this multiplex PCR, tests for ten prey speciesaarried out simultaneously and a
single person can process 200 samples per daye Imarine environment, these
types of PCR tests could be developed for the tdeteof commercially exploited
fish species and applied to faecal samples froowaipredators in order to
determine the potential for direct competition begw the predators and fisheries.
Data from the macaroni penguin diet study (Cha@teshow that the targeted PCR
approach can also be useful for detection of diethifts, suggesting a potential
application in long-term studies monitoring changediet (e.g. Reiekt al.2005).

The obvious drawback of the targeted approachaisytbu only find prey species you
specifically look for. Therefore, if the experimahsystem is not well understood,
important prey items could be missed. An additiah#iiculty with the targeted
approach is that a negative PCR result does nefssadly mean absence of that prey
item in the sample, since the failure of PCR anugatfon can result from numerous
factors. The use of appropriate internal positimetm| assays is the only way
negative occurrences can be verified (this probgediscussed in Chapter 3).

In an ideal situation the exploratory PCR apprazamlid be used to amplify
all prey DNA in a sample and these molecules cthéd be identified in a single
analytical step. This would allow for discoverym&viously unknown prey items,
and negative results could be logically interprdtedd samples that contain no
amplifiable prey DNA could be removed from furttaralysis). Unfortunately, this
approach is hindered by the preponderance of DN/ fihe predator in dietary
samples. | found that prey DNA could not be relyadiétected using conserved
primers (Chapter 2) due to swamping by predator BDNAere was, on average, 25

times more sea lion DNA than prey DNA in the sea liaecal samples collected
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during the feeding triaf (Chapter 5). Through the use of group-specifimprs, prey
DNA can be preferentially amplified (Jarmanal.2004), but to characterise all
potential prey, multiple group-specific primers dee be used. In addition, when
predators consume prey closely related to themséézg. squid commonly eat other
squid) the group-specific approach becomes unten@bkre are several other
methods that could possibly be used to selectiegtyove predator DNA from
samples. This includes using restriction enzymetgest the predator DNA
(Blankenship & Yayanos 2005), subtractive hybritima methods and amplification
blocking procedures (Dominguez & Kolodney 2005)e Tievelopment of these
methods in the context of DNA-based diet studiesldibe very useful. The design
of non-degenerate conserved primers amplifyingtsh@onomically informative
DNA regions is also critical. Without these primedata obtained from the
exploratory approach can be biased by speciestgpditierences in primer binding
efficiency (see discussion in Chapter 6).

If we assume that a wide range of prey DNA canelgevered from dietary
samples using the exploratory PCR approach, theepsoof identifying the species
represented can be carried out using a varietyatfoas. The most straightforward
approach, and the one providing the maximum amoldata, is to clone and
sequence the PCR products. Because these techaiguespensive, and sample
processing is relatively time-consuming, this mdtemost suited to small studies
looking at important dietary questions. Other mdthosed to characterise mixed
PCR products require more initial investment irirtdevelopment, but have the
potential to be cheaper and faster for studies laitie numbers of samples. Potential
methods that could be used include: RFLP analg$ikP analysis, DGGE and
hybridization techniques. RFLP analysis was use8utherland (2000); he found
interpretation of multiple prey RFLP signaturesiddue difficult and confidence in
the resulting identifications was often low. Theref this simple approach can only
be recommended if the diversity of prey within séesps very limited. AFLP
analysis relies on prey-specific differences inaheplified fragment length. High
resolution separation of fluorescent-labelled fragis can be accomplished on a

sequencer allowing simple interpretation of res{dtg. Harpeet al. 2005). However,

4 For a 300 bp marker, making the assumption tieherring fed as 50% of the diet represented 50%
of the prey DNA in the faeces.
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to obtain the reasonable taxonomic resolutionP@R target would have to be a
hyper-variable gene region. The size of the vagidtslgment amplified using the
primers16S1F and 16S2R (Table 2.1) could be usdistoiminate between fish and
squid, but within these groups many species woatde differentiated. The AFLP
approach is probably best suited to studies wier@otential prey species are well
characterised, and in these situations it is débatahether it should be used
preferentially over a multiplex-PCR targeted applogHarperet al. 2005).

The DGGE technique for separating PCR productyvégshigh resolution
(i.e. PCR products differing by only a single basbstitution can be detected). | used
DGGE in the sea lion feeding trial for simultanedesection of DNA from five fish
species. The approach could be applied to much dieeese diets, and can be used
to identify unknown prey species. The high resolutbf the approach does mean that
intra-specific variation may be detect&dvhich will result in an increase in the
amount of sequence analysis required to charagetiérgse “new” bands. | also found
that heteroduplex band formation can lead to negpretation of results, although the
extent of this problem was not determined. Anoth#ficulty is that nested-PCR may
be required for consistent amplification when usangamped primer (Sheffieket al.
1989). This leads to increased cost, and a graakeof sample contamination (see
Appendix | for discussion of nested PCR). Even wligsse complications, | think
DGGE can be successfully applied in future diedistsi of generalist predators.
Particularly in large scale, or long-term, studideere a large amount of technique
development can be justified. The primary reasavoided the technique in the
macaroni penguin study (Chapter 6) was lack ofigefit time for assay
development. Lack of time was also why | did ngblere the use of hybridization
techniques. Hybridization techniques similar tostnemployed by Rosel & Kocher
(2002), or using microarray technology (Gibson 200ave great potential for use in
prey DNA detection. Like DGGE, development of thesethods will require

considerable initial investment.

5 When screening clone libraries, sequence var@etted through PCR induced errors may also be
detected (e.g. Chapter 2). However, my experienggests that in products amplified directly from
scat DNA template, the ratio of undamaged to dashégeplate is high enough to ensure that the
damaged templates are not visible on standard gels.
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7.3.3 Future of DNA-based quantitative diet estesat

Perhaps the biggest challenge for future DNA-basetstudies will be the
development of methods for obtaining quantitatiiet dstimates. Without the ability
to obtain at least semi-quantitative data, theiegiibn of DNA-based techniques will
be limited. In this thesis, | provided an initissessment of an approach for obtaining
guantitative diet data based on measuring the anafuPNA in faecal samples
(Chapter 4). The results were quite promising,amatlysis was restricted to a small
number of samples and a limited number of preyisge€urther studies quantifying
DNA from a diverse group of prey in faecal samgtem a range of predator species
are required to determine the generality of theséminary findings. Particular
emphasis should focus on determining tissue DNAsitleof different prey groups,
and on investigating the magnitude of the bias edilny differential tissue digestion.
The species-specific gPCR assays | employed walchpractical for field-based
diet studies of generalist predators due to theams technical difficulty of
guantifying DNA from numerous potential prey spsciglore general comparisons
could be made using group-specific primers (Jareta.2004) allowing broad
dietary questions to be addressed with only a fe®@R assays. For example, where
seal predation on salmon is a major concern (Kdigtual 2005) the amount of
salmonid DNA versus total fish DNA could be measlireseal faecal samples to
better evaluate salmon consumption. Another cugréeasible application using
gPCR would be in the long-term Antarctic ecosysteamitoring program looking at
the diet of Adélie penguins (Agnew 1997). The dsityrof prey species in the diet of
these penguins is limited, and simply measuringatheunts of krill and fish in the
diet can provide useful ecological informationmény of the penguin faecal samples
contained both prey groups a quantitative assalgldmiinvaluable. Widespread
application the DNA guantification approach to deti@ing diet composition is
ultimately dependent on methods becoming more aitdesthrough technological
improvements in gPCR and/or microarray technology.

Assays based on presence/absence detection dbpiyn faeces could also
be used to obtain quantitative estimates of digtgusition. The frequency of
occurrence data produced by these assays willttegidle biased quantitative

estimates because the importance of prey items akemall quantities is
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overestimated (e.g. in a sample containing 90%#dish 10% krill, the importance of
these species will be considered equal). Stilsehsata have been widely used in
traditional diet studies and strong biases in iindial samples will become less
important when a large number of samples are exai@ullenet al. 1992; Sinclair

& Zeppelin 2002). This frequency of occurrence apgh cannot be directly
evaluated through feeding trials because the fgadigime is artificial. In a case
where all meals in a feeding trial contain all psggcies in the diet, you would expect
to get equal occurrences for prey regardless afivel amounts of the prey fed (e.g.
results from Chapter 3). Alternatively, if dietfed in monospecific meals (i.e. a prey
item making up 10% of the diet is fed every tentatjy then frequency of occurrence
data would likely give good quantitative estimatésgliet. Field studies comparing
traditional diet data and genetic data from nalyfakraging predators will be the best
way to evaluate the approach. It should also bedhthtat if quantitative information

is to be inferred from genetic presence/absenae damparability of the data needs
to be carefully considered (especially when itbgamed using multiple PCR primer
sets). Differences in sensitivities of the PCR gsgdue to variation in primer binding
efficiencies, gene copy number and/or target fragraize) will result in the DNA

from some prey being detected more easily (and aVenger time period) than

others.

7.3.4 Concluding remarks

Despite the large number of questions that reteelie answered in the
emerging field of DNA-based diet research, optimfsnthe future is warranted. The
series of studies contained here show that valudibtary information can be
obtained from the DNA present in stomach contenfaeces of a variety of marine
predators. Additionally, the rapid development ehgtic technology promises a
future where laboratory analysis is faster, cheapdrmore powerful. A glimpse of
this future can be obtained by looking at recefipations that have applied some
emerging genetic techniques. In a study using raicay technology for DNA-based
identification of microbes, a rapid assay has lmmeloped that allows simultaneous
detection and quantification of over 7000 uniqgueA>®¢quences (Palmet al.

2006). This microarray assay is also sensitive ghaa enable detection of DNA
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from bacterial species present at a proportionahdance of < 0.1% of the total
mixture. Recent advances in the development cdfakst DNA sequencing
technologies are equally impressive; one laboralerponstrated a new method by
sequencing the entire 580,000 bp genome of a aci@ecies in a single four hour
run, at a cost of less than 10 cents per 1000 gygMieset al.2005). While the
advances in genetics that make DNA-based diet sisghpssible are extraordinary,
the use of elaborate technology in itself doesmake the approach more exact or
better than traditional methods of diet analysis painted out by Avise (1994):

“Molecular markers are used most intelligently wkiegy address controversial
areas or when they are employed to analyse probégmatural history and evolution

that have proven beyond the purview of traditiomath-molecular observatioh.

There are numerous questions in the field of eccédglietary research that are
beyond the purview of traditional methods of dietlgsis. The continued
development and sensible application of DNA-basethods should allow many of
these to be answered.
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Appendix I: Investigation into the advantages of nested PCR and

comments on its use in diet studies

Nested PCR has been used extensively for deteatigpecific DNA
sequences in environmental microbiology and PCBrdiatics (Booret al 2002,
Kanbeet al 2002, Deaglet al 2003). This procedure is generally considered to
allow detection at a lower template concentratiompared with standard PCR. A
drawback of the approach is that it requires sasnjolée transferred to a new tube
part way through the amplification, significanthcreasing the chance of
contamination. Recent studies have indicated thextien sensitivity of single round
PCR can be comparable to results achieved witledd¥ER (Zimmermann and
Mannhalter 1998) and have also suggested methods wingle-tube nested PCR in
order to minimize the risk of cross-contaminatieming transfer of PCR products
(Abathet al. 2002 and references within). These studies digcypotentially
valuable advantage of the traditional two-tube e@d@fICR method — the dilution of
PCR inhibitors between the first and second rodratplification. The inhibition of
PCR amplification can be caused by numerous congmwhich act through diverse
mechanisms, and dilution of many inhibitors cap\adlte their negative effect
(Wilson 1997). Inhibitors are most likely to be @lplem when DNA to be tested is
extracted from crude samples (e.g. from faecaleanvironmental sources) — when the
composition of samples is variable, DNA concentrais low and identity of
inhibitors is uncertain. Many DNA extraction metlsaghd PCR facilitators have been
suggested to remove or counteract inhibitors; hewgwotocol optimization can be
difficult and time-consuming, making a robust PGRpéfication invaluable. Here, |
evaluate the performance of standard and two-tebted PCR in the presence of the
PCR inhibitory chemicals and briefly discuss the abnested PCR in DNA-based
diet studies.

As a model system, genomic DNA from the Austrafiah Arripis georgianus
was used as a target and a region of the mitocladi@S rRNA gene was amplified
using AmpliTag Gold polymerase. Primers developedetect DNA from this fish
species in seal faeces (Caspeal unpublished data) and conserved animal primers
were used in nested PCR (Table Al.1). The inhipittveemicals investigated were
EDTA and NaCl. These chemicals have both been showa highly inhibitory to
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standard PCR at a concentration of 1 mM for EDTAUWAI-Soud and Radstrom
2001) and 40 mM for NaCl (Abu Al-Soud and Radstri@88).

Table Al.1Sequences of primers used for nested PCR amgpilificat

Primer Name Sequence (5'-3') Use in Present Study réduct size
16S1F gacgagaagaccct First round nested PCR 390 bp
16SbR ccggtctgaactcagatcacgt

16SAgeF gagcttcagacactcgagca Standard PCR and second237 bp
16S2R cgctgttatccctatggtaact round nested PCR

Total cellular DNA was extracted from frozen mestssue using the
DNAzol® reagent method (Invitrogen). The concentratiopwffied DNA was
determined using a PicoFluor™ fluorometer (Turnesipns). Standard PCR
reactions were done in aj@5/olume containing 0.44M of each primer, 0.14 mM
dNTPs, 2.0 mM MgGl 1X PCR Golduffer and 0.625 units AmpliTaq G&ld
(Applied Biosystems). Thermal cycling conditionsrevas follows: 92C for 10 min
then 40 cycles (9€, 30s / 66C, 30s / 72C, 45s) followed by 72 for 2 min. For
nested PCR, in the first stage the concentratigriofer was 0.20M, the annealing
temperature was 86 and the number of cycles was 20; other conditwesi® the
same as in standard PCR. In the second stagjefXhe first amplification was used
as template in the standard PCR described abowduéts (8l) were separated on a
2.0% agarose gel. Gels were stained with ethiditcomizle and visualized under UV
light.

Two approaches were used to look at the perforenahoested and standard
PCR in the presence of the inhibitors. In the fygproach a concentration of inhibitor
>10 times previously reported to be inhibitory targlard PCR was added the DNA
template and the inhibitors were serially dilutémhg with the template. The resulting
concentrations of the inhibitors were: 10 mM, 1nfM, mM , 10uM, 1 uM , 0.1uM
and 10 nM for EDTA; and 400 mM, 40 mM, 4 mM , 0.4m&0uM, 4 uM and 0.4
uM for NaCl. The template genomic DNA concentratiorese 0.1 ng, 10 pg, 1 pg,
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0.1 pg, 10 fg, 1 fg and 0.1 fg. Additional PCR it&ats were also run with these DNA
concentrations in the absence of inhibitors tordetee the lower limits of detection
for standard and nested PCR. Example gels are simokigure Al.1. In the second
approach the concentration of the inhibitors was kenstant (4 mM EDTA, 80 mM
NacCl) and the concentration of template was vai®d fg, 50 fg, 25 fg, 12.5 fg, 2.5
fg, 1.25 fg). Each experiment was done in dupliedth negative control reactions,

results are summarised in Table Al1.2.

(@) (b) (c)
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Figure A1.1 PCR amplification products obtained by 10-fold akdilution of
template with(a) no PCR inhibitorgb) EDTA(c) NacCl, top half of each gel shows
results from two-tube nested PCR and the bottofmadfi@ach gel the results from
standard PCR. Arrows indicate amplification failurestandard but not nested PCR.
For all gelsLanes: 1 2-log ladder (New England Biolab2)8 0.1 ng, 10 pg, 1 pg, 0.1
pg, 10 fg, 1 fg and 0.1 fg of template DNA respebtti Concentration of inhibitors in
(b) 2-8 EDTA: 10 mM, 1mM, 0.1 mM , 1M, 1M, 0.14M and 10 nM(c) 2-8

NaCl 400 mM, 40 mM, 4 mM , 0.4mM, 44, 4 M and 0.4uM.
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Table Al.2Performance of nested and standard PCR under vamomditions: (a)
10-fold serial dilution of DNA template and of P@Ribitors (b) dilution of DNA
with concentration of inhibitors kept constant.

(a)
PCR DNA Template PCR
Inhibitor 0.1ng 10 pg 1pg 100 fg 10 fg 1fg 0.1fg 0 method
None + + ++ + + + + ++ ++ - - —,—  Nested
+,+ +,+ +,+ +,+ ++  *- -— —,—  Standard
EDTA 10mM  1mM  10'mM  10°mM  10%mM  10°mM  10°mM 0
+,+ +,+ +,+ +,+ +,+ T+ —- —,— Nested
- - -- +,+ +,+ +,+ +— - —,—  Standard
NaCl 400mM  40mM  4mM  04mM  4GM 4uM 0.4 uM 0
+,+ +,+ +,+ +,+ ++ 4 - -- —,— Nested
- - -t +,+ +,+ +,— + - -— —,— Standard
(b)
PCR DNA Template PCR
Inhibitor 100 fg 50 fg 251g 12.5 fg 2.5fg 1.25fg 0 method
EDTA 4 mM
++ ++ -+ -- -— -~ —,— Nested
- - -- -- NT NT NT —,— Standard
NaCl 80 mM
++ ++ - - +— - -~ —,— Nested
- -- - NT NT NT —,— Standard

a
Genomic DNA was from the fisArripis georgianusamount of DNA is per reaction tube. Symbols represeo independent
PCR results: + strong band; + weak band; - malbBT: not tested.

The results are consistent with a previous stdénihermann and Mannhalter
1998) indicating that detection levels of standamd two-tube nested PCR are
comparable when using pure templates and AmpliTéd golymerase (Table
Al.2a). However, nested PCR did produce more relisgsults at the lowest
detectable level (1 fg), and bands at low DNA caomicdions were generally brighter
than the ones obtained in standard PCR. In thepcesof high concentrations of
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PCR inhibitors (10 mM and 1 mM EDTA; 400 mM NaChRdaample DNA, the two-
tube nested PCR gave positive results and the aalaconventional PCR
produced negative results (Table Al1.2). Dilutioneshplate and inhibitors to lower
levels resulted in positive results with both P@Rraaches until the concentration of
DNA became limiting.

The ability of nested PCR to work at high concatidns of inhibitors is most
likely due to the dilution (1:25 in this case) winiaccurs during the procedure. In this
scenario there is no amplification in the firstmduwof nested PCR, but when the
inhibitors are diluted during transfer to the settube the reaction can proceed given
sufficient DNA. An additional possibility is thabse amplification occurs in the
presence of inhibitors during the first round, ailoag amplification in the second step
even at low initial DNA levels. To investigate thise performance of nested PCR
was tested with a high level of inhibitors (4 mM E®and 80 mM NacCl) and low
concentrations of template. In this case ampliiicetailed at a DNA level
approximately 25 times higher than in the absefdehibitors (Table A1.2b). This
result indicates that negligible amplification iscarring during the first round of
nested PCR under these conditions; the lack of Bginds from first round PCR
supports this conclusion (see Figure Al.1b, Topdahand 3). Under less inhibitory
conditions it is probable some amplification woalttur in the first round. There are
additional mechanisms by which a nested PCR apbnoay reduce inhibition in
PCR amplifications. One mechanism is specific tokitory chelating agents such as
EDTA and some humic compounds commonly reportezhinronmental samples
(Wilson 1997). These compounds are thought to inRBR through binding Mg (a
necessary cofactor for DNA polymerase). Their éffean be counteracted through
increased Mg concentrations — this remedy is built into ne®RER since the
amount of M§" added is double that in standard PCR. PCR amgiific can also be
inhibited by excessive reconstructive polymerizatid non-target DNA (Golenberg
et al 1996). In this case, dNTPs are used up duringnsitn of the overlapping
fragments, limiting amplification of the targetlater cycles of PCR. In nested PCR,
the new dNTPs added in the second round shoulddkable exclusively for
amplification of target sequences.

Nested PCR is currently applied most often whieedével of target DNA is

low and template DNA is from impure sources. Cangtta expectations based on
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pure DNA, many of these types of DNA templates gitreng bands using nested
PCR and no band with standard PCR (Deagl. 2003). It seems likely that this
observation and some claims of the exceptionaitétsof nested PCR (1810°>

than standard PCR; Misererzal 1997) are due in part to dilution of inhibitov8hen
amplifying DNA from heterogeneous samples, the apgate level of template
dilution is often a trade-off between having enoGd%A but not too many inhibitors.
Since the level of target DNA is usually unknowrd dine type and amount of
inhibitors present is also unknown, a major adwgaaf nested PCR is that it
significantly increases the range in which a pesi®CR result will be obtained
compared with standard PCR. In light of this cositn, the usefulness of single-tube
nested PCR approaches (Abattal 2002) should be reconsidered — since with pure
samples these methods are unlikely to be much seorgitive than standard PCR
using AmpliTag Gold polymerase, and for use witlhder samples the dilution of
inhibitors does not occur, negating a clear benéfitvo-tube nested PCR.

The high sensitivity of two-tube nested PCR waudgest that it should be
employed in DNA-based diet studies; however, tlzavtbacks of the approach must
be considered. From a practical perspective, twe-tiested PCR requires double the
amount of reagents (increasing costs considerably)takes twice as long to run as a
standard PCR. In addition, the chance of contanoinaiccurring (i.e. obtaining false
positive results) is increased — this drawbackaiaiced by the decreased possibility
of obtaining false negative results. The tradeisoéinalogous in some ways to the
subjective balance between Type | and Type Il sriostatistical tests (Mapstone
1995). It is difficult to determine to determinesttelative frequency of these PCR
errors, but generally, the use of nested PCR isanted in situations where obtaining
a false positive is more acceptable than obtaiaifgjse negative (e.g. when a PCR
test is being used in an initial screen for harrpithogens and positives results can
be confirmed using another diagnostic test). Whe&nmore acceptable to obtain a
false negative than a false positive result, neBteg should be avoided. In DNA-
based diet studies, false negative results camti@lty accounted for using internal
positive controls (see discussion in Chapter 33gfaositive results are more
problematic and could have major implications andlitcome of a study. Therefore,

nested PCR should be avoided in dietary studiesiexe possible.
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Appendix II: PCR primers

Table A2.1Details of all PCR primer pairs used in the theSise target taxa are
species amplified in the various experiments; fréissessment of specificity is
recommended before using these primers in newestudi

Forward Primer (5'— 3%  Reverse Primer(5'— 3) Target(gene: Length  Reference
taxa) (bp)
16sar-5' Fish 16Sbr-3' 16S mtDNA: ~ 700 Palumbi (1998)
(cctcgectgtttaccaaaaaca) (ccggtctgaactcagatcacgt) Animal Chapter 2and 3
16S1F 16S2R 16S mtDNA: ~180- 270 Chapter 2 and 3
(ggacgagaagaccct) (cgctgttatccctatggtaact) Animal
ChordVf Chordvr mtDNA: ~370 Jarmaret al.(2004)
(acayaccgcccgtcac) (catratgcaaaaggta) Chordata Chapter 2
16fishF 16S2R Clamg (GC clamp+ 16S mtDNA: ~ 260 Chapter 3
(agaccctatggagctttagac) cgctgttatccctatggtaact) Feeding trial fish
Squid28SF Squid28SR 28S nuclear: ~ 280 Jarman (unpublished)
(cgccgaatccegtcgecmagtaaamggcttc) (ccaagcaacccgactctcggatcgaa) Cephalopoda Chapter 3 and 6
16fishF Kpnl 16S2RECORI 16S mtDNA: ~ 260 Chapter 4
(taggtaccagaccctatggagctttagac) — (tagaattccgcetgttatccctatggtaact) Feeding trial fish
16fishF EcoRI 16S2RXmal 16S mtDNA: ~ 260 Chapter 4
(tagaattcagaccctatggagcetttagac)  (tacccgggegctgttatcectatggtaact) Feeding trial fish
16fishF Agel 16S2RXhol 16S mtDNA: ~ 260 Chapter 4
(taaccggtagaccctatggagctttagac)  (tactcgagcgctgttatcectatggtaact) Feeding trial fish
Sm.1F Sm.65 R 16S mtDNA: 65 Chapter 4
(acgtcaaacttcccctttca) (ccaaccgaagacaggagaga) Smelt
Sal.1F Sal.65R 16S mtDNA: 65 Chapter 4
(ggcagatcacgtcaaaaac) (agacatatgggctaggggtc) Salmon
He.1F He.69R 16S mtDNA: 69 Chapter 4and 5
(accaatcacgaaaagcaggt) (cgaagacgtttgtgccagta) Herring
He.123R 16S mtDNA: 123 Chapter 5
(tagggtagccccaatcctct) Herring
He.184R 16S mtDNA: 184 Chapter 5
(gcatgtagccggatcatttt) Herring
He.226R 16S mtDNA: 226 Chapter 5
(ggattgcgctgttatcecta) Herring
He.304R 16S mtDNA: 304 Chapter 5
(aatagcggctgcaccattag) Herring
SL.1F SL.61R 16S mtDNA: 61 Chapter 5
(caagtcaaccaaaacgggata) (caccccaacctaaattgctg) Sea Lion
SL.91R 16S mtDNA: 91 Chapter 5
(tcactcggaggttgttttgtt) Sea Lion
SL.163R 16S mtDNA: 163 Chapter 5
(cttgttccgttgatcaaagatt) Sea Lion
SL.230R 16S mtDNA: 230 Chapter 5
(tcgaggtcgtaaaccctgtt) Sea Lion
SL.327R 16S mtDNA: 327 Chapter 5
(gattgctccggtctgaactc) Sea Lion
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16S1F
(ggacgagaagaccct)

EuphMLSUF
(tttattggggcgataaaaat)

KaMLSUF
(cccacatcaaatacccccta)

NotoMLSUf
(ccctatgaagcttyagacrta)

AmphNSSF1

(ctgcggttaaaaggctcgtagttgaa)

16S1F-degenerate
(gacgakaagacccta)

16SAgeF
(gagcttcagacactcgagca)

TableA2.1 Continued...

16Sbr-3'
(ccggtctgaactcagatcacgt)

EuphMLSUR
(tcgaggtcgyaatctttettgt)

KaMLSUR
(gggtcattggtggtcagaag)

NotoMLSUr
(ccttgttgatawggtctctaaaa)

AmphNSSR1
(actgctttragcactctgatttac)

16S2R-degenerate
(cgctgttatccctadrgtaact)

16S2R
(cgctgttatccctatggtaact)

16S mtDNA: ~ 380
animal

16S mtDNA: 169
Euphausiid

16S mtDNA: 169

K. anderssoni

16S mtDNA: ~ 275
Nototheniodei

18S nuclear: ~ 200-375
Amphipoda

16S mtDNA : ~ 180 - 270
Animal, not bird&

16S mtDNA: 237

A. georgianus

Chapter 5 and
Appendix |

Chapter 6

Chapter 6

Jarmaet al. (2004)
Chapter 6

Jarmaet al. (2006)
Chapter 6

Chapter 6

Appendix |

#Redundancies use the code: r (ag); k (gt); d;(ay#ic)

® original degenerate forward primer modified to chafish consensus

¢unclamped primer used in first round of nested P@Raecal DNA template. In second round

amplification and clone library screening GC clafgggcgggggcggcgggacgggcgcggggecgcggcgggcy)
added to primer for DGGE analysis

4 more information on this primer set is providedrable A2.2

Table A2.2Details of the degenerate primers used to creaiaeclibraries from
penguin faecal samples (Chapter 6). The taxa-dpemiimer binding sites and
melting temperatures are shown. Size of amplificairoducts are: Fish ~ 250 bp;
Cephalopoda ~ 180 bp; and Euphausiid ~ 200 bp.

Primer sequenceg5' — 3')° Matching taxa Melting
temperature
16S1F-degenerate
gacgakaagaccct a All —
gacgagaagaccct a Fish 52.58
gacgagaagacccta Cephalopoda 52.58
gacgat aagaccct a Euphausiid 49.34
16S2R-degenerate
cgctgttatccct adr gt aact All —
cgctgttatccct agggt aact Fish 63.89
cgctgttatccct at ggt aact Cephalopoda 62.22
cgctgttat ccct aaagt aact Euphausiid 60.42

#Redundancies use the code: k (gt); r (ag); d (agt)

® Nearest neighbor Tm (degrees C) from Stothard@R00
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Appendix III: Real-time PCR copy number estimates used for
quantification of DNA degradation
Table A3.1Estimated copy numbers of sea lion and herring DdtArarious sizes of

template. Copies per reaction for the ten sea fa@tal sample analysed in Chapter 5
are given (two replicate measurement amehn values are shown).

(a) Sea lion copy number estimates

61 bp 91bp  163bp  230bp 327 bp

la 27067 21485 10146 1942 1109
1b 62387 23438 13784 5551 1665
44727 22461 11965 3746 1387
2a 22490 21141 5900 969 556
2b 26204 10796 4885 2006 495
24347 15968 5393 1487 525
3a 204777 205536 119205 33193 21066
3b 268873 181284 123862 56297 30807
236825 193410 121534 44745 25936
4a 33024 37234 17736 6940 4303
4b 37667 24458 23030 12888 6476
35346 30846 20383 9914 5390
5a 46202 31332 9606 2737 817
5b 41377 20882 14339 5728 1734
43789 26107 11972 4232 1276
6a 183211 163853 61393 17999 6097
6b 175025 88659 53041 34644 11271

179118 126256 57217 26322 8684

7a 159720 129525 57253 13268 6173
7b 174356 117391 68198 20884 9714
167038 123458 62726 17076 7944

8a 32957 25771 14705 8408 1904
8b 26409 24241 15178 9606 3733
29683 25006 14941 9007 2818
9a 218422 271214 173467 40689 18302
9b 179218 174226 119951 66527 21216

198820 222720 146709 53608 19759

10a 52899 47174 33760 24900 6624
10b 64107 45893 36198 26577 12624
58503 46534 34979 25738 9624
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Appendix Il

(a) Herring copy number estimates

69 bp 123 bp 184 bp 226 bp 304 bp

la 8432 771 186 119 71
1b 7883 273 99 68 13
8157 522 143 93 42
2a 7096 1429 372 394 208
2b 12757 560 141 85 32
9927 994 257 240 120
3a 11925 2658 604 395 207
3b 16085 1373 769 367 148
14005 2016 687 381 178
4a 1485 544 228 135 79
4b 1664 292 263 229 59
1575 418 246 182 69
5a 11980 1414 318 140 58
5b 11317 491 167 157 35
11649 952 243 149 46
6a 9041 2091 544 234 145
6b 14466 1309 667 380 95
11754 1700 605 307 120
7a 11817 5063 1629 1656 357
7b 25360 2970 914 674 111
18588 4016 1272 1165 234
8a 33007 10541 2178 1570 504
8b 17400 7225 2434 1163 355
25203 8883 2306 1366 429
9a 25115 6698 1221 372 320
9%b 27475 4295 1377 938 212
26295 5497 1299 655 266
10a 736 400 161 122 84
10b 685 464 315 155 130
711 432 238 138 107
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Appendix I'V: Penguin clone library results
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Figure A4.1 Sample numbers for the 39 penguin faecal sampl@sicing prey
DNA. Numbers correspond to clone library result3able A4.1 (Sample #) and

presence/absence results shown in Figure 6.2.

Table A4.1Results from the penguin faecal DNA clone libramglgsis (Chapter 6).

Samples given in bold were analysed with both psraets.

(A) Conserved primers (degenerate 16S1F and 16S2R) B) Euphausiid primer pair

Clone Sample Date # Clones - Species®D Clone Sample Date Euphausia/
library # library # Thysanoessa
Al 4 Dec 25 6 - K. anderssoni Bl 3 Dec 24 6/4
A2 5 Dec 26 6- Acanthopterygii B2 4 Dec 25 2/8
A3 12 Jan 13 6 - K. anderssoni B3 5 Dec 26 10/0
A4 14 Jan 16 6 - K. anderssoni B4 7 Dec 27 2/8
A5 18 Jan 28 6 -K. anderssoni B5 8 Dec 28 9/1
A6 23 Feb 7 3 - K. anderssoni B6 10 Jan 3 1/9
1 - Harpagifersp. B7 12 Jan 13 0/10
2 - C. gunnari B8 13 Jan 14 0/10
A7 24 Feb 10 6 -K. anderssoni B9 14 Jan 16 0/10
A8 27 Feb 13 5 -K. anderssoni B10 16 Jan 26 0/10
1- G. antarcticus
A9 31 Feb 15 4 -K. anderssoni
2 - E. antarctica
Al10 34 Feb 16 1 K. anderssoni

2 - C. gunnari
3 - Nototheniinae sp.

& Taxonomic identity of the six clones sequencedfemch library. Further details are in Table 6.5.

P |dentity of euphausiid sequences in ten clonesesszpd from each library.
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