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CHAPTER FIRST: INTRODUCTION

1.1. INTRODUCTION TO THE SPECIES

1.1.1 Systematics

The wolf Canis lupud.., 1758, ord. Carnivora, fam. Canidae) is the second lapyedator
in Europe, after the brown bedirlooks like a large German Shepherd dog. Since the species has
large distribution area and lives in a variety of habitéassphenotypic variation (body size, color,
and weight) is remarkably high (Mech, 1970; Boitani, 1995; 2000). On 8is dfthis variability
(external morphology and skull characteristics), Sokolov & Rosolif8%) identified 9 subspecies
of Canis lupusn the Eurasian area (fig 1.1).
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Fig. 1.1: Eurasian distribution of the different wolf subspes (Sokolov & Rossolino 1985). €) lupus albus?2) C.
lupus campestris3) C. lupus chacp4) C. lupus cubanensi$) C. lupus desertorun®) C. lupus hattgi 7) C. lupus
hodophilax 8) C. lupus lupus9) C. lupus pallipes10) C. lupus arabgsometimes considered synonympallipes 11
C. lupus lupastefsometimes considered synonymugiug, 12) C. lupus communis

In this classification the Italian wolf population belongs to the padissCanis lupus lupus
Anyway, as the Italian wolf presents particular phenotypic cheniatics such as a typical gray-
brownish coat and a black stripe on the frontal part of the antkgs, Altobello (1921) had
already proposed for it the status of subspeCasis lupus italicusBut as Altobello’s description
was based only on few phenotypic characteristics, it wastesj.

More recently, however, new taxonomic methods based both on morpitorstedies
(Nowak & Federoff, 2002) and genetic analydear(diet al, 2000; Randi & Lucchini2002, have
suggested that the Italian wolf population seems to be diffatedt enough from the other
European ones to support Altobello’s classification. The distimctiorphologic and genetic traits
of the current Italian wolf population could be due to geographicekbsio its (wolf) dispersalln
fact Quaternary glacial/interglacial cycles affectéloe distributions of plant and animal
communities and species, which contracted into southern refugia paddexi re-colonizing de-
glaciated regions (Hewitt, 1996; 2000)e ice caps covering the Alps and the wide expansion of
the PO River, which cut the alluvial plains throughout the Holoomiight have isolated wolves in
central-southern Apennines since the Last Glacial Maximum 18#00 years before present).
Alternatively,deforestation, which was already widespread in the fifteggrtury in northern Italy,



and direct human persecution, might have limited the rate ¢ §lew among wolves in the
Apennines and any other population in Europe during the last few @nfuucchiniet al, 2004).

1.1.2 Habitat and diet

Wolves live in the most diverse types of habitat and theirdodistribution ranges show the
species’ adaptability to the most extreme habitat conditionsi{ME970; 1989). The wolf’'s habitat
has been described as everywhere where humans do not kill tiessped where food resourches
are sufficient. Where wolves live depend on wild ungulate pregir habitat is that of their prey
(Mech & Boitani, 2003). Habitat quality should then be interpretedringef human disturbance
(wolves are rarely found where human density is above 30-40 perséndkiel, 1985), prey
densities and range size. In general, large forest aregadicularly suitable for wolves in Europe,
although wolves are not primarily a forest species (Boitani, 2000).

In Italy, like in the rest of Europe, the species usuallgdiin mountain and surmounting
forested areas with lower human densities and less extensitieultgal utilisation,
opportunistically eating what is most available in its habitakd boars Sus scrofg roe deers
(Capreolus capreolys red deers Gervus elaphys fallow deers Pama dama and small
vertebrates, invertebrates, vegetables and carc@ssesi et al, 1996; Meriggiet al, 1996; Pezzo
et al, 2003; Peterson & Ciucci, 2003).

1.1.3 Social behaviour and reproduction

Wolves live in social units (packgpnsistingfrom 2 till as much as 36 animals which co-
operate in hunting, reproducing and defending their territories. R igaitindamentally a family
unit that originates when a pair establishes a territoryrgmaduces. It is generally made up by a
mating pair, its yearling pups and by a few other adults whiclganerally the offspring of the
previous years remaining with the pack for a year or more, whermpups are born (Mech, 1970;
Rothman & Mech, 1979).

Among pack members there is a strong hierarchy that regutatrsal stability and the
dynamics of the pack: individuals at higher dominance level codedeneery kind of pack activity
and have most of the privileges in feeding and reproducing. ®melyalpha female can breed
preventing the other females from breeding (by aggressive ibehsand sometimes by violent
fights) even if they can help it to bring up its pups (Olson,1938; Vid944;Young & Goldman,
1944).

When a mating member disappears, it can be substituted by anothef the same pack or
by a wolf coming from other packs or from other territories (Meiel, 1995).

A wolf is sexually active when it is two years old. In auimg population a wolf pair can
produce pups every year (Fritts & Mech, 1981; Mech & Hertel, 108&h, 1995d). The breeding
can happen from January to April, it depends on the latitude 1{Rwsgy, 1968), oestrus lasts 5-7
days once a year, the parturition occurs after a two montatigesperiod and litter size varies from
1 to 11 pups (Mech, 1970; 1981; Mech & Hertel, 1983; Stadtled., 2002). Generally only the
dominant pair breedsroducing only one litter per paddut data from North America show that when
food supplies are flush, some maturing wolves, rather than replagagk breeder, may breed in
addition to their pack’s established breeders while remainititgin natal pack (multiple breeding)
and more than two litters (extra litters) can be produced witltitaitringtonet al. 1982; Ballardet
al., 1987; Meieret al, 1995; Meclet al,1998).

When food is scarce adults stop provisioning yowamves and sexual competition and
aggression might become the factor triggering dégpMech, 1995c; d). In order to look for new
territories where they can settle and found nevkpat their own, in fact, some wolves disperse from



their pack as young as 5 months old (Fuller, 1988bgreas others may remain with the pack for up to
3 years (Gese & Mech, 1991) or occasionally lonBetldrd et al, 1987). Some individuals can also
disperse when they lose their status and are e€jégta pack (Mech, 1995c¢; d).

The distances a wolf can disperse reflect the type of disp&ma merely moving to an
adjacent territory to substantial dispersal distanceispddsal distances of several hundred
kilometres are common, and movements over 1000 km have been doalrfieitte & Mech,
1981; Ballarcet al, 1983; Fritts, 1983ylechet al, 1995;Wabakkeret al, 2001). The data suggest
the younger the disperser is, the farther it disperses (Wwgdsval, 1995) and that the record
dispersal lengths of males and females tend to be about the(Balteed et al, 1983; Peterson,
Woolington & Bailey, 1984).

Wolves generally are highly territorial (Mech, 1973; 1944a; Metcil, 1998) and each pack
territory could be considered a mini-ecosystem (Haber, 1997) wiresérem 80 to 2.500 kfiin
North America and from 100 to 500 km? in Europe) depends on the pack s&h,(l¥970;
Peterson, Woolington & Bailey, 1984), on prey density (Waltrsal, 1981), on landscape,
geographical and morphology features (Peterson, Woolington & Bdi#84; Peterson & Page,
1988), and on human disturbance. The immediate territory limits ghin@iuring packs may
partially overlap (Peters & Mech, 1975b; Peterson & Page, 1i8&8kind of buffer zone between
packs (Mech, 1977d) but territory boundaries are rarely trespasgbwhen this occurs, it may
lead to violent aggressions and intra-specific mortality giBe& Mech, 1975b; Zimen, 1976;
Harrington & Mech, 1979).

The internal pack cohesion, the conservation of social structurehanterritory use and
defence depend on the communication ability of wolves. In fagt thee developed a complex
communication system based on looks, face expression (Schenkel, 16vef, Zi981), vocal
signals ( Mech, 1970; 1988a; Harrington & Mech, 1979; Schassburger, 1978192938 Cosciat
al., 1991, Coscia, 1995) and olfactory communication (Montagna & Parks, 1848; B950; Aoki
& Wada, 1951; Bloclet al, 1981; Brown & Johnston, 1983; Mech, 2001b).

Wolves may use feces, with or without streaks af aac secretions (Peters & Mech, 1975b; Vila
et al, 1994), and urine (Eisenberg & Kleiman, 1972;n%am, 1973; Gosling, 1982; Doty, 1986) in
territorial marking and as a response to unfamilidrightening surroundings (Kleiman, 1996).

1.1.4 Distribution and population numbers
After man,wolves Canis lupu} are the terrestrial mammals with the largest distribudiaa

in recent historical times because theg highly adaptable and widely distributed in ecosystems
ranging from Arctic tundra to Arabian deserts in the Old Mea World (Mech, 1970) (Fig. 1.2).

W Present distribution
Past distribution

Fig. 1.2: historical and present World wolf distribution



The present European distribution of the species is greatlye@dficompared to the past
one. Extermination efforts by man caused the species extinctioarig countries through hunting,
destruction of its habitats artle decrease of its natural prey (Delibes, 19@i)ginally found
through out Europe, at the end of the 18th century, wolves wéirgorsisent in all European
countries with the exception of Great Britain and Ireland. mutihe 19th century, and especially in
the years following the Second World War, wolves were extersdnfadbm all central and northern
European countries. Now the largest European wolf populations livenra®a, Russia, Bulgaria,
Poland, Balkan area. Three smaller sub-populations can be ideirifibd Iberian peninsula, in
Scandinavia and in Italy/France: they appear to be relatiselsted from other wolf populations
and are expected to remain distinct for long time (Boite®89; 2000; 2003)Hig. 1.3.

Fig. 1.3:variations of the European wolf distribution froi®0D to 1990 and itgurrent distribution in Europe.

1.1.5 Italian situation and recent re-expansion

Italian wolf population had a continuous distribution from Alps to @iaittil the beginning
of the twentieth century, but human activities rapidly reduced inuch thatvolves disappeared
from the Alps in the 1920s and drastically declined in thedecades after World War 1I.

During the seventies iapproximatelyconsisted of only about 100 individuadsirviving
isolatedin small areas along central and southern Italian Apennines iZ&n8oitani, 1975).
Towards eighties, after that wolf hunting was stopped (1971) angdeees was legally protected
(1976), it was possible to sttipe wolf’s decline andts distribution naturally increased.

A census in 1983 suggested the presence of about 220 wolves (Boitani,Cl98e; &
Boitani, 1991) estimated an annual population increase of 7% fromt@EB8, leading them to
argue thatthe current approximate Italian wolf populatishould now numbeabout 600-800
individuals (Boitani, 1992; 2003) distributed along the whole Apennine ridga which they
started a natural re-colonization process of previously inddbiteas of their historical range.

From the 1980s onward wolves expanded, crossed the north-western Apemainmesched
the south-western Alps in 1992 (Breitenmoser, 1998; Gatral, 1999; Poullest al, 1999) until
France and Switzerland (Lucchiei al, 2002; 2004; Boitani, 2003/aliére et al, 2003;Fabbriet
al., 2007) (Fig. 1.4).

This quick natural increasing and re-expansion of the Italian wolf atpalcould be due to
its great dispersal ability, to the depopulation of the cowmtt@ethe mountain area protection and



to the return of the wild ungulates (Boitani, 1986; 1992; Ciatcal, 1997; Ciucci & Boitani,
1999a, b, c).

1900 1968 1976

1985 ; 1990 1995

Current approximate I-_'.-‘tét '
ltalian wolf distribution . ¢
(Boitani, 2003)

Fig. 1.4: variations of the Italian wolf distribution pattefrom 1900 to 1995 and its current approximatéridistion in
Italy (Boitani, 2003).

1.1.6 Conservation status and recent conservation measures

The conservation of natural wolf populations represents a priaritgeveral European
countries, where the species is endangered or has beesl\s#veeatened, in the recent past.

At international level the wolf is included in several conagon agreements. The 1996 Red
List of the IUCN-World Conservation Union classifies the wafvailnerable. The IUCN has also
approved a Manifesto of Wolf Conservation, initially drafted in 1978 #ater revised to
incorporate the changes in wolf population status, public attitudes andgeraent techniques.
CITES (Convention on International Trade in Endangered Species dVitdeFauna and Flora
(3.3.1973)) lists the wolf in Appendix Il (potentially endangered isggcwith the exception of
Bhutan, Pakistan, India and Nepal where it is listed in Appen@ipecies in danger of extinction).

The wolf is also included in Appendix Il (strictly protected spsgiof the Bern Convention
(Convention on the Conservation of European Wildlife and Natural &apii9.9.1979). The
Standing Committee of the Bern Convention adopted an articulate Recwhation on the
protection of the wolf in Europe (Rec. No. 17/1989).

The EC Habitats Directive (92/43 of 21.5.1992) (European Union membefsatsb lists
the wolf in Appendix Il (needs habitat conservation) with theeption of the populations in Spain
north of the river Duero, the populations in Greece north of the 39tudegand the populations in
Finland. The wolf is moreover listed in Appendix IV (fully praesd) with the exception of the
populations in Spain north of the river Duero, the populations in Grewte of the 39° longitude
and the populations in Finland in areas of reindeer management.

The European Parliament has approved (24.1.1989) a resolution (DOS7AB8, Ser. A)
which calls for immediate steps in favour of wolf conservatioalirEuropean States, adopts the
IUCN Wolf Manifesto and invites the European Commission to expauad psovide financial
means to support wolf conservation (Promberger and Schréder, 1993).

In Italy the wolf is a strictly protected species, with lemplementation fully delegated from
the Ministry of Environment and the Ministry of Agriculture to tRegional Authorities, also
responsible for compensation of damage caused by wolf on livesitiskprocedures and amount



of compensation varies across regions. Legal protection diaiien wolf population started on the
239 July 1971 when a ministry decree stopped its hunting and was complet®@6 when the
species was given fully protected status, a process stedulgWWF International that funded a
long-term project including a public educational campaign,nsifie works and management
solutions to protect wolves. The EC Habitats Directive (92/43 of. P492) lists the Italian wolf in
Appendix Il (needs habitat conservation) and D.P.R. 357 of 8.11.1997 ofatdaDirective in
Appendix IV (fully protected) (Boitani, 2000; 2003; Genovesi, 2002).

1.1.7 Threats, limiting factors and obstacles to conservation

The wolf represents one of the most important conservation anageaent priorities of our
Country. The Italian wolf population has a particular role becausepresents one of the few
surviving populations in southern Europe after the past persecufitwes.quick natural re-
expansion of the population after the past decline and the re-colonipdtpart of its historical
range caused some conservation problems for the species, whittlca@sidered as a nuisance in
many areas of the peninsula (Boitani & Ciucci, 1993). The mauitiig factors to the Italian wolf
conservation are:

- Poaching: even if the Italian wolf population is a protected one, poachingdsspread and is
probably the single most important mortality factor for thédtewolves, threatening their survival
or recovery. In the last few decades, intense illegahgilian estimated 15-20% and more of the
total) has occurred in Italy in spite of the legal protecestablished in 1971 (Guberti & Francisci,
1991; Boitani & Ciucci, 1993). Poaching is mainly originated from dcisflbetween wolves and
farmers, because of depredation and damage on livestockefFalo 1993; Cozzaet al, 1996;
Ciucci et al, 1997b; Ciucci & Boitani, 1998b; Duchangt al, 2004), and between wolves and
hunters, because of the competition for wild ungulates (Boitani, 1982; 1995, Merigget al.,
1991; Meriggi & Lovari, 1996). Wolf killing is often the accidaehtesult of other hunting and
poaching practices (shares for and shooting of wild boar) (Boitanal8bi; 1983; Boitani &
Ciucci, 1993; Francisci & Guberti, 1993; Boitani, 2000; Genovesi, 2002).

- Habitat quality and food availability: although wolves may survive in the most diverse types of
habitat, there seem to be at least a significant cdoelaetween wolf presence and two limiting
environmental factors: vegetation cover in which to hide from humngat sind availability of some
food resources. Wolves are rarely found where human density is a8bet@ persons/kfn This
would suggest that wolf presence or its diffusion in new areas me¢disl habitats populated by
wild ungulate prey without human disturbangéiél, 1985; Mech, 1989, Corst al, 1999).

- Small numbers, low densities and demographic fluctuationwolves normally live at low
densities (1-3/100 kfjy more rarely at higher densities, and this contributesakinmg them more
vulnerable to ill-planned harvest schemes (Mech, 1970; 1973;sPeté& Page, 1988). Little is
known of population dynamics in European contexts, but numerical fluctuatierissquent and
they often annihilate the entire local population. These fltions are caused or favoured by
excessive hunting or poaching. If wolf populations fluctuate too Iwideeir survival probability
will be significantly lower, and their dispersal and re-colatia rates will also be lower (Ciucci &
Boitani, 1998a).

- Feral dogs and wolf hybrids: wolf-like canids form a monophyletic clade of closely related
species within the dog family Canidae (Wateal, 1997). Recent studies of mtDNA supported
the single origin hypothesis of the domestication of the dog ammest that the initial
domestication occurred in the eastern part of Asia during th€leittocene (ca. 10.000 years ago)
(Savolainenet al, 2002). Due to their close relationship, wolves and dogs can stdbes
hybridize in captivity and in the wild when they co-occur (Waghel, 1995; Vila & Wayne,
1999). Risk of natural hybridization may be higher in areas whepeaies is locally rare and in
sympatry with another overabundant species (i.e., wolvasi¢lupus)and coyotes. latrans) in



Minnesota and eastern Canada; Lehmtaal, 1991), or where wild canids are in contact with feral
and free-ranging domestic dogs, as it was for some wolf populatioksirope (Butler, 1994;
Rhymer & Simberloff, 1996). Hybridization has the potential to produaeerphological,
physiological and behavioral changes in captive and wild-licengids (Mengel, 1971; Thurber &
Peterson, 1991; Lariviere & Créte, 1993), and eventually leuetorigin of a new taxon, as the red
wolf (C. rufus Wayneet al, 1995). Therefore, hybridization and introgression of domestic genes
can diffuse diseases and threaten the integrity of the geneopwald canids (Boitani, 1984;
Gotelliet al, 1994).

In Italy, during the wolf population bottleneck the number of feral aed-fanging dogs in
rural areas increased dramatically, thus raising the ridkybofidization (Boitani & Fabbri 1983).
Nowadays, the genetic integrity of wolf’'s gene pool might bessly compromised by recurrent
hybridization (Boitani, 2003). Despite a substantial demographic eegoltalian wolves are still
largely outnumbered by feral and free-ranging domestic dogs, whécastimated to be more than
1 million (Corsiet al 1999; Genovesi & Dupré, 2000). Anyway, genetic studies did not shpw a
evidence of introgression of dog mitochondrial DNA (mtDNA) intalian wolves (Randet al,
2000), although a few cases of dog-wolf hybrids were already oldserveature (Boitani, 1982);
and detected by DNA analyses (Raetal.,2000). Hybridization has been studied as well as using
hypervariable unlinked and linkage canine microsatelttg suggesting that in Italy it is an
uncommon process, strictly directional, in fact wolves andraeging dogs sporadically hybridise,
but Apennine and Alpine wolf populations do not show substantial dog gene isgiogréRandi &
Lucchini, 2002; Verardet al, 2006, Fabbret al, 2007).

1.2 INTRODUCTION TO CONSERVATION GENETICS

1.2.1 DNA structure and function

Every individual, with the exception of identical twins, isngtically uniqgue because he
possesses a unigue patrimony of genetic information (DNA) orghimzéie chromosomes that are
contained in a cell nucleus (nuclear DNA), and in mitochondria, nettgs present in cell
cytoplasm (mitochondrial DNA or mtDNA). Each DNA molecul&da the form of a double helix
built by four nucleotides - the chemical building blocks (Adenine-A,niing-T; Guanine-G and
Cytosine-C). The structure of the double helix consists of talmri-like entities that are entwined
around each other and held together by crossbars composed of two bialsagettstrong affinities
for each other. The bases within each chain are bound togethepeantase sugar and phosphate
ion, while the opposing strands are held together by weak hydrogenthahdse relatively easy to
break by heating. The linear order in which these four nucleotadlesvfeach other in the double
helix of the DNA is called a nucleotide sequence. This vienple structure is extremely stable and
allows the DNA to act as a template for protein synthexiseplication (Watson & Crick, 1953).

1.2.2 Mitochondrial DNA

Vertebrate mitochondrial DNA is a circular double helix made up15f000-20.000
nucleotides, depending on the species (Hartl & Clark, 1993. ri¢glicated, independently from
cell and DNA nuclear replication, each time the mitochondrieleivDuring the gametogenesis, the
content of cytoplasm and, therefore, the number of mitochondria imedtan the gametes
significantly change. Mitochondria are provide entirely by ogdlse therefore during fertilization is
the egg cell of the mother that transmits all the mitochortdrithe zygotes. Hence mtDNA is
haploid and does not recombine. The different types of mtDNAatteaoriginated from mutations
and that are present in populations are called “mitochondrial gppk3t
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1.2.3 Nuclear DNA

The genome of vertebrates and many other living organisms &ylangde up of coding and
non-coding DNA sequences. The first ones are organized in functlomains and are necessary
to regulate the protein synthesis consisting of a first phasarddcription of DNA into messenger
RNA followed by a phase of translation of the messenger RNApriitein. On the contrary the
second ones exist in families of repeated sequences. These llan@getitive sequences,
commonly known as “satellite DNAs” are classified into éhgeoups:

- Satellite DNA: highly repetitive sequences with very longea lengths (up to 5.000.000
nucleotides), usually associated with centromeres.
Minisatellite DNA: present in hundreds or thousandsloai in eukaryotic genomes. These
tandem repeats often contain a repeat of more than 10 nucleatidese present in multiple
pairs that produce clusters of 500-30.000 nucleotides. Profiling of thesatalliteloci is done
usingmulti-locusprobes-MLP osingle-locugprobes-SLP to obtain DNA fingerprinting.
Microsatellite DNA: present in many thousandsaai in eukaryotic genomes. They are made up
of very short repeats, from 2 to 8 nucleotides, repeated onlyirfees that produce clusters of a
few dozen or few hundred nucleotides at eMeous Microsatellites are used extensively in
forensic genetics and are profiled through PCR.
Single Nucleotide Polymorphisms (SNPs Single Nucleotide Polymonghisvidespread in
many species’ genomes (coding and non-coding regions), and they evavmamner well
described by simple mutation models, such as the infinigs shodel (Vignalet al, 2002).
These polymorphisms are base substitutions, insertions, or detd@gbmEcur at single positions
in the genome (Budowle, 2004). For such a base position with sequesroatales in genomic
DNA to be considered as an SNP, it is considered that thefiegsient allele should have a
frequency of 1% or greater. Although in principle, at each positiegns#fquence stretch, any of
the four possible nucleotide bases can be present, most ShRBsuailly biallelic in practice.
One of the reasons for this, is the low frequency of singleeatide substitutions at the origin of
SNPs, estimated to being between 1 X 40d 5 x 10 per nucleotide and per year at neutral
positions in mammals (Lt al, 1981; Martinez-Ariagt al, 2001).

1.2.4 Genetic mutations and polymorphisms

Mutations generate variability in individuals and populations becdbsy modify DNA
sequences and produce the basis on which natural selection cRiffant mutational processes
exist and they mainly depend on the structure and function of Edy@NNA:

- Nucleotide substitution: is the substitution of a nucleotide withtlger at a certain point in the
DNA strand.
Insertion or deletion of a single nucleotide or series ofemticles.
Crossing-over and recombination: crossing-over can be symmeivitiah produces exchanges
of corresponding sequences and genetic recombination between two chrosjospme
asymmetrical, which occurs between tandemly repeat DN#&t tho not precisely align
themselves and gives rise to the deletion of a DNA feagrfrom a chromatid and its insertion
on another one.
DNA slippage: can occur during tandemly repeated DNA replicatiban the single strand
nascent DNA can pair in another point of the DNA template.
Gene conversion: produces the transfer of a DNA sequence fmaillele to another one



1.2.5 Genetic markers

A variable gene, present with two or more variables of theesantleotide sequence, is
defined as polymorphic. Gene coding polymorphisms can generate protéinphenotype
polymorphisms which can be used as markers in the identificaitisemples in forensic science.

Genetic markers are the main tools used to study the gemeiability within and among
populations, in fact they allow to estimate which alleles aesegnt inside them (Avise, 1994,
Muller & Wolfenbarger, 1999; Parket al, 1995; Sunnucks, 2000).

A genetic marker can be represented by any variable and in hétediharacteristics in
populations, determined by genes and not by environment. The maiotehat&s of a molecular
marker are: polymorphism, expression stability during environmeoéibgeny and morphologic
changes, well identifiable and amplifiable, Mendelian heyedikpression codominance, many
speC|es application. Many kinds of markers exist:

Visible polymorphisms: phenotype characters with few distinctigiants (orfi) not
environmental influenced. They are not very common in the eotiargenome.

Molecular markers: macromolecules (proteins, RNA, DNA) widain be separated through
electrophoresis in agarose gel within an electric field withigration speed depending on their
weigh and electric charge and visible under ultraviolet liglloenzymes belong to these
markers (Murphyet al, 1996).

DNA markers: they allow to isolate genetic variability in ANragments with different
dimensions and weighs and to separate them within electrophoreditagg kinds of markers
belong to them:

RFLP: restriction enzymes and restriction fragments length polymorphésralysis (Jeffreyst
al., 1985).

RAPD: random amplified polymorphic DNAWilliams, 1990).

AFLP : amplified fragment length polymorphisms (Metsal., 1995).

VNTRS: variable number of tandem repeats. They are non-coding reglmarsacterized by
tandemly repeated sequences. Each repeat can be made up froon 640 nucleotides
(minisatellites) or from 2 to 9 nucleotides (microsatied).

SNPs: Single Nucleotide Polymorphisms. They are hypothesized to betoenenarker of
choice in evolutionary, ecological and conservation studies as gersamuence information
accumulates. As a biallelici marker, SNPs are innatebg lvariable than microsatellites but
SNPs are the most prevalent form of genetic variation and hiesmeeis a substantial increase in
the number of loci available (Brumfieldt al 2003). Furthermore, the simpler mutational
dynamics of SNPs lends the advantage of a lowered rate of hognapids importantly, there is
a capacity for rapid, large scale and cost-effective geimag (Syvanen, 2001; Vignadt al,
2002; Brumfieldet al, 2003; Chen & Sullivan 2003; Schliétterer, 2004).

1.2.6 Conservation Biology and Conservation Genetics

Conservation Biologyis a multidisciplinary applied field drawing on ecology, wildlife
biology, resource biology, evolutionary, taxonomy, molecular biology, ptpnland conservation
genetics.

The aim ofpopulation geneticss to describe the genetic composition of populations and to
understand the causes that determine changes (evolutionary .f@eess) species is made up of
many evolutionary units, the populations, that contain a certain guahtgenetic variability on
which evolution can act. Genetic variability in populations is lesd through allele frequencies at
eachlocusthat can vary in the course of generations due to mutationsainsélection, migration
or genetic drift.



Conservation geneticss the application of genetic techniques and analysis methods to
preserve species and dynamics entities capable of copingwitloramental change. It deals with
the genetic factors that affect extinction risk and geneticagement regimes required to minimise
these risks. There are 11 major genetic issues in consergainetics (Frankhaet al.,2002):

- The deleterious effects of inbreeding on reproduction and survwilakg@ding depression).
Loss of genetic diversity and ability to evolve in responssntoronmental change.
Fragmentation of population and reduction in gene flow.
Random processes (genetic drift) overriding natural selectitireasain evolutionary process.
Accumulation and loss (purging) of deleterious mutations.
Resolving taxonomic uncertainties.
Defining management units within species.
Use of molecular genetic analyses in forensics.
Use of molecular genetic analyses to understand aspectsoxéssp@logy (mating, dispersal
and migration patterns, reproduction systems) important for a@ig®er.

Deleterious effects on fitness that sometimes occur aesaltrof outcrossing (outbreeding
depression).

1.2.7 Non-invasive genetics

Endangered populations are complicated to study due to their low deresiiik limited
observations (Daleet al, 2004). Conservation and management of wildlife populations require
information on parameters such as population size, demography, lganeahd population
structure but these parameters are difficult to obtain fociepehat are rare or elusive such as
carnivores (Creedt al, 2003).

Recent developments in molecular genetics have createdneéivods such as Non-invasive
Genetics or Non-invasive Genetic Sampling (NGS), that have fowamy applications in ecology,
and can resolve some problems of Conservation Biology. They allow fopsl#o be studied and
censused (Fran&t al, 2003; Broqueet al, 2007) analysing DNA extracted from biological traces
such as hairs (Goossesisal, 1998; Flagstadt al, 1999; Wood=t al, 1999; Sloanet al, 2000),
faeces (Taberledt al, 1996, 1999; Gagnetet al, 1997; Kohn & Wayne 1997; Kohet al, 1999)
and less direct sources of cells (urine and blood traces on snaleré/& Taberlet, 2000),
sloughed skingAmos et al, 1992; Brickeret al, 1996), chewed food material containing buccal
cells (Sugiyamaet al, 1993; Takenakat al, 1993), and bird feathers (Smitt al, 1992,
Segelbacher, 2002) or egg shells (Peated, 1997)).

Non-invasive genetic sampling was introduced about 15 yearélraperlet & Bouvet, 1991,
Taberlet & Bouvet, 1992; Hoss al, 1992) and consists in a set of field, laboratory and analytical
techniques that allow to study the biology of natural populations amgl{3NA extracted from
biological traces left by individuals and then collected withowirtta(even) to observe, disturb or
capture them (Kohn & Wayne, 1997). Conservation biologists in pktihiave shown a deep
interest in these techniques, which are now routinely used in forgersetics and for investigating
the biology and the genetic diversity of elusive, rare and/ormgedad species avoiding any risks
to impact their survival, their recapture rates or their pajualynamics (Kohn & Wayne, 1997;
Piggott & Taylor, 2003).

The chief molecular tools used in NGS are mitochondrial DNA (M#pPsequencing (HOss
et al, 1992; Farrelet al, 2000 and above all microsatellit@ultilocusgenotyping (Palsbgll 1999;
Taberlet & Luikart, 1999). They allow to correctly assign thietgng species, to characterise the
genetic identity of individuals and their molecular sexing. Mamymmal conservation genetic
studies using NGS have been recently publispeaviding abundant information on population
parameters, identification, conservation and managemeregéasif elusive, rare and endangered
species (Tikel, Blair & Marsh, 1996; Reetlal, 1997; Kohret al, 1999; Bayeet al, 2000; Ernest
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et al, 2000; Lucchiniet al, 2002;Waits, 2004; Boulangeet al, 2004; McKelvey & Schwartz,
2004;Fabbriet al, 2007).

1.2.8 Potential problems of NGS

However, NGS methods might present numerous potential problems vemehatly tend to
limit the efficiency of this approach (Taberlet al, 1996; Broqueet al, 2007). Non-invasively
collected samples usually provide DNA extracts charaet@rizy low target DNA concentration,
low target DNA quality (Taberledt al, 1999), contaminations by alien DNA and various molecules
that can disturb or inhibit the polymerase chain reaction (REB)teiroetal., 1997; Nievergelet
al., 2002; Rooret al, 2003; Broquetkt al, 2007), making it unreliable (Gerlo#t al, 1995;
Taberletet al, 1996; Gagneugt al, 1997a).

As amplification success and genotyping errors can be sensiblentplate DNA
concentration and composition (Gerl&ff al, 1995; Wasseet al. 1997; Goossenst al, 1998;
Morin et al, 2001), microsatellite genotypes from non-invasive samplebeaffected by errors
(Taberletet al, 1996; 1999; Gagnetet al, 1997 Smithet al, 2000) such as allelic dropout (ADO)
which is the stochastic failure of one allele to ampildy lieterozygous individuals, producing false
homozygotes (Navidet al, 1992; Taberleet al, 1996; Goossenst al, 1998; Constablet al,
2001) and false alleles (‘misprinting’) which are artefactsaofplification products generated
during the first steps of PCR that can be misinterpreteduasaiteles (Taberle¢t al, 1996;
Goossenst al, 1998; Bradley & Vigilant, 2002).

Microsatellite genotypes are commonly used for individual ideatifon, parentage,
relatedness, and population genetics (Tabetlel.,, 1997; Constablet al, 2001; Garnieet al,
2001). So those genotyping errors affect both the allele frequesticyages and the accurate
discrimination of different genotypes. False estimatesllefeafrequency can create an artificial
excess of homozygotes (Tabeeetl, 1996; Gagneugt al, 1997a), a false departure from Hardy—
Weinberg equilibrium (Xwet al, 2002), an overestimation of inbreeding rate (Goates, 1999;
Taberletet al, 1999) or unreliable inferences about population substructures r(iftile, 2002).
Erroneous genotypes can distort or overestimate population sizeatestiiCreelet al, 2003;
McKelvey & Schwartz, 2004), individual identification (TaberletL&ikart, 1999; Paetkau, 2003)
and parentage analysis (Millet al, 2002).

1.2.9 Possible solutions to NGS problems

Many authors have recognized the complexities of non-invasive gengptypid have
developed methods to address these problems (Taberdét 1996, 1999; Gagneust al, 1997;
Morin et al, 2001; Milleret al, 2002). Contaminations among samples could be avoided using
dedicated rooms for extraction and amplificationoef DNA-content samples, while amplification
from alien DNA could be avoided by using specific primers (Brad Vigilant, 2002).

Numerous quality control protocols have been developed, including the adoptnultiple
tube approaches where the same DNA samples are amplified moeegy several timeger locus
(Navidi et al, 1992; Taberleet al, 1996; Lucchiniet al, 2002; Frantzt al, 2003; Fabbret al,
2007), comparison of genotypes obtained with those from matched bldissue (Wassest al,
1997; Kohnet al, 1999; Erneset al, 2000; Sloanet al., 2000; Parsons, 2001; Fernaneioal.,
2003), strategic re-amplificatiaat loci likely to harbour errors (Milleet al, 2002) and that present
one or two mismatches among couples of individuals very siffsbollet al, 1997; Woodset
al., 1999; Paetkau, 2003), pre-screening of samples for DNA qugMityin et al . 2001,
Segelbacher, 2002) and the use of pilot studies (Taberlet & Lulle®®) and simulations (Taberlet
et al, 1996; Valiereet al. 2002). Anyway all these methods can involve a large extraimemal
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effort (Brzustowiczet al, 1993; Ghoslet al, 1997; Eweret al, 2000), increasing the consumables,
costs and time required (Morét al, 2001).

It is therefore cheaper to conduct statistical testalmady available data. Commonly, the
Hardy-Weinberg equilibrium test (Gomesal.,1999) is checked to reveal the homozygous excess
resulting from either null alleles or allelic dropout

1.3STATISTICAL METHODS

Even though many reasonable statistic approaches are availabielyseathe genetic
structure of populations and to estimate the absolute and eff@cipdation sizes, most of them,
used in this study are basedfandBayesian Statistics

In population geneticdr-statistics (also known as fixation indices) describe the level of
heterozygosity in a population; more specifically the degreerefiaction in homozygosity when
compared to Hardy-Weinberg expectation. Such changes can be catisetMaplund effect (the
reduction of heterozygosity in a population caused by subpopulation strudhbyeeding,
natural selectionor any combination of these.

The concept oF-statistics was developed during the 1920s by the American geh&govall
Wright who was interested in inbreeding in cattle, but its apiptins deeply increased after the
1960s when the advent of molecular genetics allowed heterozygogiopitations to be reliably
measured.

F-statistics measure the correlation between genes drawadiffarent levels of a
(hierarchically) subdivided population. This correlation is influgnog several evolutionary forces,
such as mutation and migration, but it was originally designed &sune how far populations had
gone in the process of fixation owing to genetic drift.

The different F-statistic measures,s,FFst, and kr, are related to the amounts of
heterozygosity at various levels of population structure. Togetihey, are called F-statistics, are
derived fromF, the inbreeding coefficient, and look at different levels of patn structureF
is the inbreeding coefficient of an individua) ¢elative to the totalT) population, as abové;s is
the inbreeding coefficient of an individud) felative to the subpopulatio®)( using the above for
subpopulations and averaging them; &g is the effect of subpopulation$)(compared to the
total populationT), and is calculated by solving the equation:

1 Fe)X Fsp=(@ Fi).
In a simple two-allele system with inbreeding, the genotygiguencies are:
p? + Fpqgfor AA; 2pg(1  F) for Aa; andqg? + Fpqfor aa
The value forF is found by solving the equation fér using heterozygotes in the above

inbred population. This becomes one minus the observed number of hetezezpgatpopulation
divided by its expected number of heterozygotes at Hardy—Weiebeitjprium:

O(f(Aa)) ObservedNumber(Aa)

F=1"5(faa) = nE(f(Aa)

where the expected value at Hardy—Weinberg equilibriumvengddy
E( (Aa))=2pq
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where p and q are the allele frequencies of A and a, taggdgclt is also the probability that at any
locus, two alleles from the population are identical by descent

A within subpopulations F-statistic can be estimated from a aditthe observed to expected
heterozygosity where,

A reformulation of the definition df would be the ratio of the average number of differences
between pairs of chromosomes sampled within diploid individuals withatlegage number
obtained when sampling chromosomes randomly from the population (exclhdimgauping per
individual). One can modify this definition and consider a grouping gepspulation instead of
per individual. Population geneticists have used that idea to methsudegree of structure in a
population.

Unfortunately, there is a large number of definitions fef, Eausing some confusion in the
scientific literature. A common definition is the following

var(p)

T p(l-p)
where the variance @fis computed across sub-populations (Wright, 1951; 1965; 1969; 1978; Weir
& Cockerham, 1984; Slatkin, 1991; Weir & Hill, 2002).

Bayesian Statistic is based on Bayes’ theorem (also knownyas'Bale or Bayes’ law), set
out by Thomas Bayes (1702-1761), an English clergyman in 1764. It islaimgzrobability theory
relates the conditional and marginal probability distributions of randamables. In some
interpretations of probability, Bayes’ theorem tells how to teda revise beliefs in light of new
evidence a posteriorf, according to which, the probabilitg posteriori of an event (given by
evidence) can be obtained combining the observations (probability conddioliieelihood) with
the subjective degree of belied priori) about the same event based on experiences or theories
independent from data. Bayesian probability is an interpretatidineoprobability calculus where
the concept of probability can be defined as the degree to @hpeinson (or community) believes
that a proposition is true. The probability of an ev&mionditional on another eveBtis generally
different from the probability oB conditional onA. However, there is a definite relationship
between the two, and Bayes’ theorem is the statemenabfdlationship.

Some researchers consider the scientific method as an &pplich Bayesian probabilist
inference because they claim Bayes’ Theorem is explicitlynpticitly used to update the strength
of prior scientific beliefs in the truth of hypotheses in the lafimew information from observation
or experiment. This is said to be done by the use of Bayes' Thewrecalculate a posterior
probability using that evidence and is justified by the Prinagbl€onditionalisation that P’(h) =
P(h/e), where P’(h) is the posterior probability of the hypotHb5ia the light of the evidence ‘e’,
but which principle is denied by some. Adjusting original bsliebuld mean (coming closer to)
accepting or rejecting the original hypotheses.

Since the 1950s, Bayesian theory and Bayesian probability have Iy applied and it
has recently been shown that Bayes’ Rule and the Principle ofnMaxiEntropy (MaxEnt) are
completely compatible and can be seen as special cases dfetihod of Maximum (relative)
Entropy (ME). This method reproduces every aspect of orthodox Bayiesgence methods. In
addition this new method opens the door to tackling problems that coube meotdressed by either
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the MaxEnt or orthodox Bayesian methods individually (Lindley, 1990; \&ddarrison, 1989;
O’Hagan, 1994, Sivia, 1996; Pritchagtlal, 2000; Tijms, 2004).

The main differences betweé&n(or frequency andBayesian Statisticdie in the definition,
interpretations and in the effective calculus of probabil{ffress, 1972), in fact:

- F statistics assigns probabilities to random events accordthgitdrequencies of occurrence or
to subsets of populations as proportions of the whole and allows to cotihgdest hypothesis
to a model/hypothesis (the “null” hypothesis). The probabiityf an eventH depends on the
number of timesn) the event occurs on the total number of tel)s The probabilityp of H
corresponds therefore to its frequency:

pH = n(H)/N.

- Bayesian statistics assigns probabilities to propositions thainaeztain; conditions on the data
actually observed, and is therefore able to assign posterior fditbaktio any number of
hypotheses directly. The requirement to assign probabilitiesh@éoparameters of models
representing each hypothesis is the cost of this more direaaabprThe probability is an
estimation oflikelihood that that the everti occurs. We can have convictions (subjective) or
information (objective, even though not exactly quantifiable) timagwent may more or less
occur frequently. Posterior probability of an evéhtcorresponds on the probability that the
eventH occurs given the evidenée

Pr (H) =Pr (H/E).

1.4 GENETIC APPLICATION IN WOLF STUDIES

During the last tirthy years many studies about the Italiah pagulation have been carried
out to investigate its biology, distribution range, size, anddssible coexistence with people
(Boitani & Zimen, 1975; Boitani & Ciucci, 1992; 1993; Boitani, 1995; 2000; 200®)st of these
studies have particularly involved the populations living in tbhetleern, central, and northern
Apennine Mountains (Francisci & Mattioli, 1992; Meriggial, 1991; Mattioliet al, 1995; Randi
et al, 1993; 1995; 2000), but after that the species naturally increaskdtarted a natural re-
colonization of western Alps until France and Switzerland, maojegis and research programs
have been planned and carried out also in these newly colonized(laneakini et al, 2002;
Valiéreet al.,2003; Fabbret al, 2007).

This recent and quick natural re-expansion of wolves in areasewthey had been
exterminated caused some problems about their management ditgrthe need to create an
Action Plan to ensure their conservation and their coexistenbepedple in Italy (Boitani, 2000;
2003), but the protection and conservation of so interesting predatossaneedtinual monitoring
of their biology, presence and distribution (Boitani, 2000; 2003).

As wolves are shy and elusive predators, with a great di$dvitity and adaptable to every
kind of environmental conditions (Mech, 1970), it is very difficultstady them using the only
classical field research methods such as diet analysis ({Geber., 1993; Ciucciet al, 1996)
snow-tracking (Ciucci & Boitani,1999a;b;c), wolf-howling and ratiecking (Ciucciet al, 1997).

For these reasons projects based on modern molecular techniques, partcular non-
invasive genetic sample studies are getting more and moreecpld useful to monitor the
presence, distribution and colonization events of the species (buethdl, 2002; Valiéreet al.,
2003; Fabbriet al, 2007). The first genetics studies of population variabdibput the Italian
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wolves examined variation in allozymes (Raetial, 1993; Lorenzini & Fico, 1995). Following
studies utilized nucleotide indirect sequence variation in imitodrial DNA analysing RFLP to
estimate nucleotide sequence variation within populations and ridatronships (Randet al,
1995). More recently mtDNA sequencing by PCR have been applied tkevalhnids analysing a
non-coding hypervariable region of the mitochondrial genome (contg@meto allow a more
precise reconstruction of historical demographic events sucholasization and gene flow,
bottlenecks and hybridization (Raretial, 2000; Scandurat al, 2001).

Recent developments in molecular genetics have created netwodsethat involve
microsatelliteloci (tandem repeats of two to six nucleotide sequence) (Bruford §ne/al993;
Hancock, 1999jo quantify components of variations within and among populations anddyp st
individual relatedness within social groups (Snaitfal, 1997; Bossart & Prowell, 1998).

Moreover microsatellite studies allow wolf populations to be ceustisrough non-invasive
DNA sampling, in fact the intestindlning cells shed contained in faecean represent an
alternative source of DNA particularly useful to charactetise genetic identity of individuals
(multilocus genotype) (Palsbgll, 1999; Taberlet & Luikart, 1999) and to provide abunda
information on population parameters, home ranges, genetic variation phayldgenetic
relationships ira free rangin@nd elusivenammal speciesuch as the wolf (Tikel, Blair & Marsh,
1996; Reeatt al, 1997; Kohn & Wayne, 1997; Lucchiet al, 2002; Valiéreet al.,2003; Fabbret
al., 2007).

For these reasons this wolf study was almost completelyedaait using non-invasive
genetic analysis techniques based on microsatielfigyenotyping.

1.5 AIMS OF THE THESIS

The main purposes of this conservation genetic study are:
to monitor the presence and the distribution of wolves living imtréhern Apennines (Emilia
Romagna) analysing DNA extracted from non-invasive sampleg)lyri@aom presumed wolf
scats collected in the study area;
to create an useful dataset containing both genetic informatidnfield data and a specific
regional digital cartography about all the collected wolf datastimate the minimum number of
reproducing individuals, mapping pack localizations and carry out posfieninary hypotheses
on pack dynamics;
to investigate whether wolves and feral or free-ranging doméstis eventually hybridize with
a substantial dog gene introgression in the wild population;
to investigate whether there are feral or free-ranging daendsgs that usually frequent the
same areas in which wolf packs established theiraeeg and home ranges;
to use genetic data as capture-mark-recapture ones to obtaabke nebpulation size estimation
necessary for wolf conservation and management. In fact nonvelyasietectedmultilocus
genotypes, if individuals are sampled sufficiently often torege re-sighting probabilities (Otis
et al, 1978; Seber, 1982), can be used for censusing also populations whoskRiatsliare
difficult to locate like wolves;
to develop new genotyping methods faster and more reliable thamsatigltiteloci genotyping,
in fact microsatellitegenotyping from non-invasive samples can be error prone due ta alleli
dropout and false allele§SNPs genotyping could represent a near future application in non-
invasive genetics as a promising and innovative faster and nel@ble method to analyse low
quality and quantity DNA samples like non-invasive ones.

Emilia Romagna Region represents a very important study@seglain the ongoing expansion

process of the Italian wolf population because it acts adwaah narrow ecological corridor along
the ridge of the north-western Apennines linking the central-northeenine Mountains with
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western Alps. For these reasons | based my study on about 4000 mfesolhecat samples,
collected non-invasively, from 2000 to 2007, in the populations living inAthennine ridge of
Emilia Romagna Region and which contributed to the ongoing Alpo@amization.

DNA samples were extracted using different extraction methodgyamotyped by PCR at 6
autosomal microsatellitdoci. All the samples analysed were mapped by GIS to obtain
spatiotemporal locations of the individual genotypes and wolf pack hygstivaghin the study
areas, in comparison with observations that are being calldaténg ongoing field research.

At the end, to investigate about the genetic variability withe wolf population living in Emilia
Romagna and to examine the gene flow among this and the other momulaing in Italy, all the
genetic data obtained in this study were compared to thecotiested during past projects.

The knowledge of the genetic status and the continuous monitoring of ¢senpe and
distribution of the wolf population living in an area of strong ongoing esipa process with
eventual hybridization risk, such as the Emilia Romagna Regieressential for the conservation
and management of the species, both at regional and at natiaial le
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CHAPTER SECOND: MATERIALS AND METHODS

Procedures for single genome analyses depend on the kind of biolegeples and vary
according to the different analyses carried out. In this studi@lyjenetic analyses were performed
at the Italian Wildlife Institute (INFS).

2.1 SAMPLES AND COLLECTION LOCALITIES

In this study more than 3.500 presumed wolf samples were anaMsstl of them were
represented by presumed wolf scat samples which were mainlpvasiiely collected in the
northern Apennines from March 2000 to March 2007, while only some tissuples were
collected from presumed wild-living wolves accidentally teghlly killed during the study period.
The study area includes most of the Emilia-Romagna Apennine RBigegna, Forli-Cesena,
Modena, Parma, Piacenza, Ravenna and Reggio-Emilia Préviuabministrations), 2 National
Parks (Foreste Casentinesi, Alto Appennino Tosco-Emiliano),gloRa& Parks (Corno alle Scale,
Frignano, Gigante, Cento Laghi) (Fig. 2.1); all the monitoringgatoferritory is managed by the
Italian Forestry Corp (CFS) in collaboration with the Regidtaice and Parks’ Personnel .

As the study area is a very vast one, a great logistictefas required to carry out an
appropriate sampling activity during the whole project period. ésa@ere usually collected by
travelling defined systems of transects opportunistically chadeng human trails/roads to
optimize the study area monitoring and look for signs of wolf presd@rm sampling effort was
more intensive where the species had already been reported and tivierewas a major
availability of financial resources (National Park of Fage€asentinesi and Life Natura 2000
Project Area) (Fig. 2.1). Many samples were collected imewr during snow-tracking sessions.
This strategy slows down DNA degradation because of lower terapesatnd makes it possible to
sample not only the dominant individuals that mark with high frequandyare easy to find during
all seasons, but also juveniles that don't usually mark. Moremampling on snow allows
associating faeces sampled along each snow track to indivichalscdauld belong with high
probability to the same pack.

Fig.2.1: Emilia-Romagna Apennine ridge study area inclugingyincial administratiorof Bologna (BO), Forli-Cesena
(FC), Modena (MO), Parma (PR), Piacenza (PC), ReweRRA) and Reggio-Emilia (RE), National Park ofrésie
Casentinesi (FCNP) and Alto Appennino Tosco-EmdigAATENP), Regional Park of Corno alle Scale (C$RP
Frignano (FRP), Gigante (GRP) and Cento Laghi (CL&¥Peen points represent sampling effort and iigtion.

17



2.2 SAMPLE COLLECTION AND THEIR PRESERVATION

The sample collection phase is fundamental to ensure a goodssotties following genetic
analyses based on PCR techniques because analyses proceduhescpality of the results are
dependent on the quality of samples and possible contaminations. Forghssens it necessary to
collect and preserve biological samples in the best possiyle w

According to the INFS sampling protocol, our field collaborators veesieed to avoid the
collection of samples older than 2 weeks, favouring the most fresh Samples collected in the
field were individually stored and separately enclosed into 50 nstipleubes containing 95%
ethanol, and preserved at -20 °C until shipped to the laboratoiy. extremely important to
preserve the samples in volumes of ethanol at least 3 greater than the sample weight. Ethanol
dehydrates the samples blocking the biochemical reactions dbéd degrade the DNA. The
shipping can be made at room temperature because DNA is stab&yéral days in ethanol. Once
arrived at the laboratory, before any further manipulationhell samples were deep-frozen at -80
°C for at least 10 days to kill afgchinococcugggs.

Our field collaborators were also asked to compile, during sagwla technical card
containing important and useful field information such as samptioglities, sample quality but
above all the geographic coordinates necessary to map by gipatietemporal locations of each
collected sample, of the individual genotypes and wolf packs witténstudy areas, allowing
comparison with observations collected during ongoing field rekea

2.3 DNA MARKERS USED IN THE ANALYSES

2.3.1 Nuclear DNA: Microsatellites

Microsatellites have quickly become of standard usage atigemarkers in DNA
fingerprinting. They are nuclear DNA sequences made up of aesimptif of 2-8 nucleotides, that
is repeated in tandem for a certain number of times withthiowi interruptions due to the insertion
of other nucleotides or other sequences. Microsatellites Ibeae identified in the genome of all
organisms analyzed up to now and are distributed in a more or tegmravay in chromosomes
(Mellersh & Ostrander, 1997). They are not frequent in codeumences of genes (exons), while
they may be present in introns. The composition of microsatsijeences is variable. In fact the
short DNA segments can be made up of mono, di, tri or tetranugsdiMellersh & Ostrander,
1997; Stallingset al, 1991; Tautz & Renz, 1984). Microsatellites present very hgihmated
mutation rates (in vertebrates“t00° mutations pefocusfor every generation) which determine
high levels of polymorphisms, in fact in a singpeus more than 10 alleles can be present which
differ for the number of repeats and therefore for their madeaubight.

Two models have been hypothesized to explain the main mutatioranmi&tis that could
generate microsatellites:

- DNA slippage: it occurs during replication when the nascent DNAratgs and reassociates
itself temporarily from the DNA template. During replicatioh non-repetitive sequences the
possible disassociation of the sister chromatid does not ugeairate mutations because the
nascent DNA can reassociated only and exactly in the complemeaary of the DNA
template. Instead, during tandemly repeat DNA replicatiom,single strand nascent DNA can
pair in another point of the DNA template. When replication ooes, the nascent DNA is
found to be longer or shorter than the template (Hancock, 1995).

DNA recombination: it can vary microsatellite length throughnasetrical crossing-over or
gene conversion. Asymmetrical crossing-over occurs very fregusetiveen tandemly repeated
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DNAs that do not align themselves precisely giving rise taldietion of a DNA fragment from
a chromatid and its insertion into another chromatid. It may deetween two chromatids of the
same chromosome or between two different chromosomes. Genestony&y answer to DNA
damages, produces the unidirectional transfer of a DNA sequemseohe allele to another one
(Hancock, 1999).

As microsatellites show a high polymorphism rate and a high-guakult reliability, they
are considered very popular genetic markers among molecularibisldg fact these markers are
important for map building since the distribution of this sequenpeats within the genome is
random and act as landmarks for the organization of the DNAdjidle & Ostrander, 1997).

Moreover they find many applications in population genetics, it they represent
particularly useful tools to study population story and structhes; genetic variability and allow
to investigate about the presence and distribution of wild spdoi&sg non-invasive monitoring
projects because they can be used for the identification ofidndigé and their relationships and
they can contribute to the population size estimation (Mellersh ®&a@der, 1997; Reedt al,
1997; Kohn & Wayne, 1997; Lucchiet al, 2002; Valiereet al.,2003; Fabbret al, 2007).

2.3.2 Nuclear DNA: Single Nucleotidic Polimorphisms (SNB's

As suggested by the acronym, a SNP (single nucleotide polymwrpimarker is just a single
base change in a DNA sequence, with a usual alternative of tvthlgosucleotides at a given
position. For such a base position with sequence alternativesomgeDNA to be considered as
an SNP, it is considered that the least frequent allele shawigl & frequency of 1% or greater.
Although in principle, at each position of a sequence stretch, attyedbur possible nucleotide
bases can be present, SNPs are usually biallelic in praGuee of the reasons for this, is the low
frequency of single nucleotide substitutions at the origin of SE$tenated to be between 1 x°10
and 5 x 10 per nucleotide and per year at neutral positions in mammads élj 1981, Martinez-
Ariaset al, 2001). Therefore, the probability of two independent base changesingat a single
position is very low. Another reason is due to a bias in mutatieading to the prevalence of two
SNP types. Mutation mechanisms result either in transitioneppurine (A G) or pyrimidine-
pyrimidine (C T) exchanges, or transversions: purine-pyrimidine or pyrimidine-py#neC,

A T,G C, G T) exchanges. With twice as many possible transversions thasitions, the
transitions over transversions ratio, should be 0.5 if mutaticmsandom. However, observed data
indicate a clear bias towards the transitions. One probable etipiafiar this bias is the high
spontaneous rate of deamination of 5-methyl cytosine (5mC) toidmenin the CpG
dinucleotides, leading to the generation of higher levels ofGGNPs, seen as GA SNPs on the
reverse strand (Cooper & Krawczdl®89;Wanget al.,1998). Some authors consider one base pair
indels (insertions or deletions) as SNPs, although they certaicly bg a different mechanism.

During the last ten years, the use of molecular markersaliegegpolymorphism at the DNA
level, has been playing an increasing part in animal genetiedies. Amongst others, the
microsatellite DNA marker has been the most widely usedtalits easy use by simple PCR and
to the high degree of information provided by its large numbal@fsper locus

Despite this, and even though they are only biallelic mark&Bs%re now on the scene and
have gained high popularity in animal genetics, in fact, the asorg progress made in the
molecular techniques used to produce SNP data, the automatiohelef scoring and the
development of algorithms for genetic analyses (Abecetsial, 2003 allow to overcome the
limitations due to the low heterozygosity of SNPs and to produce anaéentivamount of
information as with microsatellites. The very high density BPS in genomes usually allows to
analyse several of them at a sinigleusof a few hundred base pairs, so that SNPs could represent a
more reliable and faster genotyping method because amplifying sbhguences and extending
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single nucleotides, SNPs genotyping should increase PCR swaukseduce the allelic dropout
and false allele rates.

2.4 ANALYSIS PROCEDURES
2.4.1 DNA extraction

Extraction process is a crucial step because it must iddM#e molecules which are present
in a sample producing available solutions of DNA without contamiremdsmust impede further
degradations during laboratory procedures. In this study both manualutordaged extraction
methods to isolate available DNA from scats and tissues usad. Negative (no scat or tissue
material added to the extractions) and positive (samples with kigewatypes) controls were
always used to check possible contaminations during both extracbioespes.

2.4.2 Manual extraction

2136 scat samples and 12 tissue samples were manually extuasatgda guanidinium
thiocyanate and diatomaceus earth (guanidinium-silica) protocolofGerlal, 1995). Excremental
DNAs were extracted in a separate room only dedicated to A~Ebntent samples to avoid
contaminations among them. The used solutions are characteyitieel presence of:

TRIS: it maintains a constant pH value that inhibits the activitgrafymes that degrade DNA;
EDTA: it acts as chelants of bivalent calcium and magnesium mdnsiting the activity of DNase
that requires the presence of these ions;

GUS (Guanidinium Thiocyanate): it produces the chemical disintegration of protein structures

Guanidinium-silica protocol (summary)

Preparation of the samples:

- a piece of tissue (50 mg) or of scat material (80 mghisand transferred into an “eppendorf”
test tube of 2.0 ml containing 500/9@0 of GUS Lysis Buffer flamed sterilized scalpels and
forceps are used.

Digestion of the samples:

- inrotation at 57°C overnight.

Collecting DNA:

- centrifuge at room temperature for 10 minutes and collecupernatant;

- add 500/9001 of GUS Binding Solutionand in rotation for 1 hour;

- centrifuge at room temperature for 1 minute and elimirfegestipernatant.

DNA is now bound to micro-granules of pelleted silica at theobotbf the test tube. Each
pellet is washed twice, each time with 500/99@f GUS Washing Solutiorand then centrifuged
at room temperature for 1 minute. The supernatant is elindineéeh pellet is washed again twice,
each time with 1ml oEtOH 70% and centrifuged at room temperature for 3 minutes. The pellet
dried in open “eppendorf” in a thermostatic multiblock at 56CLO minute.

The pellet is re-suspended in 2@80of TE for 15 minutes at 56°C. The supernatant with the
DNA is transferred in a new “eppendorf” and preserved irzéeat -20°C

2.4.3 Automated extraction

1402 scat samples and 22 tissue samples were extracted in atedton@ner by the
MULTIPROBE IIEX robot (Perkin Elmer) and using the QUIAGEN Stool and tissue dixtnac
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kits (QUIAGEN). The robot consists of 2 mechanical hands condrtjean appropriate software
which can be set up each time according to the number of samples tedeixtraction kind and
conditions. This procedure consists of a first manual phase arseobad automated one.

Manual phase:

Preparation of the samples:

- a piece of tissue (50 mg) or of scat material (80 mghisand transferred into an “eppendorf”
test tube of 2.0 ml containing 20 of Proteinase Kand 180m of ATL Lysis Buffer (previously
warmed up at 57°C for 5 minutes); flamed sterilized scalgetl forceps are used.

Digestion of the samples:

- in rotation at 56°C for 30 minutes.

Collecting DNA:

- centrifuge at room temperature for 10 minutes and collecupernatant;

- transfer the supernatant in a new “eppendorf” and centrifugeoen temperature for other 10
minutes;

- transfer the supernatant in a new appropriate QUIAGEN tube.

Automated phase:

- link the multiblock with QUIAGEN tubes to the robot’s platformntaining a vacuum pump
system to aspirate liquid solutions and a serious of silic&kges to trap the DNAs.

- the mechanical hands add 4d0of AL/E Lysis Buffer (previously warmed up at 57°C for 5
minutes) to each QUIAGEN tube containing digested sample solutiodstre software
activates the pup system to isolate the DNA,

- the mechanical hands add 506Dof AW1 Washing Solutionand the software activates the
vacuum for 10 minutes;

- the mechanical hands add 56Dof AW2 Washing Solutionand the software activates the
vacuum for 10 minutes;

- the mechanical hands add 3@0of AE Solution (elution solution) to each sample re-suspending
the DNA linked to silica filters at room temperature Idnour.

The solution with the DNA is transferred in a new “eppendorf” piregerved in freezer at -
20°C

2.4.4 DNA amplification

DNA amplification is a necessary procedure to obtain suffid#f quantity to carry out
molecular analyses. DNA sequences made up of a few dozen orrttisusecleotides and present
in a single copy in DNA samples can be amplified effettiup to 10 million times in a few hours.

using Polymerase chain reaction (PCR) (Muttisal, 1986). PCR occurs by reconstructing
the chemical conditions necessary to obtain DNA synthesisrm vi

First, it is necessary to identify the gene or DNA sequémaeone wishes to amplify. The
sequence to be amplified is flanked on both side by sequences thdtenatideast partially known,
in fact to start off PCR it is necessary to chemicallsysise a pair of oligonucleotides (20-30 bp)
“primers” that are at least partially complementary to fla@king sequences and can bind to
flanking regions starting the duplication process of the taegpiesice. PCR uses single stranded
DNA as a template and, by the action of DNA polymerase eazifraynthesizes a complementary
strand over and over again, until extensive quantities are prodtvey. PCR consists of a cycle,
repeated many times, made up of the following steps: denaturafi the DNA sample at
temperatures up to 90-95°C; binding of the primers to the flankewuences: it occurs at
temperatures which vary from 40°C and 55°C, depending on the lengtle gfitners and their
base sequence; extension of the primers through the enzymatic atta thermoresitant DNA

21



polymerase (Taq Polymerase) which catalyses the extensitve gfitmers: it occurs at 72°C end
ends in the complete replication of both strands of thettaegpience (Fig.2.2).

Fig. 2.2:different phases of the Polymerase Chain Reactidreaponential amplification of target DNA.

By the end of the first cycle, every form of the target segeepresent in the sample is
replicated once, and the thermal cycle of the PCR is egeatecond time and then many other
times (20-40) producing an exponential replication of the target segjumuwause with every
successive cycle the synthesised DNA is doubled (Fig. 2.2).

The advantage of using PCR is that the DNA does not have tolaege amounts or even
purified to be amplified. It has also been successfully usatplify ancient DNA (Hofreiteet al.,
2001).

PCR efficiency depends on the capacity to faithfully amghify target DNA. If the primers
anneal to the target sequence and also to other sequences prissebiNK\ samples, then the PCR
would amplify “aspecific” sequences which would make the analgedsinterpretations of the
results problematic and even impossible.

2.5 MICROSATELLITE ANALYSESES

As they are very polymorphic and reliable molecular markersyrosatellites genotypes
reveal to be very useful tools commonly used to correctly m$iseggbelonging species and probable
hybrid detection, to characterise the genetic identity oivichdals, their molecular sexing, their
parentage and relatedness and to study population genetics (Tabakle1997; Constablet al,
2001, Lucchiniet al.,2002; Fabbret al.,2007).

Microsatellite genotyping can be rapidly performed by simpleRP@llowed by
electrophoresis gel or automated sequencer analyses. Theopraeidithe reliability of the results
increase with the number of microsatellitei which are used.

2.5.1 Microsatellite Amplification

As repeated sequences of microsatellites are flanked by urequerges, it is possible to
design PCR primers (Forward and Reverse) that selectingdlifg microsatelliteloci. Genotyping
analysis is done to identify the molecular weigh of the algheesent at eaclocus via
electrophoresis.

In this work 12 microsatellitéoci including 6 dinucleotides (CPH2, CPH4, CPH5, CPHS,
CPH12; Fredholm & Wintero, 1995; C09.250; Ostranderal, 1993), and 6 tetranucleotides
(FH2004, FH2079, FH2088, FH2096, FH2132 and FH2137; Franetsalo, 1996), were selected,
for their polymorphism and reliable scorability in wolves and dagsyng 18 canine microsatellites
previously used in a study about Italian wolves (Randi & Lucchimd2p@nd used for all the
analyses. 6 microsatellites (CPH2, CPH8, FH2004, FH2088, FH26848,37) were amplified by
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PCR to identify the individual genotypes, and the other 6 PCR-aetpldci (CPH4, CPHS5,
CPH12, FH2079, FH2132 and C09.250) were added them to improve estohdieship, to
clarify doubts about similar genotypes with a few differentes;onfirm or not possible hybrids
wolf-dog and to carry out preliminary Italian wolf population studigandi & Lucchini, 2002;
Lucchiniet al, 2002; Fabbret al, 2007).

As non-invasively collected samples usually provide low tardéf @oncentration and low
target DNA quality (Taberlegt al, 1999), to delete those lacking enough DNA to complete the
genotyping and to impede possible problems during further laboratorydprese all the DNA
samples were initially screened using a multiple-tube approadbe(lEtet al, 1996;Gagneuxet
al. 1997; Lucchiniet al, 2002). The screening consisted in amplifying each sampldifioes at 2
microsatelliteloci (FH2096 and FH2137) chosen, for their high PCR success and their low dropout
and false allele rates, among the first 6 microsatellitd fevethe individual identification (Lucchini
et al, 2002; Fabbret al, 2007).

Only the samples with positive PCRs major than 50 % pass thensog and they are
amplified four times at the other 4 microsatellibei, always using anultiple-tubes approach by
which the samples heterozygote at least in 2 replicates or hoatezygleast in 4 replicates at a
given locus were scored as reliable at thatusand genotypes were recorded; while all the other
heterozygote, homozygote and uncertain genotypes (due to failure amptiécation or to allelic
dropout) were additionally replicated four times. All samples ¢oald be not reliably typed at all
loci after 8 amplifications were discarded.

Microsatellites were PCR-amplified (Randi & Lucchini, 2008¢chini et al, 2002;Fabbriet
al., 2007) separately in 10 of volume, using 2 | of DNA solution, 1 | of PCR Buffer 10X (1,5
mM of MgCl,), 2 g of BSA (Bovine Serum Albumin), 0,4 of dideossinucleotides (dATP, dCTP,
dTTP, dGTP) 2,5mM, 0,15I of each primer 10M, 0,25 units of Tag and 4,25 of PCR water.

Cycling conditions were optimized for each primer pair and fou¢isy scat samples, the
number of cycles varied from 30 to 45, starting from the falhgvgeneral PCR program:

94°C x 2" (94°Cx 15" 55°Cx30”" 72°Cx30") for 30-45 cycles
72°Cx 10" 4°Cx10° 15°C

2.5.2 Sex identification

All the DNA samples, after genotyping were submitted to leable DNA-based sex
identification or molecular sexing (Lucchiet al, 2002) amplifying by PCR ZFX/ZFY (zinc-finger
protein) sequences (Garcia-Muret al, 1997). As universal primers used for ZFX/ZFY
amplifications (P1-5EZ and P2-3EZ; Aasen & Medrano, 1990) are a@usén vertebrates and
might amplify DNAs from wolf prey, ZFX/ZFY canid spedafprimers were used. They had been
previously designed by Lucchiat al(2002) who detected a sex-specific RFLP pattern by digestion
of PCR product with10 units oFAQ | restriction enzyme that can cut a fragment only on the Y
chromosome. The ZFX/ZFXY product, in fact, includes di& | restriction site that produces
two fragments of different lengths which can be separated byadboresis and then observed by
automated sequencer. The electrophoretic pattern shows twee Misibtls in females (an uncut
maternal ZFX fragment and a digested paternal ZFY fragmbuat)only one band in females
(generated by both uncut ZFX fragments).

2.5.3 Analysis of microsatellites in automated capillary se@ncers

Microsatellite analysis consists in separating the diffeedieles (the alleles differ for the
number of repetitions of the repeat) by electrophoresis in awteragel which clearly separates

23



the 2 alleles present at the heterozydous In automated capillary sequencers the electrophoresis
does not require the gel preparation because they can automaitigadit it in a serious of
capillaries through which fragment migration takes place.tiélgloresis is programmed through a
particular computer software that activates and controls athtpe performed by the automated
sequencer. The capillary sequencer does not use radioactivesrarkéuorescent marker systems
(fluorescent dygsthat are incorporated in the DNA during PCR amplification ajusacing,
utilising primers labelled with a fluorescent dye or incorpgocpt labelled nucleotide in the DNA.
When the labelled DNA fragment passes a pre-set locatioriubregcent dye is picked up by a
laser and the emission of fluorescence is detected and nebdsutiee software that analyses the
results of electrophoresis and convert the weights of the diffatiehes (the alleles differ for the
number of repats) in an image file and in an electropherogram chwine molecular weights of
the alleles is precisely determined by the use of intestaaldards.

Homozygous sample at a givilruspresent a single band (that appears as a single peak in an
electropherogram) while heterozygous samples present 2 bandap(peatr as 2 different peaks in
an electropherogram) (Fig. 2.3).

Fig. 2.3: example of electropherograms, the single peak stéorda homozygous sample at a givecus the double
peaks indicate a heterozygous sample at a doers

In automated sequencers it is possible to analyse severedsatelliteloci in the same
capillary column simultaneously. The analysis of multipie can be done via multiplex PCR or
via electrophoresis of mixtures of single PCR (electrophorasikiplex). In multiplex systems
(both PCR and electrophoresis systems) it is necessary to amimesatelliteloci that produce
clean and clear signals (electropherograms). As in the autoamatlysis of microsatellite one of
the two PCR primers is labelled with a fluorescent dyepultiplex systems it is necessary to label
primers at differenkoci with different colours. Three colours (yellow, green and blue)arrently
used to label the primers while a fourth colour (red) is used tbtladastandard molecular weight.
Microsatellite whose alleles have different molecular weiglain be combined in multiplex systems
and PCR products are separated in different areas of the gapitbary and the identification of
alleles is facilitated by reading the coloured signalsdbatot overlap.

2.5. 4 Probability of Identity and selection of the microsatéte loci

When using microsatellitéoci to establish a genetic profile, it is possible for different
individuals of the same population to have identical profilenifinsufficient number dbci has
been used. Millset al (2000) and Waitset al. (2001) showed that, in order to be useful in
population size estimations, genetic profiles should consist of enouglosatellite loci to
distinguish between individuals with 99% certainty. Estimating ¢lgeirednumber ofloci can be
achieved by computing probability of identity (PID) which is the pbditg that 2 individuals,
randomly chosen within the same population, have the santdocusgenotype and therefore the
proportion in a population of individuals with the samaltilocusgenotype (Paetkau & Strobeck
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1994). If in a population PID is not zero, some individuals cannot betddt&hadow effegt
leading to a population size underestimation (Méttsal, 2000).Where there is the potential for
relatives to be present in the sample, it is best to usstamate of PID among siblings (RIEX
Evett & Weir 1998 Woodset al 1999; Waitst al 2001). The overall PI&;sis the upper limit of
the possible ranges of PID in a population and thus provides the mestative number of loci
required to resolve all individuals, including relatives.

The probability of identity (PID) and the expected PID among fblldyads (PIRy), were
estimated in a set of 100 Italian wolves (Randi & Lucchini, 2Q@2chini et al, 2002) using the
software GIMLET v. 1.3.2. (Valiére, 2002http://pbil.univ-lyonl.fr/software/Gimlet/gimlet.ht
(Table 2.1).

Locus PID PID¢or | PlDsips | Locus PID PID cor PIDsips
CPH2 | 2,35 E-1 2,39 E-1f 5,22 E-]) FH2079(| 1,87 E-1| 1,89 E-1| 4,68 E-1

CPH4 |3,54 E-1 3,59 E? | 6,22 E-1) FH2088| 1,68 E-1| 1,71 E-1| 4,57 E-1
CPH5 |2,07 E-1] 2,10 E* | 4,86 E-1 FH2096| 1,86 E-1| 1,88 E-1| 4,66 E-1
CPH8 |9,86 E-1] 1,01 E* | 3,97 E-1| FH2132| 6,47 E-2| 6,77 E-2| 3,70 E-1
CPH12 | 4,55 E-1] 4,60 E* | 6,93 E-1| FH2137| 6,52 E-2| 6,80 E-2| 3,68 E-1

U9.250| 1,45 E-1| 1,48 E* | 4,45 E-1
FH2004| 1,37 E-1] 1,40 E-1{ 4,39 E-1] Total 3,75E-10 4,88 E-10 1,15 E-4

Table 2.1: Probability of Identity for eactocusestimated in a set of 100 Italian wolves using IBtra. 1.3.2. (Valiére,
2002) Pid is the probability of identity for individualandomly chosen within the same population, Pidisahe
probability of identity corrected for small poputat size, Pid sibs is the probability of identityreected for siblings.
Pid sibs < Pid cor < Pid. Each total probability wasnputed by multiplying singleacus probabilities, assuming that
loci are independent, as suggested by the microsat@ilikage map of the domestic dog (Neffal, 1999).

As wolves in a pack are known to be partially related, shatiaps which are identical by
descent (Mech, 197@ehmanet al, 1992;Wayneet al, 1995), and field observations suggested
that about 100 wolves were present in the whole study areasitnecessary to achieve BiD
values < 0,01, meaning that 1 wolf in 100 siblings was exgdoteshare, by chance, an identical
genotype with another wolf.

As showed in Fig. 2.4, the minimum number of microsateltite necessary to obtain such
PID values corresponds to 6 microsatellites that produce gfiD7,11 x 16 allowing detection
of unique genotypes also if related individuals were sampled.

Fig. 2.4: Values of probability of identity observed (RID and corrected for siblings (PJR), related to the number of
microsatellites typed in a sample of 100 Italiarlwes, computed using Gimlet v. 1.3.2. (Valiere, 200 he first Goci
were used for individual genotyping and the addaio6 microsatellites were included for kinship lgss and to
clarify uncertain genotyping. The arrow indicaties PIDsib value obtained using $ici.
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2.6 MICROSATELLITE DATA ELABORATION

The software used to manually or automatically correctehelts of the automated analyses
is GeneMappev.3.00f the Applied Biosystems (ABI). When the electrophoresis endsy allele
may be made up of a single band (that appear as a single @aklactropherogram) or of a main
band plus a serious of secondary bands that represent aspecifificatigii products. After
defining the variation range of molecular weight and of the meak pf the electropherogram as
well as the colour of thiecus the software allows to identify the signal produced by the il
and assign the respective molecular weight. The program us&gpathen to filter that information
which ignores the secondary signals and assigns the correcuhaol@eight to the principle signal
of the allele. The final result can be visualized as a coglectropherogram, and the data, that
contains the values of the molecular weight assigned to eagf, alan be exported to database
Microsoft Excel-type format, or to input formats of variousadelaboration software.

2.6.1 Data reliability: RelioType

In this studymultilocusgenotypes were detected using a multiple-tube approach by which the
same DNA samples were amplified independently severa&stoar locusand the results of each
replicate were compared. In this way it was possible t@ctletventual dropouts or false
amplification. The necessary number of replicates to obtairiableemultilocus genotype was
computed using the softwamelioType (Miller, Joyce & Waits, 2002) It is a program for
assessing how reliable an observed multilocus genotype is anddatirdj further replication if it
is not sufficiently reliable. It is based on the model develdpeMiller, Joyce and Waits (2002).
The program requires two input files: a first file with aleountsfrom the population which the
program converts into allele frequencies and a second file corgaine genotyping data. The
software calculate for eachultilocusgenotype of the second input file a probability of reliability
using the allele frequencies contained in the first input Tilee estimation of reliability assumes
that false alleles do not exist in the data set, whichciealy unrealistic assumption. One simple
way to catch false alleles is to require that alledl@re observed multiple times.

2.6.2Multilocus genotype comparisonGimlet

When using the multi-tube approach, it is useful to easily constamsensus genotypes and
to rapidly calculate the error ratégSimletv. 1.3.2(Geneticldentification withM ultiL ocusTags)
(Valiére, 2002 ) is a software dedicated for geneticists whit wn individual identification using
molecular tags in diploid species. This software allows toyeaenstruct consensus genotypes
from a set of PCR repetitions for each samples choosingléiesathat appeared the most at each
locus(an allele is retained in the consensus if its score is abtiveshold set by the user), and to
rapidly calculate the error rates (allelic dropouts (ADO) tredfalse alleles (FA)) comparing the
repeated genotypes and the consensus. The program can be also em®agpaie the different
genotypes to reference ones already analysed. A genotygaisiédi when itsnultiiocusgenotype
matches completely with a reference genotype. Moreover theapnogmssesses also an option for
pooling several genotypes that match themselves. The regrougiagdacted as an identification
where all genotypes are potential reference genotypes

In both cases the software indicates the pairs of genotypes wfigrene allele (for one or
two loci) or two alleles (for ondocug is (are) different between the genotypes. In this way it i
possible to re-check these genotypes by re-looking at the electrog@mesogr by repeating PCRs
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at doubtloci because, considering very low PID, it is improbable to findieéhtical genotypes
differing only for 1 allele on 12.

2.6.3 Species detectior8tructure

It is possible to discriminate wolves from dogs and detect hyhsiigmultilocusgenotypes.
In fact they can present the same alleles but with différegtiencies, or it can occur that particular
alleles (“private alleles”) are fixed only in wolves, dogs hybrids (Randi& Lucchini, 2002;
Lucchiniet al, 2004; Verardet al, 2006;Randi, 2007).

In this study, population assignment and hybrids detection were pedarsing a Bayesian
clustering procedure implemented irStructure v. 2.1 (Pritchard et al, 2000;
http://pritch.bsd.uchicago.efkalushet al, 2003).

The programstructureimplements a model-based clustering method which oaéslocus
genotype data, consisting of unlinked markers, to infer population stuetod to assign
individuals to populations. The model assumes that ther& gsepulations (where&K may be
unknown), each of which is characterized by a set of allele fneipgeat eactocus Individuals in
the sample are assigned (probabilistically) to populations, dhjdmtwo or more populations if
their genotypes indicate that they are admixed (or hybrids$. Method can be used to detect the
presence of cryptic population structure and to perform assigriestintg. Pritcharet al’s model
assumes Hardy-Weinberg (HWE) and linkage (LE) equilibrium amdrey unlinked loci.
Departures from HWE and LE lead the population to be split into subpamdatio which
individuals are assigned. The number of contributing populations canitpatest and, for a given
number of populations, their gene frequencies and the admixture propooti@ah individual are
all jointly estimated. In this way the sampled population is sudbell into a number of different
subpopulations that effectively cluster the individuals. Then, iddals of a-priori known or
unknown origin may be assigned probabilistically to the subpopulations.

The model does not assume a particular mutation process,camdbe applied to most of the
commonly used genetic markers including microsatellites, SNPR&LPs, provided that they are
unlinked. In this study | performed the analyses using the “adreixtnodel which assumes that
each individual may have ancestry in more than one parental populatidmeaiadiele frequencies
of a K population can be obtained independently from the others. dhgesvand dogs are
genetically detectable this approach is very useful to dé&ectF2 hybrids and first-generation
backcrosses, in fact using a clustering thresfpid0.90, all the Italian wolf population individuals
should assign to a cluster and all the dogs to another cludtde, lybrids should present an
admixture clustering.

2.6.4 Genetic population studyGeneAlex

GeneAlexv. 6.0(Peakall & Smous€005; 2006) is a software provided as an Excel add-in,
with a compiled module and an associated menu, particularly usestidy population genetics
and produce output files which can be directly used in other elftdrosoftware.

In this study GeneAlex was used to estimate allele frequenchpdus and population,
observedfflp) and expected unbiasddg) heterozygosities, mean number of alleleslgeus(Na),
number ofprivate alleles (Np) per population (i.e. the number of alleles unique to a single
population in the data set) and to compute the HWE and Chi-squaing fasicedures. GeneAlex
was also used to perform tBdMOVA (analysis of molecular variance), which was used to assess
the level of global and pairwise population differentiation based gnan analogue d¥sr, which
estimates theroportion of the genotypic variance among populations, relatives timtal variance.
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The software was also utilized for assignment tests andipair@oordinate Analysis (PCA),
in fact for each sample the expected genotype frequency atl@achis calculated and log-
transformed to give a log likelihood value which is calculatezhefor each population, using the
allele frequencies of the respective population. A sampkessiggned to the population with the
highest log likelihood.

Genetic distance and assignment tests allow, through Principali@aier Analysis (PCA), to
detect the different considered populations despite a Carteg@mnsystem not linked to a
geographic reference system. The software, in fact, syn#seail variability of the populations,
expressed by many variables, in 2 or 3 variability axes around whechnalyses and the further
assignments occur.

To simplify the graphic visualization of Structure and GeneAdsults the prograrGenetix
v.4.2(Belkhir et al., 2001; http://www.University-montp2.fr/-genetix/genetix.hiwas used. It can
describe in three dimensions all the variability analyzedseneAlex by Principal Coordinate
Analysis and the different Structure clusterings.

2.6.5 Data mapping:ArcView GIS

Sample mapping localization was obtained by the softwac¥iew GIS (ESRI) that is a
geographical information system able to organizer, controllysmaand update spatial and
multidimensionaldata source using geographic coordinates. The software athogvedte a series
of informative themes which represent distinct sets of ggubue features in a particular geographic
data source simplifying their graphical representation. A ciidle of themes creates a an
interactive map (view) that lets you display, explore, query amalyze geographic data in
ArcView.

2.7 POPULATION SIZE ESTIMATION

Because hair and fecal samples can be collected without captménvasive sampling
methods have great promise for population estimation in fact gesotgrebe used to estimate
population size in several ways (Sloaee al, 2000). Most directly, the number of distinct
genotypes is an estimate of the minimum population size, whiche&dentified by the asymptote
of a curve relating the number of distinct genotypes to the numisangiles (Kohret al, 1999). If
individuals are sufficiently sampled, mark-resight methodsstifnating population size can also be
applied to genetic data to estimate resighting probabi(iéis et al, 1978;Seber, 1982).

In recent years, the use of non-invasive genetic samplingndiddual multilocus genetic
profiles for capture-recapture studies has rapidly increased and thedriedls been applied to a
diverse array of taxto assess population size (Lukacs, 2005; Lukacs & Burnham) 2005

Abundance is just one parameter that can be estimated fromecegtapture data. Many
models have been recently developed to estimate survival, éongrates, movement or transition
rates, fecundity, and population growdichols; 1992).In natural closed and open populations,
variation in capture probability (behavioural responses to captai@tion over time with constant
trapability for all individuals) and individuaheterogeneity in capture probability (the variation
among individuals in their probability of being detectadythe most difficult problem facing the
estimation of animal abundance and of the other biologicahpetergOtis et al, 1978).

Anyway, a large number of models aswftware exists for a wide range of capture-recapture
analyses. Most capture-recapture theory builds off a repanarmagittn of a multinomial model
(Burnham, 199} therefore, software can be designed to analyse a widsyaficapture-recapture
data within a common framework.
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In this studythe multilocusgenotype identifications from wolf scats sampled over thei&mil
Romagna Apennines from spring 2000 to winter 2007 were used as cagiapédire data. The first
detection of a genotype is alike marking, while further deiastiare alike recapture with the
approximation that genotyping errors are assumed to be negliggble result of careful lab
procedures. Due to the open nature and the long time span of thipopolation project, these
genetic data were analysed using the open population multistateuttreyemt models (Lebreton &
Pradel, 2002; Pradel, 2005) incorporating mixture heterogeneity (Pledge 2003 )to detect the
main biological parameters necessary to obtain a relpdpealation size estimation. The programs
utilized to built and test the possible statistic models esdetaticompute the population size
estimation were U-Care and E-Surge.

2.7.1U-Care (Choquetet al., 2005) is a computer program that deals with the first stejlseof
analyses of capture-recapture data, the preparation of thetdadas the assessment of the fit of a
general modelthe Cormack-Jolly-Seber (CJS) model which has both caff@i@nd survival )
probabilities dependent on time (t)P(t)]. Goodness of fitest (GOF) of the CJS mode
generally done texplore the fit of the CJS to the data, but also to identifgreegal model that fits
the data from which to start an eventual further model sete(ttebretonet al, 1993.

Goodness of fit (GOF) of the general model was evaluatedserias of teststest 3.SR,
3.SM, 2.Ct and 2.C{Burnhamet al, 1987;Pradel, 1993Pradelet al, 1997). Among them the
most informative ones are the specifsts forbehavioural patterns or recapture heterogentsy
3.SR which is a specific directional test ftemporary emigration anglansience (Pradedt al ,.
1997), relevant to detect whether there was heterogeneity invautyetween individuals,
depending on whether or not they had been captured previously (it iscsighifor example, when
there is an age effect on survival or because of the presétreasients), and te&tCt, which is a
specific testrap fortrap dependence which is significant if there is eitheimanediate trap effect
on recapture probability or if there is non-random temporal enogrdtrap-happiness or trap-
shyness, Pradel, 1993).

If the model does not fit the data, there is a clear sigh&leterogeneity of capture and it
necessary to carry out a new model selection to find more cerhpterogeneous models using
specific software such as E-Surge (Choaiedl.,2007) and find the best one. On the contrary, if
the model fits the data, it is necessary to run other homogsmeodels to find the best one.

2.7.2 E-Surge v. 1.1.1(MultiEvent GeneralizedSurvival Estimation) (Choquetet al, 2007
http://ftp.cefe.cnrs.fr/biom/soft-gr/is a program for fitting multievent models to capture-
recapture(CR) data (Pradel, 2005). Multievent models arextansion of multistate models in
which observations do not necessarily correspond to stateshigfared.

Because the observations in multievent models do not necessamigspond to individual
states, they can handle state uncertainty, the softwarprogide a general framework for problem
such as: heterogeneity of capture (Pledgeal, 2003 ), determination of the sex when sex is not
available (Nicholst al.,2005) and memory model (Pradel, 2005).

Several programs exist for CR analysis (MSSURVIV, HirE¥4; MARK, White & Burnham,
1999; M-SURGE, Choquett al., 2004) but E-Surge is the first general one for multievent models
which has powerful capabilities for maximum likelihood estimatibrcamplex age and time-
dependent models with linear constraints among parameterggeineralized linear model fashion.

Multievent models assumes that individuals move independently amdimite setE of

states over a finite numbKr of sampling occasions and that successive states obey a Madiay

They are defined in terms of three kinds of parametersalirstate probabilities , transition
probabilities , and encounter probabilitids The matrices associated to these parameters together
define the general model (GM) under which an umbrella model (tst general model) retained

by Goodness of Fit can be fitted.
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In M-Surge and Mark transition probabilities are defined eithectyr, or in terms of
survival and transition conditional on survival. In E-Surge a pattgeneratorGEPAT (for
GEnerator of PATtern of elementary matrices) makes it possible to gendnat&sM using the
elementary matrices (transition and encounter matriceshéral state vector under which the UM
is defined. This feature or model is called DES for Demasition in Elementary Steps.

Model-building in E-Surge (as in M-Surge and Mark) proceeds by impbee®y constraints
on the parameters of the umbrella model, in the spirieotrplized linear models. The vectoof

"biological parameters” (parameters of direct intereshéliologist e.g., = ( , , b), organized
as a vector) is expressed as a linear transformation oftarveof "mathematical parameters”
which can be expressed in a “matrix of constraints” (Ma{)ixin general, it expresses hypotheses
about the dependence of the parameters on stage (of depardurealy, age (since first capture),
time, group, and/or covariates. The design matrix is built bptbgramGEMACO (GEnerator of
MA trices of COnstraints) based on a powerful language similar to those usedenagstatistical
software packages such as SAS, S-Plus, Genstat or GotNhétance, the formula t+g generates a
model with additive effects of time and group) avoiding tedious amdr-prone matrix
manipulations.

2.8 SINGLE NUCLEOTIDE POLYMORPHYSM ANALYSESES

Although ascertainment bias is a problem for some applications]e simgcleotide
polymorphisms (SNPs) can often generate equivalent stdtigtie@r as providing broader genome
coverage and higher quality data than can either microtedetr mtDNA (Morinet al, 2004).
They represent an efficient and cost-effective genetic toothwban be used as novel genetic
markers for common questions in population genetics: forensic idésdiing (Andreassoet al,
2002) include: Y chromosome SNPs for lineage-based studies of highldddgbDNA samples
using autosomal SNPs (Budowd® al, 2004) assessing biogeographical origin (Frudakisl,
2003), individual identification anthdividual assignment to a populati¢Beddonret al, 2005;Holm
Andersen & Fabbret al., 2006). There are two principle steps to the use SNP maitkers
discovery (ascertainment) and genotyping. SNP discovery is doegw of finding the polymorphic
sites in the genome of the species and populations of intktesh (et al, 2004).

Genotyping is a laboratory procedure that identifies the aliglesented in a given sample.
To accomplish this goal, genotyping biochemistry must be highly fepe&ibiochemical reaction
identifies one and only one allele at a time. Since multgéetions can occur simultaneously at
multiple templates and targéici of a sample, collectively the same biochemical reaction can
identify multiple alleles and multiplleci. Popular SNP genotyping technologies currently available
are based on one or more properties of these enzymes and probéssegsolymerases; DNA
ligases; and hybridization. A genotyping protocol is normally hwasparts: biochemical reactions
to form allele-specific products (allele discrimination) andediéon procedures to identify the
products (Chen & Sallivan, 2003).

2.8.1 SNP characterization in the Italian wolf population

Noninvasive DNA analyses are often prone to genotyping erfalse (alleles and allelic
dropouty due to DNA degradation. Thus, the use of single nucleotide pobmisms (SNPs),
which requires amplification of much shorter DNA sequences maw atlore efficient genotyping
of noninvasive samples (Seddeinal, 2005).

This study contributed to characterizenine single nucleotide polymorphisms (SNPs) in the
endangered Italian wolf Canis lupu¥ population, which were discovered by resequencing
sequence-tagged-site (STS) DNA sequences that were known &nc8NPs in domestic dogs
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(seeHolm Andersen & Fabbet al.,2009. DNA fragments, extracted from 14 Italian wolf samples
collected in north and central Italwere amplified by polymerase chain reaction (PCR) using 76
primer pairs for SNPs containing dog STS sequer@agdnet al, 2003.

PCRs were carried out in 1% volumes using the following touchdown program: 8min 95°C,
followed by 20 cycles of 30 sec 94°C, 30 sec 63°C decreasing of 0.6%qgbe, 1 min 72°C and
15 cycles of 30 sec 94°C, 30 sec 53°C, 1 min 72°C, and eefitehsion of 2 min 72°C.

On the base of this first SNP characterization in the itakalf population 15 new reliable
primer set$1C06/138, 38K22/150, 96B17/422, 182J12/119, 182M20/250, 189H18/294, 218J14/81,
309N24/298, 310M20/207, 310M20/332, 120D19/347, 133N13/219, 148L07/169, 168J14/149,
182B11/138, Holm Andersen & Fabbet al., 200§ for analysing SNPs using Pyrosequencing
technology (Ronagtet al, 1998) were designed. The SNPs found by Pyrosequencing weredverif
by comparing the results with the sequences.

Afterwards these 15 SNRoci allowed to design 6 new primer sets (182B11/138;
309N24/298 1C06/138; 38K22/150; 196B17/422; F310M20/207), that could be used also by other
2 SnP genotyping methods, SNaPshot and RealTime PCR. 43 non-ini$/esamples of
different qualities were amplified, according to a multipieg approach (Taberlet al, 1996;
Gagneuxet al 1997; Lucchiniet al, 2002), 3 times for each of these primer sets using alB the
technologies. The results obtained were compare to finalplegt which was the best one, from
success, cost and time points of views, to use for the idaitfic of the individuals and their
assignment to the belonging populations.

2.8.2 Pyrosequencing analyses

PyrosequencinTa| AB (http://www.pyrosequencing.comis a non-electrophoretic real-time
DNA sequencing method whialses an enzyme-cascade system, consisting of four enzymes and
specific substrates, to produce light whenever a nucleotidedgpmated to form a base pair with
the complementary base in a DNA template strand. The amouighofis proportional to the
number of incorporated nucleotid@@onaghi, 2001; Ronaghkt al.,1996; 1998; Bergt al.,2002).
The pyrosequencing technology is suitable for both scoring and discovBNRs. Because not all
enzymes involved are thermostable, heat cannot be used to deth@uemplates so the assay is
run at room temperature. Either the forward or the reverse pritast be biotinylated for later
immobilization of PCR products using the Vacuum Prep Tool (Biot&mejbtain single-strand
DNA. It consists of a hand-grip with 96 replaceable filter prob&g hand-grip is connected to a
vacuum source by an extendable hose with an on/off control swibehsdmple preparation tool
streamlines the preparation of single-stranded DNA prior to sequmimoer annealing. To begin
sample preparation, streptavidin coated sepharose beads ardatue®CR plate containing the
DNA template with one strand 5’-biotinylated and this is mixed1f0 minutes. The PCR product
with beads attached is picked up by the tool from the PCR platdramda separate trough, 70%
ethanol is aspirated through the filter probes. This step positiers-biotinylated strands attached
to streptavidin coated sepharose beads at the end of all 8@ifdtees. The sample preparation tool
is then placed into a trough of wash buffer and the strandsnsexirby aspiration. The single-
stranded templates are then transferred to a previously preB&@dHS 96 plate containing
annealing buffer and primer. After the primer is annealedpthie is then placed into the PSQ HS
96A System for analysis. The method designs extension primfew dases upstream from the
polymorphic site. The chosen SNP sequences are entered inthRh8ditware or imported from
external sample databases The software automatically neeonds the most effective order for the
dispensation of nucleotides. The theoretical sequence resutlssptayed as bar graphs (Fig. 2.5).
During primer extension dNTPs are added one by one as dictatée bgrget sequences. If the
incoming base matches the template the base would be added dégtehding primer and a
pyrophosphate would be produced. The pyrophosphate then triggers the syftA&giswhich in
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turn is used by a luciferase to produce a chemiluminescencd. sigrea amount of light is
proportional to the number of incorporated nucleotides. This ligimabig detected, the base
registered (seen as a peak in the resulting Pyrogram™) améxh@ucleotide addedf. the base
added does not match the template, the primer would not be extémeledNTP is then degraded
into dNMP (deoxyribonucleoside monophosphate) by an apyraseatidht will be generated
Since DNA polymerases do not use dNMP, it would not interfere suibsequent reactions. DNA
polymerases are faster than the apyrases, so the polymehsays process the incoming
nucleotide first, but this process is conditioned on the sequehtles mplate. If the nucleotide
matches the template, it will be incorporated onto the primehdyolymerases, otherwise, it will
be left to the apyrases, which are phosphodiesterases that disanmhinate among the four bases
and do not produce pyrophosphate.

When the run is completed, the genotype is determined by comparisun gdak heights of
the SNP positions, with the theoretical results predicted bghie SoftwargFig. 2.5).

Fig. 2.5:theoretical results, automatic genotyping asdessment for a multiple SNP sample.

In this study unlinked SNPs in 15 canine STS sequences were gematesigning 15
different primes (1C06/138, 38K22/150, 96B17/422, 182J12/119, 182M20/250, 189H18/294,
218J14/81, 309N24/298, 310M20/207, 310M20/332, 120D19/347, 133N13/219, 148L07/169,
168J14/149, 182B11/138uitable for Pyrosequencing by the assay design software ver8ién 1
(Biotage). Those primers were used to analyse SNPs in ldnlwblves by Pyrosequencing™
technology (Biotage), using the PSQ 96MA system. ThE88B11/138309N24/298 1C06/138;
38K22/150; 196B17/422; F310M20/20@) these 15 primers were used to genotype 43 non invasive
DNA samples for a method compariswith results obtained through SNaPshot and RealTime
technologiesAll the PCRs were performed in 2% of volumeusing 4 | of DNA solution, 2,5 |
of PCR Buffer 10X (1,5 mM of MgG), 2,5 g of BSA (Bovine Serum Albumin), 11 of
dideossinucleotides (dATP, dCTP, dTTP, dGTP) 2,5 mM, Dd each primer 10 M, 0,125 units
of Taq and 14l of PCR water.PCRs were performed with 45 cycles and with an annealing
temperature of 55° GHpolm Andersen & Fabbet al.,2006) using the following program:

94°C x 2" (94°Cx 15" 55°Cx30” 72°Cx30"”) for45 cycles
72°Cx 10" 4°Cx10" 15°C

The biotinylated PCR products were immobilised to streptavidiredoa¢ads (Streptavidin
Sepharose HP, Amersham Bioscience) following the standard prdtocthe PSQ 96 Sample
Preparation Kit (PyrosequenciftyAB).

The DNA strands were separated in 50 ml denaturation solutidhriun. The immobilised
template was rinsed twice with 150 ml washing buffer, resuggkemda reaction mix (containing
43,7 ml of annealing buffer and 1,3 ml of sequencing primeM1®881 of enzyme and 588 of
substrate) and transferred to a PSQ 96 plate to complete thgm@ergdHolm Andersen & Fabbri
et al.,2006).
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2.8.3 SNaPshot analyses

SNaPshdt" (ABI) is a solution-based assay that uses the single nuclgotiter extension
assay (Syvaneet al, 1990; Syvanen, 1999; Budowd¢ al, 2004). The method is based on the use
of three primers for the analysis of each SNP: an exteamalafd, an external reverse and an
internal primer consisting of a few nucleotides until the one wprecedes the mutation. The first
two primers are necessary for a first amplification of tilagrhent containing the SNP, while the
SNP extension primer is used during a second amplification to dieeegiotymorphism. During
this minisequencing PCR the SNP extension primer is annealbed tebhatured template amplicon
and is extended at the SNP site by the incorporation of oneeofotlr fluorescently labelled
terminator ddNTPs. The primer cannot be extended further, leamlg ddNTPs are in the
extension reaction. The extended SNP primer is subjecteciltacaor slab-gel electrophoresis.
The particular incorporated nucleotide is identified by the diffelentlled fluorescent tag as in
Sanger sequencing. The specific INEus(or in actuality the extended SNP primer) in a multiplex
assay is identified by its mobility during electrophoresis. Thebility can be modified by
incorporating varying-length polynucleotide tails or by incorporating htpbnodifiers at the 5’
end of the SNP primer.

In this study, 6 of the 15 primer sets foralysing SNPs through Pyrosequencing technology
used for the Italian wolf characterization, were applied &ge6 new primer sets (182B11/138;
309N24/298 1C06/138; 38K22/150; 196B17/422; F310M20/207) for SNaPshot techndlbgge
6 primers were used to genotype 43 non invasive DNA samples fothdneomparisorwith
results obtained through Pyrosequencing and RealTime technologies

SNPs were PCR-amplified separately in 1@f volume, using 2 | of DNA solution, 1 | of
PCR Buffer 10X (1,5 mM of MgG), 1 g of BSA (Bovine Serum Albumin), 0,41 of
dideossinucleotides (dATP, dCTP, dTTP, dGTP) 2,5 mM, 026 each primer 10 M, 0,25 units
of Tag and 5,051 of PCR water.

Cycling conditions were optimized for each primer pair and fon¢igs scat samples with the
number of cycles varied from 30 to 45, starting from the falhgvgeneral PCR program:

94°C x 2" (94°Cx30” 55°Cx30”" 72°Cx45") for 30-45 cycles
72°Cx 10" 4°Cx10" 15°C

As the excess dNTPs and PCR primers interfere with primer eatens use lie PCR
products as templates for the extension reaction, they wereeguu§ing Exo-Sap (Amersham)
which is a clean-up step to remove excess dNTPs and PCR giefteover from the reaction
necessary for all primer extension-based methods. It can be edmyenatically with shrimp
alkaline phosphatase (SAP) akd coli exonuclease | (Exo 1), which inactivate dNTPs and PCR
primers respectively, or physically via gel filtrations

In this study it was enzymatically carried out addind @f Exo/Sap mix to the PCR products
and using the following thermocycling program:

37°Cx30° 80°Cx15 4°Cx10" 15°C

The extension reaction were carried out in IL6f volume, using 1| of PCR product, 11 of
SNaPshot Reaction Mix, 0,2 of the extension primer 10M, 7,8 | of PCR water using the
following thermocycling program:

(96°C x 10" 55°Cx 5”7 60°Cx 30”) for 25 cycles 4°C x 10" 15°C
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SNaPshot Reaction Mix contains a reaction buffer, the enzymedlgmerase and the four
dideossinucleotides (ddATP, ddGTP, ddCTP, ddTTP) labelled withreiff colours: A=green; C=
black; G=blue; T=red. Dideossinucleotides are modified baseshvgtisses an OH in 3’-position
and avoid the formation of a phosphodiesteric link with another deossindeles that the
incorporation of one of them stop the extension generating fragmeméssting of the primer and
the SNP at thdbcus

2.8.4 SNaPshot data elaboration

One m of each purified minisequencing PCR product was resuspendedd@naturation
solution (Formammide) and analysed by electrophoresis on an AR Bii80 Genetic Analyser
with a 36 cm capillary array, POP4 polymer. GeneScan-120 LiZab&lled with a colour that was
not used to mark the nucleotides, was used as internalanoaed.

sequencing results are saved in the form of electropherograamgsaalized in the form of
peaks (Fig.2.6) because during the electrophoresis, when a flelarelye is picked up by a laser
the data produce a luminous emission that is registered akaTpe height of the peak indicates
the intensity of the emission and the colour indicates the cofdbe fluorescent dye.

In this study the data were analysed using GeneScan Analyiéarso v. 3.7 and
GeneMapper Analysis software v 3.0 (Applied Biosysten®gneScamutomatically analyses
sequencing data which derive directly from the electrophoretic sorSng the peaks into bins
according to sizes by comparison to the internal size starf@arstMappemrllows to visualize and
manually correct the electropherograms. Peaks above 100 refmtbrescence units can be
considered positive signals and a SNP type was assigne®.§frig

Figura 2.6: Example of minisequencing SNaPshot results. Data aealyzed through GeneScan Analysis software v.
3.7 (Applied Biosystems) and visualized by GeneMagnalysis software v 3.0 (Applied Biosystems).

2.8.5 RealTime PCR analyses

RealTime PCR consists in a SNP genotyping method bas&N&nPolymerases, versatile
enzymes that have multiple functions. Their major function ispéicate DNA during cell division,
but they also have 5 and 3’ exonuclease activities in order torrepairs and remove RNA
primers used in DNA replication. These activities form thsidbaf a mutation detection system
(pyrophosphorolysis-activated polymerization) and the TagMan assay (LBod@mer, 2000;
2002). The Invader assay was developed from a special structoiicspedonuclease activity of
some archael bacteria (Lyamichetval, 1993).The TagMAN5’ nuclease assay is an elegant assay
thatexploits the 5’ nuclease activity of DNA polymerases. It tctosed tube, single-step assay, and
can score genotypes in real time or at the end of reactieonibines target DNA amplification
with allele discrimination in a single reaction (Livak@oodsaid, 1997).

In the 5’ nuclease first polymerase chain reaction assaysstdescribedy Hollandet al.
(1991), a hybridization probe included in the PCR is cleaved by the 5’ aselactivity of Taq
DNA polymerase only if the probe target is being amplifieding a fluorescent probe, first
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synthesized by ee et al (1993),enables cleavage of the probe to be detected without post-PCR
processing. The flurogenetic probe consists of an oligonucleobedidd with both a fluorescent
reporter dye and a fluorescent quencher. In the intact probe, proxmitye quencher causes
Fluorescence Resonance Energy Transfer (FRET) and thus retiecéisiorescence from the
reporter dygForster, 1948)Cleavage of the fluorogenetic probe during the PCR assaytébehe
reporter dye causing an increase in fluorescence intensity.

Livak et al. (1995a)discovered that probes wit a reporter dye on the 5’ end and a quencher
the 3’ end can be used in the 5’ nuclease assay, greatly simgplifye design of fluorogenetic
probes.

Fluorogenetic probes and the 5'nuclease assay can be useelfordidicrimination through
the hybridization of two doubly labelled allele-specific fluorescemeebes to the target
polymorphisms (Livak, 1999Fig. 2.7)

Figura 2.7: Fluorogenic 5' nuclease chemistry. (1) Forward mwerse primers are extended withq polymerase as
in a traditional PCR reaction. A probe with twodtescent dyes attached anneals to the gene seduetm@en the two
primers. (2) As the polymerase extends the prirtier,probe is displaced. (3) An inherent nuclead&vigcin the
polymerase cleaves the reporter dye from the pr@beAfter release of the reporter dye from the roper, a
fluorescent signal is generated.

Allelic discrimination assay can detect single-base nucleotide mutations and pplhyisros.
These assays for a bi-allelic system require to includhenRCR assay two separate probes,
specific for each allele, that differ only by one base mismathe probes can be distinguished
because they are labelled with different fluorescent dyes (FAtle and VICY dye). A fully
hybridized probe remains bound during stand displacement, resultingdiergffprobe cleavage
and release of the reporter dye. A mismatch between probarged greatly reduces the efficiency
of probe hybridization and cleavage. Thus, substantial increaseNhdfA/IC dye fluorescence
indicates homozygosity for the FAM- or VIC-specific allele, han increase in both signals
indicates heterozygosity (Fig. 2.9). Three factors contributbealielic discrimination. First, the
mismatch has a disruptive effect. A mismatched probe will aalesver melting temperature £
than a perfectly matched probe. Proper choice of an annealing/ierté&mperature in the PCR
will favour hybridization of an exact-match probe over a mishredcone. Second, as the assay is
performed under competitive conditions with both probes present in the ssaution tube,
mismatched probes are prevented from binding. Third, the 5’ enldegbrbbe must start to be
displaced before cleavage occurs. The 5 nuclease activitfaqf DNA Polymerase actually
recognize a forked structure with a displaced with a 5 strandtdéast 1 to 3 nucleotides
(Lyamichevet al, 1993). Once a probe starts to be displaced, complete dissoaiaturs faster
with a mismatch than with an exact match so there is less fdr cleavage to occur with a
mismatched probe. Thus, the presence of a mismatch promotesatissaather than cleavage of
the probe.

In this study6 of the 15 primers used by Holm Andersen & Fabbal. (2006) for the Italian
wolf characterizatiorthrough Pyrosequencing technologyere applied to design 6 primer sets
(182B11/138309N24/298 1C06/138; 38K22/150; 196B17/422; F310M20/207) RemalTime PCR
fluorescent technologies. RealTime was initially utilized tecdiminate between the alternative
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alleles of a polymorphisrand genotype 43 non invasive DNA samples. This allowed to compare
results hrough different methods (RealTime PCR, Pyrosequencing and SNaPshoologies).

The PCR was performed on the PRISNB00 Fast Real Time PCR System (Applied Biosystems)
using the 5' nuclease assay with a dual labelled fluorogenic “Tieigabe. All oligonucleotides

were designed using the Pimer ExpfeSsftware according to the parameters recommended in the
guidelines by Applied Biosystems. These parameters incldgefar the probe that is 10°C higher
than the primers, primer,;8 between 58°C and 60°C, amplicon size between 50 and 150 bases,
absence of 5' Gs, and primer length (Liedkal 1995a).

PCR was carried out in a total volume of I5reaction solution composed of: 2,50of Mix
TagMar? FAST PCR Master Mix, 0,175l of a solution containing Forward and Reverse primers
and the TagMan probe, 0,50f BSA 0,2%, 0,825 of PCR water and llof DNA. The master mix
containes AmpliTaq Gold DNA Polymerase (active only aftenlyation at elevated temperatures).

Each PCR was run for 45 cycles (95°C, 20 sec, denaturatitowéal by 45 cycles of 95°C,

5 sec and 60°C, 30 sec, amplification). Initial treatment ofaledata was carried out using the
Applied Biosystems SDS software. Contamination was minimiseprégaring reaction mixtures
in a dedicated clean room with reagents aliquoted into sirsglerolumes.

2.8.6 RealTime data elaboration

The 7500 Fast RealTime PCR Sequence detection system (Appmegbsims) provides an
accurate method for determination of levels of specific DNfusaces in tissue and scat samples.
It is based on detection of a fluorescent signal produced proportionaihg dumplification of a
PCR product. It consists of a 96-well thermal cycler conndotedaser and charge-coupled device
(CCD) optics system. An optical fiber inserted through aiepssitioned over each well, and laser
light is directed through the fiber to excite the fluorochromthe PCR solution. Emissions are sent
through the fiber to the CCD camera, where they are analyzethebgoftware's algorithms.
Collected data are subsequently sent to the computer. Emisstomeasured every 7 seconds. The
sensitivity of detection allows acquisition of data when PCR diesdiion is still in the exponential
phase. This is determined by identifying the cycle number at whiehréporter dye emission
intensities rises above background noise; this cycle numberesl ¢thaél threshold cycle (CThe G
is determined at the most exponential phase of the reaction andrésreliable than end-point
measurements of accumulated PCR products used by traditional RE&Isélhe Cis inversely
proportional to the copy number of the target template; the higketemplate concentration, the
lower the threshold cycle measured.

Real-time monitoring of the release of fluorescence setienak during each cycle allows
collection of abundant data. After 40 cycles, data are processékebsgoftware within a few
seconds. Data can be viewed in an "amplification windowherainalysis program (Fig.2.8).

Fig. 2.8: visualization of the total allelic discriminatioBlue dots represent homozygotes for FAM, red opesasent
heterozygotes for VIC, green ones stand for heygate individuals.
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This allows the operator to check the fluorescence from ezattion at each cycle. The
linearity of the fluorescence response for each sample atgalehand the baseline can be checked
for each tube. An occasional problem tube can easily be idengifid the data point discarded, or
the amplification curve may indicate that a different basediaild be chosen for the experiment to
generate more accuratesC

Fluorescence spectra are collected after the run, and omiitgcomponent analysis, the
software extracts the contribution of each component dye to the etdsgyectrum. Homozygotes
for FAM show an increase in the FAM signal but no increaseani€ signal, and homozygotes
for the VIC probe show an increase in that signal. Heterozygbiew intermediate increases of
FAM and VIC signals. All three groups are clearly distingatsie, and the sensitivity is similar to
that for the quantitative PCR application (Fig.2.9).

Fig. 2.9: visualization of the results for a single samplat thresensubstantial increase in both FAM and VIC dye
fluorescence indicates heterozygosity
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CHAPTER THIRD: RESULTS

A total set of 3538 scat samples (including 1664 samples coll&oedianuary 2000 to
December 2004 and 1874 samples collected framary 2005 to March 2007) and 34 tissue or
blood samples (including 7 samples collected foanuary 2000 to December 2004 and 27 samples
collected fromjanuary 2005 to June 2007) were analyzed in this study (Table 3.1).

SAMPLING PERIOD SAMPLE TYPE |BO FC MO PC PNFC PR RA RE RE_%?E?"
January 2000 - December 200D $cats Lo 2r 0 0 0 0 I 28
Tissues 1 0 0 0 0 0 0 1
January 2001 - December 200[L $cats 53 0 77 0 0 0 0 { 130
Tissues 2 0 0 0 0 0 0 2
January 2002 - December 200p Scats 9 7 75 0 o4 48 2 1p7 390
Tissues 0 0 0 0 0 0 0 1 1
January 2003 - December 2008 $cats 80 1088 O 125 78 1 14B 525
Tissues 0 0 0 0 0 0 0 1 1
January 2004 - December 2001 scats 15613 66 O 260 29 14 53 591
Tissues 0 0 0 0 1 0 01 2
January 2005 - December 2005 Scats 17410 36 O 208 0 18 24 472
Tissues 1 0 1 0 2 0 0 1 5
January 2006 - December 2006 Scats 2317 54 9 422 14839 65 975
Tissues 1 0 3 1 5 0 0 1 11
January 2007 - March 2007 scats 15714 24 2 168 51 11 O 427
Tissues 8 0 1 1 1 0 0 0 11
TOTAL Scats 949 61 447 11 1237 354 85 394 3538
Tissues/Blood | 13 0 5 2 9 0 O 4 34

Table 3.1: presumed wolf samples collected and analyzed dutiegwhole study period in the Emilia-Romagna
Apennine Ridge. Blood samples are indicated in BQ. stands for Bologna provincial Administratiomdiuding
samples collected in the Corno alle Scale regipagk), FC for Forli-Cesena provincial AdministratjoMO (including
samples collected in the Frignano regional park)Modena provincial Administration (including sareplcollected in
Frignano regional park), PC for Piacenza provindidministration, PNFC for National Park of Fore§tasentinesi; PR
for Parma provincial Administration (including salep collected in Cento Laghi regional park), RA fRavenna
provincial Administration and RE for Reggio-Emiliovincial Administration (including samples colled in Gigante
regional park).

3.1 MICROSATELLITE ANALYSES

All samples collected until December 2004 (including 136 scat samgbe 12 tissue
samples) were manually extracted using a guanidinium thiocyamatedmtomaceus earth
(guanidinium-silica) protocol (Gerlofét al, 1995), while all the samples collected from January
2005 to March 2007 (includingl402 scat samples and 22 tissue samplesgxivarted in an
automated manner by tiHdULTIPROBE IIEX robot (Perkin Elmer) and using the QUIAGEN
Stool and tissue extraction kits (QUIAGEN).

3.2 SCAT MICROSATELLITE ANALYSES

All the 3538 scat samples were initially submitted to a prakmi quality screening test by
PCR at 2 microsatelliteoci, using a multiple tube approach (Tabe#détal, 1996;Gagneuxet al
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1997; Lucchiniet al, 2002) 2123 samples (60 % of total screened samples) resulted to posses
enough DNA to complete the analyses so they were amplifiece abttier 4 microsatellitéoci,
necessary for the individual genotype identification, and submittedrholecular sexing, always
using a multiple tube approach, followed by a reliability anslgidiller et al, 2002). 1293 samples
(37% of total analyzed samples or 61% of screening test posémples) obtained a complete and
reliable genotyping suggesting that there was no statistigaifisant divergence (B 0.7734,c?

test) between genotyping success of samples collected during (Notermber-April) and summer
(May-October) periods (Table3.2).

2000( 2001 2002| 2003| 2004| 2005{ 2006| 2007| TOT. PROJECT

Winter Genotyping success| 35% | 43%| 47% | 28% | 39% | 44%| 37%| 39% 39%
Summer Genotyping success34% | 43%| 45% | 18% | 40% | 33%| 35% | 37% 36%
Total success 33% | 43% | 46% | 23%( 40% | 39% | 36% | 38% 37%

Table 3.2:winter and summegenotyping success obtained for the whole projedbd. The genotyping value are
comparable suggesting a no significant genotypifigrénce between winter and summer sampling.

The 1293 reliable genotyped scat samples were then submitted regtbaping procedure
carried out by the software Gimlet v.1.3.2 (Valiere, 2002)watig to assign them to 378 different
unique individual genotypes. These unique genotypes, detected through geno&tpi6
microsatellite loci, were analyzed using an admixture model implemente&tiocture v. 2.1
(Pritchardet al, 2000; Falustet al, 2003) to establish their belonging population considering their
microsatellite allele frequencies that are sharply difie between wolves and dogRandi &
Lucchini, 2002). The program useuultilocus genotype data to infer population structure and to
assign individuals to populations.

The model assumes Hardy-Weinberg (HWE) and linkage (LE) equitibmmong the
unlinked loci, and that there ar& populations (wher&k may be unknown), each of which is
characterized by a set of allele frequencies at &amls Individuals in the sample are assigned
(probabilistically) to populations, or jointly to two or more populatidrtheir genotypes indicate
that they are admixed (or hybrids). Departures from HWE andehE& the population to be split
into subpopulations, to which individuals are assigned.

The program starts with a series of simulations to randossiga the individuals, computing
each time the reliability of these clusterings througjkedihood value estimation. Clustering occurs
throughMarkov Chainand Monte Carloalgorithms that are able to maximize results, collecting
only the permutations with higlikelihood values. As the first simulations are usually not reliable
and are considered asirnings they are deleted from the results interpretation trebased only
on the following permutations. In this study 130000 simulations we (38900 adurningg to
carried out the assignment, and in this way 290 different Ital@Ewes (Qy > 90%), 75 domestic
dogs (@ > 90%),) and 13 uncertain assignment individuals were ddtecte

In order to better visualize the clustering so obtained, progranetix v.4.2 (Belkhiet al.,
2001) was used (Fig.3.1).

To resolve these uncertain assignments all the unique genoetgresamplified at other 6
microsatelliteloci and the Structure assignment test was repeated clarifyirggsihgnments. Using
12 microsatelliteloci, in fact, all the certain attribution, previously obtained ugnigci, were
confirmed through a better assignment probability, 10 of the 13 uncessignment individuals
finally resulted to belong to the Italian wolf population while bther 3 uncertain individuals, that
presented an admixture clustering resulted to be real hybrids, praifed#gond generation (Fig.
3.2).
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Fig. 3.1: Genetix graphic visualization of the
samples genotyped at 6 microsatellitei.
Gray dots stand for Italian wolves, yellow
dots for domestic dogs, blue for certain known
hybrids and red dots for the uncertain
assignments individuals.

Fig. 3.2: Genetix graphic visualization
of the samples genotyped at 12
microsatelliteloci. Gray dots stand for
Italian wolves, yellow dots for
domestic dogs, blue for certain known
hybrids and red dots for the 3 detected
certain hybrids.

3.2.1 Wolf genotype Analyse

Positive PCR, dropout and false allele rates lpeus in all the genotyped samples were
estimated using the software Gimlet v. 1.3.2 (Vali26g?2).

All the 6 loci showed high rates of positive PCRs, ranging from 66 % (CPHS8) t& 98
(FH2096), in fact they had been selected among the whole 12 médlitsaget because of their
very high amplification success. Allelic dropout rateslpeusvaried from 10,1 % (CPH2) to 35,2
% (CPH8) and false allele rates jpmrusvaried from 0 % (CPH2) to 8,1 % (FH2137) (Table3.3).

CPH2 | CPH8| FH2004| FH2088| FH2096| FH2137| Mean
Positive PCR| 92,0%| 66,0%| 84,0% | 94,0%| 98,094 86,0%87,0%
ADO 10,1%| 35,2%| 24,8% | 15,8%| 13,9% 26,7%21,1%
FA 0,0% | 2,1%| 4,4% 2,9% 3,0% 8,1% 3,4%

Table 3.3:rates of positive PCRs, allelic dropouts (ADO) &alde alleles (FA) observed using replicated PCR& o
microsatelliteloci in genotyped excremental DNA samples. Thedtconsidered are thHeci used for the individual
identification.
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All FA rates showed a pattern that increased at the Al@ase, onlyocus CPH8 showed
an inverse situation, in fact it presented the highest A&X® and one of the lowest FA rates (Fig
3.3).

Fig. 3.3:rates of positive PCRs, allelic dropout and falésles in genotyped samples showed thaei FH2137 and
CPHS8 presented the highest dropout rate.

The fact thatlocus CPH8 presented the highest ADO rate and the lowest amiptifica
success could be due to the length of its amplified DNA sequeict dhe high molecular weight
of its alleles.Even if individual genotypes were detected uaingultiple-tube approach and a
guality screening test, as scats contain degraded DNA and nom@nekeda could be error-prone,
they were submitted to a further reliability check up and missmatch analysis that revealed that
some wolf genotypes, sampled only once, resulted reliable but \ghhAO rates, and presented
1 or 2 mismatches with other wolf genotypes sampled severatt{Fig. 3.4). After that these
individuals were regenotyped repeating PCRs at suspémted31l of them (10%) were deleted
because they revealed to have the same genotypes from whicmisdragtched for one or two
alleles.

Fig. 3.4:reliability versus dropout and mismatch analyseasied out for the unique genotypes. Some genotyyts
high reliability presented high ADO rates and dife from other genotypes only for one or two afiele

This further check up, thus, allowed to detect during the whaldy speriod, 347 reliable
individual genotypes (corresponding to 269 wolves, 3 hybrids and 75 domegst 272 of them
(corresponding to 269 wolves and 3 hybrids) were used to carry obieatiecessary population
genetic elaborations.

The 272 different individual genotypes were not sampled with tine $s&equency during the
whole project period. In fact, among the wolf and hybrids individygadotypes, 106 (39%) were
sampled only once, 98 (36%) from only twice to 5 times and the mémge68 (25%) for more than
6 times (Fig. 3.5).
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Fig. 3.5: proportion of individuals sampled from once to mtivan 20 times during the study period.

Moreover, if the time interval during which genotypes were satheveral times is
considered, 183 individuals (67%) were observed for a period stiwateone year, while only 89
individuals (33%) were observed during a period longer than omeFjiga 3.6).

Fig. 3.6: proportion of individuals sampled for different gnintervals. Most of genotypes were sampled foroger
minor than one year, only 33 % of the genotypeewampled for period major than 1 year.

All the genotyped samples were also successfully sexed throomgteaular sexing method
proposed by Lucchiret al. (2002). Samples analyzed allowed to detect 153 males and 119 females
with a sex ratio among detected individuals greater than o28M11,00F). Sex ratio values
remained almost constant during the whole study period with vadumegng from 1,00 to 1,43
(Table3.4).

During the study period the number of samples analyzed considerat#gsed ranging from
a minimum value of 28 during the first study year (2000) to a maximalue of 940 during year
2006 allowing to detect from 4 to 114 different individuals per ye&.3F, Table 3.4). The
percentage of wolf genotypes detected per year remainedtabmmstant ranging from 13% to
19%, with a mean value of 14,62%.
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Fig. 3.7:number of samples analyzed and genotypes detecate@ydhe different years of the study period. Sksp
analyzed during 2007 include only samples colleciatil June.

Year Analyzed Detected | - Genotyping Males| Female Sex Ratio
Samples | Genotypes| percentage

2000 28 4 14% 2 2 1,00M:1,00F
2001 130 17 13% 10 7 1,43M:1,00H
2002 390 63 16% 32 31 1,03M:1,00H
2003 525 74 13% 40 34 1,18M:1,00H
2004 591 85 14% 37 48 0,77M:1,00H
2005 472 92 19% 51 41 1,24M:1,00H
2006 940 114 13% 64 50 1,28M:1,00H
2007 427 67 15% 35 32 1,09M:1,00H

Table 3.4:number of samples analyzed and genotypes deteatedydhe different years of the study period. Skesp
analyzed during 2007 include only samples colleciatidl June. Genotyping percentage and sex ratib)Memain
constant during the whole study period.

3.2.2 Population genetic analyses and microsatellite variability

The 269 distinct wolf genotypes noninvasively detected in this studg a#so used to
estimate some of the chief parameters of Population Gensting the programs GeneAlex v. 6.0
(Peakall & Smouse, 2005; 2006) and Genetix v.4.2 (Beéktat.,2001).

All loci were polymorphic in the Emilia-Romagna wolf population, showing kiajhes of
heterozygosity o = 0,59-0,74;He = 0,62-0,80) and a mean number of allelesl|peus of 6,5
ranging from 3 (FH2096) to 12 (FH2137) (Table 3.5).

CPH2| CPH8 [ FH2004| FH2088| FH2096| FH2137| Mean value
Na 6 6 6 6 3 12 6,5
Ho | 0,59 | 0,60 0,63 0,64 0,66 0,74 0,65
He | 0,62 0,72 0,63 0,65 0,65 0,80 0,68

Table 3.5:genetic diversity in Emilia-Romagna wolves genotyjpéthe 6 unlinked microsatelliteci used for the
individual identification Ho = observed heterozygosityg = expected heterozygosity, = number of alleles.
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Emilia-Romagna wolves showed a slight deficit of heterozygaigsificantly positiveF s
values, Table 3.6) determining thati were not completely in Hardy-Weinberg equilibrium.

Results of singléecus Hardy-Weinberg equilibrium tests showed that depes from HWE
were contributed only blpci FH2137 €% = 157,75; P €0,005) and CPH8{.s = 34,74 P <0,005),
which were both significant. This could be duehe fact that FH2137 and CPH&i presented the
highest dropout rates and FH2137 even the highisst &llele rate as showed in Table 3.3.

Population Ho He Namean |Np|[ Fis P Fst
Emilia-Romagna population |0,65 (0,03) 0,68 (0,03) 6,5 (0,75) 7 | 0.011**(0,010{ 0,09 (P = 0,01

Table 3.6: genetic diversity in Emilia-Romagna wolves genoty@¢ 12 unlinked microsatelliteci. H, = observed
heterozygosityHe = expected heterozygositdamean = mean number of alleles pexcus (direct count) Ny = number
of private alleles. Standard errors in parentheBepartures from Hardy—Weinberg equilibrium wersessed for the
population from average multiloclgs values (the average individual inbreeding coeffitiwithin the population)?

= probability to obtairF s values lower (for negativigs), or higher (for positivé-;s) than observed after 1000 random
permutations of alleles in each population deteemiiusing Genetix*fP < 0.01; *P < 0.05). Fst = effect of
subpopulations or individual diversity coefficianithin the population.

Differentiation between Emilia-Romagna wolf population and thkerotltalian wolf
populations (Alp, Central and Northern Apennine wolf populations) wasseb@lso by Analysis
of MOlecular VAriance (AMOVA). A significant averagmultilocus Fst = 0.09 P = 0,01,
computed from AMOVA) indicated that genetic diversity was sigaiftly partitioned among the
four wolf groups.

Moreover, Emilia-Romagna wolf population presented 7 allelesrrfeund in the rest of the
Italian wolf population (private alleles) (Table 3.6).

3.2.3 Individual genotype mapping

During sample collection, field collaborators compiled a te@ini@ard associated to the
corresponding sample and containing important and useful field informsidicim as sampling
localities, sample quality but above all the geographic cooefinatecessary to map by gis the
spatiotemporal locations of each collected sample. After coimgléhe genetic analyses the
mapped samples were utilized to realize thematic maps, thrthey softwareArcView GIS
(ESRI), about detectedultiiocusgenotypes in the study area.

3.2.4 Mapping pack localizations

As all analyzed samples were characterized by the geogahpburdinates of their sampling
localities, mapping the detectealultiilocusgenotypes byArcView GIS (ESRI), it was possible to
have an idea of the areas with high wolf density and thus tp carrsome preliminary hypotheses
about the different probable packs living in the study area.

In fact, circumscribing a perimeter around the localitieswimich the different samples
belonging to the same individual were collected, it was posgibtietect the territory where each
individual was considerably stable in the time. Overlapping tiveleidual areas and comparing
the sampling periods of the individuals observed in them, it wasbpmde detect the different
plausible packs and to make some preliminary hypotheses about dbalizdtions, structure
dynamics and interactions. Using this scheme, and integrd#éndata so obtained with the wolf-
howling ones, 22 different possible wolf packs were identifiedensthdy area, localized along the
whole Emilia-Romagna Apennine Ridge: 1 in the area between Paoviacial administration and
Cento Laghi regional park, 2 in the area between ReggiodEmibvincial administration and
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Gigante regional park, 3 in the area of Alto Appennino Toscot&mailnational park, 3 in the area
between Modena provincial administration and Cento Laghi regionk] §an the area between
Bologna provincial administration and Corno alle Scale region& @ad 8 in the area between
Foreste Casentinesi national park and Forli-Cesena provautiahistration (Fig. 3.8).

Fig. 3.8: probable mapping pack
localizations in the study area. The
polygons indicate the probable pack
localizations detected mapping the
multilocus genotypes, the blue
hexagons indicate the probable pack
localizations detected through wolf-
howling.

3.2.5 Dispersal events

Mapped individual genotypes were utilized also tnitor eventual dispersal events, that can be
detected when the same individual is sampled aftartain period, in an area different from the ione
which it was sampled the first time. In this studgnsidering air line movings of at least 25 kildras
(corresponding to longer real distances on thedeyjias dispersal events, it was possible to téfec
presumed dispersal events through noninvasive gegwsamples (Table 3.7).

First sampling| Provincial Successive Provincial S
Genotype year administration | sampling year| administration Km - Direction
WBO10M 2001 BO 2002 PR 114  SE-NWY
WBO14F 2001 BO 2005 FCPN 74 NW-SE
WBO16M 2002 BO 2006 RE 66 SE-NW
WFO15M 2002 FCPN 2006 PR 147 SE-NW
WFO25M 2002 FCPN 2006 BO 52 SE-NW
WRE4M 2002 RE 2003 MO 27 NW-SH
WRE6M 2002 RE 2003 BO 76 NW-SH
WFO47M 2003 FCPN 2005 RA 25 SE-NV)
WPR3M 2003 MO 2004 PR 53 SE-NW
WBO27F 2004 BO 2006 Fl 32 NE-SW
WBO38M 2004 BO 2006 RA 34 SE-NW
WFO46F 2004 FCPN 2006 RE 124 SE-NW
WFO61M 2004 FCPN 2006 BO 66 SE-NW/
WBO44M 2005 BO 2007 PR 105 SE-NWY
WFI12M 2005 Fl 2007 BO 85 SE-NW
WFO77M 2005 FCPN 2007 BO 67 SE-NW
WMO46M 2005 MO 2007 PR 64 SE-NW

Table 3.7:17 dispersal events detected during the studpgelost of dispersals were male biased and oodimre
direction SudEst-NordWest.
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Most of these presumed dispersal events (13) occurred in dire@butheastern-
Northwestern, while only 4 of them in direction Northwestern-Sosteea moreover most of the
dispersal events (14) were male biased while only 3 werdddiased (Table 3.7).

3.2.6 Mapping hybrid localizations

Scat samples that resulted to be wolf-x-dog hybrids were 11,sponiding to 3 different
individuals (2 males and 1 female). The genetic analyses ha&sed on 12 microsatelliteci
genotyping (Randet al, 2000; Randi & Lucchini, 2002). The 2 male hybrids were both sampled
only once, the first on December 2002 in Gigante Regional Park dusngvatracking sampling
activity, the second on January 2005 in an area between Gigaiteatdgark and Reggio-Emilia
provincial administration. On the contrary the female hybrid m@snvasively sampled 9 times,
from December 2002 to June 2006, in an area between Bologna and Fireniecigr
administrations. On December 2006, in the same area, a feamatecarcass, that had the typical
Italian wolf coat colour patternyas found. It was genotyped at 12 microsatellitel and the
genetic analyses proved a complete match with the femgaléd multilocusgenotype.

All the hybrid samples detected during this study were mappéddyiew GIS (ESRI) (Fig
3.9) to investigate whether they frequented the same areslsidh some wolf packs established
their territories and home ranges and whether other animalpleshnm these areas were
characterized by traces of hybridization and dog gene intisigres

Fig. 3.9:mapping hybrid localizations in the study area. Tégktriangles are referred to the non-invasivefyrid
samplings while the black star is referred to thlerid carcass sampling.

3.2.7 Mapping free-ranging domestic dog localizations

Scat samples that resulted to be domestics dogs were 78spmnding to 75 different
individuals. In fact 72 dog individuals were sampled once, while 8nhdividuals (1 male and 1
female in Bologna provincial administration and 1 female in iFoelsena provincial
administration) were sampled twice. All these samples wegped byArcView GIS (ESRI) (Fig
3.10) to examine whether, in the study area, feral or free-radgimgstic dogs could stably live in
the same territories frequented by wolves interacting viémt and to understand whether they
could be considered as wolf food competitors.
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Fig. 3.10mapping feral or free-ranging domestic dog locaiires in the study area.

3.3 TISSUE AND BLOOD SAMPLE ANALYSES

During this study also 34 invasive samples (30 carcasses andod &éomples) were
genetically analyzed. They were genotyped using the same 1l1@satillite loci used for the
individual identification and for the population assignment of non-invasneples. For 5 carcasses
it was not possible to obtain any kind of information because of twiquality DNA content. The
remaining 25 carcasses were successfully genotyped and goassined allowing to detect a
domestic dog and 24 Italian wolves. Among the wolves, 5 carceessded to be corresponding to
5 different genotypes previously noninvasively sampled (1 of thamhad with the female hybrid
previously cited), and 19 resulted to be new individuals neveiqudy sampled. Two of the 4
blood samples were found during snow tracking, while the other 2 eadlected from 2 live-
trapped individuals. 1 of the 2 live-trapping samples and one of 2 blaoeston snow resulted to
be corresponding to fhultilocus genotypes already noninvasively sampled different times and
probably already alive. The other 2 blood samples resulted to béndewduals never previously
sampled (Table 3.8).

Sample Pr0\_/|nC|a_1I Sampling [ Sample Po_pulat|on Genotype Match
admnistration year kynd assignement

W555 BO 2000 CARCASS WOLF NEVER SAMPLED  NO
w719 BO 2001 CARCASS WOLF NEVER SAMPLED  NO
W720 BO 2001 CARCASS WOLF OLD YES
W667 RE 2002 CARCASS WOLF NEVER SAMPLED _ NO
W730 RE 2003 CARCASS WOLF OLD YES
w774 BO 2005 BLOOD WOLF OLD YES
W975 RE 2004 BLOOD WOLF NEVER SAMPLED _ NO
w777 PN 2004 CARCASS WOLF NEVER SAMPLED  NO
W892 PN 2005 CARCASS WOLF NEVER SAMPLED  NO
w893 MO 2005 CARCASS WOLF NEVER SAMPLED  NO
W903 FC 2005 CARCASS NOT DETECTED
w904 MO 2006 CARCASS WOLF NEVER SAMPLE  NO
W905 MO 2006 CARCASS WOLF OLD YES
W906 MO 2006 CARCASS WOLF OLD YES
W911 RE 2006 CARCASS DOG NEVER SAMPLED  NO
W912 PC 2006 CARCASS WOLF NEVER SAMPLED _ NO
w914 PN 2006 CARCASS NOT DETECTED,
W915 PN 2006 CARCASS NOT DETECTED,
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Sample Proymma_ll Sampling | Sample Populatlon Genotype Match
admnistration year kynd assignement

W915a PN 2006 CARCASS WOLF NEVER SAMPLEDp  NO
W919 PN 2006 CARCASS NOT DETECTED
W929 BO 2007 CARCASS WOLF NEVER SAMPLED _ NO
W931 PN 2006 CARCASS WOLF NEVER SAMPLED  NO
w933 BO 2007 CARCASS WOLF NEVER SAMPLED _ NO
w934 BO 2006 CARCASS WOLF NEVER SAMPLED _ NO
W936 Fi 2006 CARCASS HYBRID OLD HYBRID1f
w937 Fi 2007 CARCASS WOLF NEVER SAMPLE  NO
W938 Fi 2007 CARCASS WOLF NEVER SAMPLED  NO
W940 FC 2007 BLOOD WOLF NEVER SAMPLED _ NO
W942 MO 2007 BLOOD WOLF OLD YES
W943 BO 2007 CARCASS WOLF NEVER SAMPLED _ NO
W945 BO 2007 CARCASS WOLF NEVER SAMPLED _ NO
W955 BO 2007 CARCASS WOLF NEVER SAMPLED _ NO
W958 PC 2007 CARCASS NOT DETECTED]
w974 BO 2007 CARCASS WOLF NEVER SAMPLED _ NO

Table 3.8: tissue and blood samples analyzed during the gtedpd. NOT DETECTED is referred to those samples
for which it was not possible to complete the genahalyses because of their low quality DNA cott&NEVER
SAMPLED is referred to those samples never sampiéare.

3.4 POPULATION SIZE ESTIMATION

Multilocus genotypes, obtained from non-invasively collected samples, cansée to
estimate population size in several ways (Sloahel, 2000). If individuals are sufficiently
sampled, mark-resight methods of estimating population size sarbalapplied to genetic data to
estimate resighting probabilities (O&tal, 1978;Seber, 1982).

In this studyanalyses about Emilia-Romagna wolf population size estimatioa varried out
with capture-recapture models for open populations that allow to éstmpparent surviva] )
accounting for the probability of recaptu(@) (Lebretonet al, 1992). All the 272 multilocus
genotypes detected from wolf scats sampled over the Emilia Ramé&ging the whole study
period, from eastern 2000 to winter 2007,: were used as captayguee data, thus the study
period was subdivided in 28 “3 month periodcasions. The first detection of a genotype was
considered as marking, while further detections were considaedrecaptures with the
approximation that eventual genotyping errors were assumed to be finaignas a result of
careful lab procedures.

3.4.1 Goodness of Fit analyses

The goodness-of-fit tests (GOF) of the Cormack-Jolly-Seber)(Gfslel which has both
capture(P) and survival( ) probabilities dependent on tinfe (t)P(t)] represent the first step of
the analyses of capture-recapture dateese preliminary tests were performed using the program
U-Care (Choquetet al, 2005) and allowed to explore the fit of the CJS to the Emiliadgoin
wolf population data and also ientify a general model that fits the data from whizlstart model
selection.When the GOF tests were run on the full parameter CornwigkSeber modelthe
overall GOF for Emilia-Romagna dataseds not significantc(2167 =175,56; P = 0.052Kowever,
both Test 3.SR(c?%; = 44,12; P =1.68 x 10°) andTest 2.Ct(c%3 = 69,10; P =3.42 x 10°) were
strongly significant. The significant positiv&-Statistics for transience (Z= 6,15; R -sided test for
wansience= 3.75 X 10°%) suggested that more wolves than expected under the CJS modekarere s
only once (occurrence of transient individuals in the marked pbpn).
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Furthermore significant negativeZ-Signed Statisticsfor trap-dependence (Z 5,11; Ruo-
sided test for transiencg 3.22 X 10) suggested there was evidence for a significant trap-happifiess e
on capture probabilitiegpfobability of first capture < probability of recaptyrélable 3.9).

Df | ¢? P, |Z-statistics P, Significant Meaning
TEST3.SR| 22| 44,12|1.68x1¢°| +6,15 |3.75x10°| YES |Transience excegs
TEST 2.Ct | 23| 69,10|3.42x1C0°| -511 | 3.22x10| YES Trap-happiness
Global Test|167|175,56( 0.052 NO

Table 3.9: results about GOF tests obtained using the softWaCare (Choquaet al,, 2005).

Even if the GOF global test was not significant, the flaat boththe Tes3.SR (Z-Statistics
for transient > 0) and’est 2.Ct (Z-Signed Statistis for trap-dependence < 0) were strongly
significantshowed that Emilia-Romagna wolf population data presented asudgal of permanent
heterogeneity of capture among individuaigl that the CJS model did not completely fit the data
suggesting that more complex models were needed.

3.4.2 New model selection

The GOF tests showed that Emilia-Romagna data seemed idesirigrmultievent models
(Lebreton & Pradel, 2002; Pradel, 2005) incorporating mixture heterogéR&stgeret al, 2003 )
to detect the main biological parameters necessary to abtagliable population size estimation.
Multievent models are models in which events (observation) do ndthmaith states
(physiological, geographical). Models with heterogeneity oftwrap are models in which
individuals are in 2 classes of capturability: a proportionf the N individuals that have low
capture probabilitiesR ) and a proportion1¢ ) of the N individuals that have high capture
probabilities Py). Total capture probabilitl is a mixture of the 2 groupB:= x P_ + (1- ) X Py.
This probability is necessary to obtain a reliable populationesizmation:Nj = Cj/Pj, whereCj is
the number of counted individuals aRyj is the estimated detection probability at the capture
occasiorj.

Multievent model building and selection were performed using the/aeE-Surge v. 1.1.1
(MultiEvent GeneralizedSurvival Estimation)(Choquetet al, 2007), in fact itis a program for
building and fitting multievent models to capture-recapture (G dy Maximum Likelihood.

3.4.3 Model buildings

18 different multievent models with heterogeneity of capture andhctesized by 2 events
(“seen”; “not seen”) and 3 states (belongs to class withciapture probabilities, belongs to class
with high capture probabilities, Dead) were built using the soéviaSurge (Table 3.10). The
definition of each model and its parameterization were obtaisad) the software’s tool GEPAT
(GEnerator of PATtern matrices). Constrained models werlt bsing a model description
language interpreted by the software’s tool GEMACO (generatocoofstrained or design
matrices), avoiding tedious and error-prone matrix manipulations.hén Model Definition
Language (MDL) of GEMACO classical effects, such asetif), age &) and group d), were
widely used to explain variability in the data and to build the icegtrof constraint. These effects
were represented by reserved Keywords and synonyms that fediltte¢ writing models. More
complex models were built combining the classical effects thrdugh main effects,from
(departure from a previous state) @andarrival to a current or next state), atweb operatorsiot
product (.) andsum (+).
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Analyzed Model AlCc AlCc |AlCc weight | np Deviance (PI,PHI,B)
[ (ctpl(S+tH)p2(S+H)] Best model|2028,38§q O 0,59762592q4 7 2014,386
[ (chpl(Sp2(9)] 2029,180 0,794 |0,401804245 10 2009,180
[ (ctpl(t+g)p2(t+g)] 2042,878 14,492 |0,00042612 | 56 1930,878
[ (ctplt)p2(t)] 2045,056 16,670|0,000143412 53 1939,056
[ (ctpl(t.g)p2(g)] 2059,046 30,660 |1,3143E-07 | 56 1947,046
[ (ctpl(g)p2(t.0)] 2059,046 30,660|1,3143E-07 | 56 1947,046
[ (ctpl(t.g)p2(t)] 2063,115 34,729|1,71839E-08 78 1907,115
[ (ctpl(t)p2(t.g)] 2063,115 34,729|1,71839E-08 78 1907,115
[ (ctpl(ct)p2(ct)] 2078,347 49,961 |8,46323E-12 4 2070,347
[ (ctpl(t+g)p2(t.g)] 2078,915 50,529|6,37084E-12 79 1920,915
[ (ctpl(t.g)p2(t+g)] 2078,915 50,529 |6,37084E-12 79 1920,915
[ (chpl(g)p2(g)] 2079,891 51,505|3,91076E-12 6 2067,891
[ (g)pl(ctp2(ct)] 2080,16Q 51,774 |3,4186E-12 5 2070,160
[ (®)pl(cp2(ct)] 2090,515 62,129|1,92881E-14 30 2030,515
[ (t+g)pl(ct)p2(ct)] 2091,580 63,194 |1,13247E-14 31 2029,580
[ (ctpl(t.g)p2(t.9)] 2096,990 68,604 |7,57286E-16 100 1896,990
[ (gt)pl(ctp2(ct)] 2134,789 106,403 4,6915E-24 | 55 2024,789
[ (ctpl(f+s)p2(f+s)] 2553,899 525,513 4,5997E-115 8 2537,899
[ (ctpl(s)=p2(s)] HOMOGENEITY |2103,767 75,381| 2,55654E-17 5 2093,767

Table 3.10: analyses of capture-recapture Emilia-Romagna daté using different heterogeneous modei$Cc
Akaike’s information criterion, AlCc = differences between that model and the model thighlowest AICcnp
number of parameterdDeviance= minimum relative deviance; = survival probability;pl = low recapture
probability; p2 = high recapture probabilitgt= constantt = time effect;g = group effectS = seasonal effectsH =
heterogeneity effect,= product effect; + = plus effedt,= from effect. A homogeneous model was run toycaut a
comparison with the best heterogeneous one.

3.4.4 Best Model selection

As Pledger’'s models are based on the Likelihood theory, modetisele@s undertaken on
the basis of Akaike’s information criterioAlCc) (Lebretonet al, 1992), where the AIC is equal
to the deviance from the model plus two times the number ofad@parametersdev/ + 2x np)
and where the model with the lowest AIC is considered to bendst parsimonious. A difference
in AIC of two or more units is generally accepted to indicasggaificant difference in model fit
(Lebretonet al, 1992). The best model (AlICc = 2028,386) resulted to be the one builleongia
constant survival probability ((ct)) andlow and high recapture probabilities depending on the
additional effects of heterogeneity and seagditSttH)p2(S+H)) (Table 3.10. The heterogeneity
effect considers the heterogeneity of capam®ng individuals while the season armmsiders the
samecapture probability for the sanseasons during the different project years. The biological
parameters (, P., Py and C), obtained running this model and calculated for each considered
season, were submitted to 1000 bootstrap replicates to reducegheetyveen simulation and
approximation. Using the formuldlj = Cj/Pj, for each bootstrap replicate Nj was calculated
considering 273 month periodrecaptureoccasion$ (the first one was considered as marking and
thus fixed). The mean of the 1000 bootstrap replicates for a8 month periodrecapture
occasion$ Nj allowed to obtain a reliable parameterization of the selentedel and thus a
reliable Emilia-Romagna wolf population size estimation.

Bootstrap techniques permitted also to achieve the 95% confideeceals discarding the
lowest 2.5% estimates and the highest 2.5% estimates (J.d4le
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HETEROGENEITY
Occasion Cj/Pj:Nj|Lower-CI |Upper-CI Occasion | Cj/Pj=Nj| Lower-CI | Upper-ClI

Spring 2000 Fixed first occasion Autumn 2003| 154,11 108,45 203,56
Summer 2000 8,56 0,00 26,82 | Winter 2004 | 178,09 130,70 235,63
Autumn 2000 4,75 0,00 15,39 | Spring 2004 | 101,55 60,18 148,78
Winter 2001 | 29,11 11,36 53,24 | Summer 2004 86,47 38,27 137,76

Spring 2001 | 22,96 5,16 49,11 | Autumn 2004| 172,59 125,09 229,56
Summer 2001 61,71 22,20 107,77| Winter 2005 | 184,46 129,21 244,39
Autumn 2001| 22,91 4,72 46,98 | Spring 2005 | 162,89 111,65 213,09

Winter -2002 | 69,11 39,49 104,53 Summer 2005 148,39 86,00 228,06
Spring 2002 | 67,48 32,90 109,36( Autumn 2005 150,57 100,67 207,85
Summer 2002 138,88 82,96 208,07 Winter 2006 | 250,57 181,91 322,69
Autumn 2002| 213,29 154,60 275,21 Spring 2006 | 236,81 181,87 292,68
Winter 2003 | 161,68 118,90 211,36 Summer 2006 149,37 86,70 229,84
Spring 2003 | 72,73 35,60 114,78( Autumn 2006 183,54 128,34 247,80
Summer 2003 156,63 91,87 227,01| Winter 2007 | 157,28 113,68 206,92

Table 3.11: values of estimation of Emilia-Romagna wolf popigla size (Nj) computed for the 27 different captur
occasions and their relative lower and upper cemite intervals (Cl).

Emilia-Romagna wolf population size estimation presented a sézeonal trend during the
whole study period, with a total mean value of 123,95 (95%CI 80,8®1L)/#dividuals, ranging
from a minimum of 4,75 (95%CI 0,0-15,38), during autumn 2000, to a maxioh@%50,57 (95%ClI
181,91-322,68), during winter 2006 (Table 3.11; Fig. 3.11). During thedfivsly years (2000,
2001) the population size seemed to be characterized by a regalarcseasing during winter and
summer periods and a regular contraction during spring and autumn p&ioilsg year 2002
population size increased in winter, remained constant in spring idetl/Wncreased during both
summer and autumn. During year 2003 population size decreasedtén and spring, reincreased
in summer and remained constant in autumn period. During year 2004tmpsize increased in
winter, decreased in both spring and summer and re-increased imallurmg years 2005 and
2006 population size presented a similar pattern characterizedrégtangreasing in winter, a high
decreasing in spring and summer and a little re-increasing datihngnn. Year 2007, on the
contrary, represented a population size decreasing during yweried

Fig. 3.11:seasonal pattern of Emilia-Romagna wolf populasiae estimated through the best heterogeneous model
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3.4.5 HeterogeneityversusHomogeneity

To investigate the effective reliability of the mixture hetgeneity model used for the Emilia-
Romagna wolf population estimation, it was compared to a homogemeles built considering a
constant survival probability ((ct)) anda homogeneous capture probability among individuals
depending on the seasonal effe@®($)=p2(S)) (Table 3.10. Even in this case the seasonal effect
considers the sanoapture probability for the sanseasons during the different project years.

Fig. 3.12: Best heterogeneous model (blue continues line) eoetbto a homogeneous one (red dot line). In both
Heterogeneous and Homogeneous models points reptase?27 different capture occasions (the firs tnfixed) and
vertical bars represent confidence intervals.

Even if the homogenous model showed confidence intervals lower abotings than the
heterogeneous one, it produced a population size estimation about 1,3otveeshan the one
obtained by the heterogeneous model (Table 3.12, Fig 3.12).

Lower CI Upper CI Pop Size Estimation
Cl-Het/Cl-Hom Cl-Het/CI-Hom N-Het/N-Hom
1,586042472 1,623206587 1,57323988

Table 3.12: relative merits of the CJS (homogeneity) and nixtueterogeneity model. In the heterogeneous model
lower and upper confidence intervals, and poputasiae estimation are about 1,5 times major thahen
homogeneous model.

3.5 SINGLE NUCLEOTIDES POLYMORPHISM (SNP) ANALYSES

Noninvasive DNA analyses are often prone to genotyping erfalse (alleles and allelic
dropouty due to DNA degradation. Thus, the use of single nucleotide pobmisms (SNPs),
which requires amplification of much shorter DNA sequences may afiore efficient genotyping
of noninvasive samples (Seddeial, 2005;Holm Andersen & Fabbet al.,2006.

Canine Single Nucleotide Polymorphisms (SNPs) characterizatiothe Italian wolf
population, started resequencing sequence-tagged-site (STA)s&iNiences that were known to
contain SNPs in domestic dogs (ddelm Andersen & Fabbret al., 200§. DNA fragments,
extracted from 14 Italian wolf samples, collected in north@emdral Italy were amplified by PCR
using 76 primer pairs for SNPs containing dog STS sequeGossifet al, 2003.
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49 (64%) of these 76 tested primer pairs reliably amplified andesoRCR products were purified
and sequenced in both directions. Sequence analysis and aligiimeetido detect 59 different
SNPs in the Italian wolf population.

On the basis of this first SNP characterization in thealaWolf population 21 new primer
sets (seeHolm Andersen & Fabbriet al., 200§ for analysing SNPs using Pyrosequencing
technology (Ronaghet al, 1998) were designed. 15 (72%) of these 21 tested primer patdyreli
amplified and allowed to detect 59 different SNPs which werdiegrby comparing the results
with the sequences and resulted to be the same ones prevawusldyiri the Italian wolf population
(Table 3.13).

Method Tested primers | Reliable primers | Detected SNPs
Traditional sequencing 76 49 (64%) 59
Pyrosequencing 21 15 (72%) 59

Table 3.13: first Italian wolf SNP characterization using bdhe traditional sequencing method and Pyroseduognc
technology.

3.5.1SNP analysis method comparison

These 15 SNRoci were successively used to design 6 new primer sets (182B11/138;
309N24/298 1C06/138; 38K22/150; 196B17/422; F310M20/207), that could be used not only
through Pyrosequencing technology but also by other 2 genotyping methodBsHail and
RealTime PCR.

43 non-invasive samples, extracted using a guanidinium-silica pr¢@®edoff et al, 1995)
and previously genotyped by PCR at 12 microsatdthite were amplified, following a multiple
tube approach (Taberlet al, 1996;Gagneuxet al. 1997; Lucchinit al, 2002), 3 times for these 6
SNP primer sets by the 3 different genotyping techniques: Pyrasggge SNaPShot and Real
Time PCR to estimate which was the best method for a fueen individual genotyping of low
content DNA samples and for their assignment to the belonging popslat

The 43 samples were chosen on the base of their different i@atmih success during their
previous microsatellite genotyping at b2i, in fact PCR success was 90% in 14of them, 60% in 14
of them and minor than 20% in 15 of them.

Real Time PCR resulted to be the best method, in factiéitestid not present the best PCR
success (66%) it was the faster method with the lowest AdD€(4,09 %) calculated on the total of
amplifications and the lowest ADO rate (3,3 %) calculatedaimples with positive PCRs greater
than 50%. Moreover RealTime method produced reliable results théthlowest number of
necessary replicates, max 2, per samplelquars (Table 3.14). In the future, if ADO rate should
become lower, reliable results might be obtained also throughlarlylicate per sample pecus

Method Positive PCR %] Total ADO % | ADO in Positive PCRs > 50% Necessary Replicate
Pyrosequencing 62 14,00 9,3 (N=28) >=3
SNaPshot 80 10,09 8,2 (N=34) >=3
RT-PCR 66 4,09 3,3 (N=30) Max 2

Table 3.14:results obtained amplifying 43 noninvasive samlésnes at 6 SNRoci using 3 different SNP analysis
methods: Pyrosequencing, SNaPshot and RealTime R€&Time method resulted to be the one with theth ADO
rate and the minor number of necessary replicatebtain reliable results.

53



3.5.2 SNPsersusMicrosatellites

As RealTime PCR resulted to be the best among the 3 8hNRyping methods, it was used
to try to create an efficient and reliable laboratory protdoplthe individual identification and
population assignment in low content DNA samples basedutiocusSNP genotyping.

The 6 RealTime primer sets used for the 3 different method cuopawrere then used to
characterize 30 Italian wolf tissue DNA samples and 30 dogetiB8NA samples to test their real
discrimination power. The analyses showed that only 4 of thE82B(11/138;309N24/298;
1C06/138; 38K22/15(;were reliably polymorphic both in the Italian wolves and betweelves
and dogs so other 5 primer sets (168J14/149; 218J14/81; 372M9/32; BLA22/199; BLB52/368)
suitable for RealTime were designed.

The application reliably and the performance of these 9 Realpnmer sets was compared
to the application reliably and the performance of the 6 microsateiti used for the individual
identification and population assignment.

For this reason 28 scat DNA samples, that passed the pratimmicrosatellite quality
screening test (consisting in amplifying each sample foursta® of the 6 microsatelliteci used
for the individual discrimination) were genotyped using both genotypietipods. The comparison
started considering a multiple tube approach, based on 2 initieatep per sample péwcusfor
RealTime genotyping method and 4 initial replicate per sampldéopes for usual microsatellite
genotyping method, followed by a reliability analyses (Mideal, 2002).

Microsatellite genotyping showed a discrete PCR success (62§h)allelic dropout (15,10
%) and high false allele (2,60 %) rates (Table 3.15).

Moreover, using microsatellites, after the first 4 repésaper sample pdocus only 15
samples (54 %) resulted reliable while 13 (46 %) needed 4 fuatlitional PCRs at differeidci.

At the end 3 samples (11 %) were deleted because not relialke 2Bhsamples (89 %) were
reliable and successfully genotyped allowing to detect, byatteare structure, 18 different Italian
wolves, 1 domestic dog and 1 uncertain assignment individulalg(Bal5).

Method Positive | ADO | FA Genotyping % Final Different | Different | Uncertain
PCR%| % % | after 4-2 replicates| Genotyping % | wolves dogs |[individuals
Microsatellite | g5 | 1519260 54 (N=15) 89 (N=25) 18 1 1
genotyping
RT-PCR = =
SNP genotyping 86 1,09| 0,0 79 (N=22) 96 (N=27) 17 1 1

Table 3.15:results about 28 scat DNA samples, that passeg@réieninary microsatellite quality screening testd
that were genotyped using both 9 RealTime &¢Pand 6 microsatellitéoci.

SNP genotyping showed a high PCR success (86%), very lole altepout rates (1,09 %)
while false allele were not present (Table 3.14).

Moreover, using SNPs, after the first 2 replicates pempkaperlocus 22 samples (79 %)
resulted reliable while only 6 (21 %) needed 2 further additiB@&s at differenfoci. At the end,
only one sample (4%) was deleted, while 27 samples (97 %}ees@liable and successfully
genotyped allowing to detect, by the software structure, 17 eiiffétalian wolves, 1 domestic dog
and 1 uncertain assignment individual (Table 3.14).

A comparison between the samples genotyped through both methods, showdxbtthey
allowed to detect the dog and the uncertain assignment indiviNiedosatellite genotyping
permitted to detect 18 different wolves, while SNP genotypiag not able to distinguish all the
individuals detecting only 16 different wolves. This suggestedahansufficient number of SNP
loci wasprobablyused and that Probability of Identity (PID) values were notdaaugh, so that
some different individuals of the same population might have idéntimfiles and thus not
detectedghadow effegtieading to a population size underestimation (Mitlal, 2000).

54



As Emilia-Romagna wolf population could consist of about 100-200 indisdgainotyping
primer sets used for the individual identificatibmensure a reliable detection of unique genotypes,
also if related individuals were sampleathould produc®IDsjps Values minor than 0,01.

For this reasom set of 30 Italian wolves were genotyped using both microsatatid SNP
genotyping methods and the probability of identity (PID), the prabalof identity corrected for
small population size (PIDcor) and the expected PID among fulliyads (PIRy9 values were
estimated using the softwa®MLET v. 1.3.2. (Valiére, 2002) (Table 3.16).

SNPs Microsatellites

Locus PID PIDcor | PIDsibs Locus PID PIDcor | PIDsibs
1C06/138 | 4,18E-01] 4,30E-01| 6,51E-01] FH2004N | 1,37E-01| 1,40E-01| 4,40E-01
38K22/150 | 3,77E-01{ 3,84E-01{ 6,05E-01] FH2088N | 1,68E-01| 1,71E-01| 4,57E-01
96B17/422 | 4,73E-01| 4,89E-01| 7,00E-01] FH2096N | 1,84E-01| 1,89E-01( 4,66E-01
120D19/347| 8,21E-01 8,31E-01{ 9,12E-01] FH2137N | 6,52E-02| 6,82E-02| 3,69E-01
133N13/219| 5,00E-01f 5,17E-01f 7,21E-01] CPH2 | 2,36E-01| 2,40E-01| 5,22E-01
168J14/149| 3,73E-01) 3,78E-01| 5,98E-01] CPH8 | 9,86E-01] 1,86E-01| 3,98E-01
182B11/138| 3,70E-01] 3,75E-01] 5,94E-01
218J14/81 | 4,51E-01| 4,66E-01| 6,82E-01
309N24/298| 4,25E-01| 4,38E-01| 6,58E-01

Total 8,07E-04| 1,01E-03| 2,89E-02] Total 6,43E—05| 1,38E-05| 7,19E-03

Table 3.16:Probability of Identity for each SNP and microskitelocus estimated in a set of 30 Italian wolves using
Gimlet v. 1.3.2. (Valiere, 2002Pid is the probability of identity for individuals rdamly chosen within the same
population,Pid.,, is the probability of identity corrected for smabpulation sizePidss is the probability of identity
corrected for siblings. Pid sibs < Pid cor < Pid. lE&atal probability was computed by multiplying gie locus
probabilities, assuming th&dci were independent, as suggested by the microsatidikage map of the domestic dog
(Neff et al, 1999).

PID values did not result to be low enough to discriminate amongdudis (able 3.15)in
factthe 9 RealTime SNP primer sets produced, respectivelll) a,pof 1,006 x 1G and a PlRps
of 2,89 x 1F (meaning that 2,8 wolves in 100 siblings are expected to sharehamce, an
identical genotype with another wolf), values not comparable wiih Wilues obtained from
genotyping the same individuals by the 6 microsatdtite

For this reason the probability of identity (PID), the probabditydentity corrected for small
population size (PIR,) and the expected PID among full sib dyads (B)Dvalues were re-
estimated in the same set of 30 Italian wolves, previously gest using the same data related to
the 9 RealTime SNP primer sets to which data related t@ theerosatellites, usually used for the
guality screening test (FH2096 and FH2137) were added (Table 3.16).

This time both PIR, and PIRj,s values significantly reduced, in fact already adding only
locus FH2096 to the 9 SNPs, Pydecreased from 1,006 x 10to 1,90 x 1¢ and PIQs from
2,89 x 1 to 1,35 x 16. Whenlocus FH2137 too was added, PID values resulted to be low
enough to discriminate not only between individuals, but also amongllparti@ted or full sib
dyads, in fact PIR, decreased to 1,29 x 10and PIQys to 4,97 x 16 (Table 3.17, Fig.3.13),
values even lower than the ones obtained from genotyping dditg with 6 microsatellitieci.

Table 3.17: Pid(probability of identity for individuals

Consideredloci PID | PIDcor | PIDsibs | 4ndomly chosen within the same populatioPie,
(probability of identity corrected for small poptitn
Only 9 SNPs 8,10E-04) 1,01E-03 2,89E-02 size) andPids;,s (probability of identity corrected for
siblings) estimated in a set of 30 Italian wolvesing
9 SNPs+FH2096 1,50E-04 1,90E-04 1,35E-02 Gimlet v. 1.3.2. (Valiere, 2002), considering 9 SNP

loci and 2 microsatellitdoci. Each total probability

was computed by multiplying single locus

9 SNPs+FH2096+FH2137| 9,70E-06 1,29E-08 4,97E-03 probabilities, assuming thitci were independent.
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Fig. 3.13: PID., and PIQjsvalues estimated using 9 SNPs and 2 microsat#iliie Both values significantly reduced
at the increasing of the number of applied. Using only the 9 RealTime SNPs, PID values werelow enough to
discriminate among individuals, but adding the Znoéatelliteloci used for the quality screening test, PID values
considerably decreased allowing a reliable discration also among related individuals.
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CHAPTER FOURTH: DISCUSSION

As the Italian wolf population represents one of the few survipoulations in southern
Europe after the past persecutions, it symbolizes one ohdisé important Italian conservation and
management priorities. Italian wolf population had a continuous disoibitom Alps to Sicily
until the beginning of the twentieth century, but persecution, de#dren and a decrease of its
natural preys reduced it so much that wolves disappeared frompgkanAhe 1920s and continue
to drastically decline until the seventies when it approximatensisted of only about 100
individuals surviving isolated in small fragmented areas in akstiuthern Apennines (Zimen &
Boitani, 1975; Delibes,1990).

Towards the eighties, Italian wolf population naturally increasetl éxpanded along the
Apennine ridge with a partial recolonization of its historieaige (Boitani, 1992) owing to a more
effective legal protection and to substantial changes in tHeggcof mountain areas (decrease of
human density and increase of wild ungulates). Wolves crossetbttiewestern Apennines and
reached the south-western Alps in 1992 (Breitenmoser, 1998;&l@isi1999; Poullest al, 1999)
and reappeared again in the central Italian Alps in 2000 (Loicehal, 2002; Fabbret al.,2007).

Nowadays the Italian wolf population consists of more than 600-800 indisi¢Baitani
2003), but its quick natural re-expansion after the past declmh@sareturn in areas from which it
was eradicated caused some conservation problems for the sphitkss still considered as a
nuisance in many areas of the peninsula (Boitani & Ciucci, 1B88hampet al, 2004).Wolves,
in fact, often establish packs near urban areas, where dungpshein easy food source raising
social conflicts with breeders, because of depredation and daomativestock, and with hunters,
because of the competition for wild ungulates.

Moreover, despite a substantial demographic recovesiyes are still largely outnumbered
by feral or free-ranging domestic dogs, which are estimatedetonore than 1 million and
widespread, particularly in the central-southern Italian ApengGenovesi & Dupré, 2000). As a
consequence of such striking disparity in population size, riskeofirrent and extensive
introgressive hybridizations might seriously rise, threatetieggenetic integrity of wolf's gene
pool (Boitani, 2003; Verardst al, 2006; Randi, 2007).

All these management problems related to the recent reegpaarsil colonization events of
the Italian wolves determined the need to ensure their consenatid their coexistence with
people in ltaly through a continuous and careful monitoring of thailody, presence and
distribution (Boitani, 2000; 2003).

As wolves are shy and elusive predators, with a great di$dvitity and adaptable to every
kind of environmental conditions (Mech, 1970), it is very difficult sizudy them using only
classical field research methods such as diet analysis (Gebel, 1993; Ciucciet al, 1996)
snow-tracking (Ciucci & Boitani,1999a;b;c), wolf-howling and radi@kiag (Ciucciet al, 1997).
For this reason noninvasive genetics, through the analyses of Ri&ted from biological traces
left by individuals and then collected without having (even) to eeselisturb or capture animals
(Kohn & Wayne, 1997) seems to be particularly suitable to studypithlegy and the genetic
diversity of an elusive, rare and/or endangered species suitte agolf, avoiding any risks to
impact on its survival, its recapture rates or its populatioramics (Kohn & Wayne, 1997; Piggott
and Taylor, 2003).

Many wolf conservation genetic studies using non-invasive genetiplglg have been
recently carried out allowing to characterize the genetiatityeof individuals and their molecular
sexing, and thus to provide abundant information on population parameteenqaredistribution,
colonization events, conservation and management strategilbe species in the different study
areas (Lucchinet al, 2002; Valiéreet al., 2003; Fabbret al, 2007). Moreover, in some studies
non-invasively detectethultiiocusdata were also used to estimate wolf population size (€teel
al., 2003) in fact, if individuals are sufficiently sampled torestie re-sighting probabilities (Ot
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al., 1978; Seber, 1982), noninvasive genotypes can be used as catpterecdata and allow
population size estimations also for populations whose individuals #reultlito locate like
wolves.

4.1 WOLF PRESENCE AND DISTRIBUTION IN EMILIA-ROMAGN A

One of the goals of this study was to monitor the presencehardidtribution of the Italian
wolf population living in the Apennine ridge of Emilia Romagna Reghrough the analysis of
DNA extracted from non-invasively collected presumed wolf saahples. Emilia Romagna
Region represents, in fact, a very important study area to exp&iongoing expansion process of
the Italian wolf population because it acts as a natural nawcolegical corridor along the ridge of
the north-western Apennines linking the central-northern Apennine Mountdtinshe western
Alps.

As the study area is a very vast one, the achievementfaiigje scale wolf monitoring
required a great technical and logistic organization andla fiancial effort.

Emilia-Romagna Region strongly supported this project in fact i@l provincial
administrations (Bologna, Forli-Cesena, Modena, Parma, PigcBazanna and Reggio-Emilia)
and its national (Foreste Casentinesi and Alto Appennino ToscoaBnjiliand regional parks
(Corno alle Scale, Frignano, Gigante, Cento Laghi) took pattarproject ensuring not only an
appropriate sampling activity but also an useful professionadbmmihtion, sharing all their field
experience and knowledge, during the whole project period.

The genetic analyses of all the noninvasively collected predumolf scat samples, necessary
for this monitoring project, were performed at the Genetic Laboyranf the Italian Wildlife
Institute (INFS) using an already existing noninvasive genetidiptaistube protocol, based on
microsatelliteloci genotyping and molecular sexing (Lucchetial, 2002), followed by a statistical
reliability analysis (Milleret al 2002). In the current study, the efficiency of this protocol was
authenticated because the microsatellibei utilized allowed individual identification and
population assignment, thus confirming previous comparable analysehitiwet al, 2002; Fabbri
et al, 2007). Moreover, during this study this protocol was improved and @ptiminaking
analyses faster and adding further reliability check up procedoatsaliowed to discover and
remove a certain number of false or “ghost” genotypes dueel@alopouts and false alleles.

A preliminary microsatellite quality screening allowed tsodird about 40% of DNA samples
that were too degraded for molecular sexing and to complet®satellite genotyping, avoiding
unnecessary money and time wasting and possible error sources.

The six microsatellitdoci used for the individual discrimination performed well enough to
successfully genotype 1293 samples (37% of total analyzed srsplewing that the presumed
“age” of samples and sampling “season” did not significantfgcafthe performances of DNA
analyses in fact samples collected in summer performed gigrasalvell as samples collected in
winter (Table3.2). This values could appear low if compared tortles obtained by Lucchiet al
(2002) in a similar wolf noninvasive monitoring project in the westdps in which they obtained
a final genotyping rate of 51%. But they analyzed only 130 scat earaptl as sampling activities
were performed in a much smaller area, they could foculecting fresh scats in winter along
wolf snow tracks.

The six microsatellitéoci used for the individual discrimination had a great successralso i
the belonging population assignment of the individuals, allowing to digihguish wolf, dog and
also wolf-dog hybrid genotypes in fact only in a few cases sampklly needed the adding of
other further 6 microsatelliteoci to clarify their assignment. Thus, among the 1293 scat samples
which were successfully genotyped it was possible, using Steuet@.1 (Pritcharet al.,2000) to
identify 269 distinct wolf genotypes, which presumably correspond toast 869 different wolf
individuals, 3 hybrids and 75 domestic dogs.
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An estimation of total and pédocus positive PCR, dropout and false allele rates in all the
genotyped samples (Table3.3), using the software GimleB\2 (Valiere, 2002), showed that all
the 6 microsatellitéoci, used for the individual identification and population assignment, pessent
very high amplification success, with a mean success val8@%f Total allelic dropout and false
allele rates across PCRs resulted to be, respectieBl,1% and 3,4 %, values comparable with
the ones obtained in other wolf noninvasive genetic studies (Lucehadi, 2002; Fabbri eal.,
2007). A large petocus variance in dropout rates was observed indicating that $ochevere
amplified less efficiently than others, probably because of thgtHeof their amplified DNA
sequence and the high molecular weight of their alleles, esiocgmental DNA samples (Lucchini
et al, 2002).

Allelic dropouts produced 31 false genotypes (10% of total genotyipes Yere discovered
using the multiple-tube protocol of Lucchieti al. (2002) reinforced with a further reliability check
up and mismatch analyses for all the noninvasive genotyped safRjge3.4).

Inefficient loci could be replaced, in future studies, with otlhesi, or even with new
molecular markers such as SNPs which should be equally infeenaut less prone to allelic
dropouts.

Recapture rates among the different detected individualsweeyevariable: a few individuals
(25%) were collected several times, some genotypes (36%)saemgled from twice to five times
and the remaining ones (39%) only once (Fig. 3.5). Genotypes samplazhoalwere mainly from
scats collected in winter along wolf snow tracks. Following & peavel route in the snow it is
possible to collect scats of each individual aside from thevighddl marking behaviour. Instead,
scats collected in summer along human trails/roads, as wdtingdvehaviour affects the patterns
of defecation on trails (Peters & Mech, 1975; \Waal, 1994; Kohnet al, 1999), were likely
samples from dominant individuals that frequently mark thetoeyri Other genotypes sampled
only once might be juveniles that disperse to look for newtders where they can found new
packs.

Moreover, considering the time interval during which genotypes sarled several times,
most of them (67%) were observed for a period shorter than are while a few individuals
(33%) were observed during a period longer than one year (Fig.sBd@desting that only a few
individuals, among the sampled ones, can be considered stable tndpexsea while the others
could be considered a portion of the population that does not influbaeffective population size.

All the genotyped samples were also successfully sexed throomgheaular sexing method
proposed by Lucchiret al. (2002). Samples analyzed allowed to detect 153 males and 119 females
with a sex ratio (M/F) among detected individuals greater time (1,29M:1,00F).

Sex ratios among detected individuals during all the study period yem@ned almost
constant during the whole study period with values ranging from 1,0@3q Table3.3) suggesting
that males were often more abundant than females.

However these data should not be used to estimate the reatisesf Emilia-Romagna wolf
population, because the sampling probabilities of the diffemtgpes were very variable.

Analysing individuals sampled for a period greater than 1 yeanad@és and 44 females were
detected suggesting that sex ratio M/F among more stable animahe study territory could
probably be 1,00M:1,00F confirming the trend according to which thermmtisa skewed ratio
toward males in wolf populations (Mech, 1970; 1975). This was alreadwed in other Italian
wolf population noninvasive studies by Lucchetial (2002) and Fabbsgt al (2007).

During the whole study period the number of collected and anakaegles considerably
increased, allowing to obtain more and more useful biological irFtom about the wolf presence
and distribution in the study area (Fig. 3.7; Table 3.4). Durinditsie2 project years, 2000 and
2001, 28 and 120 presumed wolf scat samples, respectively, wdyeednallowing to detect,
respectively, 4 and17 different wolf genotypes.

Anyway the following 5 project years (2002, 2003, 2004, 2005 and 2006) revediedhe
most productive ones both for the number of analyzed sample and forothitored area size.
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During these years, in fact, 2918 samples were analyzesiradl to detect, respectively, 63, 74,
85, 92, and 114 different individual genotypes showing a mean annuatliradiincreasing of 9.75
individuals, corresponding to 3,6 % of the total detected genotypes.

These data can give only an idea of the number of individuedsiénting the study territory
during the project years, and thus they cannot be confused with caetsubetause the estimation
of population size needs accurate marc-recapture analysegtessed.

A microsatellite variability estimation carried out on ihetected unique genotypes (Table
3.5; Table 3.6) showed that all the 6 used microsatédite were polymorphic in the Emilia-
Romagna wolf population presenting from 3 to 12 alleleslgmrs and even a total of 7 alleles
never found in the rest of the Italian wolf population (private edlelEven if heterozygosity values
(Ho = 0,67;Hg = 0,68) resulted to be high, in the comparison between the genagioilty of the
Emilia-Romagna wolf population and of the Alpine, Central and Sauttgyennine wolf
populations, the Analysis of Molecular Variance (AMOVA) indezhtthat genetic diversity was
significantly partitioned among the four wolf groups suggesting tha ongoing population
expansion process is sustained by limited gene flow, and thatrfglis@ated populations have not
completely admixed yet (see Fabérial.,2007).

The studied wolf population resulted to be not completely in Hardy-Wejnbguilibrium
due to deficit of heterozygotéthe probability to obtain by chance a valueFgf greater than the
observed waP = 0.010), likely because of inbreeding in local patches and preségeegraphical
substructuring along the Apennines (see also Randi & Lucchini, 2002).

4.2 ANALYZED AND INDIVIDUAL GENOTYPE MAPPING

Wolf noninvasive genetic monitoring project contributed to develop ficiemt data
collection strategy and a standardized procedure to coordinateealNdlf monitoring activities.
This professional reorganization allowed to collect a wide sefiemta about the wolf presence
and its distribution in Emilia-Romagna and to build an useful comnegioRal dataset containing
all the information about each collected sample (both field amgbtgx ones) and necessary to
preserve and share all the produced results.

All that allowed also to create a specific Emilia-Romagdrgital cartography about all the
collected wolf data. During sample collection in fact, fiebllaborators compiled, for each sample,
a technical card containing useful field and biological inforamaguch as sample quality, sampling
localities and the relative geographical coordinates, nagegsmap their spatiotemporal locations.

Mapping by the softwarArcView GIS (ESRI) the exact localities of the detectadltilocus
genotypes collected several times it was possible to hawkearof the areas with high wolf density
and where some individuals were stable in the time. Integritargthe data so obtained with the
biological and wolf-howling information it was possible also tarrg out some preliminary
hypotheses about the different probable packs living in the stwdy hr this way 22 different
probable wolf packs were identified in the study area, loedleElong the whole Emilia-Romagna
Apennine Ridge (Fig. 3.8).

Monitoring the wolf presence and the distribution of the 22 probable woKspa was
possible to observe that wolves seems to prefer the most meridiena of the region that present
high altitudes and correspond to the most natural territories, pegudg wild ungulate preys with
the lowest human density and disturbance. This confirmed prewsulisr by Corset al (1999).

In some zones within Bologna and Forli-Cesena provincial adnaitiisis, though, wolf scat
samples were collected also at lower altitudes, very doserban areas where dumps could
represent easier food sources for the wolves.

Through the regional scale sampling, the mappedtilocus genotypes were also used to
follow their spatiotemporal moving detecting 17 presumed dispeve&aits (Table 3.5). The mean
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air line distance of these movings was of about 68 kilometesesponding to longer real
distances on the territory).

Fabbriet al (2007) studies on the recolonization genetics of the Italias demonstrated
that wolf migration were unidirectional from the Apennines to Aigs and male-biased. Data
obtained in this study seem to confirm this trend in fact amoed 7 presumed dispersal events, 13
occurred in direction Southeastern-Northwestern and 14 resoltedmale-biased (Table 3.7).

During the whole project period 3 certain wolf x dog hybrids (2 males1 female) were
also genetically detected (Fig. 3.9). Their genetic stracduggested they were not F1 hybrids but
probably F2 hybrids, originated through the backcross of an F1 wolfrgarid with another wolf.
The 2 males were both sampled only once while the female was nsimglyasampled 9 times,
from December 2002 to June 2006, between Bologna and Firenze provitmialstrations, and
one time through the finding of its corresponding carcass on Dec@®@@rin the same area. The
carcass was also submitted to an accurate veterinary iarthgtsshowed it was illegally killed, that
it did not presentdetectable morphological signals of hybridization but above all ithagéver
mated.

The 3 detected hybrids represented just the 1,1% comparedtheitB69 detected wolf
genotypes, and were sporadically collected, always far trarterritories of the probable wolf
packs. The only one collected several times, over a period ofr§ geser mated, suggesting a
clear signal of how the hybrids could meet some behavioural and eebl@productive barriers.

All these consideration let us believe that also in Emilia-Bgyma hybridization is an
uncommon process, strictly directional and that Emilia-Romagné papulation do not show
substantial dog gene introgression, confirming what showed by mhay genetic studies about
hybridization between wild wolves and free-ranging domestic dodtaly (Randiet al, 2000;
Randi & Lucchini, 2002; Lucchiret al, 2002; Lucchinet al, 2004; Verardet al, 2006, Fabbret
al., 2007; Randi, 2007).

During the project, 75 different domestics dog individuals weie désected (Fig. 3.10). The
data suggested that in the study area no feral or free-rangirgstiorogs stably live in the same
territories frequented by the wolves interacting with thenaat most of them were collected once
while only 3 of them were collected twice but in areay wtose to urban zones.

Dog samples were never found near depredated wild ungulatesestotik carcasses
suggesting that in the study area feral or free-ranging dogs chenovnsidered as wolf food
competitors.

4.3 POPULATION SIZE ESTIMATION

Multilocus genotypes sampled during the whole study period cannot be considemtas c
data because they don’t consider neither the different sangpjaeincies of each animal nor the
monitoring heterogeneity among the different zones within the stady Bor this reason another
crucial goal of this study was to use genetic data as captaneracapture ones to obtain a reliable
population size estimation necessary for Emilia-Romagnaceolervation and management.

Multilocus genotypes obtained analysing noninvasive samples can be usedniateesti
population size in several ways (Sloatel, 2000).In recent years, their use for capture-recapture
studies rapidly increased and the method was already appliediterae array of taxéo assess
population size (Lukacs, 2005; Lukacs & Burnham, 200%5natural populations the estimation of
biological parameters such asrvival, migration rates, movement or transition ratesyridity, and
population growth can be problematic becausevariation in capture probability (behavioural
responses to capture, variation over time with constant trépdbil all individuals) and individual
heterogeneity in capture probability (the variation among individmatieir probability of being
detected)(Otis et al, 1978). Anyway, a large number of models aodftware exists for a wide
range of capture-recapture analyses.
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Due to the open nature and the long time span of this wolf populatggcprthese genetic
data were analysed using the open population multistate and renttieedels (Lebreton & Pradel,
2002; Pradel, 2005) incorporating mixture heterogeneity (Plezigalr, 2003 )to detect the main
biological parameters necessary to obtain a reliable populsize estimation.

Capture-recapture analyses were carried our considering eall272 Emilia Romagna
multilocusgenotypes detected during the whole study period as capture-recdguyrén fact the
first detection of a genotype was considered as marking, wintleef detections were considered as
recaptures.

A preliminary analysis, using the prograssCare (Choquetet al, 2005), to explore the fit of
a general model (the Cormack-Jolly-Seber model ) in which baptuce (P) and survival( )
probabilities dependent on time, to the Emilia-Romagnéilocusgenotypes, showedtiat Emilia-
Romagna wolf population data presented a clear signal of permartenbgemeity of capture
among individualsuggesting that more complex models were needed.

A further analysis, performed by the software E-Surge v. {Chbquetet al, 2007), allowed
to build 18 different multievent models with heterogeneity of capaumd characterized by 2 events
(“seen”; “not seen”) and 3 states (belongs to class withciapture probabilities, belongs to class
with high capture probabilities, Dead) (Table 3.10).

Among them the best model resulted to be the one built considerampstant survival
probability among individuals and 2 classksv(and high of recaptureprobability bothdepending
on the additional effects of heterogeneity and season.

This model permitted to resolve the problem related to the heteety of capturemong
individualshypothesizing, both for individuals with low capture probability andrfdividuals with
high capture probability, the saneapture probability for the sanseasons during the different
project years.

It allowed to obtain theotal capture probability and the estimated detection probability
(number of counted individuals at each capture occagianymeters necessary for population size
estimation.

Emilia-Romagna wolf population size estimation showed a cleasonal trend during the
whole study periodsuggesting a true and significant increase over that period.

Emilia-Romagna wolf population size was characterized by & ne¢an value of 123,95
(95%CI 80,83-174,01) individuals, with fluctuations through each yeagjng from a minimum of
4,75 (95%CI 0,0-15,38), during autumn 2000, to a maximum of 250,57 (95%CI 1B %B8),
during winter 2006 (Table 3.11; Fig. 4.1).

Fig. 4.1: seasonal pattern of Emilia-Romagna wolf populatime estimated through the best heterogeneous mnlbdel
shows the presence of 3 main patterns of fluanatduring the whole study period.
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During the first 2 project years Emilia-Romagna wolf population ptesethe largest sizes
during summer periods, and the smallest ones during autumn pericslsolild be due to the fact
that during summer, after pups births the greater annual increnemalf population generally
occurs, while during autumn and winter pup and adult mortality typigelbks reducing overall
population size (Mech, 1970; 1973; 1982b). During the third and fourth projest gepulation
size presented anomalous trends in fact the year 2002 was cfizedchy the smallest value in
winter and spring and the largest values in summer and autuhile the year 2003 was
characterized by the smaller value in spring and siméhres in summer, autumn and winter.

During all the other project years population size followed a re¢naélad characterized by the
largest values during winter and the smallest ones during superieds. This could be due to the
fact that during summer, according to what Mech (1973; 1982b) deschbat @served packs,
members are more often together during winter and more toftesl alone during summer.

Comparing the population size estimatjmer year with the number of detected genotypess
year it was possible to observe that the mean number of indisidgtimateger year was about
two times wider than the number of detected genotypes (Talble 4

Year | Detected genotypesPopulation size| Population size / Number of genotype
2000 4 6 1,50

2001 17 34 2,01

2002 63 122 1,94

2003 74 136 1,84

2004 85 134 1,58

2005 92 161 1,75

2006 114 205 1,80

2007 67 157 2,34

Mean 64,5 119 1,85

Table 4.1: values per year of detected genotypes, populatnmean and ratio between population size andaum
of detected genotypes. Population size mean vglelegear are about two times wider than the coordent detected
genotypes per year.

It could be due to the fact that most of samples were cetlaar mark sites where it is more
probable to find dominant individuals that mark with high frequencyethrédry during all seasons
than juveniles that don’t usually mark.

On the contrary, estimation of population size was carried out asimgltievent model able
to consider not only the individuals with a high capture probability dis® the individuals
characterized by a lower capture probability.

The efficiency of this model was tested by comparing it wathhomogeneous one
characterized bg homogeneous capture probability among individuals (Fig 4.2).

The homogenous model showed confidence intervals lower about 1,5 timesthan the
heterogeneous one, but it produced also an underestimation of the ipapsitad that resulted to be
about 1,5 times minor than the one obtained by the heterogeneous iralulel §.12). For this
reason Emilia-Romagna wolf population size estimation, obtained @lsen best heterogeneous
model, resulted to be the most reliable one.

The method used in this study for Emilia-Romagna wolf population sireat®n seemed to
be more reliable than the method based on accumulation or rarefauti@s used by Creel al
(2003) to estimate population size in Yellowstone wolves.

Capture-recapture analyses, in fact, present several advartgage accumulation curves.
Accumulation curves do not account for the sampling design used to dieagata (Canet al,
2002) and are just designed to approximate the appearance of thetdh&process that generates
the data, whereas capture-recapture models directly estiet@ietion probability.
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Fig. 4.2: Best heterogeneous model (blue line) comparedhonaogeneous one (red line). In both Heterogenends a
Homogeneous models points represent the 27 differepture occasions (the first one is fixed) andic&® bars
represent confidence intervals. Heterogeneous nmueluced wider confidence intervals but allows @renreliable
population size estimation.

Accumulation curves do not efficiently use the data colled¢tey; only use the first detection
of an individual, whereas capture-recapture methods can ustetidns.

Finally, accumulation curves cannot account for variation inctlete probability. Detection
probability is known to vary widely in many situations across tisgace and individuals.
Estimation methods, on the contrary, need to be able to accountser differences in order to
appropriately estimate abundance.

4.4 SINGLE NUCLEOTIDE POLYMORPHISMS (SNP)

As noninvasive DNA analyses are often prone to genotyping daitetic dropouts and false
alleleg due to DNA degradation, the last crucial goal of this work wwatevelop new genotyping
methods faster and more reliable than microsatdtiég able to powerfully analyse also low
quality and quantity DNA samples like non-invasive oneshis study the possible application of
SNPs in the Emilia-Romagna wolf population noninvasive genetic mmgtavas investigated in
fact theirability to amplify much shorter DNA fragmentsould make SNPs of particular use for
population monitoring, where faecal and other noninvasive samplesuineely usedSeddonet
al., 2005).

This study contributetb characteriz&9 canine single nucleotide polymorphisms (SNPs) in
the Italian wolf population, which were discovered by resequenciggesee-tagged-site (STS)
DNA sequences that were known to contain SNPs in domestic dogddiseeAndersen & Fabbri
et al., 2006). On the bases of this first SNP characterizatiomenltalian wolf population new
primer sets (see Holm Andersen & Fabdtrial., 2006) for analysing SNPs using Pyrosequencing
technology (Ronaghiet al, 1998) were designed. A comparison of the results obtained by
Pyrosequencing technology with sequence data showed the effioetity method that permitted
to detect the same 59 SNPs previously found in the Italian wolf giiqultrough classical
sequencing.

Despite the long procedures for SNP discovery in nonmodel orgardasrms$yPs are the most
prevalent form of genetic variation, and thus characterizeddmpstantial increase in the number
of loci available (Brumfieldet al. 2003) and by a capacity for rapid, large scale and cost-g#ecti
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genotyping (Vignakt al, 2002; Chen & Sullivan, 2003), their application seemed to beplarily
suitable in ecological and conservation studies based on neiviexgenetic population monitoring.

Because of the large number of samples usually analyzebeirEmilia-Romagna wolf
population noninvasive genetic monitoring project, this study also trigavéstigate which was the
most reliable, faster but also less expensive SNP genotypirfgpdpetmong the large variety of
available ones, that could allow a near future replacing of nasive sample microsatellite
genotyping. For this reason, in this study 3 different SNP asafpethods, Pyrosequencing,
SNaPShot and Real Time PCR, were compared to evaluate wasthe best one, from success,
reliability, time and cost points of views, to use for future nomsiwe applications. Thus, 43
noninvasive DNA samples, of different qualities, were afeplj according to a multiple tube
approach (Taberledt al, 1996; Gagneugt al 1997; Lucchiniet al, 2002), 3 times for the same 6
primer sets suitable for each of the 3 tested technol¢Gadde 3.14).

Analysing scat samples, Pyrosequencing method resulted to Werteone. Pyrosequencing
genotyping, because of its particular procedures, needed atimteofnd too laborious passages to
prepare samples rising the contamination risk among samplesoworaét produced the lowest
PCR success and the highest allelic dropout rates, with asaegesimber of replicates equal or
greater than 3 to resolve uncertainties due to the higievaf allelic dropouts.

Intermediate results were produced by the SNaPshot genotypiegnsysten if it achieved
to use already existing equipment in the forensic laboratory and prothechijhest PCR success,
it showed allelic dropout rates minor than Pyrosequencing buthgiil, and it also needed a
necessary number of replicates equal or greater than 3 toeresmlgrtainties due to its high allelic
dropout rates.

RealTime PCR method resulted to be the best one becausealetei@®be not only the faster
among the tested methods but also the most reliable presentingeanediate PCR success, the
lowest allelic dropout rate and the minor number of necessargatgsito obtain reliable results, in
fact in most of the cases only one replicate was sufficeeptdduce clear data and only in a few
occasions the method needed an additional replicate to reswhauncertainties.

As individual identification bymultilocusgenotypes antheir assignment to the true belonging
populations are central themes for many noninvasive genetic studies, edtablishing that
RealTime PCR was the most suitable method to use for low cobtéAtsample analyses, its
application reliability and its performance to detect unique geestyndheir corrected assignment
to a populatiorwere tested.

Thus, 28 wolf scat DNA samples were genotyped using both 9 Real$it® loci,
polymorphicin the Italian wolves and even between wolves and doggharsame 6 microsatellite
loci usually applied for the individual identification and population assegnmSNP genotyping
revealed to be much more efficient than microsatellite preducing a greater final genotyping
percentag€¢Table 3.15) Moreover, SNP genotypes were wanting in false alleleshoded much
higher PCR success and much lower allelic dropouts than midhbssitéJsing SNPs most of the
reliable data were obtained through maximum 2 replicatesopas while using microsatellites
almost the 50% of reliable data were obtained after 8 reigagelocus The 2 methods were
equally efficient in the assignment of the genotypes to theangelg populations, in fact they
clearly allowed to distinguish wolves, dogs and even wolf-dogithtybAnyway the 9 used SNPs,
even if very variable among the Italian wolf population, produéiiig values that were not low
enough to perfectly discriminate among the different individualgaled to be less efficient than
the 6 microsatellites for thadividual identification(table 3.15; Fig 4.3)

As SNPs are bi-allelic markers characterized by loweerbeygosity rates and lower
information contents than microsatellites, a greater numb&N®#t loci is needed to distinguish
individuals, number that depends on the size of the population, the genatisity of the
population, the polymorphism of the SINfei and the desired probability level.
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Fig. 4.3: comparison of the PID values obtained genotypisgtaof 30 Italian wolves both through 9 Skéi and 6
microsatelliteloci. PID values obtained using SNPs (on the left) werelow enough to distinguish among different
individuals.

This study suggested the possibility to combine osigtellite and SNP genotyping methods to
obtain a faster, economic and more reliable gemnagyjool, completely efficient not only to distingh
wolves, dogs and even hybrids but also able t@piyfdiscriminate among the different individuals.

Many combinations of the two types of markers were performédddhe most suitable, and
at the end the best solution resulted to be a genotyping methoddpatbedsimultaneous use of the
2 microsatellitdoci applied for the preliminary quality screening test with the cudi of all the 9
RealTime SNRoci. In this way it was possible to obtain PID values low enoughstridiinate not
only between individuals, but also among partially related lbsito dyads (Fig 4.4). Moreover in
this way it was possible also to combine the efficiency okéiminary quality screening test based
on microsatellites with the genotyping reliability and rapidigsed on the 9 SNPs. In fact the
preliminary quality screening test based on the 2 micrdisaseshould continue to be applied to
discard of the low quality-quantity DNA content samples, whilet&NPs should continue to be
used to complete the genotyping of the good quality samples tbsgdothe previous screening,
ensuring high rates of final genotyping, limited false aflelad allelic dropout values (Table 4.2).

Fig. 4.4: PID.,, and PIQys values estimated
using 9 SNPs with the addiction of the 2
microsatellite loci used for the preliminary
quality screening test. In this way PID values
considerably decreased allowing a reliable
discrimination not only between individuals,
but also among partially related or full sib
dyads.

Consideredloci PID PIDcor | PIDsibs | Positive PCRY ADO FA
9 SNPs 8,10E-04 1,01E-03| 2,89E-02 86% 1,09% 0
FH2096 1,84E-01] 1,89E-01| 4,66E-01 58% 3,28%| 1,6%
FH2137 6,52E-02 6,82E-02| 3,69E-01 59% 14,409 0
Total 9,70E-06| 1,29E-05| 4,97E-03 68% 6,26% | 0,53%

Table 4.2:values of PID, PIDcor, PIDsibs, positive PCRs, lmlldropouts and false alleles considering sepbr&e
SNPslocus2096 andocus2137, and corresponding total values.
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CONCLUSIONS

This study showed that to use of non invasive genetic sampling (M@&sents a powerful
tool to study endangered species when its data are efficiently segbpgradditional ecological and
field information, confirming that noninvasive genetic sampiimgthods can provide several issues
that could not be addressed in any other way.

In this study the screening of a limited number of genetic markach as microsatelliteci,
produced information reliably useful to monitor the presence andbdisbn of wolves living along
the Emilia-Romagna Apennine Ridge, identify species, eventuaidigdiion processes, origin of
local populations and individuals, estimate the number of reprodirdigduals, dispersal events,
mapping pack localizations and carry out some preliminary hypotbedtse fine structure of wolf
packs and their dynamics.

Moreover the intensive sampling collection, the open nature ankbrietime span of this
wolf population project allowed to use noninvasive genetic datecagsure-recapture data
highlighting that they can provide reliable population size esiims: (avoiding the need to
genotype every individual from faeces) when supported by approptéatistical techniques and
complex mathematical models built considering not only the noninvasigectatacteristics and
sampling type but also the studied species biology and its envinbaincentext.

For the future it would be suitable a more intensive and homogerssouple collection
among the whole study area to significantly reduce the heterbgeheapture among individuals,
but randomized across the entire wolf pack range and concentragkdrt period (a few months),
before and after the reproductive periods, to better interpreffliictuations of the studied
population size through the time.

Anyway this study confirmed also that microsatellite genotypa® fnon-invasive samples
can be affected by errors such as allelic dropout and falsesatlak to their low quality-quantity
DNA content. For this reason NGS studies can be considereficsigtly reliable, only applying
rigorous error-checking protocols able to minimize error raeislaboratory efforts.

SNPs genotyping could represent a near future application in nonvEgsnetics as a
promising and innovative faster and more reliable method to aralysguality and quantity DNA
samples like non-invasive ones. In fact, if it is availabseifficient number of SNPs, polymorphic
both in the Italian wolves and even between wolves and dogsi@bkeinsure a reliable individual
identification and a certain population assignment, using appropria¢eatary protocols and
efficient techniques, SNPci could completely replace microsatellici in noninvasive genetic
studies.
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