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ABSTRACT

The sheep tickixodes ricinusjs the most important zoonotic vector in Europe;
its dispersal potential and the relative importaotearious vertebrate hosts it exploits,
both essential to understand emergence of tickebdiseases are virtually unknown.

| applied twomolecular approaches to 80ricinus populations in the Province
of Trento, Italy. A novel bloodmeal analysis Raatd HRMA protocol was developed
and tested on questing nymphs. RAD-Seq was usethéofirst time onl. ricinus to
individually genotype SNP loci in adult ticks.

Bloodmeal analysis confirmed that rodents feed al88%6 of tick larvae, but
also illustrate that large mammals play a centld m feeding larval ticks. Since birds
also feed about 15% ticks, the results of thisyamalimply that larval ticks are carried
long distances by their hosts; hence dispersalnpateis high. In fact, population
genetics support that investigated alpine populaticare genetically admixed,
confirming other phylogenetic studies showing thatmixia ofl. ricinus population is
a general phenomenon. This is the first study shgwhat dogs are important sheep tick
hosts. As dogs feed a higher proportion of tickpeni-urban forest, they may enhance
the contact rate between human and infected tiblgspringing them into human
habitations and urban parks.

My results have added new knowledge to tick disggeasd host use, which will
be used to improve models of the spread. oicinus, and related pathogens, in new
climatically suitable areas. My novel bloodmeal lgsia protocol, which eliminates
previous problems of contamination, could help dentify and explain local TBD

dynamics in other areas of the EU.
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1. GENERAL INTRODUCTION

Ticks (Acari: Ixodidae) are obligate hematophageuatoparasites that exploit
every class of vertebrate worldwide (Hoogstraal Aedchlimann, 1982). Importantly,
they are among the most important vectors for maatyhogens affecting humans, as
well as wild and domestic animals. Zoonotic spépto humans has become a key
public health concern in the last decades, espgcsahce the incidence of Lyme
borrelliosis (LB) (which emerged in the early 198@s well as tick-borne encephalitis
(TBEv, known from the 1930s in Europe), have riskamatically in the Northern
Hemisphere (Parola and Raoult, 2001; Gray et @092Randolph, 2009). At the same
time, the tick-borne diseases (TBDs) anaplasmagisri@kettsioses are also frequently
reported in Europe (Heyman et al., 2010). In a glalontext, where climate change
together with anthropogenic factors (trade, lande, ustc.) are affecting TBD
epidemiology by modifying tick population dynamicéabitat, hosts, pathogen
reservoirs and human contact rate with infectekistithese diseases are expected to
become an increasingly important public healthesdarola & Raoult, 2001; Heyman
et al., 2010; Rizzoli et al., 2014).

In this thesis, | focus on the sheep (or wood) tiaddes ricinusL., defined as
“the most important multi-potent vector in Eurog®&andolph, 2009). Many studies of
this species have investigated the ecology. eicinus habitat, such as the impact of
abiotic (e.g. climate) and biotic (e.g. vegetatioajiables on its population, and local
TDB dynamics and the interconnection between hoststor and pathogen (e.g.:
Estrada-Pefia et al., 2006; Estrada-Pefia, 2009;0kdmdt al., 2002; Cagnacci et al.,
2012; Bolzoni et al., 2012; Rizzoli et al., 2007z®li et al., 2009; Rosa and Pugliese,

2007; Carpi et al., 2008; Krasnov et al., 2007; studet al., 2001). In contrast, there is
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very little knowledge about tick dispersal capacdy host preferences and host-
specialization, information that would help the nonement in the modelling of TBD
risk and spread (Bolzoni et al., 2012; Medlock let2013; Léger et al., 2013; Gray et
al., 2009; Madhav et al., 2004).

As highlighted by De Meels and colleagues (200, study of zoonotic
disease vectors is challenging, since these onganae generally small, and certain
features of their life cycle, usually including peause, make direct observation of them
almost impossible. A molecular genetics approaakiccprovide indirect measures of
population parameters (effective size, substructutispersal rate, and host-race
formation) of the arthropod populations, based lom @nalysis of patterns of genetic
variability with appropriate markers.

Here, feeding behavior and dispersall.oficinus were investigated using two
state-of-the-artmolecular approaches: high resolution melting ysisl (HRMA) and
Restriction-site Associated DNA Next Generation @aw@ing (RAD-Seq NGS)
technology. Sincé ricinus movement, and therefore gene flow, is correlatéd tost
vagility, host use and dispersal capacity can berried from the comparative analysis
of these two molecular techniques. Population gesgiatterns can also tell us about
population isolation and dynamics, which have epidéogical implications with
regards disease emergence and spread.

The PhD project was designed and funded withinftamework of the large
collaborative FP7-HEALTH.2010.2.3.3-1 EDENext puatjeéBiology and control of
vector-borne infections in Europe’ (EDENext) at thepartment of Biodiversity and

Molecular Ecology, Research and Innovation Cerftomdazione Edmund Mach (Italy)

12



in collaboration with the Dipartimento di Scienzeterinarie e sanita pubblica,

Universita degli Studi di Milano.

1.1 EDENext project

Initiated in 2011, EDENext brings together 46 intdional partners to
investigate the biological, ecological and epiddogacal components of vector-borne
disease (VBD) introduction, emergence and spreat] asing the newly acquired
knowledge, to create new tools to control them .(Elg EDENext takes advantage of
the results, as well as concepts, methods and, toblhe earlier FP6 projedDEN
Vector-borne disease in a changing European enwiremt While the latter focused on
the effects of environmental changes on the emesgeh VBDs, EDENext aims to
explain and to model the processes leading to theoduction, spreading and
establishment of VBD and, most importantly, to defthe possible control strategies to
break the epidemiological cycles of VBDs. The pcogddresses five groups of vectors
and associated zoonoses: rodents and insective¥®B)( hard ticks (TBD; Acari,
Ixodidae), mosquitoes (MBD; Diptera, Culicidae),ndaflies (PhBD; Diptera,
Psychodidae), and biting midges (CBD; Diptera, @gragonidae). Research activities
are organized vertically into Work Packages (WRspading to the five vector groups,
while horizontal themes (Modelling, Data managemanti Public Health) provide
technical input to the WPs and integration of thtadets and results (Fig. 1.1).

My PhD research project, as part of this framewwa&s designed to address the
objectives of the WP 1.1.Emergence and Spread of bacterial and protozoak tic
borne pathogengor the sheep ticl. ricinus, closing gaps in the knowledge of its
ecology and dispersal (Group 4). This WP bringsetiogr the expertise in population

genetics and TBDs of the Fondazione Edmund MachV(FEaly: headed by A.
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Rizzoli, in collaboration with H.C. Hauffe) and thestitut National de la Recherche

Agronomique (INRA, France: O. Plantard, G. Vourc’h)

Vector Groups

TBD [] RBD [ MBD | PhBD [ CBD

| WP1 - Emergence & Spread

LT

|WP2—|ntervention&ControI % > k x

*@

WP 3 - Modelling— MOD IG |

|
| WP 4 - Data Management—DMT IG |
|

WP 5 — Public Health— PH IG |

Integration Groups

WP 6 — General Coordination

|

Fig. 1.1 The EDENext project: logo, participatirmuatries and schematic representation of WP
organization (reprinted from the EDENext Project).

1.2 The biology ofl xodesricinus L.

Ticks (Suborder: Ixodida) belongs to the Phylumhfspoda and, as part of the
Subclass Acari, Order Parasitiformes, they areetyoselated to mites (Suborders:
Holothyrida, Mesostigmata and Opilioacarida; Navale 2009). The 896 known tick
species are distributed worldwide and classifiew ithree Families: the monotypic
Nutalliellidae, containing a single specistalliella namaquaArgasidae, consisting of
193 species; and Ixodidae comprising 702 specieb4igenera, the most numerous
beingIxodes(243 speciestaemaphysali§166) andAmblyommg130) (Guglieimone
et al., 2010). A recently published study of Mahgale(2011), together with molecular
clock estimates (Jeyaprakash and Hoy, 2009; Dualugh Selden, 2009), dates the
origin of ancestral tick lineages back to the med#&#ermian (260-270 Mya) in the

Karoo-basin (South Africa), and suggests that henasitised therapsids, based on the
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phylogenetic evidence thBt namaquawhich feeds on lizards, is at a basal position in
relation to the major tick families (Fig. 1.2).

Argasidae, called soft ticks, lack a sclerotizedsdbscutum; nymphs and adults
present a ventral capitulum and a highly sculptunéelgument, and in their life cycles
multiple nymphal instars are present. In contrdggdidae, or hard ticks, are
characterized by an anterior capitulum, a simpt@tst integument and a sclerotized
scutum, and only one nymphal instar is requiretbigeimolting to the adult stage.
Ixodidae species are divided in two morphologicalugps according to the position of
the anal groove: the Prostriata have the anal graawerior to the anus, and the
Metastriata have the anal groove posterior to thesaProstriata are represented only by
the genusxodesand are considered the basal lineage to all ther gtenera included in
the Metastriata (Nava et al., 2009).

l. ricinus L. has been placed, together with 13 othdesspecies, in thé.
ricinus complex (Xu et al.,, 2003), a paraphyletic group avbsely related and
morphologically similar species that are all vestdor Lyme diseases spirochetes.
However, the paraphyly of the group suggests tbatiaition of the ability to transmit

borreliosis agents, distributed worldwide, may hauétiple origins (Fig. 1.3).
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Allothyrida — Holothryda
i =] Nutalliellidae

97 Otobius megnini

100 87 Ornithodoros coriaceus
100 59 49 Ornithodoros moubata
Carios puertoricensis
Argas persicus
86 e De@rmacentor andersoni
Hyalomma lusitanicum
Hyalomma dromedarii
Rhipicephalus appendicul
Rhipicephalus microplus
Rhipicephalus annulatus
Amblyomma parvitarsum
Amblyomma neumanni
Amblyomma maculatum
Amblyomma auricularium
Amblyomma variegatum
Amblyomma tuberculatum
Bothriocroton glebopalma__|

Argasidae

|

—_—

Metastriata
Ixodidae

60 = Ixodes pilosus
Ixodes auritulus
10058 | 41 Ixodes cookei Prostriata
? Ixodes ricinus
Ixodes affinis o —_

Fig. 1.2 The phylogenetic tree of Ixodida (18S-IBSIA genes), obtained with Bayesian as
well as maximum parsimony analysis. Posterior podityaand bootstrap support values are
indicated above and below the nodes, respectivefyifted from Mans et al., 2011).

Ixodes paviovskyi {
Ixodes persulcatus ' PAIOR
Ixodes nipponensis |
Ixodes gibbosus J
Ixodes jellisoni
Ixodes pacificus N

Ixodes pararicinus JL N
|
J

>

I. ricinus
|" complex

3

Ixodes affinis
Ixodes muris
Ixodes minor
Ixodes ricinus PA/OR
Ixodes scapularis NA
Ixodes granulatus OR
Ixodes nuttallianus PA/OR |
—— Ixodes lasallei [Ixodes]
'_C—ml)deds Io:ica_tus :xogesz

xodes luciae xodes?
L——"Ixodes sigelos [Haemixodes]

Ixodes woodi

Ixodes dampfi * [Pholeoixodes]
Ixodes hexagonus ’
Ixodes auritulus [Multidentatus)

Ixodes brunneus 1
—[Clxodes frontalis ‘» [Trichotoixodes]
I

xodes turdus .
————|xodes uriae [Ceratixodes]
e——————
Ixodes holocyclus
0.1 [Sternalixodes]

z
>

Fig. 1.3 16S Bayesian treelabdesspecies, with special reference to thécinus complex; it
indicate that members of thericinus species complex are closely related despite thetat
they are distributed in different geographic regiofthe world (OR=oriental region; NA=
Neartic region; NT= Neotropical region). Howevdre tomplex is not a monophyletic group
unless 3 more specidsmuris, . minor, andl. granulatus are also included in it (reprinted
from Xu et al. 2003).
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The 1. ricinus life cycle consists of three instars: larva, nymahd adult,
commencing from the hatching of the clutch of edgposited on the ground by the
female (Fig. 1.4). Sexual dimorphism only appedrtha adult stage. This species is
defined as a ‘three-host tick’, meaning that eashair takes a single bloodmeal (but see
Results and Gray et al., 1999), before moltinghe hext stage.l. ricinus is an
exophilic ticks, i.e. actively questing on the veg®n in order to latch on to passing
hosts. The feeding phase usually takes several, @dayk varies between life stages:
larva, 2—3 days; nymph, 4-5 days; adult female, da®. The adult male rarely feeds
and never becomes fully engorged. As the majoritytreir lifespan is spent
independently from hosts, questing on the vegetaiiodeveloping to the next instar in
the ground litter, ticks are very vulnerable toidestion. Hence, in both the questing
and developing phases, ticks can obtain water Babisaturated air by secreting and
then re-ingesting hygroscopic fluid that is prodlid®y the salivary glands. However,
this process promotes tick survival only if theatele humidity in their microclimate
does not fall below 80%. Accordingly, preferentrabitat of the sheep tick includes
areas with good vegetation cover and a mat of degasegetation on the ground, such
that even during the driest periods of the yeatamp microclimate is maintained near
the ground. Deciduous woodland, particularly thasmtaining oak and beech,
harboring good numbers of large mammals are pextdo conifer forest and cultivated
lands, however ticks may also be found in abanddaedland with dense underbrush,
and in patchy vegetation in sub-urban and urbair@mwents (Gray et al., 1998, 1999;
Lindgren and Jaenson, 200€agnacci et al., 2012; Rizzoli et al., 200%arge
vertebrate hosts such as wild ungulates, carniyaratdle and sheep, are the main

determinants of tick abundance in preferred hagbist the female needs a large
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bloodmeal to produce eggs, whereas larvae and ny@amehless demanding in their host
preference, feeding in addition to large mammals, aovariety of birds, rodents,
insectivores, and reptiles (Hoogstraal and Aesciiiimy 1982). Humans are considered

accidental hosts (Fig 1.4; Gray et al., 1998; Limetigand Jaenson, 2006).

EGGS

20 30 B
/G ADULTS /\ther/ R
J / \
2°Fall 1)

Fig. 1.41xodes ricinudife cycle; between each of the life stages (laovaymph, nymph to
adult, adult for producing eggs), the sheep tickdsea bloodmeal. As a generalist ectoparasite,
. ricinus uses 350 different vertebrate species as hostading, occasionally, humans
(Hoogstraal and Aeschlimann, 1982).

The phenology ofl. ricinus, i.e. the variation in abundance of the three
developmental stages over time and space, is knowa greatly influenced by climatic
factors, but also host populations seasonal abweddmagliapietra et al., 2011,
Randolph et al., 2002; Estrada-Pefa et al., 20@g}Idtk et al., 2013; Randolph, 2008,
2009; Gray et al., 2009; Gilbert, 2010). Ticks fineegulate their questing activity and

developmental phases according to these variablasks to two diapause mechanisms:
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the developmental diapause, involving arrested ldpweent of the engorged stages or
of eggs, and the behavioral diapause, involvingrenfof quiescence of the unfed ticks
at times when environmental conditions are unslgtétr seeking hosts (Gray et al.,
1998). These mechanisms enable the tick to avoidriag host-seeking phases at
unfavorable times of the year, such as high sumandrwinter. Since tick population

phenology may be highly variable according to lodahatic conditions (Randolph et

al., 2002; Tagliapietra et al., 2011), completidrtick development to the adult stage
may take from 2 to 6 years.

Ticks are responsible for the transmission of aietyarof microorganisms
including bacteria, viruses and protozoa, and tegsociated diseases, to wild and
domesticated animals, as well to humans. Ticksraoegnized as second only to
mosquitoes in importance for the transmission afmoses (Parola and Raoult, 2001).
The significance ol. ricinus as a vector is the result of various peculiariiiests
biology; in fact, its wide host range permits iateton with potentially infected
reservoir hosts in vertebrate communities, andwalldifferent stages to feed on the
same hosts and the trans-stadial maintenance efttiof, greatly improves its
performance as vector (Randolph et al., 2004). &fbes, it is epidemiologically
relevant to discriminate, within the host communligtween ‘tick maintenance hosts’
(or amplifying hosts, mainly large bodied mammalsjolved only in feeding tick
populations and regulating density; and ‘resertosts’ (rodents and birds for Borrelia
spp.; rodents for TBEv), that maintain and amplifie pathogens involved in the
zoonotic cycle and are responsible for infecting titks, except in the case of co-
feeding, where an infected tick could transfer plaghogen to nearly feeding ticks on a

non-infected hosts (Gray et al., 1998; Randolphl&t1997). As vector potential of a

19



pathogen in a certain area is a function of theoreeservoir host contact rate, the
specific composition of the host community couldvédiaa great impact on the
epidemiological cycle of TBD. In fact, some studi@stfeld and Keesing, 2000;
Schmidt and Ostfeld, 2001; LoGiudice et al., 2008)e underlined that the presence of
incompetent host species for a specific pathogeitdadecrease the transmission of the
pathogen itself by diverting tick bite (i.e. infext of new ticks) from more competent
hosts. This is called the ‘diluition effect’ andeses to be likely supported by high levels
of biodiversity (Johnson and Thieltges, 2013). Heeve the relationship between
biodiversity and zoonotic diseases appears to ke-gpecific rather than a general
dynamic and still needs careful evaluation in digsegpidemiology (Pfaffle et al., 2013).
Rizzoli et al. (2014) reports an updated list of tmainl. ricinus associated
pathogens and hosts (Fig. 1.5). Even if the lisérseto host-pathogen association
retrieved in the European peri-urban and urbanrenmient, it is also valid for zoonotic
cycles taking place in natural systems, whereerms$ of human health, TBD risk is

more meaningful.

Fig. 1.5 (next page) List of the most importantthgup and species involved in
ricinus-borne diseases systems in peri-urban and urbaitatgabPathogens in bold indicate
those for which reservoir competence has been empetally proven. (reprinted from Rizzoli
et al., 2014).
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Species

Associated /. ricinus stage

Associated pathogens

Apodemus flavicollis

Apodemus sylvaticus

Apodemus agrarius

Myodes glareolus

Microtus agrestns

Microtus arvalis

Rattus norvegicus

Rattus rattus

Eliomys quercinus
Muscardinus avellanarius

Glis glis

Sciurus carolinensis

Sciurus vulgans

Eutamias sibiricus

LN

LN

LN

L.N

L N

L. N

L.N
L. N
L. N
LN
L. N

LN

L N

L N

TBEV

Borrelia afzelii

Borrelia burgdorferi s.s.
Borrelia spielmanii
Borrelia miyamotoi

Cand. N. mikurensis
Anaplasma phagocytophilum
Babesia microti

TBEV

Borrelia afzelii

Borrelia burgdorferi s.s.
Borrelia spielmanii

Cand. N. mikurensis
Anaplasma phagocytophilum
Babesia microti

Borrelia afzelii

Cand. N. mikurensis
Anaplasma phagocytophilum
Babesia microti

TBEV

Borrelia afzelii

Borrelia burgdorferi s.s.
Borrelia miyamotoi

Cand. N. mikurensis
Anaplasma phagocytophilum
Babesia microti

TBEV

Borrelia afzelii

Babesia microti

Cand. N. mikurensis
Anaplasma phagocytophilum
Cand. N. mikurensis
Anaplasma phagocytophilum
Babesia microti

Borrelia afzelii

Borrelia spielmanii

Borrelia afzelii

Anaplasma phagocytophilum
Borrelia spielmanii
Borrelia spielmanii

TBEV

Borrelia afzelii

Borrelia afzelii

Borrelia burgdorfen s.s.

TBEV

Borrelia burgdorfen s.s.
Borrelia afzelii

Borrelia garinii

Borrelia burgdorfen s.s.
Borrelia afzelii

Borrelia garinii
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Order Species Associated /. ricinus stage  Associated pathogens
Lagomorpha Lepus europaeus LN, A Borrelia burgdorfen s.I.
Anaplasma phagocytophilum
Lepus timidus LN A Borrelia burgdorfen s.I.
Soricomorpha Sorex araneus LN TBEV
Borrelia burgdorfen s.I.
Anaplasma phagocytophilum
Babesia microti
Sorex minutus L N Borrelia burgdorfen s.|.
Erinaceomorpha Erinaceus europaeus LNA Borrelia afzelii
Borelia spielmanii
Borrelia bavariensis
Anaplasma phagocytophilum
Erinaceus roumanicus LN, A TBEV
Borrelia afzelii
Borrelia bavariensis
Anaplasma phagocytophilum
Cand. N. mikurensis
Artiodactyla Capreolus capreolus L NA Anaplasma phagocytophilum
Babesia venatorum
Cerwus elaphus LN A Anaplasma phagocytophilum
Dama dama LN A Anaplasma phagocytophilum
Carnivora Wipes vulpes LN A Borrelia burgdorfen s.I.
Anaplasma phagocytophilum
Meles meles LN A Borrelia afzelii

Borelia valaisiana

The two most important TBDs in Europe are Lyme atse(LB) and Tick Borne
Encephalitis (TBE). LB is a multi-systemic inflamtogy disorder caused by an
immune response to the pathogenic genspeci@wélia burgdorferisensu lato, and
is the most prevalent arthropod-borne diseasedrtémperate regions of the northern
hemisphere, causing approximately 65,500 patiezdsly in Europe. As is evident from

Fig. 1.5, experimentally confirmed competent resegrhosts include many common

Fig. 1.5 Continued
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species of small and medium-sized rodents (mids, sguirrels, hares and rabbits), as
well as several bird species (especially passéeringstiles and insectivores. In contrast,
large wild and domesticated mammals are considemdcompetent hosts for the
pathogen, but important vector-maintaining hoseviéwed in Rizzoli et al., 2011).
TBE, instead is caused by the TBE virus of the géftavivirus within the Flaviviridae
family. It is present only on the Eurasian continenth three subtypes (European
subtype, the Siberian sub-type and the Far Eastdstype) which are associated with
varying degrees of disease severity. The TBEv cyoi®lves permanently infected
ticks and small mammals, especially rodents; trasson occurs horizontally between
tick and vertebrate hosts, but co-feeding of irddcind non-infected ticks on the same
hosts and trans-stadial and trans-ovarial transomsx the virus, also play a major role
in virus transmission (reviewed in Mantke et all12).

Given the low active mobility of ticks in generdtalco and Fish, 1991),
ricinus transportation on hosts while blood feeding isdhky means of tick movement
and introduction into new regions, along with veetbpathogens. Their survival in the
new area is related to the climatic condition, &lsb on the presence of a suitable hosts
community (reviewed in Léger et al., 2013; Grayakt 2009; Semenza and Menne,
2009).

Concern for the impact of TBDs on human health dw@dsen from the current
altitudinal and latitudinal expansion bfricinus populations, already widely distributed
across Europe (Fig. 1.6; Léger et al., 2013; Mddktcal., 2012), but most importantly
from the higher potential contact rate betweenstiakd humans as a result of increased
human exploitation of tick habitat for recreatiomakivities and by reports of infected

ticks population in peri-urban and urban green sueaEurope (reviewed in Rizzoli et
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al., 2014). Several strongly interlinked factorge &uvoring the establishment of ticks
populations in new environments: climate change. (ncrease in the mean annual
temperature and milder winters) is positively affifeg both tick survival at higher

altitudes and latitudes, as well as hosts commuotetysity; changes in land use (i.e.
reforestation; fragmentation) and wildlife managemeare affecting hosts spatial

distribution (Gray et al., 2009; Cagnacci et ab12; Medlock et al., 2013).

Ixodes ricinus
Current known distribution: January 201 57

= Present
Antic. Absent

= Obs. Absent
= No data ¥
Unknown

Outermost regions
Azores (PT) T
Canary Islands (ES)

= Madeira (PT)
Svalbard/Jan Mayen (NO)

A ECbC-EFgA 2015/VECTORNET

Fig. 1.6l. ricinus distribution updated to January 2015, from wemdc.europa.eu.
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1.3 Bloodmeal analysis in questing ticks

TBD systems are characterized by a complex netwbikteractions. Multiple
vertebrate hosts are involved, many of them arepebemt reservoirs for etiological
agents of infections (Fig. 1.5). In addition, tramssion can occur vertically (e.g. trans-
ovarial and trans-stadial), by co-feeeding, as wsllby vector transmission between
competent infected hosts and non-infected indiMglua this scenario, the knowledge
of vector feeding ecology, host community compositand host status (competent
reservoirs or amplification host) is of critical portance for understanding the
epidemiology of VBD, in order to improve diseasatrol strategies and to model and
predict disease risk for public health (Mukabariale 2002; Kent, 2009; Gémez-Diaz
and Figuerola, 2010; Bolzoni et al., 2012).

In a generalist tick such dsricinus, estimation of host exploitation by field
observations (i.e. host capture and tick countiagyenerally difficult, expensive and
may provide an unrealistic assessment, given tttehatl. ricinus spend only few days
per life stage on the host (Kirstein and Gray, 19B6trada-Pefia et al., 2005).
Serological methods opened the way for indirectdwstwf feeding patterns of
hematophagous arthropods by means of analysiseaf gut content, simply named
bloodmeal analysisBut the advent of the polymerase chain reactiB€R) and
molecular genetic markers, and their ability to &ip@DNA even in degraded and
damaged samples (aDNA, Paabo et al., 2004), hastriezd DNA-based methods have
been increasingly used for bloodmeal analysis (Maka et al., 2002; Kent, 2009;
Gobmez-Diaz and Figuerola, 2010), especially in daatibn with molecular screening
for vectored pathogens. A number of methods hasenbapplied to different

hematophagous vectors, as summarized in Tablendl. teziewed in Kent (2009); these
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usually rely on amplification of a target locustbé host DNA and its identification by
means of various post-PCR techniques. Sequencinddwae a more straightforward
and specific method to identify the host, but thestcof this technique limits its
application in high-throughput processing for laggnple sets; therefore, more cost-
effective post-PCR identification methods are uguamployed, such as heteroduplex
analysis, restriction length fragment polymorphisfR&FP), and reverse line blotting
hybridization (RLBH; Kent, 2009).

In contrast to mosquito vectors, where recentlyoeggd females can be easily
captured by using baited oviposition traps, fiebdlection of engorged ticks following
detachment from the host is not possible (Soneeshi®91). Only questing ticks can be
collected easily by the conventional blanket draggmethod; therefore, bloodmeal
analysis can only applied to questing ticks. Beediedd-collected questing ticks may
have had their previous bloodmeal up to one yedorbegein the previous instar
(Randolph et al., 2002), specific issues must lokems$ed:) only a few intact copies of
host DNA are likely to be present, stored in thedasome of the tick midgut
(Sonenshine, 1991); ii) remnant host DNA qualityl we compromised by digestive
and hemolytic process (Kirstein ans Gray, 1996k&et al., 2013); iii) the presence of
a high concentration of heme molecules inhibity/p@rase activity; iv) environmental
DNA or human DNA contamination may mask the true ADNloodmeal signature.
Using PCR-based methods, points i) and ii) havenbad@dressed by using short
amplicons of mitochondrial DNA. The mitochondriabrgpme may be present in
hundreds to thousands copies in a single cell, mgakiitochondrial markers an ideal
option to robustly amplify vertebrate DNA from they bloodmeal remnants; in

addition, vertebrate mtDNA has an evolutionary ratéo 10 times faster than the
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nuclear genome and a rapid mutation fixation betwspecies, which makes this
molecule valuable for species identification, ewelnen short fragment are targeted
(Kirstein and Gray, 1996; Kent, 2009). Mitochont B8&NA can be retrieved in all blood
cells of birds, while for mammals, having anucldated blood cells, leukocytes and
epithelial tissue still contribute in significantmbers. To cope with PCR inhibitions
and contamination problems (points iii) and iv));caeful protocol design is required,
from primers selection to reagent and reactionnoghtions. All sample handling
procedures must be carried out in sterile condstiand the use of negative controls in
DNA extractions and PCR provide a control for comtaation.

Kirstein and Gray (1996) were the first to repdddameal analysis in questing
ticks by means of host DNA amplification with degeate vertebrateytb primers and
host identification with RLFP and RLBH. They provie ability of molecular methods
to reliably amplify host DNA up to 200 days posgergement, and defined RLBH has
the most feasible method for host DNA identificati®Gince then, a variety of PCR-
RLBH methods have been tested, gradually extenthegarray of probes for host
identification. Pichon and colleagues (2003, 20B306) targeted the multicopy 18S
rRNA gene, while Humair et al. (2007) and Moran &bk et al. (2007), applying
Humair's protocol, targeted the 12S rDNA vertebragene. Although partially
successful, these methods show a wide variabilithloodmeal identification success
(from 26.4% Bown et al., 2009 to 49.4% Pichon et 2005 and 62.8% Allan et al.,
2010 onAmblyomma americanymaccording to questing ticks collection time (tiee
passed since the last bloodmeal), collection siteravlimate (affecting speed in
digestion) and life stage (quantity of ingestedollo (Moran Cadenas et al., 2007;

Pichon et al., 2006). In addition, the taxonomieeleof host identification reached in
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these studies varies according to the set of prdeesloped: in the majority of the
publications cited above, most hosts were onlytifled to group or genus level, and
rarely to species.

Recently, a PCR-RLFP protocol, targeting th2S rDNA gene has been
optimized and applied to a large sample datasetd@tka et al., 2014). This method
appears to provide a higher mean identificationcess than reported for RLBH
(62.8%). However, although the article claims tRELP patterns are available for
about 60 host species, only 19 host species wénalpcidentified in the study.

Alternative methods to DNA-based ones have beepgsed, such as protein
analysis (Wickramasekara et al., 2008; Laskay.eR@ll2), proteomics-based, spectral-
matching (Onder et al., 2013), and stable isotapalyais (SIA; Rasgon, 2008), but
none of them is well-established or have been egpb large sample of questing ticks.

The large body of tick bloodmeal analysis studied ¢he range of methods
proposed underline the importance of this topithi epidemiological study of TBDs,
but there is still no reliable method free from @oninations and sensitivity problems
(Gémez-Diaz and Figuerola, 2010; Estrada-Pefa,tCdl3; Estrada-Pefa et al., 2005).
Within the present thesis, | aim to define a newtgrol for bloodmeal analysis,
including the application of this new method to ttedy of feeding patterns of
ricinus larvae in the Province of Trento using a largdeotion of questing ticks. As
reported in the Materials and Methods chapter, egah by testing if there was still
room to improve the current DNA sequencing appreaciby designing new primers
and by performing a careful optimizations. Howetke unsatisfactory results led us to

move to a more recent and promising approach: HRMA.
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Table 1.1Comparative overview of current molecular methfmisarthropod bloodmeal identification (reprintedrh Kent 2009).

Marker Technique Benefits Drawbacks Applications
COI DNA sequencing *Can get specific identity of the host *Requires expensive sequencing equipment or Mosquitoes: Kent et al. (unpublished data)
contracting services
*Sequence database excellent *Sequence data may be missing for some species,
*Can be used to confirm results of another potentially leading to bloodmeal mis-identification
method
cytb DNA sequencing *Can get specific identity of the host *Requires expensive sequencing equipment or Mosquitoes: Kent et al. (unpublished data); Hamer ef al.
contracting services (2008); Savage et al. (2007); Molaei et al. (2006, 2007);
*Sequence database good “Sequence data may be missing for some species, Kilpatrick et al. (2006a, 2007); Richards et al. (2006);
*Can be used to confirm results of another potentially leading to bloodmeal mis-identification Cupp et al. (2004); Apperson et al. (2002, 2004);
method Hassan et al. (2003) Ticks: Tobolewski et al. (1992);
Blackflies: Malmqvist et al. (2004); Hellegren et al. (2008)
Group-specific primers  “Can obtain broad classification for bloodmeal *Conserved primers may be cross-reactive Mosquitoes: Kent & Norris (2005);
(see Table 1 footnote) Ngo & Kramer (2003); Temu et al. (2007);
*Can potentially detect mixed bloodmeals *Amplicons often sequenced anyway for more Molaei et al. (2006, 2007)
specific results
*Only requires PCR and gel electrophoresis *Multiplexing can sometimes lead to problems
with primer interference
Heteroduplex analysis *Sensitive “Technique difficult to master Mosquitoes: Lee et al. (2002); Hassan et al. (2003);
*Many samples can be analysed at once “Results may be ambuigous and/or need sequence Apperson et al. (2002, 2004); Richards et al. (2006);
confirmation Savage et al. (2007); Black flies: Boake et al. (1999);
“Only samples on the same gel can be reliably Tsetse flies: Boake et al. (1999); Njiokou et al. (2004);
compared Simo et al. (2008)
PCR-Restriction *Can target nucleotide substitions or minor *Requires prior knowledge of polymorphic Mosquitoes: Ngo & Kramer (2003); Oshaghi et al. (2006a);
Fragment Length sequence differences between organisms restriction sites Tsetse flies: Steuber et al. (2005);
Polymorphism “Requires RFLP profile library to match unknown Ticks: Kirsten & Gray (1996)
samples
Terminal RFLP *Good, user-friendly database for searching *Complex, labor-intensive procedure Mosquitoes: Meece et al. (2005)
results “Sequencing equipment necessary
Real-time PCR *Highly sensitive and specific “Need fluorescent probes, real-time thermal cycler Mosquitoes: Van Den Hurk et al. (2007)
and software
*Added ability to quantify starting template *Limited number of flurophores available Fleas: Woods et al. (unpublished data)
185, 12S rDNA Reverse line-blot *Can screen many samples for many hosts *May require designing and optimizing novel Ticks: Pichon et al. (2003, 2005); Humair et al. (2007);
hybridization simultaneously primers and probes if not already published Moréan Cadenas et al. (2007)
*Potential to identify mixed bloodmeals
*Less expensive than similar microarray
technology
Microsatellites DNA profiling *Can match bloodmeals to individual hosts *Dependent on the characterization of microsatellite Mosquitoes and people: Chow-Shaffer et al. (2000);
loci from the host being studied Michael et al. (2001); De Benedictis et al. (2003);
“Requires profiles be generated for all individuals Soremekun et al. (2004); Scott et al. (2006);
potentially fed upon Mosquitoes and birds: Darbro et al. (2007);
Tsetse flies and cattle:
Torr et al. (2001)
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1.3.1 High Resolution Melting Analysis

Invented in 2002 by University of Utah and ldahocAmology, HRMA is a
simple, rapid post-PCR method, widely applied fengtyping, mutation scanning and
sequence matching, as well as for pathogen scrgamd identification (Gundry et al.,
2003; Wittwer et al., 2003, 2009; Reed et al., J06IRMA exploits the fundamental
property of double stranded DNA (dsDNA) to meltitis, to separate into two strands
with heat. The quantity of heat needed for the imgito occur strongly depends on the
GC content, length and nucleotide arrangement ef amplified dsDNA fragment.
Introduced in the 1960’s, when melting was firstmtored by UV-absorbance, melting
analysis became popular from 1997 with the advéti@Real-time PCR LightCycl&r
and the use of fluorescent intercalating dye (Reteal., 1997). Thanks to new
instruments and dyes, dsDNA melting can now be toogdl at high resolution. The
acquisition of high density data, i.e. fluorescemoeasures per unit time, and precise
temperature control, allows detection of small atons in DNA sequences, down to
single nucleotide polymorphisms (SNPs).

In HRMA, amplification of the dsDNA region of inst, using conventional or
Real time PCR, is performed in the presence ofegiafized dsDNA binding dye. The
ability of this dye to be highly fluorescent whagaltted into the dsDNA, while poorly
fluorescent when DNA in the unbound state, is ex@ibfor amplification control in
Real time PCR, but in HRMA, it is used essentiatlymonitor the melting step: after
PCR, the amplicons are gradually denatured by a&stng the temperature in small
increments (0.008 - 0.2 °C). The dsDNA fragmentsatiere gradually, releasing the

dye, which results in a drop of fluorescence (Eid).
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Fig. 1.7 Example of HRMA principle with a hormalizéuorescence plot.
(https://dna.utah.edu/Hi-Res/TOP_Hi-Res%20Meltitrglj

Fluorescence readings and temperature changestedllduring the HRM step
are compared with specific software. First, viszation of the ‘raw melting curves plot’
is carried out (see example in Fig. 1.8a). The désyhate of fluorescence decrease is
generally at the melting temperature of the DNA koop of interest (called f), more
specifically defined as the temperature at whibPoSof the DNA sample is double-
stranded and 50% is single-strandegl.could be derived by plotting the derivative of
fluorescence vs. temperature (-dF/dT against T)her‘derivative melting plot’ (Fig.
1.8b). Since initial fluorescence values on the maelting profile can be variable
between samples making analysis difficult, it isnslard to perform a simple
normalization of pre- and post-melting regions ey to align data and magnify the
differences in melting properties of geneticallyffetent samples, visualized as a

‘normalized melting plot’ (Fig. 1.8c). Another wagp visualize melting data is the
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‘difference melting plot’, where normalized meltintata of a user-defined genotype
(reference) are subtracted from the normalized datll other samples; the reference
genotype is visualized as the baseline and theipo2f the other samples is plotted
against the temperature. This process aids thealzstion of normalized data (Fig.

1.8d).

Fluorescence

02

Derivative fluorescence
04
,——’4)

00
A

60 70 80
Temperature (°C)

100

minus

Normalized Fluorescence
0

00

76 84 88

80
Temperature (°C)

80 B4
Temperature (°C)

Fig. 1.8 Process of software analysis of high ggm melting data; a.) raw melting curves
plot, yellow bars define the normalization area ¢lerivative melting plot; c.) normalized
melting plot; and d.) difference melting plot. (fddrom the Real-time HRMA of control

samples in bloodmeal analysis).

In the design of a new HRMA assay, the choice ojg DNA and primer
design are the most critical steps. Several facbasild be carefully considered, based
on the fact that melting properties are a functadfnamplicon length, nucleotide
compositions and arrangement. Generally, small imond are required for maximum

sensitivity (optimal 50 to 300 bp) and with knowegsence variation. Under these

conditions, the number of potential DNA regions foimer design is delimited. In
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addition, primers should be highly specific to tia@get organism, possibly without
degenerations; and have a high melting temperaack low probability of dimers
formation
(www.kapabiosystems.com/assets/Introduction_to_HRrgsolution_Melt_Analysis_G
uide.pdf).

As mentioned above, HRMA is widely used for genatgp(Erali and Wittwer,
2010) and mutation scanning; however, most impdstafor the purpose of this
research, HRMA has been applied successfully taeseme matching (Reed et al.,
2007), pathogen screening and identification (Dalet2008; Lin et al., 2008), and
species identification (Winder et al., 2011; Kamgl &im, 2013; McCarthy et al., 2013).
Additionally, HRMA has proved to be a sensitive aaliable method even when DNA
is degraded and of low quantity, especially wheapted with Real-time PCR (Do et
al., 2008). HRMA has already been applied to bloedimanalysis in the Chagas
diseases vectoil f(ypanosoma cruziPefa et al., 2012), with bloodmeals identifiaiole
species 30 days after the bloodmeal. In contrafRliBH and other currently used
methods, the lack of sample processing after thglication step and the possibility
for amplicons to be run on agarose gel after thevlARand to be sequenced, are
additional features of HRMA that are promising fits application to bloodmeal

analysis in questing ticks.
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1.41xodesricinus phylogeography and population genetics

The analysis of the patterns of genetic variabilitymolecular markers using
appropriate statistical methods can indirectly pdewkey information about the biology
of vectors (i.e. mating system, dispersal and g#ow), demography (effective
population size, past demographic events) and goakry potential (adaptation, host-
race formation and speciation). These featureh@fmolecular ecology approach are
particularly important ifl. ricinus, characterized by an extremely complex life higtor
living for a few days a year in contact with thesh@nd of limited physical dimensions
(reviewed in De Meeds et al., 2007).

l. ricinus population structure was firstly investigated bgans of allozyme
variability by Delaye et al. (1997); a limited nuerbof polymorphisms and absence of
differentiation was observed amohgicinus collected from neighbouring populations
in Switzerland. Other studies have been carried umihg microsatellites markers.
Population genetic substructure was suggesteddmyniicant heterozygosite deficit in
several analyzed populations: as geographical bgeseetic structuring or isolation by
distance was not significant, the heterozygote citefvas attributed to sex-biased
dispersal (De Meeds et al., 2002; Kempf et al.,020and host-parasite association (De
Meeds et al., 2002; Kempf et al., 2011). Using $hene microsatellite markers, non-
random pairing in males and females (e.g. asseetatiating) was proposed linricinus
(Kempf et al., 2009b). For other tick specikeauiae, McCoy et al., 2003 and Kempf et
al., 2009a;Rhipicephalus micropilysDe Meeds et al., 2010), host-race evolution has
been hypothesized.

At the European range of the species, phylogeograptudies using

mitochondrial (Casati et al., 2008), and a comhbamabf mitochondrial and nuclear
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markers (Noureddine et al., 2011; Porretta e2él1,3) concluded that ricinus present
one panmictic population at the European level. rdddine et al. (2011) noted that
Europeanl. ricinus populations were genetically differentiated frororth-African
populations, but its species status was not redolvarther genetic discontinuity was
noted between the British and Latvian tick popolasi using a mitochondrial genes
multilocus sequence typing (Dinnis et al., 2014)eJe results support the hypothesis
that there is a high level of gene flow betweendpean populations df ricinus,
presumably as a result of host movements (Nouredgtial., 2011).

As part of the EDENext project, population genepiatterns were to be
compared at the European, regional and local leVétsle INRA was assigned to study
gene flow at the EU and local levels (with sometldse results cited above in
Nourredine et al., 2011), we were to investigai lgvel and distribution of genetic
variation at the regional level (PAT). Given thamher of previously published papers
using microsatellite markers for this purpose, weided to genotype both questing and
feeding ticks from across PAT in order to evaluad¢h the influence of geographical
features and host species in shaping genetic \ariet the overall population.

However, as later presented in Results, our firglprgved that microsatellites were not
suitable markers for population genetics studiek o€inus, as confirmed by Quillery

et al. (2013). Given that microsatellites are nbtradant in the arthropod genome
(Fagerberg et al., 2001), development of new STRens was not feasible in the time
available. On the other hand, Single Nucleotideyforphisms (SNPs) have been
successfully used in the investigation of geneéidation in populations of non-model

species (Helyar et al., 2011). SNPs are the mashdant and uniformly distributed
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markers in the genome (Schlbtterer, 2004), allowirfgrmative patterns of genetic
variation in populations to be analysed (Lao et28106; Paschou et al., 2007).

A SNP dataset was not available at that timel.foicinus (later Quillery et al.,
2013) or similar ixodid species and, therefore, derided to apply the recently

developed NGS RAD-Seq technology to obtain one.

1.4.1 Next Generation Sequencing: RAD-Seq

NGS technologies have revolutionized genomic aadstriptomic approaches
to biology, but also the study of genetic variatianpopulations. At the base of this
success lies the ability of NGS platforms, suchilamina, Roche 454 and ABi SOLID,
to produce giga-bases of DNA sequences at miniogtl (Seeb et al., 2011; Davey and
Baxter, 2010). It is now possible to produce whgknome sequences of several
individuals of a target species and, from their panson, design new markers for
genetic variation analysis, such as microsatelbted SNPs. However, for eukaryotes
with large genome sizes lacking an assembled mefereggenome, whole genome
sequencing was still a challenging task, until thd@roduction of Reduced
Representation Libraries (RRL; Seeb et al., 201terket al., 2011; Davey and Baxter,
2010). RAD-Seq falls into this category (Milleradt, 2007), and is particularly suitable
for our purpose as it allows the simultanedesnovodiscovery and genotyping of tens
of thousands of SNPs throughout the genome atdidndaost, and requires no prior
development of genomic resources (Miller et alQ220Davey and Baxter, 2010). The
first application of this approach to populatiomgemics (Hohenlohe et al., 2010), SNP
discovery and genome mapping (Baird et al., 2088y phylogeography (Emerson et

al., 2010), illustrated the versatility of the madh even in non-model organisms,
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without reference genomes and characterized by leongvolutionary histories (Rowe
et al., 2011). As presented in Figure 1.9, RAD-8embines two molecular biology
techniques: DNA fragmentation with a restrictionzgme (as used in restriction
fragment length polymorphisms and amplified fragtndength polymorphisms
methods), and association of each individual/pdmrato a specific molecular
identifier (MID), allowing pooling of individualsnito a single library to be sequenced in
one lllumina sequencing lane. The Illlumina HiSequancing technology used here
allowed me to read 100 bp of the genomic regionkilag the restriction site; paired-
end sequencing allows me to extend the genometigagen by 300- 400 bp region
downstream of the restriction site (Etter et @12, Fig. 1.9G). In this way, the entire
genome is randomly sampled and interrogated, lgattina reduction in the analysis
complexity usually associated with whole genomeuseqing (Davey and Baxter 2010;
Rowe et al., 2011).

Genetic variation in terms of SNPs, insertion/defet, and microsatellites, can
be investigated in the 100 bp reads generated fin@mestriction site (R1) (Etter et al.,
2011). The softwaré&tacksis a modular pipeline specifically designed foficgéntly
processing and assembly of the large numbers of-sd&d sequences originating from
multiple samples generated by RAD-Seq and by d&fk protocols (Catchen et al.,
2011, 2013). It incorporates a maximum likelihoothtistical model to identify
sequence polymorphisms and distinguish them froguesgcing errors, eithete novo
or with sequences aligned to a reference genome.ba@kicStacksworkflow and the
programs involved, are presented in Figure 1.1@oAding to the RAD-Seq features,
this method promised a dataset that could be asdlye answer our biological

guestions.
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« « « TAGCCTGCAGGCTACACGCTGAAAGACTGC. . .
« « . ATCGGACGTCCGATGTGCGACTTTCTGACG. . .

Sbfl
A Cut l
GGCTACACGCTGAAAGACTGC . . .
ACGTCCGATGTGCGACTTTCTGACG. . .
B

P1 adapter

lllumina MID

CCGATCTCGATATGCAGGCTACACGCTGAAAGACTGC . . .

GGCTAGAGCTATACGTCCGATGTGCGACTTTCTGACG. . .
Sbfl

Pool and Shear 1

CTGCGAGAAGGCTAGACTTCGACGTCCGATGTGCGACTTTCTG

ACCCAGATTACAGACTCCTGCAGGCAG. ..
TGGGTCTAATGTCTGAGGACGTCCGTC. . .

Sb ShA

ACCCAGATTACAGACTCCTGCA
TGGGTCTAATGTCTGAGG
MID
CCGATCTCGATATGCA
GGCTAGAGCTAT Cut site
lllumina overhan .

9 MID lllumina
ACCCAGATTACAGACTCCTGCATATCGAGATCGG
TGGGTCTAATGTCTGAGGACGTATAGCTCTAGCC

Sbfl

lllumina MID  Sbfl Shfl  MID lllumina
CCGATCTCGATATGCAGGCTACACGCTGAAAGAC TGC...ACCCA GATTACAGACTCCTGCATATCGAGATCGG
GGCTAGAGCTATACGTCCGATGTGCGACTTTCTG ACG. . .TGGGT CTAATGTCTGAGG ACGTATAGCTCTAGCC

>
AGATCG“CC
D P2 adapter
TCTAGCGTCCT
e
TCCTGCGATCTTGC. . . ACCCAAGATCGS™
CSGCTAGAACG. . . TGGGT TCTAGCGTCCT
d
S
P2 adapter lllumina MID  Sbfl 006"’ Shbfl - MID lllumina COG?’
TCCTGCGATCT CCGATCTCGATATGCAGGCTACACGCTGAAAGACAGATCGY” TCCTGCGATCTGATTACAGACTCCTGCATATCGAGATCGGAGATCGY
CC‘&GCTAGAGGCTAGAGCTATACGTCCGANTGCGACTTTCTGTCTAGCGTCCT CCQGC TAGACTAATGTCTGAGGACGTATAGCTCTAGCC TCTAGCGTCCT
+& e P2 adapter
Amplify with P1 primer | ccearcr
E and full P2 primer | TCCTGCAGATCT
lllumina MID _ Sbfl umina
CCGATCTCGATATGCAGGCTACACGCTGAAAGACAGATCGCAGGA
GGCTAGAGCTATACGTCCGATGTGCGACTTTCTGTCTAGCGTCCT
CCGATCTCGATATGCAGGAGTCTGTAATCAGATCGCAGGA
GGCTAGAGCTATACGTCCTCAGACATTAG TCTAGCGTCCT
Sequence
F lllumina MID Sbfl
MID ] GACGCTCTTCCGATCTCGATATGCAGGCTACACGCTGARAGAC G Sbﬂq._]oobﬁ_.
CTGCGAGAAGGCTAGAGCTATACGTCCGATGTGCGACTTTCTG MID 1 e
- S N
GACGCTCTTCCGATCTT TGCAGGCTACACGGTGAAAGAC MID: 2 N ——— N
— I
MID 2 creegacaaceeTacar ACGTCCGATGTGCCACTTTCTG MID 3
L&}
MID 3 GACGCTCTTCCGATCT TGCAGGCTACACGGTGAAAGAC S — S —
CTGCGAGAAGGCTAGA. ACGTCCGATGTGCCACTTTCTG MID 4 T — S
MID
MID 4 CACGCTCTTCCGATCTGARGCIGCAGGCTACACGCTGARAGAC - ~400b

Fig. 1.9 The RADSeq method. (A) Genomic DNA is skdawith a restriction enzyme of
rgated to Sbfl-cut fragments. The P1 adapter is
adapted from the Illlumina sequencing adapter $edjuence not shown here), with a molecular
identifier (MID; CGATA in this example) and a cutesoverhang at the end (TGCA in this
iduals pomled together and all fragments are
sultiagnfrents contains restriction sites and P1
mene P2 adapter has a divergent end. (E) PCR
amplification with P1 and P2 primers. The P2 adapit be completed only in the fragments
ligated with P1 adapter, and so only these fragenefit be fully amplified. (F) Pooled samples
with different MIDs are separated bioinformaticadiyd SNPs called (C/G SNP underlined). (G)
-end segadrom each sequenced fragment will
cover a 300- 400 bp region downstream of the witn site. (Reprinted from Davey and

choice (Sbfl in this example). (B) P1 adapte

example). (C) samples from multiple indiv
randomly sheared. Only a subset of the re

adapters. (D) P2 adapter is ligated to all frag

As fragments are sheared randomly, paired

Baxter,
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Fig. 1.10 SchematiStacksvorkflow. (A) Theustackgprogram forms stacks in an individual
from short sequencing R1 reads (cleaneg@rogess_radtags.pthat match exactly. (B) The
ustacksprogram breaks down the sequence of each stack-mers and loads them into a

dictionary. Theustacksprogram breaks down each stack again into k-nredsjaeries the k-
mer Dictionary to create a list of potentially nfaitey stacks, which can be visualized as nodes

in a graph connected by the nucleotide distancgdmt them. (Clistacksmerges matched
stacks to form putative loci. (R)stacksmatches secondary reads that were not initiatigqd
in a stack against putative loci to increase stigth. An SNP model instackschecks each

locus at each nucleotide position for polymorphis(g3 ustackscalls a consensus sequence and

records SNP and haplotype data. (F) Tsiackgprogram loads stacks from the parents of a
genetic cross into a Catalog to create a set @ioaiible loci in a mapping cross. (§}acks
matches map cross progeny against the Catalogeolae the haplotypes at each locus in

every individual in the cross. (Reprinted from Qetic et al
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2. OBJECTIVES

The TBD spread and emergence facing Europe urgeatllg for improved
knowledge ofl. ricinus biology, especially dispersal and host-associgpatterns. The
present study focuses on a relatively small gedgcaparea (Province of Trento, Italy),
where 30I. ricinus populations were sampled intensively both whilkediag and while
questing. The main objective of this thesis wasapply state-of-the-artmolecular
approaches to fill this knowledge gap, specifically

1. Population genetics will be applied to investigdte genetic structure of sheep
tick populations, in order to understand if geogiegl barriers (i.e. mountain
chains; rivers) and/or host exploitation affecte ttate of gene flow (and
therefore, dispersal) on this scale;

2. Bloodmeal analysis of questing tick nymphs will bptimized to define the
relative importance of various wild and domesticteerate species as larval
hosts in two important tick habitats (extensiveefdrand forest patches near
urban settlements).

Since feeding ecology and dispersal are interrelatesheep ticks (because they move
as they feed), | will also meet the main objectibye merging the results of the two
approaches, such that the epidemiological impbeatiof the research regarding TBD

circulation, spread and maintenance, can be disduss
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3. MATERIALS AND METHODS

For reasons that will become obvious below, field éaboratory protocols are
listed in the order they were developed and appliterefore, because the list of
Materials and Methods is rather extensive, a degtovided below to aid the reader in

following the workflow. Red X’s indicate methodsathwere tested, but subsequently

abandoned because reliable, repeatable resultshakeabtainable.

3.1

Selection of study sites

3.2
Field sampling

3.2.2
Feeding tick
sampling

3.2.1
Questing tick
sampling
3.3.1
Morphological
identification of ticks

3.3.2
DNA extraction

3.3.2.1 Host tissues
and feeding ticks

3.3.2.3
Questing nymphs

33.2.2
Questing adults

3.3.3 Molecular
identification of ticks

3.3.5
Protocol development for bloodmeal
analysis in questing ticks

3.3.5.1 DNA sequencing: universal vertebratex
cytochrome b primers

3.3.5.2 DNA sequencing: species-specific

primers

3.3.5.3 DNA sequencing: group-specific

primers

3.3.5.4 Standardized semi-automated tests for
species-specific and group specific primers

3.3.5.5 Real-time High Resolution Melting
Analysis

3.3.5.6 Application: Real-time HRMA to
bloodmeal analysis

~ 3.3.5.7 Statistical analysis
334

DNA quality control
and quantification

3.3.6.1
3.3.6 Microsatellite
amplification

3.3.6.2
RAD-Seq library
preparation

Population genetics

3.3.6.3
Bioinformatic analysis

Fig. 3.1 Schematic workflow of material and methpdstocol used and their interactions.

3.1 Selection of study sites

The Province of Trento (PAT; 6206 Kpdies in the heart of the Dolomitic Alps
(Fig. 4.1); 77% of the territory is above 1000 rs.la. Its complex geomorphology,
consisting of a network of river valleys of varioosgentations and extent, surrounded

by rugged mountain chains, and dotted with laked, falls, results in a wide diversity
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of local climatic conditions, ranging from sub-mtedianean to continental and alpine,
that vary according to exposure, altitude, and qifesg winds. Forest covers about 55%
of the region. In the lowest reaches of the southaleys, thermophile deciduous
woods and coppices with hophornbeafstfya carpinifolig and flowering ash
(Fraxinus ornusL.) prevail; in sub-continental and continentallergs, beech forests
(Fagus sylvatical..) are common at the lowest altitudes, replacgdrtountain and
subalpine NorwayHicea abiesL. Kasten) and European silver spruce forestsigs
alba Miller) along the altitudinal gradient. Much ofethconiferous forest is heavily
managed; in addition, widespread anthropic disturbas present across the study area.
In fact, although towns and larger urban areasnaaily concentrated in the valley
floors, many villages are at higher altitudes, eddeel in patchy agro-ecosystems,
representing the natural bridge with the descritoeests. Cultivated crops (especially
grape and apple) are a strong feature of the lapeésdout agricultural activities at
higher altitudes are less profitable and hay meadawd pasture somewhat abandoned.
Additionally, tourism, is one of the most importatonomic driving forces in the area,
and increases the exploitation of natural areagdoreational activities. The fauna is
characteristic of natural Alpine habitats. Impothanfor this thesis, many of the
vertebrate species are also recognized as impadn@sts maintaining sheep tick (
ricinus) populations, such as small mammapgddemuspp.,Myodes glareolusSorex
spp. andCrocidura spp.), passerine birddyrdus merula, T. philomelos, Erithacus
rubeculd, wild ruminants Capreolus capreolus, Cervus elaphus, Ovis musimon,
Rupicapra rupicapra and Carnivores\. vulpes Carpi et al., 2008; Bolzoni et al.,
2012; Cagnacci et al., 2012). In addition, somecarapetent reservoirs for tick-borne

pathogens such aBorrelia burgdorferi s.l.,, Tick Borne Encephalitis virus and
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Anaplasma phagocytophil@Rizzoli et al., 2004; Mantelli et al., 2006; Pkii et al.,

2007; Carpi et al., 2008; see General Introduction)

3.2 Field sampling

In order to carry out an in-depth investigation tbé host use and genetic
structure of tick populations at a local scalesB8s were selected in typical tick habitat
across PAT. At least one site was selected fronh edicthe main valleys of the
Province. Questing ticks were sampled in all 3@ssitvhile sampling of all stages of
feeding ticks from the main host species was ddroet in 10 of these (Fig. 4.1 in

Results).

3.2.1 Questing tick sampling
Material:

- 1 T white felt blanket;

- measuring tape;

- forceps;

- sterile 2 mL sterile vials with plug seal cap (S&@m

- 10% bleach;

- gloves.

Questing nymphs and adults were collected by cdiomad blanket-dragging
(Sonenshine, 1993). A 1m x 1 m white felt blanlettached by one side to a wooden
pole, was dragged over leaf-litter, grass and lodeustory. Every 5 m the blanket was
checked for ticks. Ticks were removed from the kédrby researchers wearing gloves

and using forceps sterilized with diluted bleacB%, placed individually in 2 mL
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vials, transported live at room temperature andgsgbently frozen at -80°C, until DNA
extraction. Initially, a 100 m transect was dragd@esl part of a long-term monitoring
program at FEM), then dragging continued at randonthe surrounding area until
enough ticks were collected (see below).

Sampling was carried out on dry days during thengpactivity peaks of tick
populations, i.e. middle of April to June (2012 &@l3) (Tagliapietra et al., 2011). At
each site we aimed to collect at least 30 questymyphs and 12 questing adults, half
males and half females. Altitude, exposure and ggabgcal coordinates, as well as
predominant vegetation type were noted; tick dgnsids expressed as the number of

ticks (adults and nymphs) collected in 108 m

3.2.2 Feeding tick sampling

At the outset of the project, | planned to genotjgo¢h questing and feeding
ticks from various host species using microsagelbici in order to compare the genetic
patterns of ticks found on certain host specieslei@rmine if different tick genotypes
were associated with certain vertebrate hosts {‘tex®s’). Therefore, to collect feeding
ticks of the dominant tick-host species in PAT, Bmmammals and birds were trapped,
and large mammals were sampled at hunting inspestations.

In the 10 sites selected for feeding tick samplthg, aim was to collect at least
30 ticks of any stage from the main tick host specwith a maximum of 5 ticks from
the same individual.
Target host species:

v" small mammals: Muroidea: yellow-necked mou&pddemus flavicollis wood

mouse (Apodemus sylvatichsand bank vole Mlyodes glareolus the most
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numerous and widespread forest-dwelling roden®Ail, and competent hosts
for several tick-borne diseaseA; flavicollis inhabits forested areas from the
valley floor to the vegetation limiiyl. glareolusis also fairly widely distributed,
but prefers coniferous woodland up to 1800Ansylvaticusis a less common
rodent species in PAT,;

birds: Passeriformes: blackbirdTyrdus merul, European thrush(T.
philomelos)and European robir{Erithacus rubeculy the most important host
for I. ricinus in forested and peri-urban habitats (Marsot et28l12; reviewed in
Rizzoli et al., 2014). These species forage lothevegetation or on the ground
and, therefore, are more prond.tacinus infestations (Marsot et al., 2012). It is
worth noting thak. rubeculais predominantly a forest species, preferring dens
coniferous or deciduous tree clusters; howeveag @ommonly found in urban
garden and parksf. merulaand T. philomelos are also ubiquitous species,
inhabiting forest as well as forest edge and mdbanized areas;

wild large mammals: Cetartiodactyla: roe de@agreolus capreolysred deer
(Cervus elaphysand chamoisRupicapra rupicapra These deer species are
widely distributed in the Province, while chamoisefer higher altitudes and
more open habitat, where ticks are often absent.

domesticated animals: Canidae: domestic d@&@pn{s lupus familiarig

Caprinae: domestic sheep\s aries.

47



3.2.2.1 Trapping of small mammals
Material:
- Ugglan live traps (8x9x23 cm);
- Potatoes cut into chunks;
- whole sunflower seeds;
- polyethylene transparent bags;
- forceps;
- 10% bleach;
- 70% ethanol (Sigma) in 2 mL sterile vials with pkggpl cap (Sigma);
- gloves and facial mask with virus filter.

In sites CON, PIN, REV, MEZ and TRA (Table 4.1, F@1) trapping was
carried out by FEM personnel and myself, after theahd safety training in small
mammals trapping and handling. At these sitesptiig aim of small mammal trapping
was the collection of feeding ticks. Trapping sessitook place in spring-summer 2012
and 2013, with traps set on the first day then kbedaily for two or three consecutive
nights and repeated twice or three times for edehustil enough ticks were collected.
Live traps were placed in linear transects, whessiide, ca. 10 m apart, next to fallen
logs, tree roots, rocks and where rodent burrowse wesible. A variable number of
traps was used: between 42 and 47 for each session.

CAV is a long-term sampling site of DBEM with 4 paanent grids of traps. A
single grid is composed of 8 transects with 8 tragsh; both transects and traps are ca.
10 m apart. Traps are activated monthly for thrigts. Sites LUN and CAD were
established as part of the PAT-funded project ROCP& (Rodent communities in a

changing environment: implications for human heattlthe Alps; PIl: Konény Adam,
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2010-2013) with two 8x8 grids each, similar to thas CAV; here, traps were activated
monthly for two nights. Site GRI was trapped ag péa collaborative project between
DBEM and MUSE (Trento) for the definition of smallammal biodiversity in PAT; in
this case, transects were used and a variable mwohbraps (37 — 40) was used for each
trapping session.

In all cases, Ugglan live-traps were baited withflawer seeds and pieces of
potato to provide a moisture source. Traps weraed in the late morning or early
afternoon and checked the subsequent morning. $maafimals were released from the
trap into a clear polyethylene bag and, once cedfim the corner of the bag, were
taken firmly by the scruff of the neck and tail.e8pes identification by morphological
traits did not allow us to discriminate betwe&nflavicollisandA. sylvaticustherefore
sampled individuals are later identified at gerexel Apodemusspp.; Michaux et al.,
2001). All ticks were gently removed with sterilerdeps and placed individually in 2
mL Eppendorfs with 1 ml of 70% ethanol. Ticks cogiftom the same individual
rodent were placed in the same tube, unless danthged) removal.

Small mammal and trap handling were carried oukeustrict health and safety
rules for field work (e.g. using gloves and faceshk)a Permission to carry out the
trapping in the defined areas and all animal hagdtirocedures were authorized by the
Comitato Faunistico Provinciale della Provincia Tdento prot. n. 595 04.05.2011.
Ethical guidelines concerning animal welfare weofved as defined by the European

Commission and detailed in the EDENext project.
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3.2.2.2 Bird netting
Material:
- 12x2.5 m mist-nets with 5 shelves, mesh size 16 numal filament;
- 12x2 m mist-nets with 5 shelves, mesh size 16 martlain filament;
- 4 m telescopic poles for mist-net support;
- forceps;
- 10% bleach:
- 70% ethanol (Sigma) in 2 mL sterile vials with pkgpl cap (Sigma);
- birding morphological measurement instruments;
- gloves.

In order to analyse feeding ticks acquired by hosthe area of interest (and not
outside the Province), our netting regime aimedagturing resident birds, rather than
migrating ones. Therefore, live-trapping was caroet in all but CAV sites during the
reproductive period for the bird species of inter@etting was carried out with the
assistance of ornithologist Dott. Franco Rizzdllilicensed bird ringer. At each site, a
minimum of 120 m of mist-nets, divided into two prore transects, were set and
maintained for one or two days per trapping sessloapping efficiency drastically
dropped after just one day and consequently, wethiadove the nets to a different
position daily. In general, ecotonal areas, likeadwmv-forest borders, or wetlands, as
well as areas near food sources (like orchardsbasties with berries) were selected.
Mist-nets were activated before sunrise and mogatdor trapped birds every hour;
they were closed during heavy rain and during tbigekt hours in the middle of the
day. Only the licensed ornithologist handled theldyi species and sex were identified,

standard morphological measurements taken, reptivduand moult condition noted,
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and ectoparasites were collected. Ticks were maneijmoved from the region

surrounding the eyes, ear holes and beak. Oncevezineith sterile forceps, ticks were
placed in 70% ethanol. Ticks from the same indiglduere placed in the same 2 mL
vial, unless damaged. Each bird was ringed befelease at the trapping site. At the
CAV site there is a permanent ringing station, ngalaby Mauro Segata (forest warden
and ornithologist), who kindly collected ticks frobirds netted at this site during the

same period.

3.2.2.3 Collection of ticks feeding on large mansmal
Material:

- polyethylene transparent bags;

- forceps;

- 10% bleach;

- gloves;

- magnifier lamp;

- 70% ethanol (Sigma) in 2 mL sterile vials with pkegal cap (Sigma).

Ticks were collected from the most common largedwilammals present in

PAT (see list above), bagged during the autumnihgrgeason, when these ungulates
are still territorial and consequently, feedinks$i@re representative of the animal’s area
of origin (Carpi et al., 2008). In collaborationtivithe Trentino Hunter's Association,
the wardens of each game reserve encompassinguogtisg site, and/or local hunting
guards were contacted. The Hunter’'s Associatioresponsible for ensuring that the
species, sex and age of each bagged animal maticbes of the hunter’s license.

However, such controls are done in two ways: eitherhunter is required to bring the
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animal to a central checkpoint on the evening @f kill, or the hunter contacts the
warden who subsequently goes to the hunter's htmuseake his report. Therefore, to
collect ticks, either:
v' carcasses were checked for ticks in the presenaogaadens and/or hunting
guards, within 24 h of the kill, by myself or trath DBEM personnel; or,
v' the warden of the game reserve or local huntingdyuaere trained to remove
the forelegs (part of the leg distal to the carjpait, which mainly hosts tick

larva and nymphs), as soon as possible after theakd to place them in a

sealed plastic bag, which | provided; if the hugtpersonnel were willing, | also

provided sterile vials filled with high grade etloarfor adult ticks. These
samples were conserved at -20°C until deliveryEdMFForelegs were stored at

-20°C until tick removal, carried out under a mdgnig lamp, following Carpi

et al. (2008).

Species, sex and age, as well as altitude, exposmc location of the kill were
registered for each sample.

For PIN and CON sites, ticks were occasionallyemtétd from acquaintances’
dogs. Domestic sheeOyis arieg ticks were collected by contacting local sheep
breeders.

Ticks coming from the same individual were placedhe same 2 mL vial filled

with 70% high grade ethanol, unless damaged.

52



3.3 Laboratory methods
3.3.1 Morphological identification of ticks
Material:
- identification key (Cringoli et al., 2005; EstraBafia et al., 2004);
- dissecting microscope (Zeiss);
- forceps;
- petri dishes;
- 10% bleach and ethanol for cleaning instruments;
- gloves.

In PAT, the most widespread ticklisricinus, but on wildlife it is also possible
to retrievel. hexagonusandl. trianguliceps Given the specialist, nidicolous life-style
of these tick species, | could assume that themagtrity of questing ticks collected by
blanket dragging would bk ricinus; however, feeding ticks collected from parasitized
wildlife could be both nidicolous and generalisks. Therefore, for both questing and
feeding ticks, | attempted to identify collectecks morphologically using a recognized
identification keys (Cringoli et al.,, 2005; Estrabaifia et al.,, 2004), at 40X
magnification under a dissecting microscope.

Although this procedure was straightforward for mo§ the questing ticks,
morphological identification was sometimes difficibr engorged specimens in the
larval and nymphal stages, since some morpholofgesilires were damaged or missing
as a result of collection, or deformed becausengbegement. In this case | confirmed

species identity by molecular analysis (see se@&i8r8).
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3.3.2 DNA extraction
DNA isolation fromticks, in general, is a challenging task due tartbee

(especially larval and nymphal stages) and the bhitthous exoskeleton; furthermore
previous studies have shown that tick DNA is susbkpto degradation (Hubbard et
al., 1995; Hill and Gutierrez, 2003; Halos et 2D04). Additionally, according to the
use of DNA from collected ticks (i.e. pathogen d&t:, bloodmeal analysis, NGS
application) with the EDENext project, various DNjualities and quantities were
required. Therefore, |1 used a number of differemttqrols and commercial and non-
commercial kits in order to meet the post-extrac@pplications requirements in terms
of quantity, quality of DNA, but also with the aiof improving the efficiency of the

protocols, in terms of time and cost.

3.3.2.1 Host tissues and feeding ticks

DNA was extracted from engorged ticks collectedrirthe host while feeding
(see Feeding tick collection and from tissue samples available from previous o
ongoing projects at FEM, using the Qiagen Dneasyo@land Tissue kit (Qiagen,
Valencia, CA, USA). DNA from a large variety of hagpecies was needed to validate
bloodmeal protocols (as control samples; see se&id.5). Specifically, for Real-time
HRMA, host DNA extracted from tissue and engorgelistwas needed i) to test that
the primer pairs amplified the target fragmentsectty and reliably using conventional
PCR; ii) to validate the species-discriminating povof HRMA and; iii) as positive
samples in Real-time HRMA of questing ticks withkoown bloodmeal sources.
Feeding ticks were also employed for microsatefjgaotyping validation.

For engorged ticks, a pre-lysis step, following plalogical identification,
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included a physical disruption step. A single twslas placed in 2 mL autoclaved
Eppendorf tube with a 5mm stainless steel beadl@duL PBS (Phosphate-buffered
saline) solution. Using a mixer mill, tubes pladadthe proper sampler holder, were
shaken for 3 min at 30 Hz to completely crush ilkk. tThe homogenate was then
transferred to a fresh autoclaved Eppendorf tulejuR Proteinase-K 10 mM/mL

(Sigma-Aldrich, Saint Louis, USA) and 180 pL Qiag&mL tissue lysis buffer were

added, and left overnight to digest on a rotaryetabxer placed in an incubator at 56
°C. Spin-column DNA purification was performed fmlling manufacturer instructions
for QiaAmp® DNA Investigator Kit (Qiagen, Valenci&A, USA), Purification of

Total DNA from Nail Clipping and Hair

3.3.2.2 Questing adults

To avoid contamination from environmental DNA, humBNA and cross-
contamination among samples, all recommended piieagsuwere used: forceps were
sterilized with bleach and ethanol; washing and D&#raction were performed under
a biological (UV sterilized) hood; sterile and DNee consumables and reagents were

used for all methods.

Sample lysis

The sample lysis procedure was common to the difiteDNA extraction
methods used, as follows. After morphological ideration, each tick was washed
twice in DNA-free distilled water to rehydrate ihch to eliminate possible surface
contaminants. Briefly, ticks were immerse in 20D of RNase DNase free water

(Sigma-Aldrich, Saint Louis, USA) in 0.5 mL steritebes for at least 20 s; after
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agitation of the tube by tipping it up and dowre titk was transferred, using a fresh
sterile 200uL tip, to another 0.5 mL tube and the procedureasgd. The tick was then
transferred in the same way to a fresh 0.5 mL tubg containing 200uL RNase
DNase free water (Sigma-Aldrich, Saint Louis, USA)til processed for lysis. In 1.5
mL sterile vial containing 180 uL ATL Buffer, eatihk was cut in small pieces using a
sterile disposable scalped with pointed blade (W\H&dnor, PA, USA). 20 uL
Proteinase K 10 mM/mL (Sigma-Aldrich, Saint LouldSA) for Qiagen column
extraction or 20 pL Proteinase K (KingFisher™ Cafld Tissue DNA Kit; Thermo
Fisher Scientific, Vantaa, Finland) for Thermo metigrbeads extraction, 30 uL DTT 1
M (Sigma-Aldrich, Saint Louis, USA) were added. &ftvortexing for reagent-sample
mixing, tubes were sealed with parafilm, and plagedan incubator for overnight
digestion at 56°C.

Before purification with one of the following metih®, digested samples were treated
with RNase A 100 mg/ml (Qiagen, Valencia, CA, USA)L for each 50 pL digested

sample was added to the lysate and incubated at temperature for 30 min.

Spin-column protocol

Following indications for obtaining high quality dmguantity genomic DNA
from the RAD-Seq library generation protocol ofegtét al. (2011), DNeasy® Blood &
Tissue Kit (Qiagen, Valencia, CA, USA) using thenmal protocolPurification of
Total DNA from Animal Tissuesas used to purify DNA from lysed samples. Eleven
samples plus a negative extraction control wereualan processed at a time. Double
elution of genomic DNA in two separate 1.5 mL déetibes was performed with 50 pL

of the kit elution buffer. To improve DNA releas®iin the column, elution buffer was
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heated at 56°C, the sample was added to the mi@abrane, and incubated for 5 min.

Eluted gDNA was stored at 4°C until DNA quality ¢art and quantification.

Phenol protocol

After lysis and RNAse treatment, 1 volume of phefpd 8) was added to the
lysate sample, and placed for 15 min on a rotdpg twller, and centrifuged for 15 min
at 5000 g. The aqueous phase was transferredrésta 1.5 mL Eppendorf tube. These
steps were repeated twice. After phenol extracliof,volume of sodium acetate (3 M,
pH 4.6) and 2 volumes of chilled 100% ethanol waatded to the sample to precipitate
the DNA. Samples were vortexed to aggregate DNAlarefly centrifuged to remove
solution drops from the lid, before placing them&i °C for 10 min. DNA was pelleted
by centrifuging for 14000 g for 15 min. Ethanol wasoved from the sample. 200 m|
of 70% ethanol was added and the tube gently vedie&After sample centrifugation at
14000 g for 15 min, as much of the 70% ethanolassiple was removed. To eliminate
residual ethanol, tubes were placed in a heatettiftge under vacuum. DNA was
resuspended in 50 puL of ATE buffer (Qiagen, In@levicia, CA, USA). Samples were
gently rocked to enhance DNA resuspension. gDNA tvas stored at 4°C until DNA

guality control and quantification.

Magnetic-beads protocol

The recently-developed magnetic-beads DNA purificatechnology promises
high quality DNA, free of protein, nucleases, artkdeo contaminants or inhibitors. The
KingFisher Cell and Tissue DNA Kit with KingFisher™lex Magnetic Particle

Processors (Thermo Fisher Scientific, Vantaa, Roll@ombines the high quality DNA
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and efficient extraction with an additional decee@stime of extraction, by employing
a robotic handling of samples. KingFisher™ Flex Metic Particle Processors allow
simultaneous processing of 96 samples, and thdigation protocol can be easily
controlled and modified with the Thermo Scientifi@thdIt™ Software.

We used the KingFisher Cell and Tissue DNA Kit (ifthe Fisher Scientific, Vantaa,
Finland) following the manufacturer’s instructiongJthough the lysis step was
performed as described above. Plates and consusnfaibleamples and reagents were
UV-sterilized in a biological hood before loadingta the instrument under a UV-
sterilized biological hood. Final elution volume svadjusted to 80 uL for females and
to 60 pL for males to fulfill final gDNA concentiah requirements. In order to check
for contamination, three negative controls wereeadth each 96-well plate. Eluted
gDNA and negative controls were transferred from ¢fution plate to 1.5 mL sterile

tubes and conserved at 4°C until DNA quality cordired quantification.

3.3.2.3 Questing nymphs
Spin-column protocol

After morphological identification, each questinggmph was washed as
described above (s&ample lysis The protocolPurification of Total DNA from Nail
Clipping and Hairof QiaAmp® DNA Investigator Kit (Qiagen, Valenci€A, USA)
was used with minor modifications. Briefly, eachmph was placed in a sterile vial
containing 230 pL ATL Buffer (Qiagen) and cut irsimall pieces with a sterile scalpel;
40 uL Proteinase-K 10 mM/mL (Sigma-Aldrich, Sairduis, USA) and 30 uL DTT 1
M (Sigma-Aldrich, Saint Louis, USA) were added ke tsolution. Overnight digestion

was performed on a rotary tube mixer placed in rmeubator at 56 °C. Prior to
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processing, 1 pL Carrier RNA (1 pg/puL in ATE (Qiagevas added to the lysate, as
suggested in the kit manual for low quantity samte increase DNA binding to the
silica membrane. Purification was performed manualllowing the standard protocol,
except that: ATE elution buffer (Qiagen) was heaed®6°C and elution volume was
adjusted to 60 pL; incubation time after ATE adutitio the column was increased to 5
min. In some cases, as specified below, the samificption protocol was performed
using the QIlAcube (Qiagen, Inc., Valencia, CA, USA) robotic workstation for
automated purification of DNA, RNA and proteins. Bwoid contamination from
environmental DNA, all DNA extraction proceduresraevearried under a laminar flow
hood (UV-sterilized); 11 nymphs were processed @ina with one negative control,

for cross-contamination control. DNA was stored24t °C until use.

Magnetic-beads protocol

Since | obtained good quantity and quality of gDIN@m adult questing ticks
with the magnetic-beads method (see Results),itddedo apply it to questing nymphs
for Real-time HRMA bloodmeal analysis, decreasimg time and funds necessary for
identifying bloodmeals the new HRMA protocol. Sampysis and DNA purification
protocols and instruments are the same as thoswilzkx in section 3.3.3 for adult
ticks, except that final elution volume for nymplvas 80 pL. Samples and negative
controls were transferred in 96 x 0.2 mL-well PCIRtg to allow automated robotic

PCR reaction set-up, and stored at -20°C until HRMA
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3.3.3 Molecular identification of ticks

According to Cringoli et al. (2005), the most imfamt tick species found in the
Alps, in addition td. ricinus, arel. hexagonus, I. trianguliceps, I. canisuga, l.rftralis,
Riphicephalus sanguineus e Haemaphisalis punctasmuences of the mitochondrial
16S gene for these species were downloaded fronddtebase Taxonomy of NCBI

(http://www.ncbi.nlm.nih.gov/taxonomy). Sequencigament was done with Clustal X

v. 2.0. PRIMER3 (www.frodo.wi.mit.edu/primer3), aw primer set targeting a 470 bp

region of the 16S gene, allowing species discritmna through BLASTNn

(http://blast.ncbi.nim.nih.gov/Blast.cgi) searchasmdesigned. Primer sequences are as

follows:

Ir_16S_681-F CAAAAACATTTCATTTTGG

Ir_16S_1159-R GAACTCAGATCATGTAGGAA

Conventional PCR was performed at a final volum2®fiL, containing 0.5 uM
of each primer, 0.25 mM of each dNTP, 1x HotMa3taq Buffer, 1.25 U HotMaster
Tag (5-Prime), and 1 pL of template DNA. The thdroy&ling consisted of 94 °C for 2
min, 30 to 35 (in case of larvae) cycles at 94 6€30 s, 51°C for 1 min, 65 °C for 1
min and 40 s, and final elongation at 65 °C fomii@, performed in a Veriti® Thermal
Cycler (Applied Biosystems, Foster City, CA, USA)mplification results were
checked via capillary electrophoresis on a QIAxsgstem (Qiagen, Valencia, CA,
USA) using a DNA High Resolution Cartridge and QX Hp-3 Kb size marker and by
applying the method OM500, and were analyzed usiéyxcel ScreenGel 1.0.2.0.
PCR products were purified with Exo-SAP-ITTM (GE dlthcare, Little Chalfont,
England) and both forward and reverse strands wegeienced on an ABI 3130 XL

using Big Dye Terminator v3.1 (Applied Biosystenigster City, CA, USA). After
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electropherogram check and creation of a consesemsence using Sequencher v. 5.1

(Gene Codes corp.), a BLASTn search was carriefoospecies identification.

3.3.4 DNA quality control and quantification

Genomic DNA concentration was measured with therfimeter Qubit® 2.0
(InvitrogenTM, Carlsbad, USA), as suggested by rEde al. (2011). Fluorometric
quantification is based on the properties of thelddalar Probes® Dyes that emit a
fluorescent signal only when ligated to the targeilecules. In our case, using the
double stranded DNA kit (dAsDNA), only double straddDNA was quantified, even in
presence of free nucleotides and degraded nuobgils.aDsDNA HS (high sensivity)
Assay kit was used following the manufacturer'stimstions; 1uL of DNA was
quantified in a dilution ratio of 1:200 with thetkiorking solution. The DNA in a
sample was concentrated using a vacuum/pressuf€ditcentrator 5301, Eppendorf
AG, Hamburg, Germany) when gDNA concentration lothan 10 ng/pL.

The quality of gDNA was assessed by running 3 pleadh sample in a 0.7%
agarose gel stained with ethidium bromide, prepaveith 10x TAE buffer.
Electrophoresis was carried out in a 10x TAE busi@ution at 80 V for 40 minutes and
viewed using a UV-transilluminator. High qualitynsple would present a compact

DNA band at high molecular weight and absence oARhearing.
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3.3.5 Protocol development for bloodmeal analysis iquesting ticks
3.3.5.1 DNA sequencing: universal vertebrate cytocte b primers

Universal primer set targeting about 350 bp of veetebratecytochrome b
mitochondrial gene, described first by Kocher et(2B89), was first tested on DNA
extracted from engorged ticks (see 3.3.2.1 Hosudéisand engorged ticks) collected
while feeding from different host specieA. (flavicollis T. merula, T. philomelos, E.
rubeculg C. I. familiaris O. aries M. glareolus, E. europaeus, S. vulgaris, P. mujalis

To optimize the conventional PCR amplification puil, in order to amplify
DNA from a number of different tick host speciesdaavoid amplification of
contaminant human DNA, different annealing tempesat52 — 62 °C), magnesium
concentrations (1.0 — 2.0 mM) and touch-down pratevere tested. The following
selected protocol was applied to questing tickshwihknown bloodmeal source.
Reaction was performed with AmpliTag Gold® DNA Polgrase (Applied Biosystem,
Foster City, CA, USA) in 50 pL final volume mix daming: 1x AmpliTaq Gold® 360
Buffer 10x, 2 mM MgC} 25 mM, 5 pL 360 GC Enhancer, 0.25 mg/mL of Bovine
Serum Albumine (BSA) 0.4 uM of each primer, 0.25 nad¥1leach dNTP, 1.25 U
AmpliTag Gold® 360 DNA Polymerase and 4 uL of teatpl DNA. Thermal cycling,
performed in a Veriti® Thermal Cycler (Applied Bisiem, Foster City, CA, USA),
consisted of an initiation step at 95 °C for 10 ndenaturation at 95 °C for 30 sec,
annealing at 54 °C for 30 sec and elongation famiid and 10 sec at 72 °C, 50 times;
final elongation at 72 °C for 7 min. Negative cadgrfor both DNA extraction and PCR
amplifications were included in all amplificatioractions. Amplification results were
checked via capillary electrophoresis on a QIAxsgstem (Qiagen, Valencia, CA,

USA) using a DNA High Resolution Cartridge and QXMdp-3 Kb size marker with the

62



OM500 method, and were analyzed using QIAxcel Sueed 1.0.2.0. PCR products
were purified with the Exo-SAP-f" kit (GE Healthcare, Little Chalfont, England) and
both forward and reverse strands were sequencexh kBl 3130 XL using Big Dye
Terminator v3.1 (Applied Biosystems, Foster CityA,CUSA). Following the
electropherogram check and the creation of a causesequence using Sequencher v.
5.1, a BLASTn search was carried out to identife pecies represented by the

amplified fragment.

3.3.5.2 DNA sequencing: species-specific primers

A. flavicollis e C. capreoluswere selected to test the feasibility of a bloodime
identification approach that uses species-spepiiiter and sequencing since they are
both bloodmeal sources fbrricinus larvae and nymphs, and reservoir hosts for several
TBDs.
For A. flavicollis | created an alignment aytochrome bsequences retrieved from
Genbank. New primers were then designed using tiaeo software PRIMER3

(www.frodo.wi.mit.edu/primer3) (see Table 4.8). Kor capreoluswve used the primer

F_UNIV2 and R_CAPREOLUS following Garros et al. 120, to amplify 240 bp of
cytochrome bn this species.

To validate the primers and optimize reaction cbods, PCR amplification was
first performed on control DNA samples Af flavicollisandC. capreolus Optimized
protocols (which were then applied to amplificatioh bloodmeal DNA in questing
ticks) are as follows.

v' Apodemus the PCR reaction was performed with AmpliTag @IDNA

Polymerase (Applied Biosystem, Foster City, CA, J8A20 pL final volume
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mix containing: 1x AmpliTag Gold® 360 Buffer 10x,@M MgCl, 25 mM, 2
puL 360 GC Enhancer, 0.5 uM of each primer, 0.25 ofMach dNTP, 1.25 U
AmpliTaq Gold® 360 DNA Polymerase and 2 pL of teatpl DNA. Thermal
cycling, performed in a Veriti® Thermal Cycler (Apxd Biosystem, Foster
City, CA, USA), consisted of an initiation step%t °C for 10 min; denaturation
at 95 °C for 30 sec, annealing at primer set spetif °C (see Table 4.8) for 20
sec and elongation for 30 sec at 72 °C, 50 timea] €longation at 72 °C for 7
min.
v' Capreolus the PCR reaction was performed with AmpliTag @I®DNA
Polymerase (Applied Biosystem, Foster City, CA, J8A20 pL final volume
mix containing: 1x AmpliTag Gold® 360 Buffer 10x,@M MgCl, 25 mM, 2
puL 360 GC Enhancer, 0.375 uM of each primer, 0.Bb5oheach dNTP, 1.25 U
AmpliTaq Gold® 360 DNA Polymerase and 2 pL of teatpl DNA. Thermal
cycling, performed in a Veriti® Thermal Cycler (Apa Biosystem, Foster
City, CA, USA), consisted of an initiation step%&t °C for 10 min; denaturation
at 95 °C for 30 sec, annealing at 56 °C for 20asetelongation for 30 sec at 72
°C, 50 times; final elongation at 72 °C for 7 min.
Amplification results were checked using capillatgctrophoresis with QIAxcel system
(Qiagen, Valencia, CA, USA) using a DNA High Resmn Cartridge and QX 15 bp-3
Kb size marker with the OM500 method, and were yareal using QIAxcel ScreenGel
1.0.2.0. PCR products were purified with Exo-SAHN (GE Healthcare, Little
Chalfont, England) and both forward and reversansts were sequenced on an ABI
3130 XL using Big Dye Terminator v3.1 (Applied Bystems, Foster City, CA, USA).

If species-specific primers prove to give relialbksults, additional primers
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would be designed and cost effectiveness of théopob ameliorate by multiplexing
primers and by species identification by means mplecon length, thus avoiding

sequencing.

3.3.5.3 DNA sequencing: group-specific primers

With this approach, we targeted tick host DNA byame of host group specific
primers. A first selection of the most importartks hosts in the investigated area was
done, taking into account the availability of geneésources in public databases, such
as GenBank. Clustal X v. 2.0 was used to createesegs alignment of different
MtDNA regions of the chosen host species groagto¢hrome pd-loop, cytochrome
oxidase | 16S rDNA. Primers design was performed using PRIMER3

(www.frodo.wi.mit.edu/primer3).

Each primer set was tested on control samples &ogorged ticks or from host
tissue of the target species of the primer setcttwes was performed with AmpliTaq
Gold® DNA Polymerase (Applied Biosystem, FosteryCICA, USA) in 20 pL final
volume mix containing reagents according to thenoiged conditions for each primer
set reported in Table 3.1.

Thermal cycling was performed on a Veriti® Therm@lycler (Applied
Biosystem, Foster City, CA, USA), and consistedcaofinitiation step at 95 °C for 10
min; denaturation at 95 °C for 30 sec, annealingriamer set specific J°C (see Table
4.9) for 20 sec and elongation for 30 sec at 75Wjmes; final elongation at 72 °C for
7 min. Optimized protocols were then applied toADéktracted from questing nymphs
in order to identify larval bloodmeal source. Anfigition results were checked using

capillary electrophoresis with the QlAxcel syste@iggen, Valencia, CA, USA) using a
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DNA High Resolution Cartridge and QX 15 bp-3 Kbesimarker with the OM500
method and analyzed using QIAxcel ScreenGel 1.0R@R products were purified
with Exo-SAP-ITTM (GE Healthcare, Little ChalforiEngland), and both forward and
reverse strands were sequenced on an ABI 3130 XigWBig Dye Terminator v3.1

(Applied Biosystems, Foster City, CA, USA).

Table 3.1Reaction mix for each host group primer set.

Reagents ROD SOR PAS CAN RUM
AmpliTaq GOLD 360 Buffer 10x (X) 1 1 1 1 1
25 mM MgChL (mM) 200 150 175 151 2.00
360 GC Enhanceul) 2 2 2 2 2
Primer F 1Gomol/uL (uM) 05 05 05 05 0.75
Primer R 1pmol/uL 0.5 05 05 05 0.75
dNTP 10 mM (mM) 0.25 0.25 0.25 0.25 0.25

AmpliTag GOLD 360 Polymerase (U) 1.251.25 125 125 1.25

DNA control samplesul) 1 1 1 1 1
DNA questing ticks L) 3 3 3 3 3
total reaction mix L) 20 20 20 20 20

ROD= Rodents; SOR= Soricomorpha; PAS= Passerifqgr@&bl= Canidae; RUM= Ruminants

3.3.5.4 Standardized semi-automated test for spepecific and group-specific
primers

In order to test the newly designed primers desdrilmbove using semi-
automated procedures, the following protocols vperdormed as follows:
1. a DNA extraction was performed using spin-colan{gee protocol 3.3.2.3 Questing

nymphs) and the QIAcube robotic workstation fromd#esting nymphs collected in

66



the same day from a single site;

2. a PCR reaction was carried out in a 96 welleplasing the QIAgility robotic
workstation (Qiagen, Inc., Valencia, CA, USA), withe Rodentia, Soricomorpha,
PasseriformesApodemugshort and long amplicons) primers (see Tablesan®4.9);
each sample was tested three times for each préeteiand a control sample and
negative PCR control was included in each reaction;

3. PCR amplification results were controlled withA&cel® (Qiagen, Inc., Valencia,
CA, USA), DNA High Resolution Kit;

4. amplicons in the expected bp range were seqdemog BLASTn search confirmed

species identity.

3.3.5.5 Real-time High Resolution Melting Analysis
In High Resolution Melting Analysis (HRMA), the diee of molecular markers

is the most fundamental and challenging step. Beeofi universal primers amplifying a
short fragment (about 110 bp) of vertebrate 12S N#tDvould have represented the
best solution in terms of number bf ricinus hosts targeted, possibly allowing the
discovery of neglected host species in the invastiyarea. Howevein silico analysis
demonstrated that only the design of degenerateepsi would allow us to target the
wide range of tick hosts; moreover, HRMA was ndedb reliably identify host species
of the generated amplicons, because melting temyer for the species-specific
amplicons overlapped. Therefore, we decided todaur attention to a restricted set of
tick hosts and to group hosts such that each Real HRMA reaction targeted a few
species at a timén silico trials allowed me to confirm that this approachldareliably

identify host species. As presented in Fig. 3.2 MARoptimization workflow), primer
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selection was organized in several steps, desciibéue following paragraphs. Every
step was repeated multiple times in order to idiemtie highest performing primer sets
in terms of number of targeted species and taxondevel of host identifications for
each one of the host groups. Then, the Real Tim®IAIRrotocol was tested on field

collected questing nymphs.

Target species & host
group definition

Group-specific primers design
(ClustalX2, Oligo Analysis Tool, uMelt M)

Group-specific primers testing
conventional PCR on DNA extracted from host
blood/tissue and engorged ticks

HRM profile validation
for each selected group-
specific primer set

Fig. 3.2 Schematic optimization workflow followedrthg HRMA primers selection for
bloodmeal analysis in questing ticks.

Target species and host group definition

Twenty of the most important vertebrate hostsl.oficinus in Europe were
chosen on the basis of their role as maintenansts h@servoir competence, occurrence
in the Alps, and relevance as livestock and congraanimals, as well as availability of

control samples and GenBank sequences (Gray, M&&n Cadenas et al., 2007; De
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la Fuente et al., 2008; Bown et al., 2011; Marsetl.e 2012; Wodecka et al., 2014).
Selected hosts were grouped in the following taxeicaategories:
1. Muroidae (Superfamily)A. flavicollis, A. sylvaticusM. glareolus M. musculus
2. Soricidae (Family)S. minutusS. antinorii S. araneusC. leucodonC. suaveolens
C. russula
3. Passeriformes (Ordei): merula T. philomelosE. rubecula
4. Canidae (Family)C. I. familiaris V. vulpes
5. Caprinae (Subfamily)D. aries R. rupicapra C. hircus
6. Cervidae (Family)C. capreolusC. elaphus

Humans were not considered a main tick host asestigg from previous studies
(e.g. Humair et al., 2007; Pichon et al., 2003; &toCadenas et al., 2007; Wodecka et
al., 2014). In any case, the risk of human contation during collection was fairly
high (a common problem when working with low qudtiuantity DNA), and
discriminating contaminant human DNA from that dketlarval bloodmeal is not

possible with the approach chosen (even aftenviaghing).

Group-specific primer design

Clustal X v. 2.0 was used to create a sequencemaigt of the different mtDNA
regions of the chosen host species. Sequences madrdy retrieved from GenBank
where possible, but for some species for which nansufficient sequences were
available, sequences were generated by us fromtisssies or engorged ticks, using
universal 16S and 12S mtDNA primers (GenBank acmessumbers: KJ676686.
merulg KJ676687T. philomelos KJ676688E. rubeculd. In order to design primers

that did not cross-react with DNA other than theyéd hosts, sequences of non-target
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species and Homo sapienseference sequence were included in the alignnhemact,
avoiding the amplification of contaminant human DMAen working with extremely
low quality/quantity DNA using highly sensitive rhetds is not easily achieved (Paabo
et al., 2004), even if both field sampling and |duent handling of ticks are carried
out using all possible precautions to avoid contetmon. Alignments were checked
visually to identify DNA regions that would optingzthe discriminating power of
HRMA; i.e. highly conserved intraspecific mtDNA regs of about 200 bp with well-
defined interspecific variation (at least two sanglucleotide polymorphisms, SNPs; see
alignment in Appendix 1). Non-degenerate group-sigeprimers were designed to
have melting temperatures,{ of about 60 °C and a low probability of dimerrfation

as predicted by the Oligo Analysis Tool (www.opeomm/tools/oligo-analysis-
tool.aspx). Identified mtDNA regions were tested fineir species identification
potential in HRMA with uMELTY (https://dna.utah.edu/umelt/um.php; Dwight et al.,
2011) using standard parameters and the thermodgnpamameter set of Unified-
SantalLucia (SantalLucia, 1998). Finally, each setesequence was blasted (BLASTn;

http://blast.ncbi.nim.nih.gov/Blast.cgi) to test tiie mtDNA fragment would allow

unequivocal species identification by sequencing.

Group-specific primers testing

In order to optimize thermal cycling conditionsclegrimer set was tested on
control DNA samples of the target species (see23.3and Table 4.10). In order to
verify that non-target DNA amplification did not@a, control samples of some non-
target species were included in the conventiond® BCMuroidea C. capreolus, C. I.

familiaris, S. antinori), Soricidae C. capreolus, C. |. familiaris, M. glareolys
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Passeriformesd. capreolus, A. flavicolllsand Caprinae(. capreolus, A. flavicoll)s
Moreover, each group-specific primer set was tesgdg conventional PCR on three
human DNA templates extracted from a partially eggd nymph collected while
feeding, whole human blood, and human hair, inclgda negative control of the
extraction and positive controls for each primer(see Fig. 4.4 and 4.5 in Results for
additional details).

Conventional PCR was performed at a final volume&@fuL, containing 0.5 uM of
each primer, 0.25 mM of each dNTP, 1x HotMaster Baftfer, 1.25 U HotMaster Taq
(5-Prime), and 1 pL of template DNA. The thermatlmg consisted of 94 °C for 2
min; 40 cycles at 94 °C for 30 s, °C) of the group-specific primer set (Table 4.10)
for 30 s, 65 °C for 1 min; 65 °C for 10 min, andsnzerformed in a Veriti® Thermal
Cycler (Applied Biosystems, Foster City, CA, USA)mplification results were
checked via capillary electrophoresis on a QIAxsgstem (Qiagen, Valencia, CA,
USA) with a DNA High Resolution Cartridge and QX -3 Kb size marker using the
OMS500 method, and were analyzed using QIAxcel 3xBet 1.0.2.0. At least one PCR
product per group-specific primer set was purifiadth Exo-SAP-ITTM (GE
Healthcare, Little Chalfont, England) and both fard/ and reverse strands were
sequenced on an ABI 3130 XL using Big Dye Terminat®.1 (Applied Biosystems,
Foster City, CA, USA); after the electropherogratmeak and the creation of a
consensus sequence using Sequencher v. 5.1, a BLA&3rch was carried out to

verify the amplification target.
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HRMA validation

Real-time PCR coupled with HRMA was conducted onE@0O™ Real-Time
PCR machine (lllumina®, San Diego, USA) twice fack sample at a final volume of
15 puL, containing 0.3 uM of each primer, 1x SsoPasivaGreen® Supermix (Bio-
Rad, Hercules, CA), and 3 puL of genomic DNA. Thdreealing conditions were 95
°C for 5 min, 50 cycles at 95 °C for 15 s and(C) of the group-specific primer set
(Table 4.10) for 15 s, directly followed by HRMArc&d out at 95 °C for 15 s, 55 °C
for 15 s, then by an increase of temperature fréniGto 95 °C, and 95 °C for 15 s;
fluorescence data was collected every 0.1 °C. HRM& performed using ECOTM v.
4.0 (llumina®, San Diego, USA). Raw fluorescendet$ were normalized by setting
pre- and post-melting regions to 100% and 0%, wsmdy as in standard HRMA.
Both normalized and derivative graphs were analysedhelting temperature§{ °C)
and melting profile shapes. HRMA of control samphes used to define the minimum
and maximunil,, for each host species. Note that the obsefygdas generally 2-6 °C

lower than that predicted by uMELY (Table 4.10).

HRMA testing on questing ticks

The selected group-specific primers and the Rea¢ tHRMA protocol were
tested on DNA from questing nymphs (see sectiomr283Questing nymphs Spin-
column protocdl Each tick was tested twice for each one of theigpgpecific primer
sets, with minor modifications (i.e. 55 cycles ahification was needed for the
Muroidea and Soricidae primers). In each Real-tiHRMA reaction, one positive
control for each target species and one negatimgaonvere included. Normalized and

derivative HRMA plots were obtained using ECOTMA0 (lllumina®, San Diego,
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USA). Amplicons from questing ticks were assignedspecies or genera by visually
matching their melting pattern3.{ melting curve shape, number of melting peaks) to
those of control samples (see Results for examplesyerify the accuracy of HRMA

in identifying the host species providing the larbdboodmeal, the amplicons of all
amplified samples were sequenced, both with revamnsieforward primers. Amplicons
with T, and melting curve profiles divergent from thosecohtrol samples were also
sequenced. Using Sequencher v. 5.1 (Gene Codesor@bgm, Ann Arbor, USA),
consensus sequences were created, visually cheaked then aligned in the
corresponding group-specific alignment; in additiarBLASTn search was carried out

to confirm species identity.

3.3.5.6 Application: Real-time HRMA to bloodmeahlgsis

Once the sensitivity and specificity of the newbsijned Real time HRMA for
bloodmeal analysis in questing nymphs was provee Results), the protocol was
applied to questing nymphs collected in the renmgii®AT sampling sites, at the same
time introducing more automation into the protogolorder to try to save time and
lower cost.
Nymph DNA extraction was performed as describedvab(see 3.3.2.3 Questing
nymphs - Magnetic-beads protocpl A QIAgility robotic workstation (Qiagen,
Valencia, CA, USA) was used for the automated Ipgecision reaction setup. Real
time HRMA was performed in a Rotor-Geffe6000 real time rotary analyzer (Corbett
Life Science) with a 72-well rotor, as reported adowith the following modifications:
initiation step 95 °C for 5 min, 55 annealing atghgation cycles at 95 °C for 15 s and

Ta (°C) of the group-specific primer set for 15 gedtly followed by HRM with a pre-
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melt conditioning step of 70 °C for 90 s, then easing the temperature from 70 °C to
95 °C, by 0.2 °C steps for 2 seconds each. TherR&@oe 6000 Series Software 1.7
was used to analyse amplifications and HRM rednjtsneans of both normalized and
derivative melting profile shapes and melting terapges [, °C). Initially,
amplifications were sequenced to verify their idgntthen, following the procedure
described in Collini et al. (2015 in press), onljn@icons with aspecific melting
properties were additionally investigated via dapyl electrophoresis and/or sequence
analysis. Capillary electrophoresis was carriedusimg the QIAxcel system (Qiagen,
Valencia, CA, USA) with a DNA High Resolution Cadige and the QX 15 bp-3 Kb
size marker, method OM500; results were analyse¢d @iAxcel ScreenGel 1.0.2.0.
For sequencing, Real time PCR products were pdrifiéth Exo-SAP-ITY (GE
Healthcare, Little Chalfont, England); both forwamad reverse strands were sequenced
on an ABI 3130 XL using Big Dye Terminator v3.1 (@#ed Biosystems, Foster City,
CA, USA). Raw sequences were checked and a corseesguence created using the

software Sequencher v 5.1; a BLASTn search (htlpst.ncbi.nim.nih.gov/Blast.cgi)

was carried out to verify species identity of eaaftplicon.

3.3.5.7 Statistical analysis

The results of bloodmeal analysis of questing nysnpitained from Real-time
HRMA using DNA extracted and amplified during bothe optimization and
application phases of protocol development werelgaboin order to have a
comprehensive analysis of the feeding behavidr atinus larvae in PAT. Statistical
analyses were performed with R v 3.1.0 (The R Fatiod for Statistical Computing,

2014) in collaboration with Roberto Rosa (DBEM, #al Ecology research group).
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Identified hosts were grouped according to taxomoonders (Rodentia, Soricomorpha,
Passeriformes, Carnivora, Cetartiodactyla). A chusse test was used to compare
EXTF and PATF sites by means of the proportion d#ntified bloodmeals in the

different host groups. A Linear Model was used $eess variation of the number of
ticks with identified bloodmeal (identification stess) in relation to the explanatory

variables DNA extraction method, sampling year, giamg month and habitat type.
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3.3.6 Population genetics
3.3.6.1 Microsatellite amplification

At the outset of the project, microsatellites oorshhandem repeats (STR) were
believed to be the appropriate molecular markerstiie genotyping of feeding and
questing ticks, because of their wide use and apistrgood resolution in population
genetics (Beaumont and Brufford, 1999); in additiprevious studies oh ricinus and
other Ixodidae, made use of microsatellites (Delayal., 1998; McCoy and Tirard,
2000; Fagerberg et al., 2001; Rged et al., 2006MBeds et al., 2002; Kempf et al.,
2009b), as presented in the General introductidrerdfore, ten microsatellite (STR)
markers forl. ricinus were selected among those described by Rged €0&I6) and
Delaye et al. (1998) (see Table 3.2). Accordingédported data, they lack Linkage
Disequilibrium and deviation from Hardy-Weimberguéidprium. Subsequently, 4 STR
markers described fdr scapularisby Fagerberg et al. (2001) were tested. Each locus
was tested singly and optimization of PCR condgiaras performed on template DNA
from three questing adult ticks from different sdimgp sites. Finally, PCR was
performed at a final volume of 20 puL, containind @M of each primer, 0.25 mM of
each dNTP, 1x HotMaster Taq Buffer, 1.25 U HotMadtaqg (5-Prime) and 1 pL of
template DNA. Amplification was performed in a & Thermal Cycler (Applied
Biosystems, Foster City, CA, USA); thermal cycliognsisted of 94 °C for 2 min; 30-
40 cycles at 94 °C for 15 s, Ta (°C) of the STRkaa(Table 3.2) for 15 s, 65 °C for 45
sec; 65 °C for 10 min. 1 pL of PCR product was tdduin 18 pL formamide (Hi-Ti
Applied Biosystem) with 0.6% GS500LIZ size standégplied Biosystems, Foster
City, CA, USA) to be visualized on a ABI3130 seqcen(Applied Biosystems, Foster

City, CA, USA); microsatellites scoring was perfathusing the software GeneMapper
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v 3.7 (Applied Biosystem, Foster City, CA, USA).

Table 3.2Features of selected microsatellites loci.

Repeat T. Size
STR motif Primer sequences and fluorescence label (°C) range
IRN-4  (CA)w F: NED_GCCATTTTATGTGCCGTTTT 54 148-168
R: CTTTGAGTGCGTGCGTGT
IRN-7°2 (CA)13 F: PET_CGGATGATCAATAGTCGATTCC 52 85-101
R: CCTAGTCACAAACTCTACCAAGTTA
IRN-8°  (CA)is F: PET_CGCTTCGAAGACGACTAAACA 50 169-179
R: TGCGAACAATGACAAACAGA
IRN-12°  (GT)w F: FAM_GACAAAGGCTGTCAAAGGCTGCATCATA50 151-225
R: CGAGGAAGCCACGACTTGCAGAACTATT
IRN-17% (GT)}AT(GT);, F:VIC_CATGAGTGTTATATTCGCATTT 55 180-212
R: GCTATTACGTCGACGATTTT
IRN-282 (CA)z3 F: VIC_AGCCACGCTAGTTCTGAGA 56 100-128
R: CCTGTTGTGTTTTGTTGGTC
IRN-30° (GT)§(GCW(GT) F: FAM_GCAATTGCTATTCTTTGT 45 101-109
3-..(GT)e R: AGTCTACTAAATCGTCACCA
IRN-372  (GT)TT(GT), F:NED_CGGGGCGTTTTTCTTTATTCT 49 96-122
CT(GT) R: GAAGCGTCAGACTCCGTAACAG
IR32° (AG)1, F: FAM_TCGACAAGTGCAGTGGAGAC 61 233-250
R: GTTTCCTACCACAGATTCTCC
IR39° (AG)o F: PET_ATACCCGTAGAACGAGAG 59 121-149
R: GTTTTTCAAGATTTCCGCC
ISAC4¢  AC F: AAGCGTATCCGATTTGCCCTTCAT var n.a.
R: GGGTCCCAACGATTGCTAAACCAG
ISAC8 ¢ AC F: GAGCTACCCCTTTCATCGTCTTCG var n.a.
R: TCTTCCCGCTGCTGTCTCGTATTC
ISAG25°¢ AG F: AAATGTCCGAACAGCCTTAT var n.a.
R: GCCCTTGAGTCTACCCACTA
ISGATAA4 ¢ GATA F: CAGACAATGTCATTCAATCGCA var n.a.
R: CGCACAATGCAAAACAAATCTA

*Raed et al., 2006.
®Delaye et al., 1998.
‘Fagerberg et al., 2001; this primer has been testidelled.
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3.3.6.2. RAD-Seq library preparation

As reported in Results, STR proved not to be ridiatarkers for the study of
ricinus population genetics and consequently we movedNBsSgenotyping. As no
reference SNPs database is availablelfaicinus, we decided to use the recently
developed Restriction site Associated DNA sequepchGS approach, tode novo
identify SNPs loci and, at the same time, genotypeinus ticks of PAT population

(see General introduction).

Restriction enzyme and RAD-Seq strategy choice

To choose the most appropriate RAD-sequencingesfyain terms of restriction
enzyme, coverage and number of samples per lanesegradcounter v4GenePool,
Edinburgh). Our target was to paired-end sequeradiogit 10 individual for each of the
30 sampling sites in PAT (Figure 4.1), for a taBB00 genotyped ticks. Since there is
no reference genome currently availablelfaicinus, genome data dkodes scapularis
(Geraci et al., 2007) was used with the softwarth tellowing sequencing parameters:

* Genome size: 2300 Mbp

*  Mean GC%= 45%

* Sequencing technology: HigSeq2000, 130 million sgaet lane;

» plexity (individuals per lane): 46

* coverage: 40x.
Radcounter vdanalysis suggestesbfl as the most appropriate restriction enzyme.dt is
non-frequent cutter that identifies the palindronsequence CCTGCA*GG as the
restriction site; it was estimated to be preserduallO times every Mb in thé

scapularisgenome and therefore it was expected to produdd&i®ags. In such a
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RAD-Seq setting, the maximum number of pooled iitials could be 72.

Library preparation

| optimized the RAD-Seq library generation protoobEtter et al. (2011) fok.
ricinus at the RAD-TAG platform of the Centre for Ecologlicand Evolutionary
Synthesis (CEES), Oslo University, in collaboratieith Emiliano Trucchi in 2012. It
was then transferred to the Animal Genetics Lalooyabf DBEM-FEM to completé.
ricinus genotyping.

Feeding ticks were not used for the RAD-Seq expamingince host DNA would
have been over-represented in comparison. tacinus DNA, reducing RAD-loci
coverage; furthermore, bioinformatics analysis wlobhve been extremely complex,
since few reference genomes are present for wistl $fecies and none foricinus, so
that non-tick sequences could not be removed fioendataset. Only adults questing
ticks provided to have enough high quality genoNA for the application of
individual RAD sequencing. However, long trials Babeen conducted with the
different DNA extraction methods described in s®mttB.3.2.2 in order to select the
most efficient, as briefly described in Results.teAf quality assessment, samples
showing high molecular weight and highly concemisiabDNA were employed in NGS
of RAD-tags.

Briefly, 250 ng of genomic DNA per sample were ysadtead of the suggested
1 pg, in the enzymatiBbfl digestion (Sbfl-HE, New England BioLalf§. Decreasing
gDNA input allowed to use ticks samples for whible DNA concentration was as low
as 10 ng/uL. Forty-six lllumina P1 adapters andRBeadapter were provided us by the

RAD-TAG Platform (CEES, University of Oslo). llluma& P1 barcoded adapters were
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ligated to digested samples. The 5-nucleotide lEradlows sample identification in
bioinformatics data processing and each one diffgrat least 2 bp, to limit erroneous
sample assignment due to sequencing error. Ona®did, samples were pooled in
libraries of multiple individuals. Pooled sampleserer sheared by sonication
(Bioruptor® Plus, Diagenode) to a mid-size range 360-600 bp and, after
concentration to 25 pL using the QIAquick PCR paafion Kit (Qiagen, Valencia,
CA, USA), they were size selected on a 1% agarekstgined with ethidium bromide.
Purification steps after the P2 adapter ligatiomenmgerformed using DNA capture on
magnetic beads following the manufacturer's ingtoms (Agencourt AMPure XP,
Beckman Coulter, MA, USA) instead of the standaralg@n column based purification,
at the following ratiobeads solution : DNA = 0.8 :,1n an attempt to improve the
quantity of retrieved DNA and reduce the carry-owérun-ligated adapters. PCR
amplification was performed in 8 x 12.5 pL aliqyaising 16 pL of library template,
and setting 21 to 23 replication cycles. To obtée enriched library concentration
requested for sequencing (1 library at 10 ngilL), it was necessary to perform
multiple distinct amplifications for each libraryné combine them before the final
concentration step. Amplification product was quféett using the fluorometric-method
(Qubit® 2.0), after concentration with magnetic beadsatasve, the 260/280 ratio was
measured with Nanodrop 8000 UV-Vis SpectrophotomsdiEhermo Scientific).

A preliminary library was prepared while optimizitige protocol at the CEES,
Oslo and sequenced in November 2012; forty-two taguésting ticks, coming from
five different sampling sites and extracted witheth different methods (spin-column;
phenol protocol and magnetic-beads), were sequencasingle lane (details in Table

3.3) on a lllumina HiSeq2000 at the Norwegian Seging Center, University of Oslo.
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In 2014 at FEM, twelve libraries were prepared frab6 adult questing ticks from PAT
questing adults, two females from Finland were ddte the analysis; males and
females, randomly chosen by sampling site and gbidcentration, were processed in
separate libraries, as for the two sex gDNA comedionh was significantly different. As
two libraries of male individuals did not give goathplification results, probably as a
result of low quality/quantity DNA (erroneous gDNjuantification), only 10 libraries
were sent for sequencing (2 males and 8 femalesis). Those were pooled two by
two in equimolar ratio prior to sequencing, in artke maintain proportional RAD-loci
representation for each individual (details in BaBl4; Fig. 3.3). Paired-end sequencing
was performed on a Illumina HiSeq2000 at the NoramegSequencing Center,

University of Oslo.

Table 3.3 Samples sequenced in the preliminary 2012 RAD#Beary. Sampling site, sex
(F=female; M=male), DNA extraction method used (Binscolumn; B=phenol protocol; and
C=magnetic-beads) are reported, as well as thedomeentration (ngil) of the enriched
library sent for sequencing at the Norwegian SegngrnCenter, University of Oslo.

Samples DNA extraction Concentration
Site F M A B C Total (ng/pL)
CAV 5 3 8 8
LAM 7 2 6 3 9
CON 7 2 5 4 9
REV 6 1 1 6 7
Cvs 7 2 1 8 9
Final library 42 14.0
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Table 3.4Wet lab results and sample composition (numbémndi¥iduals and sex) for the 2014
RAD-Seq libraries. Sex (F=female; M=male), finahcentration (ngfil) and 260/280 ratios are
reported.

Library concentration ratio
Lane name n° ind sex (ng/ul) 260/280
1 LIB-1 21 F 10.3 -
LIB-12 22 F 21.8 1.78
2 LIB-2 21 F 9.6 -
LIB-3 21 F 12.6 -
3 LIB-4 22 F 220 1.87
LIB-5 21 M 10.0 1.75
4 LIB-7 22 F 10.1 -
LIB-8 22 F 109 1.74
5 LIB-10 21 M 10.2 -
LIB-11 22 F 12.2 1.85

L-100 bp L-100 bp 1-100 bp
LIB-1 LB-12 LB-2 LB-3 LB-4 LIB-5 LB-7 LIB-8  LIB-10 LIB-11

L ., =3 ..
L

Fig. 3.3 Photograph of the gel electrophoresifeffinal 2014 RAD-Seq libraries after
amplification and concentration. Medium libraryesiz 500 bp.

3.3.6.3 Bioinformatic analysis
Preliminary de novo genotyping analysis on firgjusnced lane

Stacksv. 0.99997 (Catchen et al., 2011, 2013) was usedamalysis of the
preliminary library of 42 individuals, to investigathe efficiency of the different
methods used for DNA extraction. Using fhwcess_radtagprogram, raw data were

demultiplexed, according to assigned individualcbdes and quality filtered setting a
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minimum Phred quality score of 10 (90% of base aetluracy) in a sliding window of
15% of the sequence. No trimming of the sequences set at this point. Sequences
with no scored nucleotides (N), ambiguous nuclestith the barcode region or in the
restriction site were automatically discarded. Astandard inde novomapping and
genotyping RAD-Seq experiment, only first read® (times originated at the restriction
site and containing the barcode R1), were usedethth the pipelinalenovo_map.pl;
SNP identification and definition of diploid inddal genotypes at each nucleotide
position as performed in a maximum likelihood stidal framework (Hohenlohe et al.,
2010). Briefly, the pipeline first identifiesstacks, identical sequences from a single
individual, and then searches for the same stacklliother individuals and merges
them to form a locus. In this putative locus, geneariation is examined and genotype
called (see also General Introduction Fig. 1.1@yaPeters for the assembly were set as
follows: minimum stack depth 5 (-m), maximum distanbetween stack 3 (-M),
maximum distance to align secondary reads 5 (-MN) maximum number of stacks
allowed forde novadocus formation 3 (default). The genetic varidpiinodel type was
set to SNP and the alpha significance level to @aBNP was left as default (0.05).
Deleveraging algorithm (-t), allowing identificaticof loci deriving from repeat region
and PCR artifact, was enabled. For parameter diefisi and effects ore novo
formation of stacks and loci, please refer to

http://creskolab.uoregon.edu/stacks/param_tut.php.

Full data setde novogenotyping analysis
As no reference genome for ricinus is available,de novoRAD-Seq loci

building and SNP calling was performed; at firdtdaing the standard procedure (A.)
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described in (http://creskolab.uoregon.edu/stacksf] then, once we had identified
some anomalies in the RAD-Seq sequence datasetPR€ clone; low number of

RAD-loci; see Results), more conservative approswevere used (B.)

A. De novoSNP calling with Stacks; no PCR duplicates removal

Raw sequences were trimmed to 80 bp usasgx trimmer(FASTX-Toolkit v
0.0.13.2) and then demultiplexed and quality fdtersetting a minimum Phred quality
score of 20 (99% base call accuracy), usingptioeess_radtagsommand of Stacks v.
0.99997 (Catchen et al., 2011); sequences withlledcaucleotides and more than one
ambiguous nucleotide in the barcode or in the ic&in site sequence were discarded
(Catchen et al.,, 2011, 2013). Simultaneous ideatibon of SNPs and individual
genotyping was performed without a reference genarsieag the denovo_map.pl
pipeline of Stacks v 1.12. Parameters for thenovo_map.pbipeline were set as
follows: minimum stack depth 5 (—m), maximum dis@arbetween stack or within
individual distance 2 (-M), maximum number of midoes between loci when
building the catalog 2 (—n) and maximum number tatlss allowed for locus 2 (-X
“ustacks:--max_locus_stacks”). SNP calling fromas®lary reads was disabled (-H).
The genetic variability model type was set to SN the alpha significance level to
call a SNP was left as default (0.05). Deleveragiagorithm, allowing the
identification of loci deriving from the repeat reg and PCR artifact was enabled (-t).
The pipelinesexport.plor population.plwere used to export the genotyping results in

different file formats.

B. De novoSNP calling with Stacks; PCR duplicates removal
According to investigative analysis showing an extely high rate of PCR

clones per individual in the sequence data (>85%peeted 20-50%; see Results), we
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decided to remove these duplicate as they maydat® bias in the SNP calling
process.

Raw reads were trimmed to 90 bp usifagtx_trimmercommand line of FASTX-
Toolkit v 0.0.13.2 and then demultiplexed and cézhrusing process_radtags.pl
program ofStacks(v 0.99997, Catchen et al., 2011); sequences avithedium Phred
Quality score under 20 (99% of base call accuracty) sliding windows of 15% of the
sequence itself, uncalled nucleotides and more tmambiguous nucleotide in the
barcode or in the restriction site sequence weseaddled (Catchen et al., 2011).
Individual paired-end reads were cleaned of PCRicates with tone_filter program.

It identify a PCR clone (PCR duplicate) as a péireads that match exactly, because a
paired-end reads from two different DNA moleculedl wearly always be slightly
different in length. Individual loci and SNPs weralled de novowith a maximum-
likelihood function by feeding R1 reads in tthenovo_map.pbipeline ofStacksv 1.12.
Parameters for the assembly and SNP calling wedrasséollowing: minimum stack
depth 2 (—m), maximum distance between stack dminvindividual distance 2 (-M),
maximum number of mismatches between loci whendimgl the catalog 2 (-n) and
maximum number of stacks allowed for locus 2. @gllof SNP from secondary reads
was disabled (-H). The genetic variability modgbaywas set to SNP and the alpha
significance level to call a SNP was left as defaéml0.05. A deleveraging algorithm,
allowing the identification of loci deriving fromepeat regions and PCR artifacts, was
enabled. A table including all loci having at EasSNP was built usingxport_sql.pl

in Stacks Genotype outputs were generatedpimk and.vcf formats usingpopulation

in Stacks.

As a preliminary analysis showed a steep increaséhé number of SNPs
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identified from the 80th bp on (Fig. 3.4), only SNidentified up to the 79th bp were

retained in the following analyses.
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Fig. 3.4 Number of SNP per nucleotide position.eNibiat there is a significant increase in
number of SNPs in the last five nucleotides, sutigesf sequencing errors.

C. SNP calling with alignment to reference genome

The following analyses were carried out in collatmn with the Department of
Life Sciences and Biotechnology, University of léea; in the research group led by
Giorgio Bertorelle, with the FEM-UNIFE co-funded PIstudent Alex Panziera (who is
developing and testing analyses of RAD-tag data) @e bioinformatician Andrea
Benazzo.

Given the peculiarities of the starting raw date. (high level of PCR duplicates;
low number of identified stacks; low genome coveragee Results), a SNP calling
approach with alignment against a reference genwaseattempted, in order to obtain
more robust SNPs and a higher quality genotypingsaé. Since there is no reference
genome fod. ricinus, | alignedl. ricinus sequences against thatloscapularis(even
thoughl. scapularisis not considered a sister species$. oicinus, it is the most similar
genome available), thanks to software specificaléweloped to deal with genome

alignment of distantly related species. The Iscaf&enBank accession number:
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ABJB000000000.1; assembly version: 2008) refergereme is composed of 369492
scaffolds, totalling 1.76 Gb, with a supercontigON&ze of 72 Kb. In the alignment
process, repeat regions were masked and only sontth a length higher than 10k bp
were used (17 000 contigs retained out of 369492jiltering them with a specifically
written script. For each ricinus individual, paired-end sequences were demultiglexe
and cleaned (trimmed to 80 bp) and, both R1 andvB2 aligned against the filtered
set of scaffolds of IscaW1 usilBlampy(Lunter and Goodson, 2011), setting a mutation
rate of 10%estimated by aligning nuclear gene sequences frassapularisand I.
ricinus retrieved from GenBank, and an insert size of 300@nly sequences aligning
with a quality score of 20 were retained for thiolwing steps. After the indexing step
of alignment files, performed with SAMtools (Li at., 2009), PCR duplicates were
filtered out of the dataset usimjcard (http://broadinstitute.github.io/picardfrinally,
GATK (McKenna et al., 2010) was used to check alignt in correspondence ioidel
polymorphisms. For each individual only 0.01 — 0.%0 of reads werenot PCR
duplicates and resulted to be properly aligned. &Avas used to call and identify
SNPs; only SNPs having a coverage of at least dsraad an alignment quality score
higher than 20 were considered. Only a few usalN®sSwere retrieved using this
approach; therefore, a PCA was performed using tgpaoprobabilities, instead of

actual genotypes, computed with the softwakEGSD(Korneliussen et al., 2014).

Population genetics analysis
VCFtools (Danecek et al., 2011) was used to filtglr .vcf SNPs dataset. By
means of individual missing rate, site missing rael to convertvcf files to .plink.

PGDSpider 2.0.5.2 (Lischer and Excoffier, 2012) wsed in file format conversions.
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The PCA was computed widmart_pcaof the EIGENSOFT package (Patterson
et al., 2006). Thdsgprojectalgorithm was always enabled, as suggested fasedts
with a high proportion of missing data. Plots of top two principal components were
built with ploteig or within the Excel environment, according to €iffnt grouping
strategies. Significance of the computed eigenwaluas assessed by runnitvgstat
that calculate Tracy-Widom statistics (Pattersoal 2006). MultiDimensional Scaling
(MDS) analysis was computed with R (The R Foundafr Statistical Computing,
2014), using a custom script wrote by Andrea Beoagkiniversity of Ferrara); plots
were created in Excel. MDS is a robust analysiggéoretic structure investigation, even
for a dataset with a high rate of missing data.

PCA and MDS were computed on individual genotyjbes,also on consensus
genotypes built for each of the 30 PAT and the d&idl one (which were added for
comparison). The consensus genotypes were buitt fralividual genotypes of the
defined site; the following rule were followed: &NP locus level, the more frequent
genotype will be chosen, in case of missing ger®iypall individuals from a site will
also be missing also in the consensus in othes, tberwise, the more frequent in the
other individuals of the site will be chosen. Comses genotypes were created with a

custom script provided by Alex Panziera.

Building mini-contigs from paired-end sequences

Using the command linesort_read_pairs.phndexec_velvet.pimplemented in
Stacks % 1.12 and following the procedure describecht
http://creskolab.uoregon.edu/stacks/pe_tut.phpj-aantigs were built from individual

paired-end sequences (90 bp trimmed). Resultingigsonvere blasted with default
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parameters (http://blast.ncbi.nim.nih.gov/Blasf@&jid MEGAN v 5.9.1 (MEtaGenome
Analyzer, D. Huson, University of Tubingen) was dis® visualize results; only

sequences having a BLASTn e-value of Bhd a minimum score of 80 were retained

in the analysis.
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4. RESULTS

4.1 Sampling sites

As described in the Materials and Methods, 30 sengites were identified in
PAT (Fig. 4.1 and Table 4.1). In order to exploosgible epidemiological implications,
such as differential host use, specifically for tileodmeal analysis (see 4.2.3), we
chose sites in extensive forests (N=18; EXTF) amédt patches surrounding human
settlements (N=12; PATF) (Table 4.1 and Fig 4.h)stéad, in order to interpret
population genetics patterns, it was also importardistribute site locations according
to relevant geographical barriers (i.e. mountaiaist rivers) that may influence gene
flow between tick populations. In PAT, previous gia studies on large mammalslike
roe deer and red deer have shown that the AdigerRialley, that cuts north-south
through the Trento-Alto Adige Region, is a majonrea for gene flow between
populations on the West and East side of the riserce these same species may have
an important role in tick dispersal, sampling sit@se also been grouped in East (13)
and West (17) Province of Trento in some analysesblé 4.1 and Fig. 4.1).

Hence, the sites were chosen from a range otiddt#, from the lowest, Ala, at
253 m a.s.l, to the highest, Lundo (San Giovarati)1264 m a.s.l., evenly distributed
throughout PAT, with at least one site in each megdley in typical tick habitat. Ticks
were mainly sampled in high stand mixed (coniferand broad leaved forest) or broad
leaved forests, highly favorable tick habitat (Rizzt al. 2009; Gray 1998); in two
cases, Val Genova and Revo, conifers were predatibat ground cover, maintaining

a sufficient level of humidity for ticks survivakas guaranteed by a rich understory.
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Table 4.1Sampling site parameters. Area (EAST or WESTi) ieeference to the Adige River (see Fig. 4.1). E&iosure; EXTF: Extensive forst; PATF:
Forest patch near urban area. Tick sampling wagedawut at each site for questing ticks (Q) othbmquesting and feeding ticks (Q & F).

Site Coordinates m Brief site description for Habitat Sampling
Area code Site (locality) DMS a.s.l. EXP questing tick sampling Forest type type type
EAST TRA Transacqua 46° 9'52.09"N 11°49'57.10'8&50 NW mountain roadside in forest  high stand mixed foreBXTF Q& F

CAO Caoria 46°11'27.15"N1°40'59.16"E 940 flat rural area meadows and high staBXTF Q

mixed forest

ALA Ala (Sdruzzind) 45°44'2.85"N 10°5829.26"E253 N walking path in forest high stand broad-leaved TEX Q

VOL Volano 45°54'55.71"N11° 5'9.81"E 255 N walking path in forest coppices EXTF Q

TRE Trento (Parco 46°2'7.20"N 11°8'21.10"E 400N urban park coppices PATF Q

Casteller)

GRI  Grigno 46° 0'42.37"N 11°37'23.61"E254 flat SIC area coppices EXTF Q&F

LEV Levico 46° 1'10.77"N 11°17'55.83"E533 S walking path near the village coppices PATF Q

PER Pergine 46° 3'28.68"N 11°12'38.41"70 S-E walking path in forest nearbyhigh stand broad-leavedPATF  Q

meadows forest

TEL Telve 46° 4'12.39"N 11°27'49.05"E831 SW walking path in forest high stand mixed forest EXTR)

TES Tesino 46° 3'12.67"N 11°37'54.98"E749 SW walking path in rural area meadows and high st&A&TF Q

mixed forest

SEG Segonzano 46°11'6.24"N 11°15'56.30"89 SW walking path in forest high stand broad-leavd@ATF Q

forest

GIO Giovo 46° 9'25.23"N 11°9'31.92"E 556 walking path in forest (housesigh stand mixed forest PATF Q&F

nearby)

CVS Cavalese 46°16'53.97"N1°27'23.10"E 870 SW walking path in forest nearbyhigh stand mixed forest PATF Q

meadows
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Table 4.1Con’d

Site Coordinates m sampling
Area code Site (locality) DMS a.s.l. EXP Brief site description forest type habitat  type
WESTPIN  Pinzolo 46° 9'13.37'N 10°46'22.15"E895 sw Walking pathiin forest (houseg; , ciand mixed forest PATF Q& F

(Giustino) nearby)
LUN Lundo-San  45°58'58.80"N10°53'21.63"E1264 SE random sampling in forest high stand mixed tordeXTF Q& F
Giovanni
VGE Val Genova 46°10'0.39"N 10°39'40.61"EL30 S walking path in forest high stand mixed fore€XTF Q
(mainly coniferous)
TIO Tione di Trento 46° 2'33.59"N 10°43'59.72"E566 SW walking path in rural area high stand mixed$oreEXTF Q
CON Condino 45°53'5.71"N 10°36'9.01"E =~ 454W walking path in rural area meadows and coppiceATHP Q &F
(Calamara)
PDU Passo Durone  46° 1'48.93"N 10°48'17.57'#56 SE walking path in forest nearbyrigh stand mixed forest EXTF Q
meadows
LED Ledro 45°54'15.35"N1L0°43'56.86"E 822 W walking path from the villagemeadows and high stanBATF  Q
to the forest mixed forest
PIE  Pietramurata 46° 0'56.23"N  10°55'27.34"677 E random sampling in forest high stand broad-leavedTF Q
LAM Laghidi Lamar 46°7'55.31"N 11° 3'50.47"E  738W walking path along the lake  high stand broagdda EXTF Q
CAD Cadine 46° 5'51.77"'N 11°427.45"E 550N random sampling in forest coppices EXTF Q&F
CAV Cavedine 45°59'7.36"N 10°57'48.26"E 776 flat walking path in forest meadows and high staBdTF Q& F
(Dos gaggio) broad-leaved forest
BRE Brentonico 45°50'6.51"N 10°57'45.66"E 615 NW roadside in rural area coppices EXTF Q
(Castione)
MOL Molveno 46° 7'21.99"N 10°57'58.08"E981 W walking path along the lake  high stand beechstoreEXTF Q
DIM  Dimaro 46°19'6.88"N  10°52'0.03"E =~ 950N  walking path in forest high stand mixed forest PATF Q
(mountain houses nearby)
MEZ Mezzocorona  46°14'25.57"M11° 3'33.16"E 270 flat SIC area coppices EXTF Q&F
REV Revo 46°25'5.90"N 11° 4'44.28'"E 82BE walking path in forest (applehigh stand mixed forest PATF Q&F
orchards nearby)
VER Vervo 46°18'32.33"NL1° 7'30.48"E 965 SE walking path in forest high stand mixed foreEEXTF Q

(mainly Pinusspp.)
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Fig. 4.1 Location of sampling sites in PAT (nortbiean Italy: see inset). Note that the Adige
River cuts longitudinally across the Province. Sitewhich both questing and feeding tick
were collected are marked by a red box. Open sirgpresent sites in forest patches (PATF),
while solid diamonds correspond to sites in ohatddge of extensive forests (EXTF).
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4.1.1 Questing tick sampling

Generally, the sampling target for each site wakhed (see section 3.2.2),
except for the sites VGE, DIM, LED, LUN and ALA, wite density of adult ticks was
particularly low (i.e. even after repeated sampiingas not possible to reach the goal
of 12 adults individuals; Table 4.2). In total, X8&cks were sampled (314 females, 269
males and 1304 nymphs). Ticks density varied fréh®@ nf for TES to 63/100 ffor
ALA.

Table 4.2Questing tick sampling results (F=adult femalesallult males and N=nymphs). For
site codes, see Table 4.1.

Site code Collection date Tick density(ticks/tioonf) F M N Total
ALA 10 May 2012 63/100 5 4 55 64
BRE 10 May 2012 17/100 15 11 54 80
CAD 07 May 2012 21/100 7 16 56 79
CAO 24 April 2013 18/100 10 12 54 76
Cvs 23 May 2012 6/100 11 3 23 37
CAV 17 April 2012; 16 April 2013 - 24 14 102 140
CON 27 April 2012 55/100 18 3 48 69
DIM 02 June 2013 8/100 4 9 40 53
GIO 23 April 2013 17/100 11 10 56 77
GRI 24 April 2013 13/100 8 10 50 68
LAM 22 May 2012 46/100 11 10 4 62
LED 25 May and 22 June 2012 6/100 5 4 44 53
LEV 26 April 2012 19/100 15 12 37 64
LUN 14 May 2012 4/100 3 5 35 43
MEZ 23 April and 03 June 2013 - 11 10 37 58
MOL 24 May 2012 2/100 14 6 36 56
PDU 14 May 2012 - 10 7 27 44
PER 26 April 2012 9/100 4 8 38 50
PIE 07 May 2012 6/100 9 10 59 78
PIN 11 May 2012 4/100 8 5 32 45
REV 29 May 2012 20/100 12 12 30 54
SEG 23 May 2012 53/100 8 14 41 63
TEL 21 June 2012 3/100 7 6 21 34
TES 25 June 2012 1/100 10 10 37 57
TIO 11 May 2012 12/100 19 11 37 67
TRA 05 June 2012 19/100 8 9 43 60
TRE 16 April and 02 May 2013 16/100 24 15 53 92
VGE 26 May 2013 12/100 5 4 36 45
VER 30 May 2012 5/100 8 7 37 52
VOL 22 May 2012 20/100 10 12 45 67
TOTALS 314 269 1304 1887
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4.1.2 Feeding tick sampling

4.1.2.1 Trapping of small mammals

As expected, because of its ubiquity in all foregtes, Apodemusspp. were
captured in all sites, whereds. glareoluswas captured only at LUN, GRI and PRI
sites (Table 4.3). A total of 865 ticks froApodemusspp. were collected and the
minimum target of 30 samples for each site washedc For Apodemusspp., the
highest tick load (number of ticks/parasitized aalinwas found at CON, with a mean
of 17 ticks/individual, mainly larvae, whereas dher sites load ranged between 2
(LUN) and 7 (MEZ). This result could related to thpeecific date of sampling (mid
August) when the larval stage normally has a denmtk (Tagliapietra et al., 2011).
95% (825/865) of the sample were larvae, while nysngnd adults represented only a
small fraction of the ticks parasitizing small maaisa Other small mammals species
were also captured; specifically in LUNJuscardinus avellanariusvas trapped

carrying 2 larvae, as well asSdrexindividuals, carrying a total of 44 larvae.
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Table 4.3Feeding ticks collected from small mammals (I=lasva=nymphs and a=adults).

Species
Apodemus spp. Myodes glareolus
Site Ind* I n a total Ind* | n a total
CAD 24 104 8 0 112 nir.
CAV 33 172 12 0 184 n.r.
LUN 17 29 2 2 33 14 21 2 0 23
GRI 78 - - - > 200 4 - - - >10
CON 8 134 3 0 137 n.r.
PIN 39 115 1 0 116 n.r.
REV 18 7% 1 0 76 n.r.
PRI 20 66 0 O 66 9 29 7 0 36
GIO 13 63 5 0 68 n.r.
MEZ 11 67 6 O 73 n.r.
Totals 261 825 38 2 865 27 50 9 O 59

*number of trapped animals parasitized by ticksiumber of tick/stage not availabfe.r.:
species not retrieved in this site.

4.1.2.2 Bird netting

In all sites other than MEZ, the three focal hqucses were present. merula
andT. philomelospresented the highest tick load (number of tickspitized animals)
with 5 ticks/individual; T. merulacarried twice as many nymphs as larvae, wihile
philomeloswas infested almost equally by larvae and nymplable 4.4). On the other
hand,E. rubeculacarried a mean of fewer ticks (2 ticks/individuayd mainly larvae;
consequently, for this species, | was unable tohrg¢he target number of feeding ticks
except where a high number Bf rubeculawere trapped (CAV and GIO), and REV (a

single individual carried 14 larvae). No adult 8okere found feeding on birds.
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Table 4.4 Feedingicks collected from birds for the most frequenttted species (tick
I=larvae; n=nymphs and a=adults) at the 10 selesdetpling sites in PAT.

Species Turdus merula Turdus philomelos Erithacusrubecula
Site Ind* | n a total Ind* | n a total Ind* I n a total
CAD 14 2361 0 84 13 33 170 50 8 15 6 0 O
CAV 97 .- 428 7 4 190 23 27 26 150 41
LUN 7 6 160 22 4 - - - 37 2 1 1 0 2
GRI 8 3 290 32 7 13 36 0 49 3 4 2 0 6
CON 4 1125 0 36 9 37 320 69 4 6 3 0 9
PIN 10 62 9 0 71 4 23 230 46 4 3 5 0 8
REV 15 4321 0 64 6 25 4 0 29 8 34 1 0 35
PRI 9 8 290 37 7 15 2 0 17 9 19 3 0 22

GIO 8 2537 0 62 10 17 33 50 20 63 7 0 70
MEZ 26 20 48 0 68 5 0 100 10 n.r 0
Totals 198244560 0 904 72 167176 0 343 85 17143 0 171

*number of trapped animals parasitized by ticksumber of tick/stage not availabfenot
retrieved.

In addition to these three species, a large vaoéiyther birds were netted and
found parasitized by ticks (Table 4.5), even thowgime of them are not ground
feeding species. It is interesting to note tBglvia atricapillaandParus major netted
at a lower frequency in all the sites, were alsgdiently found infested by ticks,
although with a low number (mean load 1 or 2 tickssted individual), while three
Garrulus glandariuscarried in average 6 ticks each, an higher loasbipty related to

the greater body size of this species (Marsot.e2@l 2).
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Table 4.5Feeding ticks on bird species that were less fratiyjurapped and/or are not
normally considered important tick hosts (I=lareae n=nymphs).

Species Ind* | n Total

Sylvia atricapilla 16 16 6 22
Parus major 11 14 8 22

Garrulus glandarius 12 17
Luscinia megarhynchos
Poecile palustris
Troglodytes troglodytes
Parus scopaiola

Pyrrhula pyrrhula
Fringilla coelebs
Aegithalos caudatus
Turdus viscivorus
Phylloscopus collybita
Phoenicurus phoenicurus
Motacilla cinerea
Acrocephalus palustris
Sylvia borin

Sitta europaea
Phoenicurus ochruros
Muscicapa striata

Lanius collurio

Hippolais icterina
Coccothraustes coccothrausted

w
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*number of trapped animals parasitized by ticks.

4.1.2.3 Collection of ticks feeding on large mansmal

C. capreolusand C. elaphusprovided most of the ticks from wild large
mammals, with 1204 and 242 samples collected, ctispty (Table 4.6)C. capreolus
provided the highest number of ticks since popatasizes permit many more hunting
licenses for this species than fGr elaphusin PAT; in additional, there were high

numbers of tick larvae on the collected roe deszlégs (808)R. rupicapraindividuals
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were found to be parasitized byicinus only in GRI; at this site, from 10 individuals, a
total of 30 ticks (5 larvae, 2 nymphs and 23 adlulisre collected. In PIN, aDvis aries

musimonwas controlled for ticks and 1 nymph and 3 adwkse collected.

Table 4.6Feeding ticks collected from large mammals (I=latva=nymphs and a=adults).

Species Capreolus capreolus Cervus eaphus

Site Ind* I n a total Ind* I n a total
CAD 25 124 18 20 162 3 0 0 10 10
CAV 16 244 67 20 331 1 5 6 14 25
LUN 9 107 27 O 134 3 5 9 1 15
GRI 13 13 6 21 40 5 0 0 16 16
CON 7 40 14 25 79 1 0 0 2 2
PIN 20 13 7 42 62 12 0 1 38 39
REV 16 118 25 30 173 9 8 4 32 44
PRI 5 7 3 9 19 6 16 4 23 43
GIO 11 111 27 20 158 2 15 5 28 48
MEZ" 7 31 11 4 46 0
Totals 129 808 205 191 1204 42 49 29 164 242

*number of animals checked (carcasses and/or fyspkend parasitized by tick. elaphus
not hunted in this site.

| sampled ticks from domestic shedp. @rie9 in a single flock in CAV; 14.
ricinus females were collected from 16 animals.

Ticks were also collected from domestic dogs. InVRE ticks adults were
collected simultaneously from a dog living in anfasurrounded by patches of forest
and apple orchards. In CON and PIN, ticks wereect#id over time from two dogs for

a total of 11 and 3 adults, respectively; both waneily pets frequently visiting forests.
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4.2 DNA extraction

Here, | briefly report the most challenging problema had to face during DNA
extraction, i.e. obtaining good quality and highgncentrated gDNA for the application
of RAD-Sequencing td ricinus.

As reported in section 3.3.2.2 for adult ticks,ethrdifferent approaches were
used. With the spin-column, Qiagen Blood & TissiteWwe obtained good results both
in terms of quality and quality of DNA when we ajgpl this method to fresh ticks, or
ticks that were frozen for only a few weeks (Fi®2a); however, when the same kit was
applied to samples preserved at -80 °C freezeR{®months, insufficient quality and
quantity gDNA was obtained (Fig. 4.2b). With theepbl-phenol protocol, we obtained
good results even from ticks frozen for a longenqueof time, but since the results of
L. Cornetti (personal communication) suggested thamples extracted with this
method did not produce good RAD sequencing datajidi@ot use this DNA protocol
DNA for further extractions.

Subsequently, we tested the recently acquired ntiagngsed DNA purification
reagents and instrumentation. This method allow2NA extraction from frozen adult
ticks, and remarkably, the quality and quantityestracted DNA was significantly
improved in comparison to the Qiagen kit used esHrticks (Tab. 4.7; Fig. 4.3), as the
Mann-Whitney test for statistical difference betwede two samples (i.e. different

extraction methods) highly supports (Table 4.7).
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Fig. 4.2 Photographs of the gel electrophoresBNA extracted from questing adult ticks
using the manual spin-column Qiagen Blood & Tidsitea. gDNA obtained from fresh ticks or
from ticks frozen for a few weeks (-80°C); the c@mipbands with high molecular weight
indicate good quality/quantity DNA. genomic DNA obtained from 3-4 months old ticks

preserved at — 80°C; note that the gDNA is higldgrdded.

Fig. 4.3 Photographs of the gel electrophoresglifiA obtained from ticks preserved at —
80°C for 3-4 months using the KingFisher™ Cell digsue Kit with magnetic-beads.

Table 4.7Comparison of gDNA extraction results from adulesgting ticks (F= adult female;
M= adult male) preserved at -80°C, with the twoadiked methods. **p<0.05.

DNA extraction method Mean gDNA concentration (ngiL + S.E.)
F M

Spin-column, QIAgen

Blood&Tissue 15.15 (x3.0) 4.9 (£1.7)

Magnetic-beads, KingFisher Cell

and Tissue Kit 36.49 (x3.5) 12.02 (x1.2)

Mann-Whitney test ** *x
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4.3 Protocol development for bloodmeal analysis iquesting ticks

4.3.1 DNA sequencing: universal vertebrateytochrome b primers

The method was applied to 33 questing nymphs witknawn bloodmeal
source. ABBos taurusvas amplified in the preliminary trials of thisgpocol, | excluded
BSA from the reaction mix anfl. taurusamplification no longer occurred. No potential
host DNA was amplified in any sample. Human DNA veasasionally obtained. We
attempted to design a new primer pair targetingaatsr fragment o€ytochrome lihat
still allowed the amplification of a large numbdrvertebrate specie€ytb sequences
available from GenBank and sequences we obtaingdgdthe optimization step from
control samples, were aligned using Clustal X 9. A reference sequence dbmo
sapienswas also added to avoid designing primers crosstirgg with contaminant
human DNA. However, the high interspecific varidiin this mtDNA region did not

permit new primer design with the necessary featdescribed above.

4.3.2 DNA sequencing: species-specific primers

Both primer pairs Apodemusand Capreolu$ proved to reliably amplify host
DNA from control samples of target species andrefoee, the optimized protocols
were applied to questing ticks (Table 4.8). Bloodmsource was identified aA.
flavicollis in 5 out of 115 ticks using the long amplicon pgmset, and in 9 out of 109
using the short amplicon primer s€t. capreolusvas amplified in 1 out of 97 questing
ticks. There was no repeatability between ampliices obtained from the two

Apodemugprimer sets. In an attempt to improve repeatgbdit amplification results,
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we used bloodmeal-positive questing tick DNA sammptetest different settings in the

thermal cycling and/or reaction mix. No improvensewere achieved.

4.3.3 DNA sequencing: host group primers

As reported in Table 4.9, five group specific primsets were designed,;
however, only use of degenerations allowed the gnsnto target all the selected species
in cytbandd-loop mtDNA regions. Testing on control samples of tagpecies showed
that all primers, except Ruminants, resulted inabd¢ amplifications. Optimized
protocols were tested on a large number (97 to dl§uesting ticks (mainly nymphs;
Table 4.9). As primers were not always tested om shme tick, we could infer
identification success rate only at primer set llere not globally for the ‘host group’

approach.
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Table 4.8Species-specific primer features; results of &stirig on control samples (K+ampl) and testing westjng ticks.

Ta length( (n°) n° questing n° ticks with
Primer name and sequence (°C) bp) Host species amplified K+ ampl. ticks bloodmeal ID
Apodemus BM_cytb_Apodemugong amplicon) 53 214 A flavicollis; A. sylvaticus  (4) good 115 5

F_AATACACTATACATCAGACACA
R_TACTGCGAATAGGAGAAT

BM_cytb_Apodemus_(Short amplicon) 52 140 A. flavicollis; A. sylvaticus  (4) good 109 9
F_AATACACTATACATCAGACACA
R_s_GTCCTACGTGTAGAAATAAG

Capreolus BM_capreolugGarros et al. 2011) 56 240 C. capreolus (3) good 97 1
UNIV2_F_TGAGGACAAATATCATTYTGAGGRGC
CAP_R_TTGTCCGCGTTTGATGGGATTCCTATC

Table 4.9Host group primer features and target species|tsesf the testing on control samples (K+ampl) sesling on questing ticks.

mtDNA Ta length (n°) K+ n° questing n° ticks with

Host group Primer name and sequence target (°C) (bp) Host species amplified ampl. ticks bloodmeal ID

Rodents BM_cytb_Rodents cytb 53 150 A. flavicollis, A. sylvaticus, M. glareolus, (2,-,1,1,1) 86 4
F_GCTGTHATAGCMACWGCAT S. vulgaris, M. avellanarius good
R_GTRGCTTTRTCWACTGAGAA

Soricomorpha  BM_d-loop_Inset d-loop 55 173 S. araneus, S. antinorii, C. russula, -1-11 77 1
F_GCRTATCAYCTCCAWTRGGTTAT C. suaveolens, E. europaeus good
R_GGGCGATTTTAGGTGAGAT

Ruminants BM_d-loop_Rumin d-loop 53 144 C. elaphus, R. rupicapra, C. capreolus (1,1, 1) 70 1
F_CCYCWTGCWTATAAGC variable
R_GCAGGTSAWYAAGCTC

Canidae BM_cytb_Canidi cytb 141 C. I. domesticus, V. vulpes (2, 1) 59 6
F_CTGCCGAGACGTTAACTA good
R_CCAATRTTTCATGTTTCTATG

Passeriformes BM_cytb_Passeriformi cytb 54 180 T. merula, T. philomelus, E. rubecula, (1,1,1,1,1) 83 0
F_TACACAGCAGAYACBWCHCTAG L. megarhyncos, P. major good

R_GTTTCAGGTTTCTTTRTT
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4.3.4 Standardized semi-automated test for specispecific and host group primers
Complementary use of species-specific primers Ajpodemuslong and short
amplicons) and host group primers (Rodents, Somepha, Passeriformes) allowed
bloodmeal source identification in 10 out of 94 lgped nymphs (10.6%). Sequencing
allowed species level host identification, as fato threeC. lupus familiaris,two A.
flavicollis, and one each d¥l. glareolus, M. musculus, C. suaveolens, B. taancL.
europaeus.However, we also report tha€. I. familiaris was amplified with the
Rodents primersL. europaeuswith Apodemus(long amplicon) primers andC.
capreolus with Apodemus(short amplicon). Additionally, only amplificatioof L.
europaeusvas obtained for each one of the three samplecatps. Considering the low

specificity of these primers, we did not continuéwthis approach.

4.3.5 Real-time High Resolution Melting Analysis

4.3.5.1Group-specific primers design and testing

Six group-specific primers, targeting the 20 chdsest species, were selected to
allow identification of tick bloodmeal sources upilRMA (Table 4.10). For each of
these primer pairs, conventional PCR resulted ipléication of the expected mtDNA
target for all the control samples from both tissme engorged ticks, as confirmed by
BLASTnN searches. None of the PCR negative controlee human DNA samples were
amplified. Primer dimers or short aspecific mukiphmplicons were occasionally
visible in the QIAxcel images (reported in Fig. 4Ad Fig 4.5), as is typical of PCR
reactions for which appropriate template is lackiBgice amplification of non-target
species included in the testing of Muroidea, Sdeaei Passeriformes or Caprinae

primers did not occur during conventional PCR (dabd& shown), only DNA control
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samples from the target species were included entésting of Real-time HRMA of

each host group.

( A) 1 2 3 4 5 6 7 8 9 10 | K- (B 1 |2 3 (4 |5 |6 7 |8 |[k-
per pcr
3000 bp 3000 bp
500 bp— 500 bp—
400bp 400 bp
300 bp— 300 bp —
250 bp 250 bp
20bp— * il 200bp— * | % * *
150 bp 150 bp
100 bp— 100 bp—
= =
P15t — T
(C 1 2 3| 45| 6 |K (D) 1 2 3| 4 [ K
pcr per
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500 bp— 500 bp—
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300 bp— 300bp—
250bp 250bp
200 bp— * wobp—| ¥
150 bp 150 bp
100 bp 100 bp—
75 by
. b’so bp— 75 5P hp—
Pisbp— g Ty
(E) | 1| 2|3 |4|s5|6|7|8]09]10]k (F 1|23 |4|5]6]cK
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400bp 400bp
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Fig. 4.4 QlAxcel capillary electrophoresis imagésanventional PCR of a representative
subset of DNA control samples obtained from hastu@ or from engorged ticks directly
collected from the host, and from human DNA, foctepair of HRMA group-specific primers.

* sequenced PCR products. Size markers can beasd&nbp and 3000 bp. Bands appearing at
about 40 bp are primer dimers. These bands diseggbednen we increased the quantity of
DNA template in the Real-time reaction. (A) Murcad®. m. domesticudane 1, tissueyl.

glareolus lanes 2-3, tissues; lanes 4-5, engorgedinus larvae;A. sylvaticuslane 6, 1:100
diluted tissue; lane 7, tissuk; flavicollis lane 8, tissue; lanes 9-10, engorgettinus larvae;
(B) SoricidaeS. antinorii lane 1, tissue; lane &ngorged. ricinus larva;S. minutuslane 3,
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tissue;C. leucodonlane 4, tissue; lane 5, engordedcinus larva;C. suaveolendane 6,
tissue; lanes 7-8, engorgedicinus larvae; (C) Passeriformes: merula lane 1, tissue; lane 2,
engorged. ricinus nymphs;T. philomeloslane 3, tissue; lane 4, engordedcinus larva;E.
rubecula lane 5, tissue; lane 6, engordedcinus larva; (D) CanidaeC. |. familiaris lanes 1-
3, engorged. ricinus femalesV. vulpeslane 4, tissue; (E) Caprina®: rupicapra lanes 1-2,
tissues; lanes 3-5, engorgedicinus females,C. hircus lanes 6-8, tissue€). aries lanes 9-10,
engorged. ricinusfemales; (F) CervidaéC. capreoluslanes 1-3, tissue§. elaphuslanes 4-
6, tissues. K-pcr: PCR negative control.

108



Muroidea Soricidae
1 2 L 2)
3000 bp 3000 bp
500 bp— 500 bp—
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Fig. 4.5 (next page) QIAxcel capillary electroprsisdmages of conventional PCR on human
DNA for each HRMA group-specific primer set: lanehiiman DNA extracted from partially
engorged. ricinus nymph collected while feeding; lane 2, whole hurbblood; lane 3, human
hair; lane 4, negative extraction control; lan@égative PCR control. Lane 5, target host
species DNA control sample, as followsMa.m. domesticugissue); bC. suaveolengissue);
c. T. merula(engorged. ricinus nymph); d.V. vulpegtissue); eC. hircus(tissue); f.C.
capreolugengorged. ricinus female).
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4.3.5.2HRMA validation

Muroidea

Melting temperatures dfl. glareolus(81.0-81.2 °C) and/. m. domesticu§80.7-80.9
°C) d-loop amplicons were different enough from each othed &mom the two
Apodemus spo allow discrimination of these three generayéeer, as shown by the
normalized melting chart (Fig. 4.6A) and reportediable 4.10, melting profiles .
sylvaticusand A. flavicollis are fully overlapping having @, 81.3°C and 81.4 °C,
respectively, so discrimination of the twApodemusspecies was not possible using
these primers and HRMA. The amplifiedloop fragment produced a melting profile
with a single peak for all four species tested .(Bi§B).

Soricidae

Amplicons produced a melting profile with a singieelting peak (Fig. 4.6D) with
reliable results between replicates and, whereededbetween samples of the same
species. The melting temperatureSfantinorii (80.1-80.4°C) andS. minutug80.3-
80.5 °C) amplicons were not sufficiently differdrmm each other to be diagnostic for
species identification (Fig. 4.6C and Tab. 4.10wdver, the melting curves &orex
species were well-separated from those ofGhecidura species tested. In additioG,

suaveolen$81.4-81.5 °C) can be distinguished fr@nleucodon82.1-82.3C).

Passeriformes

Melting profiles of the expected amplicons were sistent between replicates and
samples of the same species. Furthermore, amplipooduced profiles with one
melting peak withT,, diagnostic for the targeted specids: merula80.4-80.6 °C;T.
philomelos83.9-84.0 °CE. rubecula83.5-83.8 °C (Fig. 4.6E, F; Tab. 4.10). However,

since only 0.2 °C separates the melting peak3.qgbhilomelosand E. rubecula we
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suggest amplicons be sequenced if unknown samphes melting peaks between the

ranges of these two species.

Canidae

The melting profiles of these two species are gabgcriminated by HRMA, both on
the basis ofl, and by shape (Fig. 4.6G; Tab. 4.10). Ampliconsnfi@. I. familiaris
produced a profile with a single melting peak (88133 °C), although some variability
was recorded between samples. In fact, alignmethefequences obtained from the
two most differentiatedC. I. familiaris HRM profiles @, b) showed that sampke had
one transversion (T->C) compared to sanipleausing a + 0.5 °C shift ifi,. Instead
amplicons ofV. vulpesfrom the single DNA sample produced a profile witto

melting peaks (81.3C and 83.5-83%°C) (Fig. 4.6H).

Caprinae

Melting profile analysis indicated th&t. hircusandR. rupicapracan be discriminated
thanks to their profile with two melting peaks (Fig¢.6J): although the higher
temperature peaks are completely overlapping (80.&. hircusand 80.3-80.6 °QR.
rupicapra), the lower temperature peaks are separated byenage of 0.92 °C (i.d,
76.5°C for C. hircusand 75.3-75.7 °C foR. rupicaprg. For O. aries both melting
temperature (74.5-75.0 °C and 81.7-82.0 °C) andimgeprofile shape easily permit

identification (Fig. 4.61 and J).

Cervidae
The melting profile of the two species can be gatidcriminated (Fig 4.6K and L; Tab.
4.10). Special feature of thitloop amplicon is the presence of two melting regions,

resulting in two peaks: 80.5-80.9 °C and 82.5-8Z%or C. capreolusand 80.7-80.8
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°C and 83.6-83.7 °C fdC. elaphusNo intraspecific variability was observed between
different samples of. elaphuswhile for C. capreolusa clear shift of -0.3 °C in both
melting peaks was observed for the sample f@nsapreolugissue compared to those
obtained from engorged ticks (see Fig. 4.6K). Ta1 ithis shift could be attributed to
variable DNA concentration, serial dilutions of ttiesue DNA (starting concentration:
2.44 ng/uL) were subjected to HRMA. As shown in.Eg (A, B), if the amplification
curve rises early (f£<25) above the threshold, there is a decreasénifCr 11:
undiluted sample); conversely, the rising of angdifion curves between 25 to 31
cycles (diluted samples) does not have a signifieffiect on melting temperature (Fig.
4.7). However, as Fig. 4.7C shows, even with thghs shift in melting temperature
correlated with DNA content, alC. capreolussamples (diluted and undiluted) are

easily differentiated fronc. elaphus

The results on control samples provide the progsraiciple that the host
group primers described here can reliably ampliysthDNA and that selected
amplicons permit to identify the targeted host gge¢or genera, in the case ®brex

andApodemugsby HRMA.
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Table 4.10Target species within each host group, featurémsf group specific primers and amplicons andedl&®tRMA parameters. All species within each
host group can be distinguished from one anothiaguke HRMA method described here unless otherimidieated.T,, annealing temperaturé;, sim.,
simulated melting temperature from uMEMT(Dwight et al., 2011)T,,1, melting temperature peakT;2, melting temperature peak 2 (if presefif)pbs,
observed melting temperature expressesiagnum-maximumange; n.a., not available. Me@dgobs was generally 2-6 °C lower thgnsim. (Footnotes on the
following page).

Targets and amplification parameters Amplicorfeatures HRMA

Host group Primer name mtDNA Target Ta Target Size GC T,sim(°C) Control T obs (°C) HRM
Primer (5' - 3" (°C) species (bp) % Tl T2 sampled Tl Tm2 Fig. 4.6

Muroidea HRM_Rodd-loop 60 A flavicollis 175 45 86.4 - 2E 81%4 - A-B
F TCTGGTTCTTACTTCAGGGC A. sylvaticus 175 44 86.1 - 2T 8133 -
R_TTCATGCCTTGACGGCTATG M. glareolus 176 44 859 - 2E 81.0-81.2 -

M. m. domesticus 175 43 855 - 2T 80.7-80.9 -

Soricidae HRM_Sord-loop 62 S. minutus 137 44 84.2 - 1T 80.3-80.5° - C-D
F_TCAGCCCATGCCGACACAT S. antinorii 137 43 839 - 1T - 1E 80.1-80.4 -
R_GCCCCCATAGAGAATAAGCC S. araneus 137 42 834 - n.a.

C. leucodon 136 45 84.7 - 1T -1E 82.1-82.3 -
C. suaveolens 137 47 86.0 - 1T -2E 81.4-81.5 -
C. russula 136 46 85.0 - n.a.

Passeriformes HRM_Pasl2S 60 T.merula 155 52 90.2 - 1T -3E 80.4-80.6 - E-F
F_ATCCACGATATTACCTGACCATT T. philomelos 155 50 90.0 - 1T -2E 83.9-84.0 -
R_TACCCCATTGCTTCCATTCC E. rubecula 156 50 89.6 - 1T - 3E 83.5-83.8 -

Canidae HRM_Cand-loop 61 C. | familiaris 147 44 82.7 85.9 4E 80.3-81.3 G-H
F_CCGCAACGGCACTAACTCTA V. vulpes 146 49 845 88.6 1T 81.3 83.5-83.6
R_CCATTGACTGAATAGCACCTTG

Caprinae HRM_Capl2S 57  C. hircus 158 37 80.1 86.3 1T 76.5 80.5 -3
F_TAAATCTCGTGCCAGCCA R. rupicapra 158 37 79.6 86.6 2E 75.3-75.7 80.3-80.6
R_GTAGGGTTACTTTCGTCAT O. aries 158 36 78.3 88.0 3E 745-75.0 81.7-82.0

Cervidae HRM_Cerd-loop 60 C. capreolus 168 45 84.5 88.6 1T -2E 80.5-80.9 82.5-82.9 K-
F_CGATGGACTAATGACTAATCAG C. elaphus 169 47 85.2 88.9 1T - 2E 80.7-80.8 83.6-83.7

R_TTATGGGGATGCTCAAGATG
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®Number of control DNA samples used in HRMA testifigextracted from host tissue;
E, extracted from engorged ticks from differentiunduals.

PHRM normalized and derivative plots

“The melting temperature, as well as the meltindfilesy for A. sylvaticusand A.
flavicollis d-loop amplicons are fully overlapping, so discriminatiof these two
species is not possible using these primers.

“The melting temperature fd8. antinorii and S. minutus d-loommplicons are not
sufficiently different from each other to be diagho for species identification.
*Reported range refers to the variation observeddssat the two replicates of the same
single controbample.

'Wide range ofT, is related to mutations in the sequence of thel esatrol samples
(see Fig. 4.6G).

Fig. 4.6 (next page) HRMA of positive control saegpbf the species listed in the legends using
group-specific primer sets. (A, B) Muroidea, (C, 8ricidae, (E, F) Passeriformes, (G, H)
Canidae, (I, J) Caprinae, (K, L) Cervidae; Figs, CAE, G, | and K are normalized melting

plots, while Figs. 1B, D, F, H, J and L are derivatmelting plots. Yellow bars delineate pre-
and post- melting normalization regions. For Caaifla, H), alignment of the sequences
obtained from the two most differentiat€d|. familiaris HRMA profiles @, b) showed that
samplea had one transversion (T->C) compared to saingieusing a + 0.5 °C shift ifi,. In
Fig.1K, L melting profiles fronC. capreoludissue (*) are notably different from melting
profiles from engorged ticks (#), possibly related difference in DNA concentration.
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Fig. 4.7 Effect of DNA concentration on melting feanature of the targetedloopamplicon in

Cervidae: (A) amplification graph of undiluted aditited DNA from one tissue sample ©f
capreolus;the start of amplification is directly correlateith the level of dilution; (B)

derivative melting graph showing the shift ip (F0.3 °C) of both peaks in diluted compared to

undiluted samples. Diluted samples, amplifying kestiv25 and 31 cycles all have comparable

Tm (C) difference graph showing the relative diffaze in melting profiles of alC. capreolus

diluted and undiluted samples relative to the basdC. elaphusengorged tick). Despite the
deviation in melting temperature of dilut€d capreolussamples, they can all be clearly
differentiated fronC. elaphus

4.3.5.3HRMA testing on questing ticks

Using our primers and the described HRMA protodolpodmeals were
successfully identified in 34 out of 52 questingnphs analyzed (i.e. sensitivity was
65.4 %; Table 4.11). However, as a result of mi@dodmeals (see below) an
additional eight amplicons were generated. Sequgnmbnfirmed that HRMA allowed
the correct identification of 35 out of 42 (83.3 #podmeal sources to species level
(including Bostaurus see below), and five to genus levBb(exsp. andApodemusp.;

samples 14 CA and 13_F8: antinorij samples 12_CO, 1_PI and 5_Rl:flavicollis
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Appendix). Of the remaining two amplicons, sampl TR had an aspecific melting
profile, within the target species range (see ApipenTable Al) and was confirmed by
sequencing a€rocidura leucodonThe last amplicon, 5 _PI, was identified by HRMA
asM. glareolus whereas the BLASTn search of the sequenced aompiaggested.
flavicollis (98% probability; see Appendix, Table Al). Alignmeof sample 5_PI and
the A. flavicollis control sample sequences revealed a 3 bp del@@dG) in sample
5 Pl that caused a variation in melting temperatoir@atch that oM. glareolus.

Identification of more than one host from the saiok (i.e. amplification by
more than one host group primer set) occurred oui8of 34 (23.5 %) nymphs.
taurusandC. |. familiaris were both found in 3 nymphs; for the other 5 nymphe
pairs of hosts includeddpodemusp. andCrocidura suaveolen®Apodemusp andC.
elaphus C. leucodorandC. elaphusC. leucodorandV. vulpesandC. I. familiarisand
C. elaphus.

As reported in Table 4.11, amplicons from at leaisé questing tick tested
positive for each of the targeted Canidae and @aevhosts; for Soricida&, araneus
andC. russulawere not found in any questing ticks, nor wiktem. domesticuandM.
glareolus from Muroidea host group. No nymphs were positfee Caprinae or

Passeriformes.
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Table 4.11Results of host identification with HRMA using fiktollected questing nymphs

Host DNA identification

Host group Host genera/species CO TR CA PI Total
Muroidea Apodemus sp. 2 3
M. glareolus 0
M. m. domesticus 0
Soricidae Sorex sp. 1 2
S. araneus 0
C. leucodon 4 7
C. suaveolens 2 5
C. russula 0
Passeriformes T. merula 0
T. philomelos 0
E. rubecula 0
Canidae C. I. familiaris 1 10
V. vulpes 2
‘Caprinae’ O. aries 0
R. rupicapra 0
C. hircus 0
B. taurus 3
Cervidae C. capreolus 2
C. elaphus 4 8
n ticks with identified bloodmeal/ticks tested 9/13 8/12 5/14 12/13 34/52
% ticks with identified bloodmeal 69.2 66.7 3592.3 65.4
n mixed bloodmeals 2 8
n different host species/genera identified 6 9

4CO, Condino; TR, Transacqua; CA, Cadine; PI, Pietrata.

In most cases, identification of the bloodmeal waaightforward: i.e., th@n

and melting profile of questing tick (i.e. unknowsdmples were clearly within the

range of control samples (see example of Cervid&eg. 4.8).
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Fig. 4.8 Normalized melting plot of the Cervida@ner set showing the melting profile
obtained from control samples and questing nymiphaisgrovided amplification. Note that the
melting curves of unknown samples are very sintdahose of positive samples despite a slight
deviation ofT,,, ensuring correct species identification of unkndire. questing tick)
bloodmeals.

Very occasionally, amplicons gavlk, and/or melting curve profiles clearly
divergent from those of control samples (see examplFig. 4.9A). These amplicons
were removed from the HRMA melting curve graphsni@ke examining the remaining
curves easier (see example in Fig. 4.9B). The #spamplicons were then sequenced
to verify their identity. A BLASTn search confirmeéldat these sequences were mainly
derived from tick DNA or simply short primer dimamplifications (see Appendix,
Table Al). However, while testing the Caprinae mg on questing ticks, by
sequencing three unusual amplicons, we confirmatiBbs tauruswas also amplified
(in samples 2_CO, 3 _CO and 5_CO), and has an HRMAlg similar to but clearly
distinguishable from those obtained for the te€lagrinae species, with double melting

peaks and &, of 80.8-81.0 and 83.7-84.1 °C, respectively (Bid0).
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4.3.6 Comprehensive Real-time HRMA bloodmeal analisresults for questing
nymphs in Province of Trento

Results of the HRMA bloodmeal analysis of DNA egteal from questing both
using magnetic-beads method (749) and manual spumn method (99; of which 52
were also presented in the previous section, dimeg were part of the optimization
procedure) are included so that about 30 nymphedoh of the 30 sampling sites were
analysed (Table 4.12 for details).

Overall, larval bloodmeals were identified in 216t @f 848 nymphs (25.4%
identification success; Table 4.13); DNA from mpi hosts (mixed bloodmeals) was
recovered from 23 nymphs (10.7%). The linear madehtified the DNA extraction
method as the only factor that significantly aféettthe identification success (p <
0.001). Nymph DNA extraction (n=99) with QiaAMPNA Investigatoresulted to be
the most efficient, having a 55.1% identificationceess, compared to the 22.4%
obtained from ticks extracted with KingFisher™ Catlld Tissue DNA kit (n=749)
(Table 4.12). Identification success varied widegtween sampling site (from 3.3% to
92.3%; Table 4.12), but no significant relationshigtween identification success and
either sampling year, sampling month and or halya¢ emerged from our data (Fig.
4.11). It should be noted that once DNA extractét the applied to KingFisher™ Cell
and Tissue DNA kit extracted nymphs, HRMA showembastant consistent increase in
the Ty, of target species amplicons; sequencing gave pbadlfieir identity and their
melting temperatures were later used as referddoeng this optimization step, a
Cricetus griseusbloodmeal T, (82.4 °C), amplified using HRM_Rod primers, was
identified by sequencing and blasting (BLASTn idigntscore 99%); it possibly

represent an alien individual deriving from escapets.
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Table 4.12DNA extraction methods, sampling time and numbemalyzed nymphs for each
site and relative identification success rate.

DNA extraction nymphs identification
method site site code sampling timeanalyzed (n°) success (%)

QiaAMP Brentonico BRE May-2012 15 46.7

Transacqua TRA June-2012 12 66.7

Grigno Valsugana  GRI April-2013 16 31.3

Pietramurata PIE May-2012 13 92.3

Cadine CAD May-2012 14 35.7

Giovo GICT April-2013 16 43.8

Condino CON April-2012 13 69.2

Total 99 55.1

Thermo Caoria CAO April-2013 30 30.0

KingFisher Cavedine CAV April-2013 30 20.0

Passo del Durone PDU May-2012 34 324

Telve TEL June-2012 30 13.3

Val Genova VGE May-2013 30 13.3

Vervo VER May-2012 30 20.0

Mezzocorona MEZ June-2012 30 16.7

Molveno MOL May-2012 30 3.3

Grigno Valsugana GRI April-2013 16 43.8

Laghi di Lamar LAM May-2012 31 9.7

Tione di Trento TIO May-2012 30 10.0

Volano VOL May-2012 30 50.0

Lundo LUN May-2012 30 6.7

Trento TRE May-2013 34 17.6

Pinzolo PIN May-2012 30 20.0

Cadine CAD May-2012 8 25.0

Tesino TES June-2012 30 20.0

Pergine PER April-2012 30 20.0

Revo REV May-2012 30 13.3

Segonzano SEG May-2012 30 23.3

Dimaro DIM May-2013 30 33.3

Giovo GICT April-2013 16 31.3

Ala ALA May-2012 30 33.3

Brentonico BRE May-2012 17 294

Levico LEV April-2012 30 26.7

Cavalese CVsS May-2012 23 21.7

Ledro LED May-2012 30 20.0

Total 749 22.4

%ite having samples extracted either with QlAampleermo King Fisher.
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Fig. 4.11 Linear model, partial residuals for idécdtion success in ticks (%) and explanatory
variables: DNA extraction method (Q: QiaAMBPNA Investigator; T: KingFisher™ Flex
Magnetic Particle Processor), sampling year, samgptionth (4: April; 5: May; 6: June) and
habitat type (see text for detail). The only sigraiht explanatory variable is DNA extraction
method; Q is more efficient than T, as underlingdhe residuals plot. n.s.= not significant.

Identification of bloodmeal source at species leves possible for 137
amplicons, while genus level was reached, as ajlrdadcribed in the previous chapter,
for ApodemugN=67) andSorex(N=9), and additionally foTurdus(N=19) andOvis
(N=7) (Table 4.13). In fact, first HRMA could noglrably discriminate betweeif.
philomelosandE. rubeculacontrol samples and, in addition, sequencing gbleons
having a slightly deviatind@,, (84.10 °C, 84.14°C and 84.24 °C) fraim philomelos/E.
rubecula (T,, of amplicons from questing nymphs 84.44-84.50°@venled

amplifications of twoTurdusspp. DNA, not recognizable at species level by BIA

search, and alsoTa philomelog100% identity score by BLASTn); therefore ampiiso
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having aTy, in the range 84.00 to 84.50 °C were all classifasdrurdus spp. /E.
rubecula(Table 4.13). Moreover, the application of thetpool on a larger sample set
showed that the Cervidae primers amplify a largeige of Cetartiodactyla hosts than
predicted, because they also amplify some spedcsgeted by Caprinae primers
(HRM_Cap) Qvis spp. andR. rupicaprg, as well as tick hosts not previously
considered, such a®ama dama.Because T, of several species overlapped
identification by HRMA only became complex for Celae amplicons and therefore |
had to resort to sequencing more often than exgeotélRMA. Sequence analysis of
Ovis amplicons obtained with HRM_Cer primers, both framengorged tick collected
while feeding on a mouflon and from questing nymptisowed the inability of the
chosen mitochondrial control region fragment to foently discern domesticQvis
aries) and wild Qvis aries musimgrsheep. BLASTn reports 99-100% identity scores
for Ovis aries,O. a. musimorand O. orientalis (Alignment and BLASTn results in
Appendix 2); consequently, all sequences for wiBtIASTNn reported various sheep
species and subspecies at similar identity scoeeg wlassified here &visspp. In five
cases, HRMA led to misidentification @&podemusspp bloodmeal aM. glareolus
because of intraspecific mutations (Appendix 3)e Thost common larval hosts were
Rodentia (28.9%), mainlgpodemuspp (28.0%). The second most frequent host group
was Carnivora (28.4%), witl. I. familiaris accounting for 21.3% and. vulpesfor
7.1%. Cetartiodactyla species fed 17.2% of laréaeglaphusandC. capreolusbeing
the most common hosts (6.3% and 4.2%, respectivdl$)6% of the identified
bloodmeals belongs to Passeriformes order andy,|46L9% of bloodmeals were from
Soricomorpha. Of the entire list of target hostal{fé 4.13)C. russula S. araneusand

M. m. domesticudid not appear to be larval bloodmeal sourcesearsthdy area.
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Larval host identification success was similar MTE (130/506; 25.7%) and
PATF (85/342; 24.9%) sites (Fig. 4.12; Table 4.13)e proportion of Soricomorpha
bloodmeals was higher in EXTF than in PATF (15.29d 4.3%:;p(y°) < 0.05), while
the opposite was true for Passeriformes (PATF:%2a8d EXTF: 9.6%p(x°) < 0.05)
and Carnivora (PATF: 37.2% and EXTF: 22.8%, respelst p(y>) = 0.06). No
significant differences were observed between tlopgrtions of Rodentia (EXTF =
31.7%; PATF = 24.5%; pf) = 0.34) or Cetartiodactyla (EXTF = 20.7%; PATF =

11.7%; pg®) = 0.11 acting as larval hosts in the two forestitats (Fig. 4.12).
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Fig. 4.12 Proportion of host identificationlirricinus nymphs collected in the two forest habitat
types: extensive forest (EXTF) and forest patcResTE). * (p<0.05) and O (p<0.10) as
indicated by the chi-square test. A significantigher number of bloodmeals from
Soricomorpha were identified in EXTF sites thafPi&TF, while Passeriformes were
significantly more represented in PATF sites. Garres tend to be more abundant in PATF

sites.
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Table 4.13Larval host identifications in questing nymphslecied in EXTF and PATF sites in
Province of Trento

Target hosts groups Tot EXTF?* Tot PATF?® TOTALS

(primer used) (%) (%) (%)

Rodentia(HRM_Rod) 46 (31.7) 23 (24.5) 69 (28.9)
Apodemuspp. 44 (30.3) 23 (24.5) 67 (28.0)
M. glareolus 1 (0.69) 0 1(0.4)
M. musculus 0 0 0
C. grigeu$ 1 (0.69) 0 1 (0.4)
Soricomorpha (HRM_Sor) 22 (15.2) 4(4.3) 26(10.9)
Sorexspp. 9(6.2) 0 9(3.8)
S. araneus 0 0 0
C. leucodon 7(4.8) 2(2.1) 9(3.8)
C. suaveolens 6 (4.1) 2(2.1) 8 (3.3)
C. russula 0 0 0
PasseriformesHRM_Pas) 14 (9.6) 21 (22.3) 35(14.6)
T. merula 8 (5.5) 8 (8.5) 16 (6.7)
Turdusspp®/ E. rubeculé 6 (4.1) 13 (13.8) 19 (7.9)
Carnivora (HRM_Can) 33(22.7) 35(37.2) 68 (28.4)
C. I. familiaris 28 (19.3) 23 (24.5) 51 (21.3)
V. vulpes 5(3.4) 12 (12.7) 17 (7.1)
Cetartiodactyla 30 (20.7) 11 (11.7) 41 (17.2)
Ovisspp" ¢ 5 (3.4) 2 (2.1) 7 (2.9)
R. rupicaprd 3(2.1) 0 3(1.3)
C. hircud 2 (1.4) 0 2 (0.8)
B. tauru$ 0 3(3.2) 3(1.3)
C. capreolu$ 8 (5.5) 2(2.1) 10 (4.2)
C. elaphu$ 12 (8.3) 3(3.2) 15 (6.3)
D. dam& °© 0 1(1.1) 1 (0.4)
n° nymphs analyzed 506 342 848
n° nymphs with blood meal 130 85 215
n° total hosts 145 94 239
% identification success 25.7 24.9 25.4
n° mixed bloodmeal 14 9 23

# EXTF: extensive forest; PATF patchy forest (se¢ ftar details)

® host not originally considered as target for priset, but identified after HRMA, by
sequencing and BLASTing

“ HRMA of Passeriformes amplification did not alladvesliable discrimination betwed&nurdus

spp. anck. rubecula
? host amplified with HRM_Cap (Caprinae primer $¢&M_Cap)
¢ host amplified with HRM_Cer (Cervidae primer $¢RM_Cer)
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4.4 Population genetics

4.4.1 Microsatellites amplification

STR genotyping at the 10 selected loci proved taubgatisfactory from the
outset. As reported in Table 4.14, issues both coutde and technical in nature, such as
mutations in repeat sequences other than repeatsof amplifications, and stuttering

were observed.

PCR artifacts, like stuttering and incomplete terahi adenylation (+/-A),
increased the complexity of STR scoring, but cdoddeasily solved by an accurate
electropherogram check. More concerning was theemee of ‘extra alleles’ (Fig.
4.13), the lack of amplification and the high numb&homozygotes, the presence of
alleles with ‘not-repeat’ length (i.e. in dinuclet, presence of both even and odd
alleles; Fig. 4.14), and alleles outside of theeeted range (Fig. 4.15). Sequencing of
some of the most difficult STRs (IRN-4; IRN-12; IRIN; IRN-37; IR-32 AND IR 39;
Table 4.14) and their alignment against GenBankositgd reference sequences,
provided evidence that mutations (in/del), othemtlexpected variation in the number
of repeats, were occurring, both in the regionKiag the repeats and in the repeat
itself. Null allele and unexpected allele lengthsuld be consequences of these
mutations. ‘Extra alleles’ could be a consequerfc®aus duplication in thé. ricinus
genome.

Testing of the 4 STR loci, developed forscapularis(Fagerberg et al., 2001),
onl. ricinusticks, did not give any positive PCR amplification

For all of the above reasons, STR genotypind. afcinus was abandoned as
unreliable, also because current statistical mettlwathinot deal with fragments of mixed

mutation types and rates of mutation.
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Table 4.14Microsatellite (STR) loci amplification testing réts and issues observed. (STR
seg= locus sequencing; yes= done and sequencéleauat readable=presence of multiple
peaks; no=not performed).

STR n°
locus samplesSTR seq Results (n° samples/n°® samples tested)
IRN-4 17 yes # some amplifications failed
# high number of homozygotes (11/17)
# mutation in the STR flanking region and in theRST
region
IRN-7 41 not # odd and even alleles
readable
# anomalous electrophoretic profile
IRN-8 25 no # no amplification (5/25)
# high number of homozygote (15/25)
# stutters
IRN-12 38 yes # odd and even alleles in heterozygotes
# mutation in the STR flanking region
# in/del in the STR repeat region
IRN-17 31 yes # mutation in the STR flanking region
# in/del in the STR repeat region
IRN-28 31 no readablé stutters

# more than 2 alleles/individual (contamination or
aspecific DNA amplification)

# more than 2 alleles/individual (contamination or
IRN-30 38 no aspecific DNA amplification)

IRN-37 27 yes # stutters
# mutation in the STR flanking region
# in/del in the STR repeat region

# mutation in the STR flanking region and in theRST
region

# no amplification (2/26)

# high number of homozygote (11/26)

IR-32 37 yes

IR-39 19 yes # no amplification (3/19)

# high number of homozygote (11/19)

# mutation in the STR flanking region and in theRST
region
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Fig. 4.14 GeneMapper screenshot of IRN-12 dinuiledbcus genotypes of three different

individuals; A. homozygote for an odd allele (168);homozygote for an even allele (159), and
C. heterozygote individual having an even (169) amaddd (178) allele.
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Fig. 4.15 GeneMapper screenshot of the perfect TRiucleotide locus presenting one allele

far outside the expected locus range (85-101 bgjlitlonally, the first allele (the shorter) did
not present stuttering, while the second did.
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4.4.2 RAD-Sequencing

lllumina sequencing of the library created durin@tpcol optimization gave
191,312,456 for both Reads 1 and Reads 2 sequé¢#elsib of data); the Quality
Score, expressed in Phred 33 coding, was on avéighdor all sequence length (Fig.

4.16).

Juuiuuﬁf’ffw%pl@%jﬁﬁ'T &MTW W LW Tlﬁ' LA

Fig. 4.16 Graphic representation of Quality Scéteréd 33) for bp position for the 2012 RAD-
Seq library; Readl left, Reads2 right.

After quality filtering, 76.3% of the total seque&sc(Readsl and Reads2) were
retained, 16.4% were discarded because of lowtguak.7% of the raw Reads 1 were
discarded because of ambiguous nucleotides in A2-Rag site and 7.7% because of
ambiguous nucleotides in the barcode. Retained readbers varied considerably
between the methods used for gDNA extraction: phpratocol gave a mean of only
586431 reads, while Qiagen spin-column and Thernseenfic magnetic-beads
methods gave, on average, 8115099 and 9004833 reagdsctively, with Qiagen
having an higher variation between sampleS.D. 6636828 reads; Table 4.15). As a
consequence, thde novoloci identification gave nearly zero results fohepol
extracted samples, while Qiagen and Thermo botle ggood results (Table 4.15).

Therefore, the phenol protocol was subsequentlynddrzed, also given that
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ThermoScientific magnetic-beads purification pr@ddhigh quality DNA even from

frozen ticks stored for more than a few weeks BA extraction results).

Table 4.15Quiality filtering andde novaprocessing results for the first sequenced library
(2012).

DNA extraction method Retained reads RAD-loci

mean +S.D. mean +S.D.

Phenol protocol 586431 150498 70 63

Spin-columns, Qiage®1150996636828 30971 11746
Magnetic-beads, ThermoScientif@0048333785041 40518 10698

Overall, lllumina sequencing of the 11 paired-eibdakries yielded about 2 376
million 100 bp reads for 246 samples (Table 4.16 &able 4.17). Here | report the

genotyping results obtained from the different apphes and the relative results

obtained from population structure analysis.

Table 4.16Raw RAD-Seq paired-end sequencing results.

Sequencing lane Raw paired-end

sequencing results

Library 2012 382624912
Lanel-2014 458303582
Lane2-2014 430250288
Lane3-2014 341141432
Lane4-2014 411335750
Lane5-2014 352676018
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Table 4.17 Final sample numbers and sex of RAD-Seq adultscinus for each site are
reported.

SAMPLES SUMMARY FOR RAD-SEQ

Female Male TOT
Ala
Brentonico
Cadine
Caoria
Cavedine
Cavalese
Condino
Dimaro
Finland
Giovo
Grigno
Lamar
Ledro
Levico
Lundo
Mezzocorona
Molveno
Passo Durone
Pergine
Pietramurata
Pinzolo
Revo
Segonzano
Telve
Tesino
Tione
Transacqua
Trento
Val Genova
Vervo
Volano
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4.4.2.1De novoSNP calling without PCR duplicate removal

Preliminary trimming of raw data to 80 bp and sssbee quality filtering with
minimum quality score of 10 retained between 5486 76.26% of sequences per lane
(Table 4.18).

Preceeding analysis of the whole dataset, an iigadiste analysis regarding
sequencing results was conducted. Examining thebeumwf reads retained for unique

barcode, each one been used 2 to 6 times in diffdemes, showed for barcodes
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ACACG (used 6 times) and AGGAC (used 5 times) arclteficiency in providing
sequencing results, having respectively a medianbeun of retained reads of 1522477
and 878894 in comparison to a median of 618648h ¢-1L7).

No bias related to sampling site could be iderdifias in each site different
numbers of retained reads were retrieved for eachpke. PER is the site with the
lowest mean number of retained reads (3128341), GNone with the highest
(9008863) (Fig. 4.18).

On the other hand, females ticks (N=197) gave a Bigffter median number of retained
reads (6916706) than males (N=59; 4869346), buvdhability inside the two samples

is high (Fig. 4.19).

Table 4.18Quality filtering of raw data results accordingsequencing lané Nine individuals
for which gDNA was extracted using a phenol protatd not give any RAD-Seq results.

Lé%'\ig LANE1 LANE2 LANE3 LANE4 LANES
Number of
individuals 42* 42 42 43 44 43
Ambiguous Barcodes 31407784 37240680 40775142 50475630 40 616592 50232018
% R1 16.42 16.25 18.95 29.59 19.75 28.49
Ambiguous RAD-
Tag 30011675 39932747 55385298 67858032 49823692 60323208
% R1 15.69 17.43 25.75 39.78 24.23 34.21
Low Quality 29403378 46445918 45638096 27282401 33901437 26212172
% 7.68 10.13 10.61 8.00 8.24 7.43
Retained Reads
(R1+R2) 291802075 334684237 288451752 195525369 286994029 215908620
% 76.26 73.03 67.04 57.32 69.77 61.22
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Barcode efficiency evaluation
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Fig. 4.17Boxplot presenting median values of

retained reads for each unique barcode. Note that
barcodes AGGAC and ACACG having an extreme|
low median number of reads (red circles).
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Sex effect
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Fig. 4.19Boxplot presenting median values of retained réadmales and females ticks.

Results ofde novoloci identification and SNP calling were not thasegected:
about 45 000 loci (unique stack) were predictechgisadcounter vdaccording to the
estimate of genome size and GC content. afcapularis but the number of unique
stacks (or loci) actually identified ranged from73® 56253 (mean 14265), and only 35
individuals had more than 30000 stacks. Mean meigmarage of identified loci
ranged from 55 to 810 reads (mean 300). Analysishie presence of PCR duplicates
using clone_filter on raw sequences reported a mean number of ckaus rof 75%
(Lane2012 76.47%; Lane 1 —Libl-12 72.19%; Lane #4145 71.76%). The same
analysis performed on two individual samples ofrafy 2012 and Lane 1, after
demultiplexing and quality filtering, showed a obomeads for individuals ranged
between 89.90 - 94.00% and 89.06 - 91.94%, res@dgtiThe reason for which few
loci for individual are identified and overrepretath in terms of mean merged
coverage, can most likely be attributed to an afagpdncentration lower than the one

declared by the supplier, leading to an inefficiegdation of the DNA fragment obtained
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through theSbfl enzymatic digestion. However, the results couldals® related to
imprecise gDNA quantification and quality assessmen other errors in wet lab
procedures or the specific feature of the investidlagenome. The technical ‘errors’
meant that few adapter-ligated DNA fragments wédrentduplicated through PCR
multiple times, increasing the % of PCR duplicatgsr the limit usually expected for
RAD-Seq experiments. As a consequences of the fyuenced loci, final SNPs
dataset is characterized by a high level of missiata and, consequently, statistical
method had to be applied carefully to obtain robtesults. By selecting only
individuals with more than 30 000 identified loanda non-deleveraged loci (non-
repetitive loci, according to algorithm identificat process), with one or maximum two
SNPs, removing loci for which at least one SNP fomsishowed more than two alleles
per individual, as they may represent paralogdedah at least 50% of the selected
individuals, a ‘high coverage’ dataset was produeed asmart_pcaanalysis was
performed with default parameters and thg projectalgorithm enabled. Grouping
individuals by site (Fig. 4.20) or geographical aangig. 4.21) did not suggest any

particular genetic pattern between individuals.
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Fig. 4.21(previous pag&mart_pcaplot of the 35 individuals presenting more than 3000@RA

loci; 1219 SNP were used in this analysis, beimgaes with less than 50% missing rate; PAT

. ricinus individuals are classified by area (earstvest of the Adige Valley). Some individuals
lie out from the main central cluster; however iattgrns of clustering could be identified.

The samesmart_pcaanalysis was carried on a less conservative datasthis
case, non-deleveraged loci with one to five SNPd genotyped in at least 50
individuals were selected. Biallelic SNP, with a MAMinor Allele Frequency) higher
than 1.5% (this is because a lower MAF could begaature of SNPs derived by
sequencing error) and missing call rate smallen ®@%, individuals with a missing
call rate smaller than 99%, were retained produeirdataset of 228 individuals and
7967 SNPs (filtering performed witltftoolg. Given specific algorithms applied by the
smart_pcaand thelsqgprojectalgorithm, only 117 individuals and 6095 SNPs were
analyzed. Again, no genetic structure can be ifledtamong samples, as the PCA plot
in Figure 4.22 shows.

Finally, a total of 214 109 biallelic SNPs were ided from the raw SNP
dataset, selecting non deleveraged loci, having b tSNPS each and retaining all
individuals. This large SNP dataset was used topcena MultiDimensional Scaling
(MDS) analysis. All SNP loci and individual weretamed without considering the
missing rate. The resulting plot in Figure 4.23)wimg individuals in a space of genetic
distances, grouped by color according to samplieg and the two Finnish ticks in
blue, displays a homogenous clouds of points, withany indication of spatial

clustering.
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Fig. 4.23 Spatial distribution of 244ricinus adults from PAT populations and two from
Finland (FIN), based on MDS of genetic distancésutated from214 109 biallelic SNPs
No genetic clustering emerges based on samplireg are

4.4.2.2De novoSNP calling with Stacks after PCR duplicate renhova

Trimming raw sequences to 90 bp resulted in a #lidbwer sequence retention
during the cleaning process, because of the géyndoaler Phred quality score in the
final part of the sequences (Tab. 4.19).

After demultiplexing and quality filtering, sequ&scwere cleaned from PCR
duplicates, and consequently R1 sequences wereagdio a mean of 239153 per
individual, (minimum 6168 to maximum 938819). Acdmg to that, minimum stack

depth indenovo_map.plvas reduced to 2 (-m 2, see Materials and Meth®®.3B.).
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Table 4.19Quiality filtering of raw data results accordingsequencing lane

Lib2012 Lib1-12 lib2-3 lib4-5 lib7-8 libl0-11
Total Sequences 38262491258303582 430250288 341141432 411335750 352676018
Ambiguous Barcodes 3140778437240680 40775142 50475630 40616592 50232018
Low Quality 32073365 51204198 49496692 29098397 37013382 28177307
Ambiguous RAD-Tag 30011675 39932747 55385298 67858032 49823692 60323208
Retained Reads 28913208829925957 284593156 193709373 283882084 213943485
% retained reads 75.57 71.99 66.15 56.78 69.01 60.66

De novogenotyping produced a minimum of 267 loci to a mmam of 57846
loci per sample, with a mean of 12792 loci per dampean merged coverage per
locus also varied per sample, ranging from 4X tX.38 total of 219566 SNPs were
identified, in non-deleveraged RAD loci with 1 toSBNPs each; missing call rate in
individuals was high, varying between 72 to 99%foBe starting any population
genetic structure analysis, all SNPs identifiedpwsitions higher than 79 bp were
removed; in addition, according to results obtairfiemn mini-contigs blasting (see
4.4.2.4), all SNPs identified in loci giving sigiént alignment with tick vectored
pathogen (rickettsioses) and endoparasi@esr(. mitochondr)i were removed, as well
as all loci for which at least one SNP position vgbd more than two alleles per
individual, as they may represent paralogs. THisdedataset of 163444 SNPs. Using
this dataset, analyses on genetic structuring werglucted on individual genotypes
and on consensus genotypes at site lévelart pcaand MDS, were used to analyse
filtered SNPs datasets, but resultssohart_pcaclearly showed the bias caused by
missing data for each individual, especially wheseds with default parameters (i.e.
normalization of allele frequencies and out-grogmoval;, see Fig. 4.24 for an
example). Therefore, MDS was preferredstmart_pca because it showed no bias

related to sample missing rate.
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MDS analysis did not suggest any obvious genetisteting of the individuals;
for example, Fig. 4.25 shows the MDS plot obtaifiean a dataset of 6824 SNPs,
having a maximum missing call rate of 80%, for Am8ividuals, as the 31 worst
individuals (having more than 99% of missing gepes) were removed. The same lack
of clustering was obtained when MDS was appliedhtre conservative SNP dataset
(1568 SNP for 215 individuals) or to only ‘high ditya samples’ (Fig. 4.26). Even
classification of samples by means of sampling sitsex (female vs males) did not

reveal any genetic clustering.
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Dim 2

Fig. 4.24 (previous pag&mart_pceplots obtained by applying different parameteosrifra
dataset of 6824 SNP for 215 individuals (only Mvgh <80% missing rate were selected). Left
hand plots (A and C) present individuals pooledample area (east or west of the Adige
River), while righthand plots (B and D) by meanghair missing rate class (as defined in the
legends). In A and B PCA was performed using défasarlameters. In C and D PCA was
performed disabling normalization of allele freqcies and the outlier removal algorithm. In all

cases|sq projectalgorithm was enabled and no significant eigeraglbby means of Tracy-
Widom statistics, were identified. From A and Batlg emerge as the PCA analysis is biased
by missing rate in the samples: high missing ra&sare concentrated in the center of the plot.
Additionally, as emerge from C and D, removed eutliere the ones with the lowest rate of
missing genotypes. Even disabling normalizatiodividual missing rate biased the output of

the analysis.
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Fig. 4.25 MDS obtained from a dataset of 6824 SP215 individuals (only loci with <80%

missing rate were selected). A. Individuals poddgdrea of origin within PAT (east or west of

the Adige River),; B. individual represented by meaf their missingness class, as reported in
the plot legend.
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Fig. 4.26 MDS obtained from a dataset of 6977 SNRly, loci with less than 50% of missing
rate were allowed, for the 39 individuals for whiel25 000 stacks were identified.

In the same way, several SNP datasets, with vargiriggencies in terms of
locus/individual missingness, were used as inpWMIDS for site consensus genotypes,
but in every case no genetic clustering was idextifexample in Fig. 4.27).

The removal of PCR duplicates from the raw RAD-datpset meant thatde
novo SNP calling and genotyping could be performed witgher confidence. All
analyses confirm the absence of genetic clusteahiegsampled individuals, regardless
of site origin. In contrast to population genetiedses of vertebrate species in PAT, no

genetic pattern between east and west PAT couttbteeted.
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Fig. 4.27 MDS analysis of 22138 SNPs for 31 sitemgensus genotypes); loci with a missing

rate less than 50% were retained. A. Individuadspemoled by area of origin within PAT (east

or west of the Adige River),; B. individuals repgaged by missingness class, as reported in the
legend.

4.4.2.3 SNP calling with use of a reference genome

Rather surprisingly, only 0.5% to 0.1% &f ricinus individual paired-end
sequences aligned to scapularisreduced reference genome and only 36 SNPs were
obtained as a final output.

The PCA obtained from genotype probabilities (irelividual datasets pooled
by PAT area), again showed an absence of strucitie,a central cluster and three
outliers individuals (Fig. 4.28). These three (IRB3912_C_Cav, IRQ034812_ Con and
IRQ0O76112_Lam) are characterized by a high numbeeads that aligned well with
the reference genome. This result suggests that tioenus population is well admixed
and no genetic structure is present, but couldidme aconsequence of missing data, so
that all individuals have the same genotype prdibasi and therefore, cannot be

distinguished one each other.
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Fig. 4.28 PCA from genotype probabilities computétth ANGSD; individuals are represented
by means of PAT area (Est or Ovest=East or Wedtefmse used) and the two Finnish

individuals (Fin) are in green.

4.4.2.4 Mini-contigs blasting results

A total of 71664 contigs, with a minimum length 280 bp, were obtained. Of
this, 12426 (17%) gave significant alignment witbASTn. As reported in Fig. 4.29,
most contigs (10762/12426; 86.6%) aligned witkscapularis 11 with . ricinus, and
13 with R. appendiculatusinterestingly, 13 hits aligned with sequencestha tick
endosymbionCandidatus midichloria mitochondriwhile 5 aligned with the Rickettsia

spotted fever group.
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5. DISCUSSION

In TBD risk evaluation, it is essential to undenstavhich factors are affecting
vector population dynamics and the epidemiologyeath specific tick-borne disease
involved. In fact, in order to estimate the finatipogen transmission potential of the
tick itself, it is necessary to consider the effettboth the biotic components of the
interactions taking place between the vector, amtivarsity of hosts and pathogens;
intrinsic biological barriers (i.e. molecular, aélir, physiological and physical); and the
abiotic component of the environment in which tligDTIsystem is embedded (Pfaffle et
al., 2013; Randolph, 2008; Fig. 5.1). These comatdms are particularly important in
the present context of rapid variations in climaecio-demographic factors and land
use, which not only strongly impact vector and &gxtpulations, but also modify the
frequency of contacts of humans and domestic asimdh infected ticks (which is

directly correlated with disease risk).

Fig. 5.1 The triangle of host- vector - pathogeamriactions, showing the points of action of the
intrinsic biological barriers to transmission ahé extrinsic environmental factors (reprinted
from Randolph et al., 2008).

149



In this study, | integrated two advanced molecalgproaches, NGS population
genomics and bloodmeal analysis by HRMA, to inffier host-use pattern bfricinus at
a regional scale and the potential effect of tlekavior on TBD epidemiology. First, |
will discuss the novelty of the Real-time HRMA bthoeal analysis protocol we
developed and the future technical improvement tatld made it more efficient;
then, population genomics and bloodmeal analysssili®e will be discussed in the

framework of reference literature.

5.1 A new tool for bloodmeal analysis in questingaks

Molecular bloodmeal analysis is a milestone in $iedy of arthropod borne
disease epidemiology, as underlined by the inangdsddy of research on this topic and
its application to several hematophagous vectastgg flies,Anophelesand Culex
mosquitoes, reviewed in Kent, 2009; Triatominae shugefia et al., 2012) including
ticks (Estrada-Pefia et al., 2005; Pichon et aD32@005, 2006; Humair et al., 2007;
Moran Cadenas et al.,, 2007; Allan et al., 2010; ¥d et al., 2014). However,
although molecular methods can provide high spetyifiand sensitivity in bloodmeal
analysis (Kent, 2009), their resolution is stithlted by digestive process and mixed
bloodmeals, as is the case of their applicationidks (Gémez-Diaz and Figuerola,
2010). In fact, while there is urgent need for sackeliable method (Bolzoni et al.,
2012; Estrada-Peia et al., 2013), the current mi@emethods available for bloodmeal
analysis in questing ticks are not considered slefiitly robust for application in field
studies (Estrada-Pefa et al., 2013), and questiaas been raised concerning their

susceptibility to contaminations (Collini et alQ15a in press; Collini et al., 2015b).
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Here, | present the novel application of Real-tifiRMA as a new tool for the
investigation of tick feeding ecology. Before tagtithe new technique, we explored a
variety of DNA sequencing protocols, using univergartebrate primers as well as
species-specific and host group ones, since semgenwould be the most
straightforward way to capture the wide host raofjthe sheep tick and/or to identify
hosts to species level. In addition, reduced sexjngrcosts, as well as improved PCR
reagents and instrumentation, were all factorsdawng testing the sequencing approach
by simply designing new primer sets. Although | diokt obtain encouraging results,
they provided key indications for the successive successful design of the Real-time
HRMA protocol. That is, the use of universal vertdb cytb primers led to the
amplification of contaminant human DNA, so consetlye | went on to design primers
that did not cross-react with human DNA. In additidghe superior performance of
primers amplifying shorter amplicons moved my printesign toward very short
amplicons, and host group primers amplifying spe@at the range of the selected
ones, led me to avoid degenerate primers.

The presented Real-time HRMA protocol, involvingg tamplification of host
DNA by means of six newly designed host group prgnallowed the simultaneous
screening and identification of bloodmeal sourceguesting ticks for 17 of the most
important European vertebrate tick host speciesil@ ungulates, rodents, shrews and
birds, as well as the domestic dog, livestock ggseeigoat, sheep and cattle -, and the
commensal house mouse), and two gengpademusandSorey.

Our results confirmed the power of HRMA to identihe host species or genus
from both control DNA samples and questing nympimgortantly, HRMA is a non-

destructive post-PCR method, meaning that amplifingproducts from questing ticks
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can be sequenced to confirm species identity itaiceicases (e.g. to distinguigh
philomelosandE. rubeculd and to reach species-level identification foresam which
HRMA can only clarify the genus (e.§orexspp. andApodemusspp.). In order to
avoid unnecessary expense, | would recommend pediAlsequencing for only those
amplicons with unusual melting profiles that falithin the T,, range of target species
(e.g. sample 12_TR; Appendix-Table Al), or thatehaimilar shape to target species
but are outside the reportdg, range. These are worth sequencing as they mapdexte
the Ty, range of that species (by identifying intraspecsiquence variation), or even the
list of target species for a particular primer é&$ in the case reported here Bf
taurug. However, as shown here, profiles that fall wedlyond the range of target
species or have a very unusual shape are unlikelield host DNA, but are more likely
arise from contaminant DNA or primer dimers.

In the first application to questing ticks, we wettde to identify bloodmeals in
65.4 % of questing nymphs. This sensitivity is leigthan mean sensitivities published
thus far for RLBH or RFLP fol. ricinus nymphs (24.5 % - 15.5%: Estrada-Pefa et al.,
2005; 49.4 %: Pichon et al., 2005; 33 %: Pichomalgt2006; 38.2 %: Humair et al.,
2007; 40.6 %: Moran Cadenas et al., 2007) andnidlasi to that of Wodecka et al.
(2014; 62.8 %) and Allan et al. (2010; 62.8%). GBIRMA protocol also proved to have
high identification success, correctly assigningthDNA to species or genera using
HRMA alone in 40/42 (95.2 %) amplicons obtainedrirquesting nymphs; of these,
35/42 (83.3%) were identified to species. This carap favourably to the 72 % and
62.3 % identification success to genera or spewpsrted in Moran Cadenas et al.
(2007) and in Humair et al. (2007), respectivehilev all other above-mentioned

authors were only able to identify host DNA to gopdamily or occasionally genus
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level. Unfortunately, direct comparison of all threurrently available methods, by
testing the same nymphs with RLBH, RFLP and HRMa&\not possible at this time
because of the limited quantity of eluted DNA azhié from each questing nymph.
Only application of this new HRMA protocol to largellections of questing ticks will

confirm its place among bloodmeal identificationthosls.

The lack of host identification in 18 out of 52 gtiag ticks may be a result of
the time since the last bloodmeal, which we esethats 9 to 14 months (Kirstein and
Gray, 1996; Randolph et al., 2002), or specificivitial developmental dynamics,
heavily affected by site and climatic conditionsaféin Cadenas et al., 2007). However,
it may be that some nymphs fed as larvae on speociemcluded in our primer design
process (e.gPodarcis muralis Erinaceus europaeyd.. europaeusS. vulgaris Sus
scrofa, etc.), which are currently considered minor hostsny study area. For this
reason, additional primer sets need to be designegpand host coverage (see 5.2).
My initial results showed HRMA host misidentificati in only one individual, as a
result of sequence variation at the intraspecdicel, not predictable during amplicon
selection and primer design. These errors derim fthe relative scarcity of available
GenBank mtDNA sequences for some of the selectetidpecies (e.gApodemussp.)
that are not currently the object of intensive gienstudy, despite their importance in
zoonotic disease cycles.

DNA from multiple hosts was detected in 23.5 %easdtéd nymphs. Even if this
result is based on a relatively small number of@as) it is comparable to that obtained
in 2007 by Moran Cadenas et al. (19.5 %) and Adlaal. (16.2%; 2010), although the
efficacy of PCR-RLBH and PCR-RFLP protocols to detmixed bloodmeals has not

been thoroughly investigated to our knowledge (daeair et al., 2007; Wodecka et
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al., 2014). In addition, the presence of DNA frororenthan one host may increase the
complexity of host identification with the above tmeds as well as those using direct
sequencing (Alcaide et akR009; Kent, 2009). However, my HRMA approach akow
unambiguous detection of multiple hosts, at leds¢wthese are species belonging to
different host groups. The fact that no nymphs vieiteally found to have fed as larvae
on targeted species of Passeriformes and Capriaag@mbably not an indication of the
suitability of the primer set, but simply a resaftthe small sample size; in fact, the
bloodmeal screening of the much larger sample u#iigy protocol also resulted in
successful amplification d?asseriformesandCaprinaeDNA from questing nymphs.

My results demonstrate that Real-Time HRMA is aiat#é method for
bloodmeal analysis in questing ticks. Although different amplifications must be
carried out on each tick, the single-step Real-tiHRMA design described here,
enabling reaction processing, screening and gemgypn the same instrument, still
makes it simple and fast compared to other methbdsaddition, the method is
extremely useful for unambiguous identification ofultiple host DNA (mixed
bloodmeals). Our protocol also reduces errors comnrmo multi-step molecular
protocols and avoids amplification of both enviramtal and human contaminating
DNA, a recurring problem in low quantity/quality [MN\studies. Moreover, the lack of
the sequencing step in all but the most dubiousscé®wvers the cost of analysis. In
addition, Real-time HRMA reagents have costs coafgarto those for conventional
PCR, and are usually provided asupermix further reducing errors (Reed et al., 2007).
Although the technique described here is optimifmednymphs, our protocol should
also be easily applicable to adult questing tiaksen the larger bloodmeal of the

nymphal stage compared to the larval one. Thisopodtcould also be applied to other
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species of ticks, and other hematophagous insecgfsrieral, if this were convenient, by

expanding primer sets if necessary.

Use of the Real-time HRMA protocol developed heoe the screening of
questing nymphs collected from the remaining samgpkites of PAT gave us the
possibility to test it on a large sample for a makable evaluation of its usefulness and
to introduce a more automated configuration. Atshme time, important results were
obtained regarding the feeding biologyloficinus larvae in the study area, that would
be discussed later.

As time and financial resources are important Imgitfactors in research, it is
important to note that the more automated configuranabled an increase in time and
cost efficiency of the protocol: (i) automated DN&traction allows the processing of
93 nymphs in one working day by two operators, afl as a two-thirds decrease in
reagent costs (magnetic-beads automated Thermo€l+PMdA vs manual spin-column
Qiagen 4.96 €+IVA); (ii) robotic PCR reaction sgt-decreased operator working time
and reduced the errors and variability usually teelato operator skills; (iii) the
RotorGene instrument permitted to process 32 unkrneamples at a time.

On the other hand, a notable decrease in iderttditauccess (25.4% overall),
related to the introduction of the magnetic-beastoraatized DNA extraction method,
was observed. However, identification success a&sted greatly between sampling
sites (QlAamp: 31.3 — 92.3%; Thermo: 3.3 — 50.0R)ran-Cadenas et al. (2007) also
showed that identification success varies accortbhngite-specific climatic conditions
(49.9% North facing slope, 41.0 % South facing s)ogsince these conditions also
direct affect the metabolic rate of ticks and theopulation dynamics, in the same

sampling site, identification success also chargmmbrding to sampling time, so that
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the North facing slope had higher values in spang autumn (93% May and 73%
October) and lower values in summer (20% July), levihe South facing slope
presented a low identification success from Agrilduly (19 - 35%), with an increase
during the summer and the highest peak in Octad®%]. Even if sampling time did
not significantly explain the variation in identifition success in our dataset, possibly
because samples were all collected in spring, uldcde that local micro-climatic
variables did have an influence. Unfortunately, e not have the relevant
measurements at our sample sites, such as satudafiigit (the most important climatic
variable in regulating tick activity and, therefpmaetabolic rate; Tagliapietra et al.,
2011), which would have allowed a better investaraof this effect.

As postulated soon after the development of the Rivbtocol, sequencing of
amplicons having unusual melting patterns extenthexd list of target species for
Cervidae D. dama Ovis spp. andR. rupicaprg, PasseriformesTyurdus spp.) and
Muroidea C. griseu$. These additional species are not distantly edldb the target
species and the mtDNA regions selected show relgtilow levels of variability;
consequently, in some cases, melting temperatdrdgese additional species partially
overlap with the ones of primary target specieskintathe use of HRMA for species
level identification not as straightforward asialiresults suggested. On the other hand,
analysis of a much larger dataset still showed firahers do not cross-react with
distantly-related species compared to those forchwithey were designed; hence,
sequencing of all amplicons could be avoided iftlgyeup or genus identification is
considered detailed enough according to the s@emtypothesis of the study or the
target of the bloodmeal analysis (i.e. identifioatof neglected host species; evaluation

of a specific species as tick hosts). For exangdaur results showed, the classification
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of host according to Order still gave importanighs into larval host distribution in the

two major habitat types investigated.

5.2 Real-time HRMA: Technical problems to resolve

The Real-time HRMA protocol presented here givesliable indication of the
blood feeding habit of ticks in a certain area,tla main host groups and, most
importantly, hosts having a central role in the TB@demiological cycles in the Alps,
are targeted.

Certainly, a higher identification success woultphe improve confidence in the
results since bias in the species detected (iigt® could be ruled out. Such success
would also give robustness and more credibilityhi® results of the statistical analyses
used to infer hosts relative importance and modmdt-parasite systems. Manual
QiaAMP® DNA Investigator was more efficient in amplifyifmst DNA, but may not
be ideal for a large sample due to its higher casts time needed to implement it.
However, it should be noted that there is now gdarariety of magnetic-beads reagent
kits available for combined use with the KingFidlagnetic Particle Processor, some
specifically designed for small samples sizes aorkrfsic applications, such as
QiaAMP® DNA Investigator, that could be tested and optediz

Substantial improvement of the protocol could bedenaxtending its host range
coverage and enhancing species level identificatypmesigning new primers for the
current target species. Here, an in-deep evaluatiothe availability of reference
sequences suitable for HRMA from public databasesReptiles acerta viridis P.
muralis), other CarnivoresMeles meles, Martes martes, Mustela niyalad rodents

(Sciurus vulgarisGlis glis), or other species (i.&. europaeus, Sus scrypf@as done at
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this time, showing, for some of these species, $eqyuences data available; genetic
resources could be eventually obtainedibynovosequencing mtDNA region by means
of universal primers. On the other hand, improvépgcies level identification for the
currently targeted species could be challengingvaslable mtDNA genetic resources
were already exhaustively examined to design timagrs used here; others were tested
and discarded (either by in-vitro by uM@&tand/or on control samples). However, the
species level identification, could be improvedyexsally for the host group primers for
Cervidae (multiple species having partially oveplisyy T,), Muroidea
(misidentification of Apodemus spp. because of intraspecific variation) and
PasseriformesT( philomelos Turdus spp. andE. rubeculahaving overlappingTy,
range), by the introduction of unlabeled probese(Ret al., 2007) or by heteroduplex
formation (Cheng et al., 2006).

In future, the development of multiplexed assayse(Ret al., 2007; Seipp et al.,
2008; Gori et al., 2012) would further increase tinge- and cost-saving properties of
the devised method. Moreover, as less total tickADMould be used in bloodmeal
analysis with this method, a comparative analysisuorent methods (i.e. RLBH) and
the one presented here could be performed. Morertaptly with more DNA a parallel
screening for TBD etiological agents (iBorrelia spp., Rickettsiaspp., Anaplasma
phagocytophylum, Babesispp) could be performed on the same tick, as done in
previously published bloodmeal studies (Pichon let 2003, 2005, 2006; Moran
Cadenas et al., 2007; Allan et al., 2010; Wodedkal.e2014). As presented in these
articles, knowing both the larval host bloodmeal #me pathogens hosted by each tick
would permit a more complete investigation of thportance of vertebrate species in

tick population maintenance and their role in thaemiological cycles of TBD, even
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for those species rarely trapped or not currerglysddered important in TBD systems.
However, it should be kept in mind that simultareadentification of pathogen and
host DNA does not imply reservoir status for thenitfied species, or vector status for
the ticks, as Estrada-Pefia et al. (2013) undetlibet additional laboratory studies
must be performed before it can be concluded tiparthcular tick is a vector, or a host

is a reservoir of a particular pathogen.

5.3 Tick biology and epidemiological implications

l. ricinus is traditionally depicted as a generalist parasibde to exploit a wide
range of mammals, birds and reptiles (Hoogstradl A&eschlimann, 1982). The only
constraint in host choice appears at the adulestaen females preferentially feed on
large mammals, in order to take the large bloodmesdded for egg production
(Talleklint and Jaenson, 1994; Mejlon and Jaend®97). In evolutionary terms, it
would appear evident that adaptations allowing e to track host responses to
infections would make the parasite better equigpegkploit the host than a generalist;
on the other hand, generalists might be more efficat reacting to environmental
variation influencing host diversity and availatyili Given the intimacy of tick-host
physical and physiological interactions taking pladuring the long bloodmeal
(Brossard and Wikel, 2004), one may expect thagla level of specialization would be
necessary to overcome the immune barriers of hostabatting hematophagous
parasitism, making exploitation of several hostcgge difficult. Such specialization
could lay the foundation for host-race formatiohnot speciation, since a barrier to
gene flow between tick populations exploiting diéiet hosts could eventually evolve

(reviewed in McCoy et al.,, 2013; Magalhdes et a007). Tick ‘races’ exploiting
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different hosts would also present genetic struntuat different geographical scales, in
relation to host vagility, since tick patterns ang flow and dispersal appear to be
largely determined by host movement during inféstatPorretta et al., 2013 and
references therein and later shown and explaineg).hdost-specialization would have
profound consequences on the current understamditigk population dynamics and
associated pathogens, since the reaction of each sh8tem to climate and land use
change will be different according to the host sgemvolved.

Reviewingl. ricinus phylogenetics and population genetics literatiteCoy et
al. (2013) came to the conclusion that differerdrdes of host association divergence
may exist in local populations of the sheep tidcarding to the time of tick population
establishment as well as to the stability of thealohost community (Fig. 5.2), as
observed for other tick specids (riae, Kempf et al. 2009aRhipicephalus micropilys
De Meels et al., 2010). This conclusion, mainlyedasn results of microsatellite
analysis ofl. ricinus on a local scale (De Mee(s et al., 2002; Kemjail.e2009b; Rged
et al., 2006; Kempf et al., 2010; Kempf et al., 20De Meeds et al., 2004), could be
possibly rejected in light of the inappropriatenegsmicrosatellites as a molecular
markers for this species, as revealed by our aisatysd highlighted by Quillery et al.
(2013). Although the authors mentioned certain aad@m®s in the STR dataset (mostly
null alleles) and recognized their importance iustag part of the heterozygote
deficiency observed, instead of sequencing the enarks | did and discovering that
their characteristics did not match those of truerosatellites, they suggested that local
substructure and sex-biased genetic structure wieee most possible biological
explanations. Kempf et al. (2011), using the san@asatellites, concluded that host-

associated populations seem to occur sympatridaliyyjn only some of the sites they
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analyzed. Hence, we can conclude from the litegatihat no reliable evidence of tick

‘races’ has yet been published.

Unstructured tick
populations

Ancestra

\1)
v A

Host-structured tick

'ﬂ\" populations

Fig. 5.2 Schematic representation of populatioraegjon ofl. ricinus (arrow)and
hypothesized consequences for host-associatedgstratture The red zone represents well-
established. ricinus populations that persisted in both Southern andr@eBurope during the
last glacial phase (Porretta et al., 2013). The hhea represents the recently colonized zone for

l. ricinus and the yellow zone, a transition area where pojpuliage and history may be
variable (Léger et al., 2013; Porretta et al., 20WUBder the hypothesis that the evolutionary

age of a tick population may affect the evolutidmast specialization, we would expect a

strong pattern of specialization in the red zome, @o host specialization in the blue zone
because ticks have only been exposed to local farsésfew generations. In the yellow zone,

patterns of host specialization may be more vagiabh the figure, the degree of host-
associated population structurel oficinusin the extreme zones are represented by a between-
group analysis of neutral genetic variation, wresaeh dot represents an individual tick and the
color indicates different host-associated tick gapons. Greater separation of groups indicates
stronger genetic divergence. The relative evolatiprage of tick populations could be changed
to some other habitat-based factor that may affecevolution of host specialization. Reprinted
from McCoy et al., 2013.

Here | present the first application of RAD-Secthe study of tick population
genetics. The varying sequencing success of ingialsdmay be partially explainable by

errors in library preparations; however, similaolgems have been observed in other
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studies using this NGS approach (Xu et al., 20T#%e maximum number of RAD
markers obtained in this study was significantlyaler than those expected, based.on
scapularisgenome features (2.3 Gb and 45% GC); as repont&kitzel et al. (2013
and reference therein), however, it is highly §kiat the ratio of expected vs observed
RAD-loci was biased by the presence of highly riépetregions that make up a large
fraction of the tick genome (see below) or, asekigemely unsuccessful alignmentlof
ricinus sequences against the scapularis genome may suggest, the scapularis
genome parameters used in the RAD-Seq experimdtihgsanay not have been
appropriate.

From the extensive analysis of genome wide SNRg&evet by applying the
RAD-Seq protocol on a large number bfricinus adults collected in the entire
distributional range of the species in PAT, andngsa variety of bioinformatics
approaches, | can conclude that the populationheg ticks in this area shows no
genetic structuring. Individuals had a high degodeadmixture and even the two
samples from Finland did not cluster separatelynftbe Alpine ones. The Adige River
Valley, has previously been identified as a pattiairier to gene flow in red deer, roe
deer and chamois populations (Pecchioli et al.62@estanello et al., 2009), as well as
smaller organisms such as mountain hares (Pecdhiali, 2006), the butterfl{grebia
euryale (Haubrich and Schmitt, 2007), and several alpilaatp (Schonswetter et al.,
2002; Albach et al., 2006). In fact, the area betwdake Garda and Innsbruck,
including the Adige Valley, has been invoked as amez of genetic discontinuity
delimiting eastern and western Alpine populatiohsnany other plant species (Thiel-
Egenter 2007; Thiel-Egenter et al. 2009). Howethex,so-called ‘Brenner Line’ did not

seem to affect genetic structuringlimicinus populations.
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These findings are in agreement with studies basechitochondrial (Casati et
al., 2008) or on both mitochondrial and nuclearegefNoureddine et al., 2011; Porretta
et al., 2013), showing a lack of phylogeographracttire in the whole range of the
mainland Europeah ricinus, although the European population is clearly djeet
from the north-African one (Noureddine et al., 201ivergence of the north-African
sheep ticks is also supported by microsatellitdyaisa(De Mee(ls et al., 2002) and is
likely a consequence of genetic drift following tlast Pleistocene glaciation and filling
of the Mediterranean sea which now separates theptpulations. In fact, seasonal
activity and host-association differences have bemgorded such that it has been
postulated that the introduction of European tickéfrica by migrating birds would no
longer result in reproduction, gene flow and adometwith the native population
(Noureddine et al., 2011). Since PAT was completelyered by the Alpine ice-sheet
during the Last Glacial Maximum, the absence ofggaphical genetic structure in the
local populations could reflect a rapid expansidérthe species after the most recent
Pleistocene glaciations, as found at the Europeael |(Noureddine et al., 2011),
resulting from a recolonization from the intercocteel populations that persisted in
both Southern and Central Europe during the Laatci@l Maximum (Porretta et al.,
2013), where they presumably parasitized the manpmyailations also found in these
‘refugia’ (Taberlet et al., 1998; Hewitt, 1999, 200rannic et al., 2012 and references
within). According to McCoy et al. (2013; Fig. 5,2)ost-associated divergence is
therefore unlikely. However, to explore this hypegls, the genomic data generated
here will be used by another PhD student, Alex RaaZUniv. of Ferrara), to explore
the demographic history of PAT tick populationseafhe develops software for the

analysis of RAD-Seq data.
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My results suggest that tick ‘races’ in this area @anlikely, in accordance with
McCoy et al. (2013) that suggest a lack of hostession evolution in recently
stabilized tick populations. In any case, it appe#lrat the advantages of such
specialization are outweighed by positive selectarrplasticity for the exploitation of a
wide range of hosts. This generalist behavior had A fundamental role in the
persistence of Pleistocene tick populations inaklét areas and in maintaining the
interconnections between these populations at el fler which no sign of genetic
divergence could be detected (Porretta et al., 04l well as in the admixture of
present day tick populations (Noureddine et all12@Casati et al., 2008). It will also
allow ticks to continue to invade into new regi@shigher altitude and latitude (Léger
et al., 2013), and peri-urban and urban forestsafR&zoli et al., 2014), as a result of
climate and land use changes.

In particular, by investigating the genetics of toult stage, we are looking at
the final result of the host-mediated dispersak theted at the larval and nymphal
stages. My results from feeding tick collection ddodmeal analysis at a local scale
both show that even the larval stage may explghllyivagile wild species, like birds
and deer, but also sheep, foxes and dogs. Firedl\suggested in other studies and
species, the high presence of repetitive elements teansposable elements that
characterize the large tick genomes (Geraci eR@07; Nene et al., 2009; Meyer et al.,
2010), may provide the genetic variability genergtihe ability of ticks to exploit such
a variety of different hosts (Mastretta-Yanes et 2014; Casacuberta and Gonzales,
2013; Sunter et al., 2008). However, in depth stadythis topic has not yet been
carried out, also because a definitive assembladrge is still lacking, paradoxically,

for the very presence of these confounding repetgiements themselves.
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Bird migrations could also account for the recemgé scale homogenization of
sheep tick populations across mainland Europegeasral studies showed passerines
infestation by ixodid ticks also during migratiddumair et al., 1993; Hasle et al., 2011;
Comstedt et al., 2006; Waldenstrom et al., 200Mt@no et al., 2014; Dubska et al.,
2009). Dinnis et al. (2014), founding genetic digtauity between tick populations in
British Isles and Latvia, by using a multilocus sences typing on mtDNA genes,
discussed the effectivity of bird-mediated tickpdissal. As emerges from Figure 5.3
and Fig. 5.4, the British Isles are not part of thain south-west/north-east passerine
migrations, which reduces the possibility of incamibirds carrying ticks from north-
eastern Europe where Latvia lies. Italy, insteadléarly part of the north-east, south-
west post-breeding migration route and is recoghiae a wintering locality for the
north-central European breeding population of passe (Busse, 2001; Spina and
Volponi, 2008), and a breeding site for north-Admcwintering species. The genetic
discontinuity found between the mainland and thiéidBr Isles, supports the hypothesis
that birds play an important role in tick dispessahd could largely explain the lack of
geographical structuring inricinus ticks in mainland Europe, as well as in PAT, which
also lies along the important migration routes dbsd above. Climate change (i.e.
increases in the mean temperature), inducing aandgt questing period and reducing
winter mortality, may additionally enhance tick pkssal by birds during the autumn
migrations by increasing the tick-load per bird atsb by promoting their survival in

the new environment.
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Fig. 5.3 Numbers of foreign ringed birds recovearetialy for each Country of origin (above);
movements of foreign ringed birds recovered iryl{akenter), and Italian ringed birds recovered
abroad (below). AE. rubeculaB. T. merula C. T. philomelogSpina & Volponi, 2008;
ISPRA)

Fig. 5.4 Bird migratory routes at the Eurasian-édrscale clearly showing Italy at the center of
a south-west/north-east route (red), while thei€ritsles, seem to be part of a more western
migration route (blue). Downloaded from: http://wve@en-net.eu/index.php?pg=mapflyways.
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Deer C. elaphusandC. capreolu¥ and foxes V. vulpe$ play an important role
in regional scale admixture of tick population, &ese of the relevant number of all tick
stages they can host and spread with their movevtet al., 2010; Carpi et al.,
2008; Dumitrache et al., 2014; Meyer-Kaiser et &012). In PAT, it is well-
documented that populations of these species aaepieriod of consistent growth and
establishment in peri-urban and urban forest aredsgre they can introduce and
maintain tick populations, increasing concern foblg health protection (Rizzoli et al.,
2014; Mackenstedt et al., 2015). Specifically, adole deer €. capreolus)show
territorial behavior during spring and summer, thé habit of the dominant male to
chase away subadults, could lead to a quick diapefsparasitizing ticks over long
distances. In additional, autumn migrations couddec variable distances, from the
usual few thousand metres up to 100 km (Vor et2810; Cagnacci et al., 2011).
Unstable and size-variable home ranges and floatidigiduals often occur in red fox
populations making them effective in ticks dispe(Ealb, 1984; Cavallini, 1996).

In the Alps, including PAT, cattle and sheep (babognized sheep tick hosts;
Gray, 1998; also proven by this study) transhumdrasebeen practiced for centuries;
although recently much reduced, this practice stilurs. Cattle transhumance involves
a vertical movement of the animals from the vabbeytom up to the mountain pastures,
while sheep flocks follow longer routes, from the Plain up to Alpine summer grazing
(Bunce et al., 2004); in both cases, the influennel. ricinus dispersal is almost
certainly relevant, allowing ticks to cross geodpapl barriers rarely attempted by wild
ungulates (i.e. large rivers; high mountain chaifie modern introduction of acaricide
treatments will have reduced the role of domestttadnimals in tick dispersal;

however, recent studies have shown an upsurge ttdé qathogens vectored Hdy
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ricinus in wild populations of ungulates and in questil§gg, suggesting, on one hand,
the continuing importance of cattle and sheepcdk énd related diseases dispersal, and
on the other, the presence of neglected wild resesrvfor domesticated animal
pathogens ticks (Lopez-Olvera et al., 2009; Rizeolal., 2014 and reference therein).
At a global scale, the role of increased worldwi@dasportation of livestock in new tick
species and tick-borne disease introductions in amas is well-known (reviewed in
Léger et al., 2013).

Human-mediated tick dispersal at a local scaleatao be attributed to leisure
activity accompanied by dogs (i.e. hiking and hogti The importance of dogs in tick
dispersal and tick population maintenance, supgddethe first time by our bloodmeal
analysis, is related to the potential ability ofsk animals to introduce infected ticks
into the urban environment where a variety of uradapted hosts could maintain tick
populations (such as foxes) and the epidemiologmaile of the consequently
introduced pathogen (passerines birds, rodentsn@edtivores; Rizzoli et al., 2014).

From the findings of this study the complexity dfet TBD system clearly
emerges, even at the regional scale, and showk ti@nus ticks exploit a large variety
of competent and non-competent vertebrate hostshwhen disperse the ticks over a
wide range of distances according to the vagilitthe host species itself. Therefore, the
relationship between host biodiversity and zoonatiseases need to be carefully
evaluated according to the diseases and localbrateecommunity of interest, in order
to give better estimates of TBD prevalence andctirgact rate for human populations
(reviewed in Pfaffle et al., 2013; Bolzoni et &Q012). Bloodmeal analysis in questing
ticks represents an efficient way to perform suchraestigation, as it gives estimates

of the actual host use, including the associatiih wagile hosts that may not always be
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resident in a certain area (i.e. field observatiwiisnot be effective), but that contribute
to tick population persistence (maintenance hast$d specific TBD introductions and
prevalence (reservoir/competent hosts).

The results obtained by the application of the gedéveloped protocol for
bloodmeal analysis in PAT questing ticks, are darésting example of the importance
of this indirect way to monitor tick-host use anketpossible epidemiological
implications. In fact, our results from PAT werertpaularly interesting in the light of
the recent review of Rizzoli et al. (2014) regagdirBD hazard in peri-urban and urban
habitat. Large forest covers over the 50% of thevidce and fauna includes most of the
species recognized both as important competentviase for Borrelia burgdorferis.|.,
TBE virus andAnaplasma phagocytophiland as tick maintenance hosts. Villages, as
well as the main cities in PAT, are embedded iralrecosystems where wild hosts
could interact with domesticated animals and wieenployment (rangers, lumberjacks,
farmers) and leisure activities (hunting, walkirfggshing) may enhance the human
contact rate with infected ticks. Therefore, iegdemiologically relevant that rodents,
the most important reservoir host group for bBttburgdorferis.l. and TBEv, and deer,
implicated in the tick population maintenance antpkfication, are widely exploited as
larval bloodmeal source in both EXTF and PATF hatbiin PAT (31.7% and 24.5%
respectively), establishing the basis for diseageatd as a result of infected tick
presence in both habitats (Bolzoni et al., 20112 PATF sites the presence of passerine
ground-foraging birds is more pronounced; the rofe this host group in the
epidemiology ofB. burgdorferi s.l. and in feeding TBEv infected ticks is widely
recognized (Waldenstrom et al., 2007; Lommano et2814; Humair et al., 1993;

Dubska et al., 2009). Birds and deer may benadinfthe presence of accessible field
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crops and ornamental vegetation for their foraging sheltering in the PATF habitat,
while Soricomorpha, generally negatively affectey babitat fragmentation and
agricultural activities (Canova and Fasola, 199pin8zzi et al., 2012), are more
represented in EXTF. The percentage of bloodmdatsireed from dogs is particularly
concerning, and is especially high in the foredtlpes near urban areas (24.5%). The
role of dogs in the epidemiology of TBD is stilltndefined. They do not appear to be
an amplification host for TBEv (Pfeffer and Dobl20Q11), or reservoir hosts for Lyme
diseaseBorrelia spp. agents (Bhide et al., 2004); however, theylbmaheavily infested
by ticks and thus, contribute to tick populationim@nance. More importantly for
human tick bite risk, they could also vector inéettticks, acquired during visits to
natural forest, into peri-urban and urban parks gadiens where they may later drop
off and parasitize humans (Trotta et al., 2012k&sret al., 2014; Rizzoli et al., 2014)
or more competent hosts (i.e. passerine birds egehts).

In PAT, as already pointed out, livestock transhoioeais still practiced regularly.
Interestingly, wild sheep or mouflo®( aries musimoinpopulations are also present,
often in the same grazing areas, and their digtabypartially overlaps with tick current
and potential habitat. Unfortunately, we are natently able to discriminate between
bloodmeals derived from wildX. aries musimagnor the domestic sheepP(arie9, but
it would particularly interesting to do so sincéds recently been reported that mouflon
could serve as wild reservoir host Ahaplasma sppas do deer, or other pathogens
(various strains oBabesiaspp.) from domesticated animals (Lopez-Olvera e2809;
Rizzoli et al., 2014 and reference therein). Funeseearch should aim at identifying a

more suitable mtDNA molecular marker(s) for thisgmse, even if other authors claims

170



this may not be possible, because of their closetge relatedness (Lorenzini et al.,
2011).

The occurrence of multiple bloodmeals in 10.7% led hymphs screened was
observed in previous bloodmeal studies (Moran Caslenal., 2007; Allan et al., 2010;
Gray et al., 1999); moreover, Gray et al. (1999embed the occasional collection of
semi-engorged larvae by blanket dragging, thus auiog the reliability of mixed
bloodmeals findings by molecular analysis in nymphke ability to have multiple
bloodmeals, and its causes, deserves an in deptlysen In fact, co-infections in
questing ticks at both nymphal and adult stage bleas widely observed (Leutenegger
et al., 1999; Kurtenbach et al., 2001; Pichon 2003, 2005, 2006; Swanson et al.,
2006; Reis et al., 2011), as well as human casgegardgefrom multiple infection from a
single tick bites proved to occur and the derivédical pathology showed complex
patterns that make diagnosis and prophylaxis ahgiltgy (Swanson et al., 2006;
Mitchell et al., 1996; Nadelman et al., 1997). Npl# infections were explained up to
now by transtadial/transovarial pathogen transmmssand acquisition of additional
pathogens by successive meals taken at differagest(Reis et al., 2011; Swanson et
al., 2006); however a significant source of suchinfection could derive from
repetitive bloodmeals at the same stage, resuhitige mixed bloodmeal identifications

reported here, and elsewhere.

5.4 Future research
The applied methodologies developed and describesl grovide new knowledge
regarding tick-host interactions and provide thesiddor improved epidemiological

models. The complex interactions taking place irDT8/stems and the global changes
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we are continuously facing stimulate new questfongurther research. Specifically for

the Real-time HRMA bloodmeal analysis protocol présd here, in addition to the

technical improvements presented in section 5.2hdu investigations are needed to
determine whether mixed bloodmeals of species withe same host group are being
overlooked (Albonico et al., 2013; McCarthy et aD13). As noted by Moran Cadenas
et al. (2007) and in the discussion above, furtesting should be also done to confirm
whether the multiple host DNA is a result of volamyt drop off and secondary questing
by the tick (true mixed bloodmeals), involuntaryeimupted feeding, or unsuccessful
attachment. It would be interesting to test thermapd method with a large sample in
urban parks tick populations to validate the grawvpublic health concern that dogs
play a significant role in increasing tick-humanntact rate, and identify possible

control strategies to decrease disease risk.

Analysis of the large genomic data produced forricinus by RAD-Seq
technology are still far from being concluded. Egample, past demographic scenarios
are currently being analysed as part of another $thBent at the University of Ferrara.
As already pointed out, possible bias in the segugnresults may be related to the
high presence of repetitive elements in the genant#or, according to Van Zee et al.
(2013), to the high density of SNPs along the gendimat could have promoted allele
drop-out because of mutation in the restrictioe skquence (Gautier et al., 2012), as
also pointed out by Quillery et al. (2013). The iklity of a reference genome for
ricinus would largely improve the confidence in SNP cagliand the investigation of
such genomic features that, as discussed above,pmayde the genetic variation
necessary to allow ticks to successfully interaithwuch a large variety of vertebrate

species. Identification of SNPs in gene codingargicould be performed thanks to the
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paired-end RAD-Seq format chosen, which allowsciteation of contig sequences, and
would permit allocation in a annotated genome andgr design; however, the
effectiveness of alignment against annotated gesarhether arthropod species needs
to be tested, as alignment against ithecapularisgenome has already proven to be
unsatisfactory. And, least but not last, the idemaiion of suitable markers for
distinguishing male and female ticks, would be vesgful for identifying sexes at all
life cycle stages, useful for many epidemiologicplestions, such as sex-biased
dispersal and assortative pairing.imicinus, as reported for microsatellites analysis (De

Meeds et al., 2002; Kempf et al., 2009b; Kempflet2810).
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6. CONCLUSIONS

Two molecular methods were optimized here for firg time for I. ricinus:
bloodmeal analysis in questing nymphs by Real-tHf&MA and RAD-Seq NGS for
population genetic investigations. These two mdercmethods represent innovations
in the laboratory practice and analysis of the stigated vector and the results obtained
thus far are proof-of-principle of their validitidlowever, there is still need of technical
improvements for the bloodmeal method, and theyaisabf the large set of generated
RAD-Seq genomic data would benefit from the relesal. ricinus reference genome.

My results from both approaches imply thHaticinus is a medium- to long-
distance disperser, mediated by the habit to feediods, deer, foxes, dogs and
livestock, and it is confirmed by the fact that ptgtions are genetically highly
admixed. | also showed for the first time that detitedogs are important tick hosts in
some areas.

This knowledge could be combined with the othetibiand abiotic factors to
model TBD incidence and emergence, as well theaspoé the vector in new climatic
suitable areas. The new bloodmeal analysis protmmdat also be applied in other areas
to identify important host communities and pre@ict control TBD dynamics; in fact, |
have already had several requests in this regére epidemiological relevance of dogs
as principall. ricinus larval hosts deserves further specific attentiomelation human

tick bite risk and to the increasing reported cadagban infected tick populations.
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8. APPENDIX

Appendix 1 Part of the host group alignments of previoushblphed GenBank
MtDNA sequences created using Clustal X v. 2.0aietegarding primer positioning.

MUROIDEA_d-100p

AY588255.1 A.sylvaticus
AY588252.1 A.sylvaticus
AY588253.1 A.flavicollis
AY588264.1 A.flavicollis
AY588253.1 A.flavicollis
AB042523.1 M.musculus
AP013031.1 M.musculus
AB042524.1_M.musculus
AP013030.1 M.musculus
AM712111.1 M.glareolus
AP367197.1 M.glareolus
AM712101.1 M.glareolus
AM712094.1 M.glareolus
AM712103.1 M.glareolus
AM712108.1 M.glareolus
AM712090.1 M.glareolus
AP010406.1 O.aries#
EU259145.1 C.hircus#
FJ207539.1 R.rupicapra#
EU600302.1 C.capreolus#
AY172679.1 C.familiaris#
JN711443.1 V.vulpes#
HQ200177.1_H.sapiens

AYS88255.1 A.sylvaticus
AY588252.1 A.sylvaticus
AYS588253.1 A.frlavicollis
AYS588264.1 A.rlavicollis
AYS588253.1 A.flavicollis
AB042523.1 M.musculus
AP013031.1 M.musculus
AB042524.1 M.musculus
AP013030.1 M.musculus
AM712111.1 M.glareolus
AF367197.1 M.glareolus
AM712101.1 M.glareolus
AM712094.1 M.glareolus
AM712103.1 M.glareolus
AM712108.1_M.glareolus
AM712090.1_M.glareolus
AF010406.1 0.arles#
EU259145.1 C.hircus#
FJ207539.1 R.rupicapra#
EU600302.1 C.capreolus#
AY172679.1 C.familiaris#
JN711443.1 V.vulpes#
HQ200177.1_H.sapiens

AYS88255.1 A.sylvaticus
AYS588252.1 A.sylvaticus
AYS588253.1 A.flavicollis
AYS88264.1 A.flavicollis
AYS88253.1 A.flavicollis
AB042523.1 M.musculus
AP013031.1 M.musculus
AB042524.1 M.musculus
AP013030.1 M.musculus
AM712111.1 M.glareolus
AF367197.1 M.glareolus
AM712101.1_M.glareolus
AM712094.1_M.glareolus
AM712103.1 M.glareolus
AM712108.1 M.glareolus
AM712090.1 M.glareolus
AF010406.1 O.arles#
EU259145.1 C.hircus#
FJ207539.1 R.rupicapra#
EU600302.1 C.capreolus#
AY172679.1 C.rfamiliaris#
JN711443.1 V.vulpes#
HQ200177.1_H.sapiens

HRM_Rod_CR_F >TCTGGTTCTTACTTCAGGGC

CATAA-CACTTGGGGGTAGCTAATCT -GAMCTTTATCAGGCATCTGGTTCTTACTTCAGGGCCATCAA
CATAA-CACTTGGGGGTAGCTAATCTTGAMCTTTATCAGGCATCTGGTTCTTACTTCAGGGCCATCAA
CATAA-CACTTGGGGGTAGCTAAACT -GAMCTTTATCAGACATCTGGTTCTTACTTCAGGGCCATCAA
CATAA-CACTTGGGGGTAGCTAAACT -GAMCTTTATCAGACATCTGGTTCTTACTTCAGGGCCATCAA
CATAA-CACTTGGGGGTAGCTAAACT -GAMCTTTATCAGACATCTGGTTCTTACTTCAGGGCCATCAA
CATTA-AACTTGGGGGTAGCTAAACT -GAAMCTTTATCAGACATCTGGTTCTTACTTCAGGGCCATCAA
CATTA-AACTTGGGGGTAGCTAAACT -GAACTTTATCAGACATCTGGTTCTTACTTCAGGGCCATCAA
CATTA-AACTTGGGGGTAGCTAAACT -GAAMCTTTATCAGACATCTGGTTCTTACTTCAGGGCCATCAA
CATTA-AACTTGGGGGTAGCTAAACT -GAAMCTTTATCAGACATCTGGTTCTTACTTCAGGGCCATCAA
CATAA-AACTTGGGGGTGACTAATGT -GAAMCTTTACCAGGCATCTGGTTCTTACTTCAGGGCCATTCA
CATTTTAACTTGGGGGTAGCTAATGT -GAAMCTTTATCAGACATCTGGTTCTTACTTCAGGGCCATTCA
CATAA-AACTTGGOGGTGACTAATGT -GAMCTTTACCAGGCATCTGGTTCTTACTTCAGGGCCATTCA
CATAA-AACTTGGOGGTGACTAATGT -GAAMCTTTACCAGGCATCTGGTTCTTACTTCAGGGCCATTCA
CATAA-AACTTGGGGGTGACTAATGT -GAAMCTTTACCAGGCATCTGGTTCTTACTTCAGGGCCATTCA
CATAA-AACTTGGGGGTGACTAATGT -GAAMCTTTACCAGGCATCTGGTTCTTACTTCAGGGCCATCCA
CATAA-AACTTGGGGGTGACTAATGT -GAMCTTTACCAGGCATCTGGTTCTTACTTCAGGGCCATTCA
CACTA-ACTGTGGGGGTAACTATTTAATGAACTTTAACAGGCATCTGGTTCTTTCTTCAGGGCCATCTC
CATCA-ACOGTGGGGGTAGCTATTTAATGAACTTTATCAGACATCTGGTTCTTTCTTCAGGGCCATCTC
CATTA-ATTGTGGEGGTAGCTATTTAATGAACTTTATCAGACATCTGGTTCTTTCTTCAGGGCCATCTC
CATAA-ATOGTGGEGGTAGCTATTTAATGAACTTTATCAGACATCTGGTTCTTTCTTCAGGGCCATCTC
CATACTAACGTGGGGGTTACTATCAT -GAMCTATACCTGGCATCTGGTTCTTACTTCAGGGCCATAAC
CATATCAACGTGGGGGTTTCTATCAT -GGAACTATACCTGGCATCTGGTTCTTACCTCAGGGCCATTCT
CATAA-CACTTGGGGGTAGCTAAAGT - -GAACTGTATCCGACATCTGGTTCCTACTTCAGGGTCAT -AA
R TEREEAT wwn D e L A

ATGCGTTATCGCCCATACGT - - - - TCCCCTTAAATAAGACATCTCGATGG - TA - OCGGGTCTAATCAGCCA
ATGCGTTATCGCCCATACGT - - - -TCCCCTTAAATAAGACATCTCGATGG - TA - OCGGGTCTAATCAGCCA
ATGCGTTATCGCCCATACGT - - - - TCCCCTTAATAAGACATCTCGATGG - TA - OGGGTCTAATCAGCCA
ATGCGTTATCGCCCATACGT - - - -TCCCCTTAATAAGACATCTCGATGG - TA - OCGGGTCTAATCAGCCA
ATGCGTTATCGCCCATACGT - - - -TCCCCTTAATAAGACATCTCGATGG - TA - OCGGGTCTAATCAGCCA
ATGCGTTATCGCCCATACGT - - - - TCCCCTTAAATAAGACATCTCGATGG - TATOGGGTCTAATCAGCCC
ATGCGTTATCGCCCATACGT - - - - TCCCCTTAAATAAGACATCTCGATGG - TATOGGGTCTAATCAGCCC
ATGCGTTATCGCCCATACGT - - - -TCCCCTTAAATAAGACATCTCGATGG - TATOGGGTCTAATCAGCCC
ATGCGTTATCGCCCATACGT - - - - TCCCCTTAAATAAGACATCTCGATGG - TATOGGGTCTAATCAGCCC
ATGTTTTATCGTCCATACGT - - - -TCCCCTTAAATAAGACATCTCGATGG - TA - OGGGTCTAATCAGCCC
ATGTTTTATCGTCCATACGT - - - -TCCCCTTAAATAAGACATCTCGATGG - TA - OGGGTCTAATCAGCCC
ATGTTTTATCGTCCATACGT - - - -TCCCCTTAAATAAGACATCTCGATGG - TA - OGGGTCTAATCAGCCC
ATGTTTTATCGTCCATACGT - - - - TCCCCTTAAATAAGACATCTCGATGG - TA - OGGGTCTAATCAGCCC
ATGTTTTATCGTCCATACGT - - - -TCCCCTTAAATAAGACATCTCGATGG - TA - OGGGTCTAATCAGCCC
ATGTTTTATCGTCCATACGT - - - -TCCCCTTAAMATAAGACATCTCGATGG - TA - OGGGTCTAATCAGCCC
ATGTTTTATCGTCCATACGT - - - - TCCCCTTAAMATAAGACATCTCGATGG - TA - OGGGTCTAATCAGCCC
ATCTAAAMTCGCCCACTCTT - - - - TCCCCTTAAMTAAGACATCTCGATGGACT - AATGACTAATCAGCCC
ACCTAAMATCGCCCACTCTT - - - -COCTCTTAAMTAAGACATCTCGATGGACT - AATGACTAATCAGCCC
ATCTAGAATCGCCCATTCTT - - - - TCCTCTTAAMATAAGACATCTCGATGGACT -GGTGACTAATCAGCCC
ATCTAAMTCGCCCACTCTT - - - - TCCTCTTAAMTAAGACATCTCGATGGACT - AATGACTAATCAGCCC
- TTTATTTACTCCAATCCTACTAATTCTOGCAM TGGGACATCTCGATGGACT - AATGACTAATCAGCCC
GCTTGTTCACTCCAATCCTACTAATCCTCTCAAMTGGGACATCTCGATGGACT - AATGACTAATCAGCCC
AGCCTAAMTAGCCCACACGT - - - - TCCCCTTAAMTAAGACATCACGATGGATCACAGGTCTA-TCACCCT

L - L LA AR FEREEE AR EREN *OREE EEE

C ATAGCOGTC AAGGCATGAA«< HRM Rod CR R

GCTGTGACTCAGC -ATAGCOGTC - AAGGCATGAAGGG - CAACTTATCATGTAGCTG
GCTGTGACTCAGC -ATAGCOGTC - AAGGCATGAAGGG - CAACTTATCATGTAGCTG
GCTGTGACTCAGC - ATAGCOGTC - AAGGCATGAAGGG - CAACTTATCATGTAGCTG
GCTGTGACTCAGC -ATAGCOGTC - AAGGCATGAAGGG - CAACTTATCATGTAGCTG
GCTGTGACTCAGC -ATAGCOGTC - AAGGCATGAAGGG - CAACTTATCATGTAGCTG
ACTTTCA-TCAAC-ATAGCOGTC - AAGGCATGAAAGGACAGCACACAGTCTAGACG
ACTTTCA-TCAAC-ATAGCOGTC - AAGGCATGAAAGGACAGCACACAGTCTAGACG
ACTTTCA-TCAAC-ATAGCOGTC - AAGGCATGAAAGGACAGCACACAGTCTAGACG
ACTTTCA-TCAAC-ATAGCOGTC - AAGGCATGAAAGGACAGCACACAGTCTAGACG
GGTATCACTCAGC -ATAGCOGTC - AAGGCATGAAGGT - CAACTTATAGTCTAGCTG
GGTATCACTCAGC -ATAGCOGTC - AAGGCATGAAGGT - CAACTTATAGTCTAGCTG
GGTATCACTCAGC -ATAGCOGTC - AAGGCATGAAGGT - CAACTTATAGTCTAGCTG
GGTATCACTCAGC -ATAGCOGTC - AAGGCATGAAGGT - CAACTTATAGTCTAGCTG
GGTATCACTCAGC -ATAGCOGTC - AAGGCATGAAGGT - CAACTTATAGTCTAGCTG
GGTATCACTCAGC -ATAGCOGTC - AAGGCATGAAGGT - CAACTTATAGTCTAGCTG
GGTATCACTCAGC -ATAGCOGTC - AAGGCATGAAGGT - CAACTTATAGTCTAGCTG
GCTTGGACTCAGCTATGGCOGTCTGAGGCCT -GACCCGGAGCATGAATTGTAGCTG
GCTTGGACTCAGCTATGGCOGTCTGAGGCCCOGACCCGGAGCATAAATTGTAGCTG
GCTTGGACTCAGCTATGGCOGTCAGAGGCCCOGACCCGGAGCATCAATTGTAGCTG
GCTTGGACTCAGCTATGGCOGTCAAAGGCCCOGACCCGGAGCATAAATTGTAGCTG
GCTATCACTCACCTACGACOGCA-ACGGCACTAACTC -TAACTTATCTTCTGCTCT
GCTATCACTCAGCTATGACOGCA - ACGGCACTAACTC-TAACCTA-CATCTGCACT
GATAGCATTGOGA -GACGCTGGA -GCCGGAGCACCCTATGTCGCAGTATCTGTCTT
- . . * - .
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SORICIDAE_d-1lo0p

NC 006893.1 C.russula
AY769264.1 C.russula
AY769263.1 C.russula
X90952.1 C.russula
X90951.1 S.araneus
X78798.1 S.araneus
EU384669.1 S.antinorii
EU384681.1 S.antinorii
AY918370.1 C.leucodon
AY918369.1_C.leucodon
AYS918371.1 C.leucodon
JF510393.1 S.minutus
AF010406.1 O.arles#
EU259145.1 C.hircus#
EU887455.1 R rupicapra#
EU600294.1 C.capreolus#
JQ004399.1 C.elaphus#
AF367197.1 C.glareolus#

AY588252.1 A.sylvaticus#
AY588264.1 A.rflavicollis#
EU740415.1 C.familiaris#

JN711443.1 V.vulpes#
HQ200177.1_H.sapiens

NC 006893.1 C.russula
AY769264.1 C.russula
AY769263.1 C.russula
X90952.1 C.russula
X90951.1 S.araneus
X78798.1 S.araneus
EU384669.1 S.antinorii
EU384681.1 S.antinorii
AY918370.1 C.leucodon
AY518369.1 C.leucodon
AY518371.1 C.leucodon
JP510393.1 S.minutus
AF010406.1 O.aries#
EU259145.1 C.hircus#
EU887455.1_R_rupicapra#
EU600294.1_C.capreolus#
JQ004399.17C.elaphus#
AF367197.1 C.glareolus#

AY588252.1 A.sylvaticus#
AY588264.1 A.rflavicollis#
EU740415.1 C.rfamiliaris#

JN711443.1 V.vulpes#
HQ200177.1_H.sapiens

NC 006893.1 C.russula
AY769264.1 C.russula
AY769263.1 C.russula
X90952.1 C.russula
X90951.1 S.araneus
X78798.1 S.araneus
EU384669.1 S.antinorit
EU384681.1 S.antinorit
AY$18370.1 C.leucodon
AY918369.1 C.leucodon
AY918371.1 C.leucodon
JP510393.1_S.minutus
AF010406.1_0.aries#
EU259145.1 C.hircus#
EU887455.1 R rupicapra#
EU600294.1 C.capreolusé#
JQ004399.1 C.elaphus#
AF367197.1 C.glareolus#

AY588252.1 A.sylvaticus#
AY588264.1 A.rflavicollis#
EU740415.1 C.rfamiliaris#

JN711443.1 V.vulpes#
HQ200177.1_H.sapiens

HRM_Inset DL F >TCAGCCCAT  GCOGACACAT

TAAGACATCTOGATGGAC - TAATGACTAATCAGCCCAT - - -GCOGACACATAACTGTGGTGTCATACATTTG-G
TAAGACATCTOGATGGAC - TAATGACTAATCAGCCCAT - - -GCOGACACATAACTGTGGTGTCATACATTIG-G
TAAGACATCTOGATGGAC - TAATGACTAATCAGCCCAT - - -GCOGACACATAACTGTGGTGTCATACATTIG-G
TAAGACATCTOGATGGAC - TAATGACTAATCAGCCCAT - - -GCOGACACATAACTGTGGTGTCATACATTTG-G
TAAGACATCTOGATGGAC - TAATGACTAATCAGCCCAT - - -GCTCACACATAACTGTGATTTCTIGCATTTG-G
TAAGACATCTOGATGGAC - TAATGACTAATCAGCCCAT - - -GCTCACACATAACTGTGATTTCTTGCATTTG-G
TAAGACATCTOGATGGAC - TAATGACTAATCAGCCCAT - - -GCTCACACATAACTGTGGTTICTTGCATTIG-G
TAAGACATCTOGATGGAC - TAATGACTAATCAGCCCAT - - -GCTCACACATAACTGTGGTTTCTTGCATTTG-G
CAAGATAACCTATTGGAT - - TTTCATGCGTCAGCCCAT - - -GCOGACACATAACTGTGGTGTCATGOGGTTG-G
CAAGATAACCTATTGGAT - - TTTCATGCGTCAGCCCAT - - -GCOGACACATAACTGTGGTGTCATGOGGTTG-G
CAAGATAACCTATTGGAT - - TTTCATGCGTCAGCCCAT - - -GCOGACACATAACTGTGGTGTCATGOGGTTG-G
TAAGACATCTOGATGGAC - TAATGACTAATCAGCCCAT - - -GCTCACACATAACTGTGATTTICTTGCATTIG-G
TAAGACATCTOGATGGAC - TAATGACTAATCAGCCCAT - - -GCCTA-ACATAACTGTGGTGTCATGCATTTG-G
TAAGACATCTOGATGGAC - TAATGACTAATCAGCCCAT - - -GCTCACACATAACTGTGCTGTCATACATTTG-G
TAAGACATCTOGATGGAC - TGGTGACTAATCAGCCCAT - - -GCTCACACATAACTGTGCTGTCATACATTTG-G
TAAGACATCTOGATGGAC - TAATGACTAATCAGCCCAT - - -GCTCACACATAACTGTGGTGTCATACATTIG-G
TAAGACATCTOGATGGAC - TAATGACTAATCAGCCCAT - - -GCTCACACATAACTGTGGTGTCATACATTTG-G
TAAGACATCTOGATGGTA - OGG-GTCTAATCAGCCCAT - - -GCCTA-ACATAACTGTGGTCTCGGGCAGTTG-G
TAAGACATCTOGATGGTA - OGG-GTCTAATCAGCCAAG- - - -ACTTC - CATAACTGTGGTCTCGAGCAGTTG-G
TAAGACATCTOGATGGTA - OGG-GTCTAATCAGCCAAG- - - -ACTTC - CATAACTGTGGTCTCGGGCAGTTG-G
GCGTACACGTGCGTACACGTGCGTACACGTGOGTACACGT -GCGTACACGTGCGTACACGTGCGTACACGTGOG
GTACACACGTACGTACACACGTACACACGTACGTACACAC-GTACACACGTACGTACACACGTACACACGTACG

TAAGACATCACGATGGAT - CACAGGTCTATCACCCTATT - -AACCACTCACGGGAGCTCT - CCATGCATTTG-G
. . . * . s ® &

TATCTTTAATTTTTIGGGGG- - -GA- -~~~ GAGCTTGCTA- -TGACTCOGC -TAACAT - - - -TTAATCTOGCCAA
TATCTTTAATTTTTIGGGGG- - -GA- - - -~ GAGCTTGCTA- -TGACTCOGC -TAACAT - - - -TTAATCTOGCCAA
TATCTTTAATTTTTIGGGGG- - -GA- - - -~ GAGCTTGCTA- -TGACTCOGC - TAACAT - - - -TTAATCTOGCCAA
TATCTTTAATTTTTTGGGGG- - -GA- -~~~ GAGCTTGCTA- -TGACTCOGC-TAACAT - - - -TTAATCTOGCCAA
TATCTAATTTTTTTGGGGGG- - -GGA- - - -GAGCTTGCTA - - TGATCCAGC - TAACAT - - - -TTAATCTCGCCAA
TATCTAATTTTTTTGGGGGG- - -GGA- - - ~-GAGCTTGCTA - - TGATCCAGC - TAACAT - - - -TTAATCTOGCCAA
TATTTAATTTTTTTGGGGGG- - -GGA- - - ~-GAGCTTGCTA - - TGATCCAGC - TAACAT - - - -TTAATTTOGCCAA
TATTTAATTTTTTTGGGGGG- - -GGA- - - ~-GAGCTTGCTA - - TGATCCAGC - TAACAT - - - -TTAATTTOGCCAA
TATCTTTAATTTTTAGGGGG- - -GA- -~~~ GAGCTTGCTA- -TGACTCCAC-TAACAT - - - -TTAATTTCACCAA
TATCTTTAATTTTTAGGGGG- - -GA- -~~~ GAGCTTGCTA- -TGACTCCAC-TAACAT - - - ~-TTAATTTCACCAA

TATTTTTITAATTTT- - 0GGG- - -ATGGTATCACTCAGC-A- -TAGCCGTC - - -AAGG- - - CATGAAGGTCAACTT
TATTTTITTATTTT- - TAGG- - -ATGCTGTGACTCAGC-A - -TAGCCGTC - - -AAGG - - - CATGAAGGGCAACTT
TATTTTITTATTTT- - TAGG- - ~ATGCTGTGACTCAGC-A- -TAGCCGTC - - -AAGG - - - CATGAAGGGCAACTT
TACACGTGOGTACACGTGCGTACACGTGOGTACACGTGCG - - TACACGTGC -GTACACGTGCGTACACGTACGTA

GGCTT ATTCTCTAT GGGGGC< HRM Inset DL R

TGCAGTTGTAGCTGGGCTT - -ATTCTCTAT - -GGGGGCCGAAGTAGTTATTACAACCGTA
TGCAGTTGTAGCTGGGCTT - -ATTCTCTAT - -GGGGGCCGAAGTAGTTATTACAACCGTA
TGCAGTTGTAGCTGGGCTT - -ATTCTCTAT - -GGGGGCCGAAGTAGTTATTACAACCGTA
TGCAGTTGTAGCTGGGCTT - -ATTCTCTAT - -GGGGGCCGAAGTAGTTATTACAACCGTA
ATCAATTGAAGCTGGGCTT - -ATTCTTTAT - -GGGGGCCCGANMAGATTATGTTATTATGG
ATCAATTGAAGCTGGGCTT - -ATTCTTTAT - -GGOGGCCGAMAGATTATGTTATTATGG
ATCAGTTGAAGCTGGGCTT - -ATTCTCTAT - -GGGGGCCGAMAGGTGATGCTATCATGA
ATCAGTTGAAGCTGGGCTT - -ATTCTCTAT - -GGGGGCCCGAMAGGTAATGCTATCATGA
TACAGTTGTAGCTGGGCTT - -ATTCTCTAT - -GGOGGCCAAAGTAATTATTCTTAGCGTA
TACAGTTGTAGCTGGGCTT - -ATTCTCTAT - -GGGGGCCAAAGTAATTATTCTTAGCGTA
TACAGTTGTAGCTGGGCTT - -ATTCTCTAT - -GGGGGCCGAAGTAGTTATTATTAGCGTA

AT--AGTCTAGCTGGACTT - - CCTATTAAG - TATCATTTATCCOCATCAATACCCCTGCA
AT--CATGTAGCTGGACTT - - TAAGTGAAG - GGTCATTAATCCACATAACCAMATCATCG

AT--CATGTAGCTGGACTT - - TAAGTGAAG -GATCATTAATCCACATAACCAAATCATCG
CACGTACGTACACGTGOGTACACGTACGTACACGTGCGTACACGTACGTACACGTACGTA
CAC- -ACGTACACACGTACACACGTAC- -ACACGT- - -~ - - ACGTACGTACAC- -ACGTA
CCC-TATGTCGCAGTATCT - -GTCTTTG-ATTCCTGCCTCATCCTATTATT TATOGCAC -
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PASSERIFORMES 125

KJ676688 E.rubecula
KJ676686 T.merula
AP484935.1 T.philomelos
AM302522.1 T.philomelos
KJ676687 T.philomelos
FN675614.1 T.philomelos
AY012102 S.araneus#
EU740412.1_C.1.familiaris#
JN711443.1_V.vulpes#
AY121990.17C.capreolus#
AY184430.1 C.elaphus#
AJ849535.1 C.hircus#

NC 001941.1 O.aries#
AY670666.1 R.rupicapra#
AP441243.1 C.russula#
AJ311131.1 A.sylvaticus#
AJ311164.1 A.flavicollis#
AJ250356.1 C.glareolusé#
JN989561.1_H.sapiens

KJ676688 E.rubecula
KJ676686 T.merula
AP484935.1 T.philomelos
AM302522.1 T.philomelos
KJ676687 T.philomelos
FN675614.1 T.philomelos
AY012102 S.araneus#
EU740412.1 C.1.familiaris#
JN711443.1_V.vulpes#
AY121990.1_C.capreolus#
AY184430.17C.elaphus#
AJ849535.1 C.hircus#

NC 001941.1 O.aries#
AY670666.1 R.rupicapra#
AP441243.1 C.russula#
AJ311131.1 A.sylvaticus#
AJ311164.1 A.flavicollis#
AJ250356.1 C.glareolus#
JNS89561.1_H.sapiens

XJ676688 E.rubecula
KJE76686_T.merula
AP484935.1 T.philomelos
AM902522.1 T.philomelos
XJ676687 T.philomelos
FN675614.1 T.philomelos
AY012102 S.araneus#
EU740412.1 C.1.familiaris#
JN711443.1 V.vulpes#
AY121990.1 C.capreolus#
AY184430.1 C.elaphus#
AJ849535.1 C.hircus#

NC 001941.1 O.arles#
AY670666.1 R.rupicapra#
AP441243.1 C.russula#
AJ311131.1 A.sylvaticus#
AJ311164.1 A.flavicollis#
AJ250356.1 C.glareolus#
JN989561.1_H.sapiens

HRM_Pass_12SF2 >ATCCACGATATTACCTGACCATT

ACCCACCTAGAGGAGCCTGTTCTGTAATCGATGATCCACGATATTACCTGACCATTTCTTGCCCAAMACAGCC
ACCCACCTAGAGGAGCCTGTTCTGTAATCGATGATCCACGATATTACCTGACCATTCCTTGCACGAAACAGCC
ACCCACCTANAGGAGCCTGTTCTGTAATCGATGATCCACGATATTACCTGACCATTTCTTGCACGAAACAGCC
ACCCACCTAGAGGAGCCTGTTCTGTAATCGATGATCCACGATATTACCTGACCATTTCTTGCACGAAACAGCC
ACCCACCTAGAGGAGCCTGTTCTGTAATCGATGATCCACGATATTACCTGACCATTTCTTGCACGAAACAGCC
ACCCACCTAGAGGAGCCTGTTCTGTAATCGATGATCCACGATATTACCTGACCATTCCTTGCACGAAACAGCC
ATCCCTCTAGAGGAGCCTGTTCTGTA -TCGATAAACCCCCGATAAACCTCACCACCCCTTGCTAA-TTCAGCT
ATCCCTCTAGAGGAGCCTGTTCTATAATCGATAAACCCC -GATAAMCCTCACCACCTTTCGCTAA-TTCAGTC
ATCCCTCTAGAGGAGCCTGTTCTATAATCGATAACCCC -GATAACCTCACCATCCCTTGCTAA-TACAGTC
ACCCTTCTAGAGGAGCCTGTTCTATAATCGATAAMCCCC -GATAGACCTCACCACCCCTTGCTAA-TACAGTC
ACCCTTCTAGAGGAGCCTGTTCTATAATCGATAACCCC -GATAAMCCTCACCATTCCTTGCTAC-TACAGTC
ACCCTTCTAGAGGAGCCTGTTCTATAATCGATAACCCC -GATAAMCCTCACCAATCCTTGCTAA-TACAGTC
ACCCTTCTAGAGGAGCCTGTTCTATAATCGATAAACCCC -GATAACCTCACCAATCCTTGCTAA - TACAGTC
ACCCTTCTAGAGGAGCCTGTTCTATAATCGATAACCCC -GATAAMCCTCACCAATCCTTGCTAA - TACAGTC
ATCCATCTAGAGGAGCCTGTTCTATAATCGATACACCCC-GATCAACCTCACCACTTCTTGCTAA-TTCCGCC
ATCCATCTAGAGGAGCCTGTTCTATAATCGATACACCCC-GATCTACCTCACCATCTCTTGCCAAATTCAGCC
ATCCATCTAGAGGAGCCTGTTCTATAATCGATACACCCC-GATCTACCTCACCATCTCTTGCCAAATTCAGCC
ATCCATCTAGAGGAGCCTGTTCTATAATCGATAAACCCC-GCTATACCTCACCACCACTTGCTAA-TTCAGCC
ATCCCTCTAGAGGAGCCTGTTCTGTAATCGATAAMCCCC -GATCAACCTCACCACCTCTIGCT - - - - - CAGCC

TATATACCGCCGTCGCCAGCTCACCTTCCCTGACAGCCCAACAGTGAGCGCAATAGCCCTACTACGCTAGTAAG
TATATACCGCCGTCGCCAGCCCACCTTTCCTGATAGCCCAACAGTGGACGCAATAGCCTAACC - OGCTAGCAAG

TATATACCGCCGTCGCCAGCCCACCTTTCCTGACAGCCCAACAGTGGACGCAATAGCCTAACC - OGCTAGTAAG
TATATACCGCCGTCGCCAGCCCACCTTTCCTGACAGCCCAACAGTGGACGCAATAGCCTAACC - OGCTAGTAAG
TATATACCGCCGTCGCCAGCCCACCTTTCCTGACAGCCCAACAGTGGACGCAATAGCCTAACC - OGCTAGCAAG
TATATACCGCCATCTTCAGCGAACCCTA - AAAA - GGCATAACAGTAAGCAAGAACATG - - - AGACATAMAACG
TATATACCGCCATCTTCAGCAMCCCTC - AAAA - GGTAGAACAGTAAGCACAATCATT - - - TTACATAMINAG
TATATACCGCCATCTTCAGCAMCCCTT - AMAA - GGTAGAGCAGTAAGCAGGATCATC - - - ACGCATAMINAG
TATATACCGCCATCTTCAGCAMCCCTA - AMAA - GGAATAMAGTAAGCACAACCATC - - - ATACATAMIACG
TATATACCGCCATCTTCAGCAMCCCTA - AMAA - GGTACAAAGTAAGCACAATCATA - - ~-ATACATAAMAACG
TATATACCGCCATCTTCAGCAMCCCTA - AAAA - GGAACAAIAGTAAGCTCAATCACA - - -ACACATAMGACG
TATATACCGCCATCTTCAGCAMCCCTA - AAAAGCCGACAIAGTAAGCTCAATAATA - - - ACACATAMAGACG
TATATACCGCCATCTTCAGCAACCCTA - AMAA - GGAACANIAGTAAGCTCAATCATA - - -GCACATAMGACG
TATATACCGCCATCTTCAGCAMCCCTT - AAAA - GGCATAGTAGTAAGCCCAAACATC - - - TTACATAAMAACG
TATATACCGCCATCTTCAGCAMCCCTA - AAAA - GGAATATAAGTAAGCACAAGAA - C - - - AAGCATTAAAACG
TATATACCGCCATCTTCAGCAMCCCTA - AAAA - GGAACATAAGTAAGCACAAGAA - C- - - AAGCATTAMNCG
TATATACCGCCATCTTCAGCAMCCCTA - AAAA - GGAATAMAGTAAGCAAGAGAATC - - - AC-CATAMAACG
TATATACCGCCATCTTCAGCAMCCCTG - ATGAAGGCTACAAAGTAAGCGCAAGTA - C- - -CCACGTAMGACG

GGAATGG AAGCAATGGGCTA« HRM Pass_12S R2

ACAGGTCAAGGTATAGCCTATGGAATGG - AAGCAATGGGCTACATTTTCTAAAT - -TAGAACA- - - -TAC
ACAGGTCAAGGTATAGCCCACGGAATGG - AAGCAATGGGCTACATTTTCTAGAC - -TAGAACA- - - -TAC
ACAGGTCAAGGTATAGCCTATGGAATGG - AAGCAATGGGCTACATTTTCTAGAT - -TAGAACA- - - -TAC
ACAGGTCAAGGTATAGCCTATGGAATGG - AAGCAATGGGCTACATTTTCTAGAT - -TAGAACA- - - -TAC
ACAGGTCAAGGTATAGCCCACGGAATGG -AAGCAATGGGCTACATTTTCTAGAC - -TAGAACA- - - -CAC
TTAGGTCAAGGTGTAGCTTATGAGGTGGGAAGA A TGGGCTACATTTTCTATTAACTAGAACAT - - -TTA
TTAGGTCAAGGTGTAACTTATGAGGTGGGAAGAAATGGGCTACATTTTCTACCC - - AAGAACATT - -TCA
TTAGGTCAAGGTGTAACTTATGGGATGGGAAGAAATGGGCTACATTTTCTATTT -TAAGAACACT - -TTA
TTAGGTCAAGGTGTAACCTATGAGGTGGGAAGAN A TGGGCTACATTTTCTAATT - TAAGAAAACTTAACA
TTAGGTCAAGGTGTAACCTATGGAACGGAAAGIAATGGGCTACATTTTCTAATC -TAAGAAAATCCAACA
TTAGGTCAAGGTGTAACCCATGGAATGGGAAGINAATGGGCTACATTTTCTACCT - - TAAGAAAATTAATA
TTAGGTCAAGGTGTAACCTATGGAGTGGGAAGAAATGGGCTACATTTTCTACCC - - AAGAAAATTTAATA
TTAGGTCAAGGTGTAACCTATGGAGTGGGAAGAAATGGGCTACATTTTCTATTT -CAAGAAAATTTAACA
TTAGGTCAAGGTGTAGCTTATGGAGTGGAAAGAAATGGGCTACATTTTCTAAMA -ATAGAATACTT - TTA
TTAGGTCAAGGTGTAGCCAATGAGGTGGGAAGAMATGGGCTACATTTTCTTTAC-AAAGAACA- - - -TTA
TTAGGTCAAGGTGTAGCCAATGAGATGGGAAGMMATGGGCTACATTTTCTTTAC-AMAGAACA- - - -TCA
TTAGGTCAAGGTGTAGCCAATGTOGTGGGAAGCAATGGGCTACATTTTCTTACC-A-AGAACA- - - -TTA
TTAGGTCAAGGTGTAGCCCATGAGGTGGCAAGAAATGGGCTACATTTTCTACCC - -CAGAAAA - - - -CTA
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CANIDAE_a-1loop

JN711443.1
GQ374180.1
AM181037.1
AY177656.1
AY177644.1
AY177652.1
AY177660.1
AY172678.1
AY172679.1

V.vulpes
V.vulpes
V.vulpes
C.familiaris
C.familiaris
C.familiaris
C.ramiliaris
C.rfamiliaris
C.familiaris

NC 002008.4 C.familiaris

EU740415.1

FJ817364.1
AY656751.1

AYE56745.1
AY588264.1
AY588252.1
AF367197.1
JQ0043985.1
EU600314.1
EU259145.1
AF010406.1
EU887455.1
AY769263.1
AY918370.1

X78798.1 S.
HQ200179.1 ]

JN711443.1
GQ374180.1
AM181037.1
AY177656.1
AY177644.1
AY177652.1
AY177660.1
AY172678.1
AY172679.1

C.familiaris
C.familiaris
C.familiaris
C.familiaris
A.frflavicollis#
A.sylvaticus#
C.glareolus#
C.elaphus#
C.capreolus#
C.hircus#
O.arles#

R rupicapra#
C.russula#
C.leucodon#
araneus#
H.sapiens

V.vulpes
V.vulpes
V.vulpes
C.familiaris
C.familiaris
C.ramiliaris
C.rfamiliaris
C.rfamiliaris
C.familiaris

NC 002008.4 C.familiaris

EU740415.1
FJ817364.1
AYE56751.1
AY656745.1

AY588252.1
AF367197.1
JQ004355.1
EU600314.1
EU259145.1
AF010406.1
EU887455.1
AY769263.1
AY918370.1
X78798.1 S

JN711443.1
GQ374180.1
AM181037.1
AY177656.1
AY177644.1
AY177652.1
AY177660.1
AY172678.1
AY172679.1

C.familiaris
C.familiaris
C.familiaris

~C.ramiliaris
AYS588264.1

A.rflavicollis#
A.sylvaticus#
C.glareolus#
C.elaphus#
C.capreolus#
C.hircus#
O.arles#

R rupicapra#
C.russula#
C.leucodon#

.araneus#
HQ200179.1 |

H.sapiens

V.vulpes
V.vulpes

V.vulpes

C.familiaris
C.familiaris
C.familiaris
C.familiaris
C.familiaris
C.familiaris

NC 002008.4 C.familiaris

EU740415.1
FJ817364.1
AY656751.1

AY656749.1
AY588264.1

AY588252.1
AF367197.1
JQ004395.1
EU600314.1
EU259145.1
AF010406.1
EU887455.1
AY769263.1
AYS918370.1
X78798.1 S

C.rfamiliaris
C.familiaris
C.familiaris
C.ramiliaris
A.flavicollis#
A.sylvaticus#
C.glareolus#
C.elaphus#
C.capreolus#
C.nircus#
O.arles#

R rupicapra#
C.russula#
C.leucodon#

.araneus#
HQ200179.1_]

H.saplens

HRM_can DL_F >CC GCA ACGGCACTAACTC TA
ACTTGCTATCACTCAGCTATGACC- - - - - - - GCA- - ACGGCACTAACTC- TAACCTA - CATCTGCACTCAG
ACTTGCTATCACTCAGCTATGACC- - - - - - - GCA- - ACGGCACTAACTC- TAACCTA - CATCTGCACTCAG
ACTTGCTATCACTCAGCTATGACC- - - - - - - GCA- - ACGGCACTAACTC- TAACCTA - CATCTGCACTCAG
ATCTGCTATCACTCACCTACGACC- - - - - - - GCA- - ACGGCACTAACTC- TAACTTATCTTCTGCTCTCAG
ATCTGCTATCACTCACCTACGACC- - - - - - GCA- - ACGGCACTAACTC- TAACTTATCTTCTGCTCTCAG
ATCTGCTATCACTCACCTACGACC- - - - - - GCA- - ACGGCACTAACTC- TAACTTATCTTCTGCTCTCAG
ATCTGCTATCACTCACCTACGACC- - - - -~ - GCA- - ACGGCACTAACTC- TAACTTATCTTCTGCTCTCAG
ATCTGCTATCACTCACCTACGACC- - - - -~ - GCA- - ACGGCACTAACTC- TAACTTATCTTCTGCTCTCAG
ATCTGCTATCACTCACCTACGACC- - - - -~ - GCA- - ACGGCACTAACTC- TAACTTATCTTCTGCTCTCAG
ATCTGCTATCACTCACCTACGACC- - - - - -~ GCA- - ACGGCACTAACTC- TAACTTATCTTCTGCTCTCAG
ATCTGCTATCACTCACCTACGACC- - - - - - GCA- - ACGGCACTAACTC- TAACTTATCTTCTGCTCTCAG
ATCTGCTATCACTCATCTACGACC- - - - - - - GCA- - ACGGCACTAACTC- TAACTTATCTTCTGCTCTCAG
ATCTGCTATCACTCACCTACGACC- - - - - -~ GCA- - ACGGCACTAACTC- TAACTTATCTTCTGCTCTCAG
ATCTGCTATCACTCACCTACGACC- - - - - - - GCA- - ACGGCACTAACTC- TAACTTATCTTCTGCTCTCAG
- -ATGCTGTGACTCAGC-ATAGCC- - - - = - - GTC- - AAGGCAT-GARGGGCAACTTATCATGTAGCTGGAC
- - ATGCTGTGACTCAGC-ATAGCC- - - - - - - GTC- - AAGGCAT-GAAGGGCAACTTATCATGTAGCTGGAC
- -ATGGTATCACTCAGC - ATAGCC- - - - - - - GTC- - AAGGCAT-GAAGGTCAACTTATAGTCTAGCTGGAC
- - ATGCTTGGACTCAGCAATGACC- - - - - - - GTCTGGCGGTCOCGTCCCGGAGCATGAATTGTAGCTGGAC
- - ATGCTTGGACTCAGCTATGGCC- - - - - - - GTC- ARAGGCCOCGACCCGGAGCATAAATTGTAGCTGGAC
- - ATGCTTGGACTCAGCTATGGCC - - - - - - - GTC- TGAGGCCOCGACCCGGAGCATAAATTGTAGCTGGAC
- - ATGCTTGGACTCAGCTATGGCC- - - - - - - GTC-TGAGGCCT-GACCCGGAGCATGAATTGTAGCTGGAC
- - ATGCTTGGACTCAGCTATGGCC- - - - - - - GTC-AAAGGCCOCGACCCGGAGCATCAATTGTAGCTGGAC

GCTTGCTATGACTCCGCTAACATTTAATCTOGCC - AATGCAGTTGTAGCTGGGCTTATTCTCTATGGGGGC
GCTTGCTATGACTCCACTAACATTTAATTTCACC - AATACAGTTGTAGCTGGGCTTATTCTCTATGGGGGC
GCTTGCTATGATCCAGCTAACATTTAATCTOGCC - AAATCAATTGAAGCTGGGCTTATTCTTTATGGGGGC

------ TATGCACGCGATAGCATT - - - - - - -GCG-GGAC - -GCTGGAGCCGGAGC - ACCCTATGTOGCAGT
GGAATATGCCCGTCGOGGCCCOGACGCAGTCAG- ATGATCTGTAGCTGGACTTATTCATTA - - - - - - TCATT
GGAATATGCCCGTCGOGGCCCOGACGCAGTCAG- ATGATCTGTAGCTGGACTTATTCATTA - - - - - - TCATT
GGAATATGCCCGTCGOGGCCCOGACGCAGTCAG- ATGATCTGTAGCTGGACTTATTCATTA - - - - - - TCATT
GGAATATGCCCGTCGOGGCCCTAACGCAGTCAA - ATAACTTGTAGCTGGACTTATTCATTA - - - - - - TCATT
GGAATATGCCCGTCGOGGCCCTAACGCAGTCAA - ATAACTTGTAGCTGGACTTATTCATTA - - - - - - TCATT
GGAATATGCCCGTCGOGGCCCTAACGCAGTCAA - ATAACTTGTAGCTGGACTTATTCATTA - - - - - - TCATT
GGAATATGCCCGTCGOGGCCCTAATGCAGTCAA - ATAACTTGTAGCTGGACTTATTCATTA - - - - - - TCATT
GGAATATGCCCGTCGOGGCCCTAATGCAGTCAA - ATAACTTGTAGCTGGACTTATTCATTA - - - - - - TCATT
GGAATATGCCCGTCGOGGCCCTAATGCAGTCAA - ATAACTTGTAGCTGGACTTATTCATTA - - - - - - TCATT
GGAATATGCCCGTCGOGGCCCTAATGCAGTCAA - ATAACTTGTAGCTGGACTTATTCATTA - - - - - - TCATT
GGAATATGCCCGTCGOGGCCCTAATGCAGTCAA - ATAACTTGTAGCTGGACTTATTCATTA - - - - - - TCATT
GGGATATGCCCGTCGOGGCCCTAATGCAGTCAA - ATAACTTGTAGCTGGACTTATTCATTA - - - - - - TCATT
GGAATATGCCCGTCGOGGCCCTAACGCAGTCAA - ATAACTTGTAGCTGGACTTATTCATTA - - - - - - TCATT
GGAATATGCCCGTCGOGGCCCTAACGCAGTCAA - ATAACTTGTAGCTGGACTTATTCATTA - - - - - - TCATT
TTTAAGTGAAGGATCATTAATCCACATAACCAA-ATCATOGA-AGGCTAATATCT - - - TAA- - - - - - TGCTT
TTTAAGTGAAGGGTCATTAATCCACATAACCAA - ATCATOGC -AGACTAATTAAT - - - TAA- - - - - - TGTTT
TTCCTATTAAGTATCATTTATCCCCATCAATAC- CCCTGCAACAGATTAATTAATGGCTCA - - - - - - GGACA
TT- - AACTGCATCTTGAGCATCCCCATAATGGT - AGGCATGG -GCATG- -GCAGT - - -CAA- - - - - - TGGT-
TT- - AACTGCATCTTGAGCATCCCCATAATGGT - AGGCATGG -ACATG - -GCAGT - - -CAA- - - - - - TGGT-
TT- - AACTGCATCTTGAGCATCCCCATAATGGT - AGGCATGG -GCAT - - TGCAGT - - - TAA- - - = - - TGGT-
TT- - AACTGCATCTTGAGCATCCTCATAATGGT - AAGCATGG -GCATAATATAAT - - - TAA- - = - - TGGT-
TT- - AACTGCATCTTGAGCATCCCCATAATGGT - AAGCATGG -GCAT - - - OGAGT - - - TAA- - - - - - TGGT-

CGAAGTAGT TAT TACAACOGTACT TATTCTCTTGATATGGTACATATGGTTTAATGATCTAAAGACATAACT
mwrunAncrrmca'rAmamrmwnumumumm'ruucnum

TATCA- - -ACTCCOG- - -TGCACAAT- - - - - -~ TCAAGGTGCTATTC - - -AGTCAATGGTTTCAGGACATAA
TATCA- - -ACTCOG- - -TGCACAAT- - -~ - -~ TCAAGGTGCTATTC - - -AGTCAATGGTTTCAGGACATAA
TATCA- - -ACTCOG- - -TGCACAAT- - - - - -~ TCAAGGTGCTATTC - - -AGTCAATGGTTTCAGGACATAA
TATCA- - -ACTC-A- - -CGCATAMA - - - - -~ TCAAGGTGCTATTC - - -AGTCAATGGTTTCAGGACATAT
TATCA- - -ACTC-A- - -CGCATAMAA - - - - - - TCAAGGTGCTATTC - - -AGTCAATGGTTTCAGGACATAT
TATCA- - -ACTC-A- - -CGCATAMA - - - - - - TCAAGGTGCTATTC - - -AGTCAATGGTTTCAGGACATAT
TATCA- - -ACTC-A- - -CGCATAMA - - - - - - TCAAGGTGCTATTC - - -AGTCAATGGTTTCAGGACATAT
TATCA- - -ACTC-A- - -CGCATAAAA - - - - -~ TCAAGGTGCTATTC - - -AGTCAATGGTTTCAGGACATAT
TATCA- - -ACTC-A- - -CGCATAMA - - - - - = TCAAGGTGCTATTC - - -AGTCAATGGTTTCAGGACATAT
TATCA- - -ACTC-A- - -CGCATAMAA - - - - - - TCAAGGTGCTATTC - - -AGTCAATGGTTTCAGGACATAT
TATCA- - -ACTC-A- - -CGCATAMA - - - - - - TCAAGGTGCTATTC - - -AGTACATGGT - - -AGTACACGT

-TCAAGGTGCTATTC - - -AGTCAATGGTTTCAGGACATAT
TCAAGGTGCTATTC - - -AGTCAATGGTTTCAGGACATAT

TATCA- - -ACTC-A- - -CGCATAAGA -
TATCA- - -ACTC-A- - -CGCATAAAA -

TATCA- - -ACTC-A- - -CGCATAMA - - - - -~ TCAAGGTGCTATTC - - -AGTCAATGGTTTCAGGACATAT
TTTCG- - -GACATA- - -TTACTTTAA- - -~~~ TTTCACTTGTTTTTCCTAGTTAMAATTTTTGACGACA
TCTCG- - -GACATA- - -TTACTTTAA- - -~~~ TTTCACTTAATTATTATAATTANMIATTTITATACCAATA
TAACA- - -CAAGCA - - -GTACTAATA- - - - - - ATGCAAMTGCTTTTITCCACCTACCAACCC - - - - - CCGTA
CACAG- - -GACATA- - -ATCATTATT---- -~ TCATGAGTCAACCCT - - -AAGATCTATTTCCCCCCCCTG
AGCAG- - -GACATA- - -ATTATTATT- - - - -~ TCACGACTCAACCCT - - -ACTATTCTTTTCCCCCCCCTT
CACAG- - -GACATA- - -TTTATTATG- - - - -~ TTGCATTTCA--~-=-=-===~ TCATGCATCCGCTCCACCTT
CACAG- - -GACATA- - -TCTGCTGTA- - - - -~ TOGTGCAT---=======~ TTATATATTC-----~ TTIT
CACAG- - -GACATA- - -ACTATTACG- - - - -~ TOGCACATC---======~ CCTTATA---~-~--~=~ CTT

TAAGAAGCCTCATAAAGTCTATTGTCAGACTTAATTGTATTTACTTGCTAACATACTATTAAGAGCAATTA

ATTCA- - -AGAAGA - - -CTTAGAAATTTATTGTCTGACTTAATT TTATTTACTTGCTAGCATATTATTATA

CATAAATTGACAAA - - -ACTGGTGTAAGTACAGGAGAM TGGATTCAG - GTAAMMATAATCAATGGTCACA
AAGTGTGTT

198



CAPRINAE 128

GU350354.1 O.aries
GU350352.1 O.arles
GU229279.1 C.hircus
HM236185.1 O.arles
HM236179.1 O.arles
HM236184.1 O.arles

NC 001941.1 O.aries
FJ207539.1 R.rupicapra
AY670666.1 R.rupicapra
AM158314.1 R.rupicapra
AJ849535.1_C.hircus
AY184430.1_C.elaphus
AY184439.17C.capreolus

AJ311164.1 A.rflavicollis

AJ311131.1 A.sylvaticus
AJ250356.1 C.glareolus
JN711443.1 V.vulpes

EU740412.1 C.1.familiaris

AY012102 S.araneus
AF484935.1 T.philomelos
JNS89561.1 Homo

GU350354.1 O.aries
GU350352.1 O.aries
GU229279.1 C.hircus
HM236185.1 O.aries
HM236179.1 O.aries
HM236184.1 O.aries

NC 001941.1 O.aries
FJ207539.1 R.rupicapra
AY670666.1 R.rupicapra
AM158314.1_R.rupicapra
AJ849535.1_C.hircus
AY184430.17C.elaphus
AY1844139.1 C.capreolus

AJ311164.1 A.rflavicollis

AJ311131.1 A.sylvaticus
AJ250356.1 C.glareolus
JN711443.1 V.vulpes

EU740412.1 C.1.familiaris

AY012102 S.araneus
AF484935.1 T.philomelos
JNS89561.1_ Homo

GU350354.1 O.arles
GU350352.1 O.aries
GU229279.1 C.hircus
HM236185.1 O.aries
HM236179.1 O.aries
HM236184.1 O.aries

NC 001941.1 O.aries
FJ207539.1 R.rupicapra
AY670666.1 R.rupicapra
AM158314.1_R.rupicapra
AJ849535.1_C.hircus
AY184430.17C.elaphus
AY184439.1 C.capreolus

AJ311164.1 A.rflavicollis

AJ311131.1 A.sylvaticus
AJ250356.1 C.glareolus
JN711443.1 V.vulpes

EU740412.1 C.1.familiaris

AY012102 S.araneus
AF484935.1 T.philomelos
JN989561.1_ Homo

HRM Ovi 125 F >TAAATCTOGTGCCAGCCA

GACTAAGCCATATTGACC - - AGGGTTEGTAMTCTOGTGCCAGCCACCGOGGTCATACGATTGACCCAAG
GACTAAGCCATATTGACC - - AGGGTTEETAMTCTOGTGCCAGCCACCGOGGTCATACGATTGACCCAAG
GACTAAGCCATGTTGACC - - AGGGTTEETAMTCTOGTGCCAGCCACCGOGGTCATACGATTAACCCAAG
GACTAAGCCATATTGACC - - AGGGTTEGTAMTCTOGTGCCAGCCACCGOGGTCATACGATTGACCCAAG
GACTAAGCCATATTGACC- - AGGGTTGGTAMTCTOGTGCCAGCCACCGOGGTCATACGATTGACCCANG
GACTAAGCCATATTGACC- - AGGGTTEGTAMTCTOGTGCCAGCCACCGOGGTCATACGATTGACCCAAG
GACTAAGTCATATTGACC - - AGGGTTGGTAMTCTOGTGCCAGCCACCGOGGTCATACGATTGACCCAAG
GACTAAGCCATATTGATT - - AGGGTTGGTAAMTCTOGTGCCAGCCACCGOGGTCATACGATTAACCCGAG
GACTAAGCCATATTGATT - - AGGGTTGGTAAMTCTOGTGCCAGCCACCGOGGTCATACGATTAACCCGAG

GACTAAGCCATATTAATC- - AGGGTTOGTAMTTTOGTGCCAGCCACCGOGGTCATACGATTAACCCAAG
GACTAAGCCATATTAATT - - AGGGTTOGTAMTCTOGTGCCAGCCACCGOGGTCATACGATTAACCCAAG
GACTAAGCTATACCTCTA- - AGGGTTGGTAATCTOGTGCCAGCCACCGOGGTCATACGATTAACCCAMA
GACTAAGCTATACCTCTA- - AGGGTTOGTAMTTTOGTGCCAGCCACCGOGGTCATACGATTAACCCAAA
GACTTAGTCATGCCTCTTC-AGGGTTOGTAAATTTOGTGCCAGCCACCGOGGTCATACGATTAACCCAAA
GACTAAGTTATACTAMG - - AGGCTTEETAMTTTOGTGCCAGCCACCGOGGTCATACGATTAACCCGAA
GACTAAGCCATACTAMT - - AGGGTTEETAMTTTOGTGCCAGCCACCGOGGTCATACGATTAACCCAAA
GACTAAGTTATGCTAACAT - AGGCTTEGTAMTTTOGTGCCAGCCACCGOGGTCATACGATTAACCCAAA
GACTTAGCCATAGCAAATC - AGAGCCOETAMTCCTGTGCCAGCCACCGOGGTCATACAGGAGGCTCAMA
AACTAAGCTATACTAACCCCAGGGTTGGTCAATTTOGTGCCAGCCACCGOGGTCACACGATTAACCCANG

CTAACAGGAGTACGGCGTAAAGCGTGTTAA- - -~ ==~ = AGCATCATACTAMTAGAGTTAAMTTTTAATTA
- - AGCATCATACTAMTAGAGTTAAATTTTAATTA
- - AGCACTACATCAMATAGAGTTAAATTCTAATTA
- - AGCATCATACTAMTAGAGTTAAATTTTAATTA
- ~AGCATCATACTAMATAGAGTTAAATTTTAATTA
- -AGCATCATACTAMATAGAGTTAAATTTTAATTA
- -AGCATCATACTAMATAGAGTTAAATTTTAATTA
TTAACAGGAATACGGCGTAMACGTGTTAA - - - = - AGCACCTCACAIMATAGAGTTAAATATTAGTTA
== =AGCACCTCACAAAATAGAGTTAAATATTAGTTA
== =AGCACCTCACCAAATAGAGTTAAATATTAGTTA

CTAACAGGAATACGGCGTAMACGTGTTAA- - == ~AGCACTACATCAAATAGAGTTAAATTCTAATTA
TTAATAGGCACACGGCGTAAAGCGTGTTAA- - - - AGCACTATACTAMATAAGTTAAATTCCAATTA
TTAATAGGCACACGGCGTAAAGCGTGTTAA- - == =AGCATTATATAZAATAAGGTTCAATTCTAATTA

== =TAGAA - ATTACAAATAGAACTAAATCCAACTA

CTAATTACCTCTCGGCGTAAAACGTGCTAAC- - - - - - - TAGAA - ACAACAAATAGAACTAMATCCAACTA

CTAATTA- TTCTCGGCGTAAAACGTGTTACT - - - - - - -GGGACCACANIAATAGAATTGAAATCCATCCA
CTAATAGGCCCACGGCGTAAAGCGTGTTTAA - - - - - - ~GATAACATATTAC - TAAMAGTTAAMACTTAACTA
CTAATAGGCCTACGGCGTAAAGCGTGTTCAA - - - - - - = GATACTTTTACAC- TAAAGTTAAMACTTAACTA
TTAATAGGCA - ACGGCGTAAAGCGTGTTAAAGAMG - CTATACCCACACAAATAAGACANIATTTAACTA
TTAACTTTATAACGGCGTAAAGAGTGGTCGCA - - - - - TGTTATCCAAGTAGCTAAGATTAMMAGCAACTG

TCAATAGAAGC - CGGCGTAAAGAGTGTTTTAGA - - - - TCACOCCCTCCCCAATAAAGCTAAAACTCACCTG

ATGACGAMGTAACCCTAC< HRM Ovi 125 R

AACTGTAMMAGCCATAATT - -ATAACAAAAAT - - AAMATGACGAAGTAACCCTACAATAGC - - - - - = TGA
AACTGTAMMAGCCATAATT - -ATAACAAMAT - - AAATGACGAMAGTAACCCTACAATAGC - - - - - - TGA
AACTGTAMMAGCCATAATT - -ACAACAAAAAT - - AGATGACGAAGTAACCCTACTGCAGC - - - - - = TGA
AACTGTAMMAGCCATAATT - -ATAACAAAAAT - - AAMATGACGAMGTAACCCTACAATAGC - - - - - = TGA
AACTGTAMRMAGCCATAATT - -ATAACAAAAT - - AMATGACGAMGTAACCCTACAATAGC - - - - - = TGA
AACTGTAAMMAGCCATAATT - -ATAACANAAT - - AAMATGACGAMGTAACCCTACAATAGC - - - - - = TGA
AACTGTAMPAGCCATAATT - -ATAACANAAT - - AAMATGACGAMGTAACCCTACAATAGC - - - - - = TGA
AACTGTANMPAGCCATAACT - -ATAACAAIMAT - - AAATGACGAMGTAACCCTACAGCAGC - - - - - - TGA
AACTGTAAMAGCCATAACT - -ATAACAAAAAT - - AAMATGACGAAGTAACCCTACAGCAGC - - - - - = TGA
AACTGTAMPAGCCATAACT - -ATAACAARAAT - - AAMATGACGAAGTAACCCTACAGTAGC - - - - - = TGA
AACTGTAAMMAGCCATAATT - -ACAACAAAAAT - - AGATGACGAAGTAACCCTACTGCAGC - - - - - = TGA
AGCTGTAMMAGCCATAATT - -GCAACAAIMAT - - AAATAACGAMAGTAACTTTACAGCCGC - - - - - - TGA
AGCTGTAAMMAGCCATAATT - -ATAATGAAMAT - - AGATAACGAMGTAACTTTAAMCAGC - - - - - = TGA
ATATGTGAJMATTCATTGTTC-GGCCCTAAMAT - - CAATAACGAMGTAGTTCTAATAATTT - - - - - - TAC
ATATGTGAAMTTCATTGTTA-GGACCTAAGCT - - CAATAACGAAAGTAGTTCTAATAATTC - - - - - = TAC
ATATGTGAAMATTCATCGTT - -GGACTTAAMAY - - CAGTAACGAMGTAATTCTAATTCACC - - - - - - TGA
AGCOGTAMMAGCTACAGTT - -ACCAT - AAAAT - - ATACTACGAAAGTGACTTTAAMATTTT - - - - - - CTG
AGCOGTAMUMAGCTACAGTT - -ATCAT - AAMAT - - AAACCACGAMAGTGACTTTATAATAAT - - - - - - CTG
AGCTGTAGAAAGCAACAGTT - - AAMACTAAGAT - - ACACTACGAMGTGACTTTATTACAGC - - - - - - TGA
AGCTGTCATAAGCCCAAGATG - CCCATAAGGCCTCOGTCTTCAAAGAAGATCTTAGAACAACGATTAATTG
AGTTGTAMRMAACTCCAGTT - -GACACAAAAT - - - AAMACTACGAMGTGGCTTTAACATATC - - - - - - TGA
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CERVIDAE_a-loop

EU436771.1 C.elaphus
EU436777.1 C.elaphus
EU436773.1 C.elaphus
AP291887.1 C.elaphus
NC 007704.2 C elaphus
JQ004399.1 C.elaphus
EUS44179.1 C.elaphus
CEU12867 C.elaphus

EU436781.1 C.elaphus
EUS44182.1_C.elaphus
AF291886.1_C_elaphus

EU544183.1
EU544185.1
EU544184.1
EU544180.1
EU600308.1
AY625825.1
EU600300.1
EU600300.1
EU600304.1
EU600304.1
EU600306.1
EU600296.1
EU600294.1
EU600302.1
EU600310.1
EU600312.1
JN632610.1
EU600314.1
EU600316.1
AY625819.1
AY625823.1

.elaphus
elaphus
elaphus
elaphus
capreolus
capreolus
capreolus
capreolus
capreolus
capreolus
capreolus
capreolus
capreolus
capreolus
.capreolus
capreolus
capreolus
capreolus
capreolus
capreolus
C.capreolus

NnNOoNNNNNNNNNNNNNNNNNN

X78798.1 S.araneus#

AY76926371
AY918370.1
AF010406.1
EU887455.1
EU740415.1
JN711443.1
AY588252.1
AY588264.1
AF367197.1
EU259145.1
HQ200179.1

EU436771.1
EU436777.1
EU436773.1

_C.russula#

C.1leucodon#
O.arles#
R rupicapra#
C.familiaris#
V.vulpes#
A.sylvaticus#
A.flavicollis#
C.glareolus#
C.hnircus#

_H.saplens

C.elaphus
C.elaphus
C.elaphus

AF291887.1 C.elaphus
NC 007704.2 C elaphus
JQ004399.1 C.elaphus
EU544179.1 C.elaphus
CEU12867 C.elaphus

EU436781.1 C.elaphus
EU544182.1 C.elaphus

AF291886.1_C_elaphus
EU544183.1°C-elaphus

EUS44185.17C.elaphus
EUS44184.1 C.elaphus
EUS44180.1 C.elaphus
EU600308.1 C.capreolus
AY625825.1 C.capreolus
EU600300.1 C capreolus
EU600300.1 C.capreolus
EU600304.1 C capreolus
EU600304.1 C.capreolus
EU600306.1 C.capreolus
EU600296.1 C.capreolus
EU600294.1 C.capreolus
EU600302.1 C capreolus
EU600310.1 C .capreolus
EU600312.1 C.capreolus
JN632610.1 C.capreolus
EU600314.1 C.capreolus
EU600316.1 C capreolus
AY625819.1 C.capreolus
AY625823.1 C.capreolus
X78798.1 S.araneus#
AY769263.1_C.russula#
AY918370.17C.leucodon
AF010406.170.arles#
EU887455.1 R rupicapra’
EU740415.1 C.familiaris#
JN711443.1 V.vulpes#
AY588252.1 A.sylvaticus#
AY588264.1 A.flavicollis#
AF367197.1 C.glareolus#
EU259145.1 C.hircusé
HQ200179.1 H.sapiens

HRM_Ung DL _F >CGATGGACTAATGACTAATCA

TAAMATCGOCCACTCCT - - - - TGTAAT - - -ATTAGACATCTCGATGGACTAATGACTAATCAGCCCAT -GCTCACACATAACTGT
TAAMTCGOCCACTCCT - - - -TGTAGT - - -ATTAGACATCTCGATGGACTAATGACTAATCAGCCCAT -GCTCACACATAACTGT
TAWMATCGOCCACTCCT - - - -TGTAGT - - -ATTAGACATCTCGATGGACTAATGACTAATCAGCCCAT -GCTCACACATAACTGT
TAMWATCGOCCACTCCT - - - - TGCAAT - - - ATAAGACATCTCGATGGACTAATGACTAATCAGCCCAT - GCTCACACATAACTGT
TAAWATCGOCCACTCCT - - - - TGCAAT - - - ATAAGACATCTCGATGGACTAATGACTAATCAGCCCAT - GCTCACACATAACTGT
TAAWMATCGOCCACCCCT - - - - TGCAAT - - - ATAAGACATCTCGATGGACTAATGACTAATCAGCCCAT - GCTCACACATAACTGT
TAATCGOCCACCCCT - - - - TGCAAT - - - ATAAGACATCTCGATGGACTAATCACTAATCAGCCCAT - GCTCACACATAACTGT
TAAMATCGOCCACTCCT - - - - TGCAAT - - - ATAAGACATCTCGATGGACTAATGACTAATCAGCCCAT - GCTCACACATAACTGT
TAAMATCGOCCACTCCT - - - - TGTAGT - - -ATTAGACATCTCGATGGACTAATGGCTAATCAGCCCAT - GCTCACACATAACTGT
TAAMTCGOCCACTCCT - - - - TGTAGT - - -ATTAGACATCTCGATGGACTAATGGCTAATCAGCCCAT -GCTCACACATAACTGT
TAAWATCGOCCACTTCT - - - - TGTAGT - - -ATTAGACATCTCGATGGACTAATGGCTAATCAGCCCAT -GCTCACACATAACTGT
TAWATCGOCCACTCCT - - - - TGCAAT - - -ATAAGACATCTCGATGGACTAATGACTAATCAGCCCAT - GCTCACACATAACTGT
TAMWMATCGOCCACTCCT - - - - TGCAAT - - -ATAAGACATCTCGATGGACTAATGACTAATCAGCCCAT -GCTCACACATAACTGT
TAMATCGOCCACTCCT - - - - TGCAAT - - - ATAAGACATCTCGATGGACTAATGACTAATCAGCCCAT -GCTCACACATAACTGT
TAAMATCGOCCACTCCT - - - - TGCAAT - - -ATAAGACATCTCGATGGACTAATGACTAATCAGCCCAT - GCTCACACATAACTGT
TAAMATCGOCCACTCTT - - - - TCCTCTTAM TAAGACATCTCGATGGACTAATGACTAATCAGCCCAT - GCTCACACATAACTGT
TAWMATCGOCCACTCTT - - - - TCCTCTTAMTAAGACATCTCGATGGACTAATGACTAATCAGCCCAT - GCTCACACATAACTGT
TAAMATCGOCCACTCTT - - - - TCCCCTTAM TAAGACATCTCGATGGACTAATGACTAATCAGCCCAT - GCTCACACATAACTGT
TAAMATCGOCCACTCTT - - - - TCCCCTTAM TAAGACATCTCGATGGACTAATGACTAATCAGCCCAT - GCTCACACATAACTGT
TAATCGOCCACTCTT - - - - TCCTCTTAM TAAGACATCTCGATGGACTAATGACTAATCAGCCCAT - GCTCACACATAACTGT
TAATCGOCCACTCTT - - - - TCCTCTTAM TAAGACATCTCGATGGACTAATGACTAATCAGCCCAT - GCTCACACATAACTGT
TAWATCGOCCACTCTT - - - - TCCTCTTAM TAAGACATCTCGATGGACTAATGACTAATCAGCCCAT - GCTCACACATAACTGT
TAATCGOCCACTCTT - - - - TCCTCTTAM TAAGACATCTCGATGGACTAATGACTAATCAGCCCAT - GCTCACACATAACTGT
TAWATCGOCCACTCTT - - - - TCCTCTTAM TAAGACATCTCGATGGACTAATGACTAATCAGCCCAT - GCTCACACATAACTGT
TAAMATCGOCCACTCTT - - - - TCCTCTTAMTAAGACATCTCGATGGACTAATGACTAATCAGCCCAT - GCTCACACATAACTGT
TAAMATCGOCCACTCTT - - - - TCCTCTTAMTAAGACATCTCGATGGACTAATGACTAATCAGCCCAT - GCTCACACATAACTGT
TAAMATCGOCCACTCTT - - - - TCCTCTTAMTAAGACATCTCGATGGACTAATGACTAATCAGCCCAT - GCTCACACATAACTGT
TAAMATCGOCCACTCTT - - - - TCCTCTTAM TAAGACATCTCGATGGACTAATGACTAATCAGCCCAT - GCTCACACATAACTGT
TAAMATCGOCCACTCTT - - - - TCCTCTTAMTAAGACATCTCGATGGACTAATGACTAATCAGCCCAT - GCTCACACATAACTGT
TAAWATCGOCCACTCTT - - - - TCCTCTTAM TAAGACATCTCGATGGACTAATGACTAATCAGCCCAT - GCTCACACATAACTGT
TAWATCGOCCACTCTT - - - - TCCTCTTAM TAAGACATCTCGATGGACTAATGACTAATCAGCCCAT - GCTCACACATAACTGT
TAWATCGOCCACTCTT - - - - TCCTCTTAAMTAAGACATCTCGATGGACTAATGACTAATCAGCCCAT - GCTCACACATAACTGT
TAWATCGOCCACTCTT - - - - TCCTCTTAM TAAGACATCTCGATGGACTAATGACTAATCAGCCCAT - GCTCACACATAACTGT
TAAATCCGOCCATTCAT - - - - TCCCCTTAM TAAGACATCTCGATGGACTAATGACTAATCAGCCCAT - GCCGACACATAACTGT
---------- AAGATAACCTATTGGATTT - TCATGOGTCAGCCCAT -GCCGACACATAACTGT
TAMATCGOCCACTCTT - - - - TCCCCTTAM TAAGACATCTCGATGGACTAATGACTAATCAGCCCAT -GCCTA - ACATAACTGT
TAGMTCGOCCATTCTT - - - - TCCTCTTAMTAAGACATCTCGATGGACTGGTGACTAATCAGCCCAT - GCTCACACATAACTGT
TATTTACTCCAATCCTACTAATTCTOGCAM TGGGACATCTCGATGGACTAATGACTAATCAGCCCAT -GATCACACATAACTGT
TGTTCACTOCAATCCTACTAATCCTCTCAMTGGGACATCTCGATGGACTAATGACTAATCAGCCCAT -GATCACACATAACTGT
CGTTATCGCCCATACGT - - - - TCCCCTTAAATAAGACATCTCGATGGTACGG -GTCTAATCAGCCAAG - ACTTC - -CATAACTGT
CGTTATCGOCCATACGT - - - - TCCCCTTAMTAAGACATCTCGATGGTACGG - GTCTAATCAGCCAAG - ACTTC - - CATAACTGT
TTTTATCGTCCATACGT - - - - TCCCCTTAAMTAAGACATCTCGATGGTACGG -GTCTAATCAGCCCAT -GCCTA - ACATAACTGT
TAAMTCGOCCACTCTT - - - - CCCTCTTAM TAAGACATCTCGATGGACTAATGACTAATCAGCCCAT - GCTCACACATAACTGT
TA-AATAGOCCACACGT - - - - TCCCCTTAM TAAGACATCACGATGGATCACAGGTCTATCACCCTATTAACCACTCACGGGAGC

?

GGTGTCATACATTTGGTATTTTTAATTTTTGGGGAGA - - - - - - - TGCTTGGACTCAGCAATGACC - - -GTCTGGC - - - -GGTCCCG
GGTGTCATACATTTGGTATTTTTAATTTTTGGGGAGA - - - - - - - TGCTTGGACTCAGCAATGACC - - -GGCTGGC - - - -GETCCCE
GGTGTCATACATTTGGTATTTTTAATTTTTGGGGGGA - - - - - - - TGCTTGGACTCAGCAATGACC- - -GGCTGGC - - - -GGTCCCG
GGTGTCATACATTTGGTATTTTTAATTTTTGGGGAGA - - - - - - - TGCTTGGACTCAGCAATGACC- - -GTCTGAC- - - -GGTCCTG
GGTGTCATACATTTGGTATTTTTAATTTTTGGGGAGA - - - - - - - TGCTTGGACTCAGCAATGACC - - -GTCTGGC - - - -GETCCCG
GGTGTCATACATTTGGTATTTTTAATTTTTGGGGAGA - - - - - - - TGCTTGGACTCAGCAATGACC - - -GTCTAGC - - - -GETCCCG
GGTGTCATACATTTGGTATTTTTAATTTTTGGGGGGA - - - - - - - TGCTTGGACTCAGCAATGACC- - -GTCTGGC - - - -GGTCCCG
GGTGTCATACATTTGGTATTTTTAATTTTTGGGGAGA - - - - - - - TGCTTGGACTCAGCAATGACC - - -GTCTGGC - - - -GGTCCCG
GGTGTCATACATTTGGTATTTTTAATTTTTGGGGAGA - - - - - - - TGCTTGGACTCAGCAATGACC - - -GTCTGGC - - - -GETCCCG
GGTGTCATACATTTGGTATTTTTAATTTTTGGGGGGA - - - - - - - TGCTTGGACTCAGCAATGACC- - -GTCTGGC - - - -GGTCCCG
GGTGTCATACATTTGGTATTTTTAATTTTTGGGGAGA - - - - - - - TGCTTGGACTCAGCAATGACC - - -GTCTGGC - - - -GGTCCCG
GGTGTCATACATTTGGTATTTTTAATTTTTGGGGAGA - - - - - - - TGCTTGGACTCAGCAATGACC - - -GTCTGGC - - - -GETCCCG
GGTGTCATACATTTGGTATTTTTAATTTTTGGGGGGA - - - - - - - TGCTTGGACTCAGCAATGACC- - -GTCTGGC - - - -GGTCCCG
GGTGTCATACATTTGGTATTTTTAATTTTTGGGGAGA - - - - - - - TGCTTGGACTCAGCAATGACC - - -GTCTGGC - - - -GGTCCCG
GGTGTCATACATTTGGTATTTTTAATTTTTGGGGAGA - - - - - - - TGCTTGGACTCAGCAATGACC - - -GTCTGAC- - - -GGTCCCG
GGTGTCATACATTTGGTATTTTTTAATTTTTGGGAGA - - - - - - - TGCTTGGACTCAGCTATGGCC - - -GTCARA- - - - - GGCCOCE
GGTGTCATACATTTGGTATTTTTTAATTTTTGGGGGA - - - - - - - TGCTTGGACTCAGCTATGGCC - - -GTCARA- - - - - GGCCCCG
GGTGTCATACATTTGGTATTTTTTAATTTTTGGGAGA - - - - - - - TGCTTGGACTCAGCTATGGCC- - -GTCARA- - - - - GGCCOCG
GGTGTCATACATTTGGTATTTTTTAATTTTTGGGAGA - - - - - - - TGCTTGGACTCAGCTATGGCC - - -GTCARA- - - - - GGCCOCG
GGTGTCATACATTTGGTATTTTTTAATTTTTGGGAGA - - - - - - - TGCTTGGACTCAGCTATGGCC - - -GTCARA- - - - - GGCCCOCG
GGTGTCATACATTTGGTATTTTTTAATTTTTGGGGGA - - - - - - - TGCTTGGACTCAGCTATGGCC - - -GTCARA- - - - - GGCCOCG
GGTGTCATACATTTGGTATTTTTTAATTTTTGGGAGA - - - - - - - TGCTTGGACTCAGCTATGGCC - - -GTCARA- - - - - GGCCOCG
GGTGTCATACATTTGGTATTTTTTAATTTTTGGGAGA - - - - - - - TGCTTGGACTCAGCTATGGCC - - -GTCARA- - - - - GGCCOCE
GGTGTCATACATTTGGTATTTTTTAATTTTTGGGAGA - - - - - - - TGCTTGGACTCAGCTATGGCC - - -GTCARA- - - - - GGCCOCE
GGTGTCATACATTTGGTATTTTTTAATTTTTGGGGGA - - - - - - - TGCTTGGACTCAGCTATGGCC - - -GTCARA- - - - - GGCCOCG
GGTGTCATACATTTGGTATTTTTTAATTTTTGGGAGA - - - - - - - TGCTTGGACTCAGCTATGGCC- - -GTCARA- - - - - GGCCOCE
GGTGTCATACATTTGGTATTTTTTAATTTTTGGGAGA - - - - - - - TGCTTGGACTCAGCTATGGCC - - -GTCARA- - - - - GGCCOCG
GGTGTCATACATTTGGTATTTTTTAATTTTTGGGGGA - - - - - - - TGCTTGGACTCAGCTATGGCC - - -GTCARA- - - - - GGCCCCG
GGTGTCATACATTTGGTATTTTTTAATTTTTGGGAGA - - - - - - - TGCTTGGACTCAGCTATGGCC- - -GTCARA- - - - - GGCCOCG
GGTGTCATACATTTGGTATTTTTTAATTTTTGGGAGA - - - - - - - TGCTTGGACTCAGCTATGGCC- - -GTCARA- - - - - GGCCOCE
GGTGTCATACATTTGGTATTTTTTAATTTTTGGGAGA - - - - - - - TGCTTGGACTCAGCTATGGCC- - -GTCARA- - - - - GGCCOCE
GGTGTCATACATTTGGTATTTTTTAATTTTTGGGGGA - - - - - - - TGCTTGGACTCAGCTATGGCC - - -GTCARA- - - - - GGCCOCG
GATTTCTTGCATTTGGTATCTAN

TTTTTTTGGGGOGGGAGAGCTTGCTATGATCCAGCTAACATTT - AATCTOGCCAAATCAATTG
GGTGTCATACATTTGGTATCTTTAATT T TTTGGGGGGAG - AGCTTGCTATGACTCCGCTAACATTT - AATCTOGCCAATGCAGTTG
GGTGTCATGCGGTTGGTATCTTTAATTTTTAGGGGGGAG - AGCTTGCTATGACTCCACTAACATTT - AATTTCACCAATACAGTTG

GGCCCCG
TCT-CCATGCATTTGGTATTTTOG - - - TCTGGGGGGTATGCACGCGATAGCATTGCGGGACGCTG - GAGCCGGAGCACC - -CTATG
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EU436781.1
EU544182.1
AF291886.1
EU436771.1
EU436777.1
EU436773.1
AF291887.1
NC 007704.
JQ004395.1
EU544179.1

.elaphus
.elaphus
elaphus
.elaphus
.elaphus
.elaphus
C.elaphus
2 C elaphus
C.elaphus
C.elaphus

c
c
e
c
c
c

CEU12867_C.elaphus
EU544183.1 C.elaphus

EU544185.1 C.elaphus
EU544184.1 C.elaphus
EU544180.1 C.elaphus
EU600308.1 C.capreolus
AY625825.1 C.capreolus
EU600300.1 C capreolus
EU600300.1 C.capreolus
EU600304.1 C capreolus
EU600304.1 C.capreolus
EU600306.1 C.capreolus
EU600296.1 C.capreolus
EU600294.1 C.capreolus
EU600302.1 C capreolus
EU600310.1 C .capreolus
EU600312.1 C.capreolus
JN632610.1 C.capreolus
EU600314.1 C.capreolus
EU600316.1 C capreolus
AY625819.1 C.capreolus
AY625823.1 C.capreolus
X78798.1 S.araneus#
AY769263.1 _C.russula#
AYS918370.1_C.leucodon#
AF010406.1 O.arles#
EU887455.1 R rupicapra#
EU740415.1 C.ramiliaris#
JN711443.1 V.vulpes#
AY588252.1 A.sylvaticus#
AY588264.1 A.rlavicollis#
AF367197.1 C.glareolus#
EU259145.1 C.hircus#
HQ200179.1_H.sapiens

CATCTTGA GCATCCCCAT AA< HRM Ung DL R

GCATCCCCAT - -AATGGTAGGCATGG- -GCATG - -GCAGT
-GCATCCCCAT - -AATGGTAGGCATGG - -GCATG -
-GCATCCCCAT - -AATGGTAGGCATGG - -GCATG -
-GCATCCCCAT - - AATGATAGGCATGG - -GCATG-
-GCATCCCCAT - -AATGGTAGGCATGG - -GCATG-
TCCCGGAGCATGAATTGTAGCTGGACTT - ~-AACTGCATCTTGA -GCATCCCCAT - - AATGGTAGGCATGG - -GCATG - -
~GCATCCCCAT - -AATGGTAGGCATGG- -GCATG - -
-GCATCCCCAT - -AATGGTAGGCATGG - -GCATG - -GCAGT
-GCATCCCCAT - -AATGGTAGGCATGG - -GCATG - -
-GCATCCCCAT - -AATGGTAGGCATGG - -GCATG - -
GCATCCCCAT - - AATGGTAGGCATGG- -GCATG - -GCAGT
GCATCCCCAT - - AATGGTAGGCATGG- -GCATG - -GCAGT
GCATCCCCAT - - AATGGTAGGCATGG- -GCATG - -ACAGT
GCATCCCCAT - -AATGGTAGGCATGG- -ACATG - -ACAGT
GCATCCCCAT - -AATGGTAGGCATGG- -GCATG - -ACAGT
GCATCCCCAT - - AATGGTAGGCATGG - -GCATG - -ACAGT
~AACTGCATCTTGA -GCATCCCCAT - - AATGGTAGGCATGA - -GCATG - -ACAGT
GCATCCCCAT - - AATGGTAGGCATGA - -GCATG - -ACAGT
~GCATCCCCAT - -AATGGTAGGCATGA - -GCATG - -ACAGT -
ACCCGGAGCATAAATTGTAGCTGGACTT - -AACTGCATCTTGA -GCATCCCCAT - - AATGGTAGGCATGA - -GCATG - -ACAGT -
ACCCGGAGCATAAATTGTAGCTGGACTT - -AACTGCATCTTGA - -
ACCCGGAGCATAAATTGTAGCTGGACTT - -AACTGCATCTTGA - -
ACCCGGAGCATAAATTGTAGCTGGACTT - -AACTGCATCTTGA -GCATCCCCAT - - AATGGTAGGCATGG - -GCATG - -GCAGT -
ACCCGGAGCATAAATTGTAGCTGGACTT - -AACTGCATCTTGA - -
ACCCGGAGCATAAATTGTAGCTGGACTT - -AACTGCATCTTGA - -
ACCCGGAGCATAAATTGTAGCTGGACTT - -AACTGCATCTTGA - -
ACCCGGAGCATAAATTGTAGCTGGACTT - -AACTGCATCTTGA -GCATCCCCAT - - AATGGTAGGCATGG - -ACATG - -GCAGT -
ACCCGGAGCATAAATTGTAGCTGGACTT - -AACTGCATCTTGA -GCATCCCCAT - - AATGGTAGGCATGG - -GCATG - -GCAGT -
ACCCGGAGCATAAATTGTAGCTGGACTT - -AACTGCATCTTGA -GCATCCCCAT - - AATGGTAGGCATGG - -GCATG - -GCAGT -
AAGCTGGGCTTATTCTTTATGGGGGCCOAMAGATTATGTTATTATGGCTATT TCTCTIGCAGGGAGTAMATACGTTTAATGGTT
TAGCTGGGCTTATTCTCTATGGGGGCCG - AAGTAGTTATTACAACCGTACTTAT - - - -TCTCTTGATATGGTACATA - - - TGGTT
TAGCTGGGCTTATTCTCTATGGGGGCCA - AAGTAATTATTCTTAGOGTACTTAT - - - -TCTCTTGATAGAGTACATT - - -TAACT
ACCCGGAGCATGAATTGTAGCTGGACTT - -AACTGCATCTTGA -GCATCCTCAT - - AATGGTAAGCATGG - -GCATAATATAAT -
ACCCGGAGCATCAATTGTAGCTGGACTT - -AACTGCATCTTGA -GCATCCCCAT - - AATGGTAAGCATGG - -GCAT - - -CGAGT -
ACTTATCTTCTGCTCTCAGGGAATATGCCCGTCGOGGCCCTAATGCAGTCAAAT - -AACTTGTAGCTGGAC - TTATTCATTATCA
ACCTA-CATCTGCACTCAGGGAATATGCCCGTCGOGGCCCOGACGCAGTCAGAT - -GATCTGTAGCTGGAC - TTATTCATTATCA
AAGGGCAACTTATCATGTAGCTGGACTTTAAGTGAAGGGTCAT -TAATCCACAT - - AACCAAATCATCGC - - AGACTAATTAAT -
AAGGGCAACTTATCATGTAGCTGGACTTTAAGTGAAGGATCAT -TAATCCACAT - - AACCAMTCATCGA - - AGGCT - AATATCT
AAGGTCAACTTATAGTCTAGCTGGACTTCCTATTAAGTATCAT -TTATCCCCAT - - CAATACCCCTGCAAC - AGATTAATTAATG
ACCCGGAGCATAAATTGTAGCTGGACTT - -AACTGCATCTTGA -GCATCCCCAT - - AATGGTAGGCATGG - -GCAT - - TGCAGT -
TOGCAGTATCTGTCT T TGATTCCTGCCTCATCCTATTATT TATOGCACCTACGTTCAATATTACAGGCGAACATACTTACTAAAG
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Table Al Identification results by HRMA and sequence BLASTnfor questing ticks bloodmeal analysigluring Real-time HRMA
optimization; Tm, melting temperature; Tm1, melttegperature peak 1; Tm2, melting temperature Beadntinued in the next page.

SITE

sample
name

Tm °C
(n°rep)

HRMA genotype

Muroidea

BLAST genotype

Tm °C (n°rep)
Tml Tm2

Soricidae

HRMA genotype

BLAST genotype

Tm °C (n°rep)

Tml

Tm2

HRMA genotype

Passeriformes

BLAST genotype

CON

TRA

CAD

PIE

1.Co
2_co
3.co
4_co
5_CO
6_CO
7_Cco
8_CO
9_co
10_co
11_co
12_Cco
13 CO
1.TR
2 TR
3_TR
4_TR
5_TR
6_TR
7_TR
8_TR
9_TR
10_TR
11_TR
12 TR
1.CA
2. CA
3_CA
4_CA
5_CA
6_CA
7_CA
8_CA
9 CA
10_CA
11_CA
12 CA
13 CA
14_CA
1Pl
2_PI
3_PI
4Pl
5_PI
6_PI
7_PI
8_PI
9_PI
10_PI
11_PI
12_PI
13 PI

74.2 (1)

81.9 (2)

78.7

81.5 (1)

81.3 (1)

out of range

Apodemus sp.

out of range

Apodemus sp.

M. glareolus

no sequences obtained-too short

A flavicollis 100%

no sequences obtained-too short

A. flavicollis 100%

A. flavicollis 98% (2 del)

77.0
81.8
83.1 (1)

70.4 (1)
74.4 (1)

812  839(1)
81.6 (1)
82.4 (1)
81.9 (1)

823  753(1)

816  74.4(1)

80.5 (1)

86.2 (1)
83.7 (1)

82.3-74.4 (1)
82.3-74.0 (1)
81.7-73.7 (1)
82.4 (1)
81.4 (1)
82.3- 73.6 (1)

80.5 (1)

out of range
C. suaveolens
out of range

late amplification-strange profile

C. suaveolens
C. leucodon
C. leucodon ??

C. leucodon?-strange profile

C. suaveolens

Sorex sp

out of range
out of range

C. leucodon
C. leucodon
C. suaveolens
C. leucodon
C. suaveolens
C. leucodon
Sorex sp

C. russula 99%*

no sequence obtained

C. russula 97%*
C. leucodon 99%
C. leucodon 99%

C. leucodon 99%, only F primer

C. russula 98%*

S. antinorii 100%

261 bp-Ixodes spp
no sequences assembly

C . leucodon 100%
C . leucodon 100%
C. russula 98%°
C . leucodon 100%
C. russula 99%*
C . leucodon 100%
S. antinorii 99%

79.6
81.5
82.8

82.1

83.6

78.6
79.5

79.8

58.1

84.1

86.6

84.4
84.9

82.0

no match-out of range
no match-out of range
no match-out of range

no match-out of range

strange profile

strange profile
strange profile

out of range

148 bp-no similarity found
103 bp-Ixodes sp
575 bp-Ixodes sp

346 bp- no similarity found

123 bp-Ixodes sp

154 bp double peaks-T.merula 99% NO POSITIVE
double peak-not readable sequences

219 bp-Ixodes sp

late amplification-strange profile double peak in the sequence-no readable

late amplification-strange profile
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Table Al continued

SITE

sample
name

Tm °C (replicate
Tml Tm2

Canidae

HRMA genotype

BLAST genotype

Tml

Tm °C (n°rep)

Tm2

Tm3

Caprinae

HRMA genotype

BLAST genotype

Cervidae

Tm °C (n°rep)

Tml

Tm2

Mixed
bloodme
al

CON

TRA

CAD

PIE

1.Cco
2_co
3.co
4.co
5_CO
6_CO
7_Cco
8_CO
9_co
10_CO
11_CO
12_COo
13_CO
1_TR

2_TR

3 TR

4_ TR

5 TR

6_TR

7_TR

8_TR

9_TR
10_TR
11_TR
12_TR
1.CA
2.CA
3_CA
4_CA
5_CA
6_CA
7_CA
8_CA
9_CA
10_CA
11_CA
12_CA
13_CA
14_CA
1.PI
2_PI
3_PI
4Pl
5_PI
6_PI
7_PI
8_PI
9_PI
10_PI
11_PI
12_PI
13_PI

79.9 (1)
80.4 (2)
80.8 (1)

80.4 (2)
80.5
80.2 (2)

82.7

80.6 (1)

80.7 (1)
80.9 (2)
85.1

80.3 (1)

834  80.7 (1)

83.7 87.3 (1)
80.7

80.6
785

80.2

82.8

80.7
80.4 (2)

82.7

C.l. familiaris
C.I. familiaris
C.I. familiaris

C.l. familiaris
no match-strange profile
C.I. familiaris

C.I. familiaris

C.I. familiaris

C.I. familiaris

no match-out of range
C.I. familiaris

V. vulpes

V. vulpes
strange derivative profile

strange derivative profile
no match-strange profile

no match-strange profile

no match- strange profile
C.I. familiaris

C.l. familiaris 100%
C.l. familiaris 100%
C.l. familiaris 100%

C.l. familiaris 100%
no similarity found
C.l. familiaris 100%

C.l. familiaris 100%

C.l. familiaris 100%

C.l. familiaris 100%

no similarity found - Ixodes sp
C.l. familiaris 100%

V. vulpes 100%

V. vulpes 100%
double sequences not readable

no similarity found
no similarity found

no similarity found

248 bp - no similarity found
C.l. familiaris 100%

80.7
80.8
81.0

80.8

74.3

78.3
735

83.9
83.9 (2)
84.1(2)

83.7 (2)

83.7

80.8
83.8

88.2 (1)

87.9

84.0
88.2

no match-strange profile
no match-out of range
no match-out of range

out of range

no match-out of range

no match-out of range
no match-out of range

double sequences not readable
Bos taurus 99%
Bos taurus 99%

Bos taurus 99%

double sequences not readable

double sequences not readable
double sequences not readable

83.5

82.7

83.5

83.6

83.2
83.6

82.5

83.4

83.6

83.5

83.3

HRMA genotype BLAST genotype

80.7 (1) C.

elaphus C. elaphus 100%

80.6 (2) C.

capreolus C. capreolus 100%

80.7 (1) C.

80.7 (1) C. elaphus C.

elaphus C. elaphus 100%

elaphus 100%

no match-strang Ixodes sp.
80.8 (1) C. elaphus C. elaphus 100%

80.5 (2) C. capreolus C. capreolus 100%

80.5 (2) C. elaphus C. elaphus 100%

80.7 (2) C. elaphus C. elaphus 100%

80.6 (1) C. elaphus C. elaphus 100%

80.5 (1) C. elaphus C. elaphus 99%

yes
yes

yes

yes

yes

yes

yes
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FOOTNOTES Table Al:

2for C. suaveolens sequences BLAST give as maxiidentity C. russula because no sequence®fsuaveolend-loopis available in
the GenBank database; 100% C. suaveolens, afj@nadint with sequence obtained from DNA tissue sasIC. suaveolenby

authors.
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Appendix 2 Ovis spp. alignment and BLASTn results

ClustalX 2.0.12 alignment @visspp sequences retrieved from GenBank and sequetaiesd with HRM_Cer primers from questing

nymphs (IRQxxxxx) and from the engorged ticks abel while feeding on a mouflon (IRH000213)CAcapreolusand aC. elaphus
sequence from questing nymphs were also included.

* rrr T X T RTET EXXETXRETXEERRE XRT T R * rr * e

2352€4.1 O.aries

235258.1 O.aries
GU350335.1_O.aries_musimon
235240.1 O.aries

235233.1 O.aries

2352€7.1 _O.aries
GU350328.1_O.aries_musimon
IRQS2513_HRYM Cer
IRQ52013_HRYM Cer
AF039579.1_O.aries_musimon
AY¥091487.1 O.aries_musimon
HM23€184.1 O.aries_musimon
IRQ15013_HRYM Cer
IRH000213_mouflon
IRQ071212_A HRY Cer
IRQ059412_HRM Cer
KF312238.1_O.aries_ophion
235249.1 O.aries

AB00€801.1 O.aries
IRQ02713 HRM Cer C.capreolus
IRQ039412_HRM Cer_C.elaphus
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BLASTnN results of HRM_Ce®visspp amplicons

BLASTN: Sequences producingMax Total Query E Ident
significant alignments score score cover value %

HRM_Cer amplicon from engorged female from

mouflon

IRHO00213 Ovis orientalisbreed Asian mouflon302 302 100 1E-78 100
Ovis ariesbreed Jingzhong 302 302 100 1E-78 100
Ovis aries 302 302 100 1E-78 100
Ovis aries 302 302 100 1E-78 100
Ovis aries musimon 302 302 100 1E-78 100

HRM_Cer amplicons from questing nymphs

IRQ52013_Mez  Ovis aries musimon 300 300 100 5E-78 100
Ovis aries 298 298 99 2E-77 100
Ovis aries 298 298 99 2E-77 100
Ovis aries 298 298 99 2E-77 100
Ovis orientalisbreed Asian mouflon294 294 100 2E-76 99

IRQ52513 Mez  Ovis orientalisbreed Asian mouflon303 303 100 4E-79 100
Ovis ariesbreed Jingzhong 303 303 100 4E-79 100
Ovis aries 303 303 100 4E-79 100
Ovis aries 303 303 100 4E-79 100
Ovis aries musimon 303 303 100 4E-79 100

IRQ079212 A AlaOvis orientalisbreed Asian mouflon296 296 100 6E-77 99
Ovis ariesbreed Jingzhong 296 296 100 6E-77 99
Ovis aries 296 296 100 6E-77 99
Ovis aries 296 296 100 6E-77 99
Ovis aries musimon 296 296 100 6E-77 99

IRQ15013 Vge  Ovis orientalisbreed Asian 302 302 100 1E-78 100
Ovis ariesbreed Jingzhong 302 302 100 1E-78 100
Ovis aries 302 302 100 1E-78 100
Ovis aries 302 302 100 1E-78 100
Ovis aries musimon 302 302 100 1E-78 100

IRQ059412 Pin  Ovis ammon hodgsoni 303 303 100 4E-79 100
Ovis aries ophion 298 298 100 2E-77 99
Ovis orientalisbreed Asian mouflon298 298 100 2E-77 99
Ovis ariesbreed Jingzhong 298 298 100 2E-77 99
Ovis aries 298 298 100 2E-77 99
Ovis orientalis anatolica 298 298 100 2E-77 99

For Taxonomy and Genbank NCBI database, the follgwynonyms refer to mouflon
(Ovis aries musimo(Pallas, 1811)Ovis orientalis musimqrOvis aries mufflonOvis
musimon Ovis gmelini Ovis ammon musimon
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Appendix 3 Sequences alignment of HRM_Rod amplicons

Sequences alignment of HRM_Rod amplicamit special reference to deviating HRM¥podemuspp. amplicons. IRHxxxx control
samples sequences; IRQxxxx questing nymphs segeience

Myodes glareolus

/ ETETXXXLXETRLRLRE XX RXXT XRERE rrEEEY (36 d Ty rrr 22 ETEXT EXEXE X X RAXAXXLRLREL RRXE RRERE

IRQ080€12_B_HRM Rod
IRH00413 HRM Rod M.glareolus

H 2

IRQO35612_HRY_Rod
IRQ106412_HRY_Rod
IRQO78312/2_HRY Rod
IRQ52013_HRY_Rod
IRQ078912_HRY_Rod
IRQS1613_HRYM_Rod
IRH002513_HRY Rod A.flavicollis
IRQ12513_HRY Rod
IRQO36312_E3_HRY Rod
IRQ46113_HRY_Rod
IRQO79612_HRY_Rod
IRQ071212 HRY Rod

\ Apodemus Apodemug deviating amplicons
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