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Chapter 1

General introduction

Infectious diseases are the number two cause ohhuieath, responsible for
25% of worldwide mortality [1]. Essentially all ham infectious diseases
ultimately originate from wildlife populations, ardiapted to humans directly or
via livestock populations [2]. A number of humarfettious diseases have
emerged from wildlife populations in recent decad®8k including Avian
influenza, Lyme disease and West Nile virus. Thk between human, livestock
and wildlife diseases has led to formulation of tBme world, one health’
concept, which integrates wildlife conservationplic and animal health [4].
However, infectious disease dynamics usually diffeongly between humans,
livestock and wildlife due to differences in, elgost density, contact networks,
environmental stress levels and application of wiadi[3]. The epidemiology
of human and livestock infectious diseases is ivat well-studied [5, 6], but
the driving forces behind wildlife disease dynamaes largely unknown due to
challenges in sampling, laboratory diagnostics ahigh diversity of ecological
interactions [7, 8]. In order to understand theee§ of human disturbance on
wildlife epidemiology, and in order to evaluate ttieks of wildlife infectious
diseases for biodiversity conservation, livestoc#uistry and public health, a
good understanding of the driving forces of wildliflisease dynamics is
required. In this thesis | contribute to wildlifpidemiology and disease ecology
by exploring the effects of various factors on ghevalence of two respiratory
diseases in free-living European wild boar.

Some definitions

Allele: one of a number of alternative forms ofeamng or genetic locus.
Disease dynamics: the change over time of diseas@lgnce.

Driving force (driver): a factor that propels andéontrols a process.



Chapter 1

Epidemiology: the sum of factors determining disegsevalence (or the
scientific study thereof).

Genetic load: the decrease in fitness of the aeenagjvidual in a population
due to presence of deleterious alleles in the gené

Pathogen: a parasitic (micro)organism that causesase (i.e., damages its
host).

Prevalence: the frequency in a population (oftqressed as a percentage).
Zoonosis: an infectious disease that can be trateshirom animals to humans.

Wildlife disease ecology

Wildlife species host a wide range of pathogens aredconsidered to be an
important factor in the maintenance, emergencespreiad of infectious diseases
[3]. Some of these diseases are shared with dambesistock or humans

(zoonosis) and lead to economic, biodiversity amblip health concerns [9, 10].

A wide range of possible factors may drive wildlfiesease prevalence [11],
which are central to wildlife disease ecology: thteidy of host-pathogen

interactions in the context of their environmend awolution.

Ecologists previously assumed that pathogens hitke impact on
wildlife populations [12]. However, the last decadehas become increasingly
apparent that pathogens are not only common amgradtto ecosystems, but
that pathogens can influence the abundance anadcaati risk of populations
and act as an important driving force for evolutid®, 13]. The relatively rapid
mutation and adaptation rate of pathogenic micraaiggms allows pathogens to
‘emerge’ in (or adapt to) previously unsuitabletsy®ecies and places [14].

Wildlife infectious diseases show a high diversifylife history traits:
from generalist to specialist, from vector-borne ao-borne to sexually
transmitted, from respiratory to gastro-intestiimdection routes, from slow to
fast reproduction rates and from slow to fast momatates. In this thesis | will
focus on two host-specific directly transmittedr{perally air-borne) respiratory
swine pathogens: porcine circovirus type 2 (PCV2)d athe bacterial
Mycoplasma hyopneumoniae (Mhyo).



General introduction

Predictions from mathematical host-pathogen models

Most of our conceptual understanding of diseaseanyrs stems from
mathematical host-pathogen models. Simplified pastogen models of disease
dynamics occur in many forms. The classic compartaiehost-pathogen
models (see Figure 1.1) predict that the occurreiadisease is driven by the
abundance (sometimes given as density) of susteftists [15-17]. This is
known as the Kermack-McKendrick threshold theorer8].[ These
compartmental models assume uniform and universaitact between
individuals at each time step (mass action). Thisfien not realistic, especially
for group living host species.

ST YR

dS/dt= -BSl
di/dt = BSl-yl
dR/dt=yl

Figure 1.1 Example of a simple compartmental model. Clarifaaof symbols:
S represents the proportion of susceptible indafislin a population, | is the
proportion of infected individuals and R the prdpmr of recovered individuals.
B is the transmission coefficientjs the recovery rate and t is time.

Network models of disease dynamics (particularlyalsnworld property

networks, but also scale-free and random netwonkske been employed to
introduce heterogeneity in the contact of individufl9, 20]. Abundance
thresholds have in some cases been demonstrated mstwork models for
disease dynamics, but outcomes depend heavilyeoprthperties of the network
[21].

Observations of high levels of pathogen aggregatwimere a small
fraction of host individuals harbours the majordf pathogens, are a central
issue in epidemiology [15, 22]. An essential congudrof disease modelling in
this regard is the ‘transmission coefficient’ (§égure 1.1), which represents the
relative capacity of a pathogen to overcome the¢’hasnate immune defences
[22]. Both pathogens and hosts are geneticallyrbgémic and individuals will

9
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differ in their virulence and immune capacity regpely. The heterogeneity of
hosts and pathogens in terms of their influencéhertransmission coefficient is
usually not properly accounted for in host-pathogesdelling [23], but it has

been shown to greatly affect model outcomes [24F Teterogeneity of hosts
and pathogens and their influence on the transomssoefficient may explain

observations of pathogen distribution and aggregati

Wild boar as a model species for wildlife disease research
Wild boar §us scrofa) are the ancestors of domestic pigs [25, 26]. fileeare
closely related and readily interbreed as wellleges their diseases. Wild boar
are known to host many pathogens, including diseaséh a potential for
negative economic consequences such as Classita $aver and Aujeszky’s
Disease as well as zoonotic diseases that cant ihfenans, e.g., Influenza
viruses [27-30]. Commercial interests from the Ipigeding industry have led to
development of a variety of diagnostic tools forogegy and disease testing, as
well as to development of advanced molecular témisggenomic research and
breeding purposes. Little is known about the reéatmmune capacity of wild
boar versus domestic pigs. The few case studi¢gdpart on this topic suggest
little difference in clinical symptoms [31]. Diseaprevalence is usually higher
in domestic herds than in free-living populatiobst this is usually attributed to
higher animal densities and the related increasedigease transmission
efficiency [32, 33]. Immune capacity is generallyddficult subject due to
physiological interactions and trade-offs, and lbseathe role of genetic factors
in wildlife disease dynamics is largely unknown][34

The wild boar is a moderate to large sized pig Ifadaight 80-150kg)
with black fur. This polygynous species has a latigé&ibution spanning most of
Eurasia, where it occurs in variable but sometiltigh densities (up to 60 wild
boar kn¥?) [35]. Adult males are solitary and maintain agahome range to
maximise access to females. Females and sub-dduttssounders consisting of
6-20 animals or more, and tend to have a flexilbimérrange size and location
according to season, food abundance, predatiomumtiniy pressure [36]. Wild
boar are good dispersers, with recorded life-tinspetsal distances up to 250
km, and show male-biased dispersal [35, 37]. Witthrbare opportunistic
omnivores [38], and have benefitted the last dezaftem changes in

10
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agricultural crops, supplementary feeding and fee@good mast years due to a
more temperate Western Palearctic climate [39].d@mms in Europe have been
favourable for reproduction in the last decaddswaihg wild boar to breed all
year round in large parts of the continent. Wildabdave a relatively short
generation time with litter sizes averaging 4-8eiigyand female sexual maturity
at 8-10 months of age, provided that a body masshiold of 30kg is reached
[40]. European wild boar have recently increasedumber and range, reaching
previously unrecorded levels of abundance [41].

European wild boar population genetics and introgression from
domestic pigs

Wild boar is an intriguing study organism for mameasons, one of which is the
availability of advanced genomic tools such aslaporcine genome sequence
[42] and a high density Single Nucleotide Polymdsph (SNP) assay [43].
SNPs are a highly valued genetic marker, becausieeofhigh frequency in the
genome and their compliance with mutation moddtsnéhg powerful statistical
analysis [44, 45]. This allows relatively detail@t/estigation of population
genetic processes, including gene flow and evalatip adaptation.
Phylogenetic relationships, gene flow and genedapgation are assumed to be
highly relevant in the context of disease ecologgearch [46], because these
processes reflect coevolution, host movement pestteand differences in
immune capacity with regard to pathogen infection.

Large scale European wild boar gene flow and genptipulation
structure are mainly determined by postglacial l@ueation patterns from
Mediterranean refugia after the Pleistocene ice [4g¢ Regional wild boar
population structure has been studied only occa#ligrbut may be determined
by landscape barriers and human translocations 498, Genetic exchange
between domestic pigs and wild boar has occurreaugihout the history of
domestication and pig breeding in both directiofse introgression of genetic
elements from wild boar into the domestic pig geadmwell studied [50]. In
contrast, the extent of introgression from domesgiigs into wild boar was
largely unknown at the start of this study [51].n@#&c signs of introgression had
been reported in up to 2% of wild boar in Eurasiaddl on mitochondrial DNA
[25, 26] and in 5-10% of wild boar in Europe baseda combination of
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mitochondrial DNA and microsatellites [47]. Domestpigs are subject to
artificial selection and receive veterinary carewadl as housing and regular
feed. This is in stark contrast to wild boar, whare subject to natural selection
in the wild without external support. These diffetes may have important
consequences for disease dynamics and differemcdsost immunogenetic
adaptation.

Thesis outline

The main aim of this thesis was to identify facttrat significantly influence
infectious disease prevalence in European wild boapulations. Possible
driving forces of wildlife disease prevalence aret gust limited to host
abundance or density, but include demographic fadi.g., host age, sex and
population substructure), environmental conditiofesg., food availability,
predation pressure, ambient temperature and hwhiditd individual genetic
composition (e.g., inbreeding depression, outbreedepression and inheritance
of specific deleterious or beneficial alleles).

In order to test the significance of the influerafea number of these
factors on disease (PCV2 aithyo) prevalence, | collected surplus wild boar
blood samples from disease monitoring institutesl aoutine population
management. Sex, age class and the location af #aaples were recorded in
the field. The blood samples were genotyped usinggl®& Nucleotide
Polymorphism (SNP) panels, and antibody titresresa?CV2 andMhyo were
determined using ELISA assays. The samples weréectell from the
Netherlands, Luxembourg and parts of Western Geym@yorth Rhine-
Westphalia and Rhineland-Palatinate).

In chapter 2 | address the issue of genetic inésgjon from domestic pigs into
the wild boar population. This genetic introgreasian be crucial because it
may affect population substructure as well as iethiregy and outbreeding levels
and because it may introduce specific domestic imeynelated alleles.

In chapter 3 | describe wild boar genetic poputattructure in the study area.
This work is required to determine if disease dymamdiffer between
biologically meaningful populations, or if gene Mlocorrelates with disease
prevalence patterns.

12
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Chapter 4 deals with the disease ecology of P@W&ild boar. In this chapter |
evaluate the influence of a number of demograpiejronmental and genetic
factors on PCV2 prevalence in the study area.

In chapter 5 | extend this work with an assessnoérihe disease ecology of
Mhyo in wild boar. Some similarities and differencesneEen these two diseases
are discussed.

Finally, in chapter 6 | bring the previous chapt@gether in a discussion of the
bearings of these results on existing theory anttets in wildlife disease
ecology and epidemiology.

13
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Chapter 2

Genome-wide SNP analysis reveals recent
genetic introgression from domestic pigs into
Northwest European wild boar populations

Daniel J Goedbloed, Hendrik-Jan Megens, Pim vanftidoanma M Herrero-
Medrano, Walburga Lutz, Panoraia Alexandri, Rich&MA Crooijmans,
Martien AM Groenen, Sip E van Wieren, Ron C Ydegbeéferbert HT Prins

Abstract

Present-day genetic introgression from domestis pitp European wild boar
has been suggested in various studies. Howevdtylmads have been identified
beyond doubt mainly because available methods weable to quantify the
extent of introgression and rule out natural preessGenetic introgression from
domestic pigs may have far-reaching ecological @guences by altering traits
like the reproduction rate or immunology of wild do In this study we
demonstrate a novel approach to investigate gemgtagression in a Northwest
European wild boar dataset using a genome-wide I&ingucleotide
Polymorphism (SNP) assay developed for domestis. pije quantified the
extent of introgression using allele frequency spee analysis, in silico
hybridization simulations and genome distributioatt@rns of introgressed
SNPs. Levels of recent introgression in the study avere expected to be low,
as pig farming practices are prevailingly intensi@ed indoors. However,
evidence was found for geographically widespreassgmce of domestic pig
SNPs in 10% of analysed wild boar. This was suggobly the identification of
two different pig mitochondrial DNA haplotypes imr¢e of the identified hybrid
wild boar, suggesting that introgression had o@zlfrom multiple sources (pig
breeds). In silico hybridization simulations showkat the level of introgression
in the identified hybrid wild boar is equivalent ficst generation hybrids until
fith generation backcrosses with wild boar. Thestrbution pattern of
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introgressed SNPs supported these assignmentsiriodid of nine hybrids. The
other five hybrids are considered advanced gewerdtybrids, resulting from
interbreeding among hybrid individuals. Three odt rone hybrids were
genetically associated with a different wild boapplation than the one in
which they were sampled. This discrepancy suggastsgenetic introgression
has occurred through the escape or release ofeadglhybridized farmed wild
boar stock. We conclude that genetic introgressfom domestic pigs into
Northwest European wild boar populations is moreen¢é and more common
than expected, and that genome-wide SNP analyse pgomising tool to
quantify recent hybridization in free-living poptitas.

Molecular Ecology 22(3): 856-866
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Genome-wide SNP analysis reveals recent genetic introgression from domestic pigs
into Northwest European wild boar populations

Introduction

European and Asian pigs were independently donaeticfrom wild boar (Sus
scrofa) [25, 26]. Even though the first domestmatiof European pigs is
estimated to have occurred 9000 years ago [25E28hpean wild boar are still
fully capable of hybridizing with domestic pigs. lprocess of domestication
and later introgression of genetic elements fromd Woar into the domestic pig
genome is well studied [25, 26, 50]. In contras¢ éxtent of introgression from
domestic pigs into wild boar is largely unknown J5Frequent genetic
introgression from domestic pigs may lead to eithgbrid vigour or to
maladaptation to the natural environment [52]. tdidon, regular intimate
contact between pigs and wild boar may increaseiskeof disease transfer and
outbreaks. The extent of genetic introgressioriss ta relevant parameter for
wild boar conservation management and diseasenasiagement. Genetic signs
of introgression have been reported in up to 2%ilef boar in Eurasia based on
mitochondrial DNA [25, 26], and in 5-10% of wild &oin Europe based on a
combination of mitochondrial DNA and microsatebitgl7]. The latter authors
consider their estimate to be slightly inflated aeport introgression in general
to be lower than 5% [51]. Another study using mtDRNAoop sequences reports
only 1.6% Asian haplotypes in wild boar versus 289%he European domestic
population [53].

European wild boars have survived Pleistocene ges-ain
Mediterranean refugia [47]. Wild boars in Westemardpe are considered to
originate from the Iberian refugium and have a olesome number of 2n=36.
They differ in their karyotype from domestic pigsdafrom Balkan refugium
wild boar in Eastern Europe, both with chromosomaniper 2n=38 [54].
Hybridization can occur, resulting in individualsithv chromosome number
2n=37 [51]. Admixture between different wild boaogulations may locally
introduce new alleles. Single Nucleotide Polymasphi(SNP) genetic markers
are found throughout any genome and representatigedt source of genetic
variation [44]. Models for the mutation rate of SN&re well established and
high throughput genotyping methods are becomingeasingly efficient. These
characteristics make SNPs a popular choice of mdikepopulation genetic
research [45]. Few studies have used genome-wide $Ms in non-model
organisms (e.g., [55]), as this technology is selatively new. However, in

17
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some cases a SNP set developed for a model speriase used effectively to
study closely related non-model species [56-58].

In this study we aimed to identify the occurrenteje-frame and
possible sources of genetic introgression from duimepig into Northwest
(NW) European wild boar. We used a high-densityogesrwide SNP assay
developed for domestic pig, the lllumina porcineP&8 genotyping beadchip
[43], for the genetic analysis of 88 wild boar froine Netherlands, Luxembourg
and Western parts of Germany. This assay proviée02 SNPs that segregated
in the wild boar dataset and which were distribudedoss all autosomes. This
amounted to a substantially higher genome covethge commonly seen in
molecular ecology studies [59]. We identified genettrogression based on an
increased abundance of rare alleles. Results framitechondrial (mt) DNA
haplotype study were used to independently verdyes of introgression. The
level of introgression from domestic pig was idfedi using a hybridization
simulation study and the genomic distribution pateof introgressed SNPs.

Methods

In 2008 we collected 88 wild boar blood samplesmfrthe Netherlands,
Luxembourg and Western parts of Germany. Sampleeatmn was
opportunistic and without bias towards age, sex sampling location
(supplementary information Table S2.1). DNA isaati was performed
following the Gentra PureGene Blood kit protocoantples were genotyped
using the Illlumina porcine SNP60 genotyping begudhfinium SNP assay
[43] and initially analysed for all 45720 autosonsPs. The total genotyping
rate was 0.98. During exploration using PLINK v1[66], we found that SNPs
with a low minor allele frequency (0.005<MAF<0.030¢re highly abundant in
the wild boar dataset (Figure 2.1a). This alleleqfrency spectrum was
compared to that of a domestic pig dataset congisti 20 individuals per breed
for six breeds; British Saddleback, Duroc, Landrd@ge White, Pietrain and
Tamworth (Figure 2.1b). These breeds were selemteitie basis of occurrence
in NW Europe and the availability of sufficient SBta. MAF was in all cases
calculated separately for the wild boar and dorogsity datasets. After allele
frequency spectrum assessment, we excluded nompgbpic sites and
potential genotyping errors by applying a rigord&&F threshold of 0.05 using

18
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PLINK, as a standard procedure. This procedurestber excluded the highly
abundant rare alleles for further analysis, mal§oge that population genetic
inferences were not influenced by potential artsta€he procedure left 26505
segregating autosomal SNPs for population geneiadyais in the wild boar
dataset. The 7083 highly abundant rare SNPs in wild boar dataset
(0.005<MAF<0.030) were analysed separately, anccaled 5038 putative
introgressed SNPs, which were private to just maeof 88 wild boar. These
putative introgressed SNPs were also analysed Heir tallelic state in the
domestic pig dataset and a sample of wild boar ftben Balkans (northern
Greece and Bulgariayj=20) to assess the origin of the putative introggds
SNPs. To identify genetic clustering in the wildabalataset, we performed
Principal Component Analysis (PCA) using the eiganor method as
implemented in Eigensoft 3.0 [61, 62]. In additieve performed a population
assignment analysis using STRUCTURE 2.3.1 [63] dase 10 runs per
number of clusters (K) for K=1-10 at 1,000,000 ateszns and a burn in of
800,000. Putative hybrids were excluded from thesalyses to achieve
convergence between runs. The most supportedipairig (K) was identified
using the method of Evanno [64]. Putative hybridsravremoved to achieve
convergence between runs. Observed and expectesfongjosity were
calculated in R 2.13.0 using the package Adegedil [ndividual observed
heterozygosity (Table 2.1, Ho) was calculated &srthmber of heterozygous
SNPs divided by the total number of SNPs. In addijtpart of the D-loop region
of the mitochondrial DNA (mtDNA) was amplified byolymerase chain
reaction (PCR) using the primers described by Leratker et al. [66] (L-strand
5 CTCCGCCATCAGCACCCAAAG3 and H-strand 5" GCACCTTGIGG
ATTRTCG3) yielding a 772 bp fragment. The PCR aowis were purified
and sequenced for both strands on an ABI 3130® Xéd4uencer (Applied
Biosystems, USA). Genome Assembly Program (GAPA]) [@as used to view
and obtain the consensus sequence of D-loop régiogach individual relative
to pig mtDNA sequence GenBank ID AJ00218 as a eefsx. Sequences were
subsequently aligned by Clustal X V.2 [68] and gred into haplotypes using
the program ALTER [69]. As not all samples yieldd® complete fragment
(722 bp), a 624 bp fragment common to most sampéesfinally used for the
analysis. Phylogenetic relationships among thedtgpés were determined with
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Mega 5.03 [70] using the Neighbour Joining (NJ) moetbased on Tamura-Nei
model. We included three additional NW Europeanipi&pds: Berkshire, Bunte
Bentheimer and Gloucester Old Spot in the mtDNA Idtgpe analysis
(supporting information Table S2.2), as well ase¢hrsequences (accession
numbers: DQ379224, DQ379100 and DQ379099) from RaAndersson [71].
Novel sequences were submitted to Genbank (suppgoitiformation Table
S2.3). Hybridization simulations between domestigspand wild boar were
performed in Excel 2010 using only monomorphic amde SNPs with
MAF<0.030 in the wild boar dataset. We used genétita from the Veluwe
population in the central Netherlands (Figure hadicated by circlesn=23) as
the wild boar parent population. Analysis of shapetymorphisms (Table 2.3)
and mtDNA haplotypes (Table 2.2) led us to speglifjcuse the Large White
(LW) and the British Saddleback (BS) pig breed20 per breed) as parent pig
populations for the hybridization simulations. LWhased most putative
introgressed SNPs (80%) with the identified hylwitd boar (Table 2.3) and
harboured the observed pig haplotype HP8 (Tablg¢. B3 shared 72% of
putative introgressed SNPs with the identified iywild boar and harboured
the observed pig haplotype HP110. LW displayed 23BNPs with a non-wild
boar allele and BS displayed 11989. The first gatnam hybridization (F1) was
followed by seven generations of backcrossing wvitie parent wild boar
population. We assumed Mendelian inheritance, megthiat the probability of
inheritance for a typical pig allele (absent in #ybrid wild boar) is 0.5 and 1
respectively for a heterozygous and homozygous $MNRhe pig parent.
Inheritance of a pig allele leads by definitionatteterozygous SNP in the next
generation of hybrids. Each introgressed pig alkbleoretically has a 50%
probability to be inherited at each subsequent geio& of backcrossing with
the parent wild boar population, resulting in avireg of the total number of rare
SNPs each generation. The standard deviation ofithaber of rare SNPs per
individual for each generation was estimated onisbad 200 simulated
genotypes per generation. Genomic positions oftipetantrogressed SNPs were
analysed based on build 9 of the pig genome puddigby the International
Swine Genome Sequencing Consortium in release &dinsembl database as
Sscrofa9 (http://www.ensembl.org/Sus_scrofa/Info).
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Figure 2.1 Minor Allele Frequency (MAF) distribution in a) eéhwild boar
dataset, b) the wild boar dataset without 9 putakiybrids and c) the domestic
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pig dataset. The x-axis indicates the MAF classe HhRaxis indicates the
frequency of each MAF class relative to the totahber of SNPs in the dataset.

Results

The wild boar and domestic pig allele frequencycte(Figure 2.1a and 2.1c
respectively) differ dramatically at the lower evidthe spectrum. In both cases
we expected a more or less uniform distributionSMPs across the allele
frequency range based on random genetic drift andam mating. However, in

the wild boar data we observed a clear excess®f3HPs (0.005<MAF<0.030,

Figure 2.1a). A large proportion (69%, 5038 SNPis}hese rare SNPs were
private to just nine wild boar (Figure 2.1a ando.These putative introgressed
SNPs (all heterozygous in those wild boar) almastespond to the surplus in
this MAF range, which in a uniform distribution wdube expected to hold

approximately 2250 SNPs rather than the observ&3 BNPs. The nine wild

boar with putative introgressed SNPs displayeddrigiverall levels of observed
heterozygosity (Ho, Table 2.1) compared to othdd Wbar (Table 2.2).

Table 2.1 The number of putative introgression SNPs, obskheterozygosity
(Ho) based on 26505 SNPs with MAF>0.05 and mtDNA higpl® per
individual hybrid wild boar. The numbering of indivals corresponds to Figure
2.2 and 2.3.

Individual Rare SNPs H MtDNA haplotype
1 256 0.226 HP165

2 1192 0.328 HP110

3 1086 0.325 HP110

4 129 0.202 HP8

5 580 0.207 HP19

6 1137 0.241 HP164

7 2435 0.354 HP164

8 1207 0.305 HP19

9 648 0.260 HP164

PCA separated the wild boar dataset into four geckisters (Figure 2.2a), with
the nine putative hybrid individuals scattered asrdéhree of these clusters
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(inverted triangles). The inclusion of a sampledoimestic pigs in the PCA
provided extra resolution, and clearly positionieglse nine putative hybrid wild
boar separately from the wild boar clusters, wmgiloff in the direction of the
domestic pig (Figure 2.2b). The geographic origirsia of them (Figure 2.3)
corresponded to their association with a particgenetic cluster. However,
three putative hybrid wild boar (2, 3 and 5) cluste genetically with the
Veluwe population (Figure 2.2, circles), but weaenpled geographically in the
Meinweg population in the South of the Netherlafidlgure 2.3, diamonds).

Table 2.2 Observed heterozygosity i expected heterozygosity dHand
mtDNA haplotype counts of the wild boar clusteitse group of hybrid wild
boar and the six domestic pig breeds.

Group n H* Hs& HP16 HP16 HP1 HP11 HP HPothe

Veluwe 2 018 0.19 19 0 4 0 0 0
Meinweg 2 0.16 0.16 1 0 23 0 0 0
Kirchhelle 2 0.17 0.17 0 24 0 0 0 0
Germany 1 0.20 0.20 7 0 4 0 0 0
Hybrids 9 0.26 ** 2 1 3 2 1 0
L. White 2 033 035 2 0 1 0 1 16
Landrace 2 0.32 035 2 0 2 0 1 15
Pietrain 2 035 03 6 0 0 0 0 14
Br. 2 033 033 1 0 0 11 0 8
Duroc 2 033 034 6 0 1 0 0 13
Tamworth 2 033 0.32 0 0 0 0 12

* Standard errors are 0.001 or smaller
** not calculated as the hybrids do not constifgopulation
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Figure 2.2 a) PCA plot based on 26505 SNPs with MAF>0.05.rRuild boar
populations as inferred by STRUCTURE are indicdgdlifferent symbols. The
nine individuals with putative introgressed SNPe tbelled and numbered
explicitly (black inverted triangles). The first tweigenvectors explain 18% of
variance in the dataset. b) PCA plot including mngla of all six domestic pig
breeds considered in this study (small black datf)e PCA analysis.
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Figure 2.3 Geographic sample locations. Symbols and numbeongspond to
the PCA analysis (Figure 2.2). Multiple samples najginate from one
sampling location.

The most supported STRUCTURE patrtitioning of theadallowing the method
of Evanno et al. (2005) was K=3 followed by K=4 gporting information
Figure S2.4). However, this method is known to tavonly the first level of
structure in a given dataset. In addition, theggsaient of clusters for K=3 was
not geographically coherent. German individuals evativided over the
Meinweg and the Veluwe clusters with dubious assigmt probabilities
(supporting information Table S2.1). We suspect ths may be caused by a
relatively low sample size of the German clusterl(l versus=21, 23 and 24)
as well as its wide geographic spread, resultinhigh internal variation and
lack of Hardy-Weinberg Equilibrium. The STRUCTURErfitioning K=4
matches fully to geographic and PCA distributioasgd we therefore consider
K=4 to be the most biologically meaningful struetaf this dataset.
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We investigated some possible sources of SNP ir@ssgn by
quantifying the presence of the 5038 putative gmeesed SNPs of the wild boar
dataset in six domestic pig breedsZ0 per breed) as well as a sample of wild
boar from the Balkans€20, Table 2.3). The Large White domestic pig breed
scored best, sharing approximately 80% of the pwataihtrogressed SNPs.
However, differences with other pig breeds werathatly small. Commercial
pig farmers commonly use breed hybrids. Therefore mcluded some
combinations of two breedsn£40 per combination) in Table 2.3, which
increased the percentage of putative introgresdéfels xplained to 86%. The
percentage of shared putative introgressed SNR&bethybrid wild boar from
NW Europe and wild boar from eastern Europe wag 20%6.

Table 2.3Shared SNPs between pig breeas2Q per breed) and the nine wild
boar carrying putative introgressed SNPs. Six tweetd combinationsng40)
with a high amount of shared SNPs are also incluaeavell as a sample of wild
boar from the Balkansn€20). Percentages are calculated relative to tted to
amount of excessive rare SNPs in our wild boarsgatb038).

Breed/combination Shared SNPs Percentage
Large White 4028 80
Landrace 3994 79
Pietrain 3868 77
British Saddleback 3647 72
Duroc 2876 57
Tamworth 1946 39
Large White * Landrace 4310 86
Large White * British Saddleback 4306 86
Large White * Pietrain 4267 85
Landrace * Pietrain 4267 85
Landrace * British Saddleback 4252 84
Pietrain * British Saddleback 4247 84
North Greece wild boar 1002 20

The wild boar in our dataset mostly displayed ohéhcee common wild boar
MtDNA haplotypes (HP164, HP165 and HP19), with ehnetable exceptions.
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These exceptions are individuals with putativeagtessed SNPs, which had a
MtDNA haplotype not normally observed in wild b@aP110 and HP8, Table
2.1). Haplotype HP110 is a rare haplotype amon@an pigs, because it has
an Asian origin (supporting information Figure 92.Bhe British heritage pig
breeds and Pietrain are the only breeds in NW Eurthat display this
haplotype; Berkshire at a frequency of 5%, BritiSladdleback at 54%,
Gloucester Old Spot at 40%, Tamworth at 43%, amdr&n at 1.9% (=593,
supplementary information Table S2.2). Haplotype3Hétypical for a number
of mainland Europe pig breeds, including Landraced d.arge White.
Haplotypes HP110 and HP8 were not found in anyheft9 wild boar without
putative introgressed SNPs.

The number of putative introgressed SNPs in eatcheohine wild boar
IS indicated in Table 2.1. These numbers are dsergdor increasing) more or
less stepwise by a factor of two at each putativesdgigned generation of
backcrossing. This suggested a scenario of intssgre followed by
backcrossing with a wild boar gene pool theordiichblving the number of
introgressed alleles at every generation of baslsing.

To investigate the individual levels of introgressi we simulated
hybrid genotypes using genotypes from the Veluwd boar population (Figure
2.3) and either of two domestic pig breeds: LarghitgV/(LW) and British
Saddleback (BS). The number of putative introgsdeles per individual wild
boar observed in this study corresponded to expeata according to the
hybridization simulations (Figure 2.4). Wild boadividual 7 was identified as
equivalent to a first generation (F1) hybrid, widdar individuals 2, 3, 6 and 8
were identified as equivalent to a second genardEi@&) backcross to wild boar,
individuals 9 and 5 were equivalent to a third gatien (F3) backcross,
individual 1 was equivalent to a fourth generatibad) backcross and individual
4 was equivalent to a fifth generation backcrosgufe 2.4).

27



Chapter 2

8 |
g
LW;*;
. vh
S
3
E BS%\ ‘\‘I
©
2 Y
g “\¥BE‘63
£
£ ¥
“‘--iin‘-‘ 4
o i S
T T T T T
0 2 4 6 ]
generation

Figure 2.4 The open circles connected by dotted lines indicthe simulated
mean number of introgressed pig alleles per indiaid+ s.d.) per generation of
hybridization with Large White (LW) or British Saldtback (BS) pigs and
subsequent backcrossing with wild boar. The nundfgoutative introgressed
alleles for each of the nine hybrids in our empiridataset is indicated by
inverted triangles (numbering corresponds to Figu?eand 2.3).

The chromosomal positions of the introgressed S&tBsndicated for some of
the identified hybrids in Figure 2.5. Individual displays a wide array of
introgressed alleles, resulting in a high prevadeoicheterozygous SNPs across
the entire genome. This pattern of genome widerbeygosity corresponds to
expectations for an F1 hybrid. Individuals 2, 5 ahdepresent subsequent
generations of backcrossing with wild boar accaydio our hybridization
simulation. The number of introgressed alleles lsarty diluted over the
generations and the chromosomal positions showaa clustering pattern that is
distinct for each individual.
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overview for all identified hybrids is given in surting information Figure

S2.6.
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Discussion

Rare SNPs indicate genetic introgression from domestic pig in wild boar
populations
The data presented here reveal recent hybridizadimh widespread genetic
introgression from domestic pigs into European whbldar populations. We
identified introgression by analysing the wild badlele frequency spectrum,
which showed an excess of rare polymorphisms (Eiguta). These putative
introgressed SNPs were exclusive to just nine iddals out of 88 sampled wild
boar, from dispersed geographical origins (Figu8).2Z'he nine putative hybrid
wild boar also displayed elevated levels of obseéiiveterozygosity (Table 2.1)
compared to other wild boar (Table 2.2). When weluded a sample of
domestic pigs in a PCA, these nine individuals wergitioned between the wild
boar clusters and the domestic pig cluster (Figu2b). The two observed
typical domestic pig mtDNA haplotypes in threeluége nine individuals further
support a scenario of introgression from domesgs.p

The proportion of hybrid wild boar in this datasefi0% (Wilson Score
95% Confidence Interval: 5-19%). This is at leashigh as previously reported
figures (5-10%) for introgression in European wildar [47]. High levels of
recent introgression in the study area were noeebga a priori since intensive
indoor pig farming is prevailing in the last decaded opportunities for direct
contact between pigs and wild boar are considerdgktminimal. Opportunities
for contact between pigs and wild boar were expgktdebe more prominent in
parts of Eastern and Mediterranean Europe, wheesringing pig production in
semi-wild conditions is still common practice, whids the focus of the
abovementioned reports [47].

Hybridization simulations and genomic distributions of introgressed alleles
indicate the level of introgression

The results from the hybridization simulation studgicate that the detected
cases of introgression are equivalent to F1 hyhwidd F5 backcrosses with
wild boar (Figure 2.4). The LW hybridization simtitm resulted in slightly
higher numbers of introgressed alleles, while ti& ®mulation resulted in
slightly lower numbers of introgressed alleles (ffeg2.4). This difference is
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most likely caused by different levels of outbreggdand polymorphism in these
breeds, leading to different amounts of non-wilduballeles that can potentially
introgress. Contributions of multiple breeds to gemetic introgression in NW
European wild boar populations may have contribtitethe observed numbers
of introgressed alleles per hybrid wild boar.

Mendelian inheritance and recombination (crossimgrioresult in the
inheritance of chromosomal segments from each patena scenario of
hybridization followed by backcrossing with wild d&roone would expect pig
alleles to be found only in the chromosomal segmémat originate from the
parent with domestic pig ancestry. The clusterdtepss of introgressed SNPs
in individuals 1, 2, 3 and 5 fit this expectatidfigure 2.5), and support their
assignments as recent hybrids by the hybridizateimulation study.
Considering a generation time of one year for vilwhr, we can put these
hybridization events in the last few years befamngling in 2008. Clustered
patterns of introgressed genetic markers resultorg recent hybridization have
to the authors’ knowledge not been previously dbedr from natural
populations.

Hybrid individuals 4, 6, 8 and 9 display a more egdread distribution
of introgressed SNPs across the genome (suppartiognation Figure S2.6).
This suggests a more complex scenario of repramtuetinong hybrids (hybrid x
hybrid). These individuals are therefore only egqlemt to the assigned
generations in the hybridization simulation. Thetuat wild x domestic
hybridization may have taken place a number of gaimss further back in time
followed by interbreeding among hybrids, which keffte number of
introgressed SNPs per individual relatively higreloan extended time frame.
For example, a 3rd generation hybrid x 3rd genenatiybrid cross would result
in offspring with on average the same number afogressed alleles as their
parents, but it would be the 4th generation siheehybridization event. Sexual
reproduction and recombination between differeritritlygenomes with distinct
individual patterns of introgressed SNP clusternijresult in more widespread
distribution of introgressed SNPs at every genenatif reproduction among
hybrids. We consider the time frame of introgressior these advanced-
generation hybrids to be uncertain.
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Wild boar number 7 is assigned as a first generaiyborid. Intuitively
one would expect to find a first generation hykaidthe equidistance between
wild and domestic in a PCA. However, one has tqokeemind that in PCA a
mean centring procedure is applied. This leads goagitation of intermediate
individuals (i.e., hybrids) to the origin (0, 0) thfe PCA plot, which explains the
position of wild boar number 7 at the centre ofufgg2.2 rather than of the
equidistance between wild and domestic.

We show that genome-wide SNP analysis can revealldghel of
introgression (F1-F5 hybrids or equivalent) by iifging putative introgressed
SNPs based on allele frequency spectrum analydiewied by a comparative
analysis of the simulated number of introgressedP<$SHer individual and the
observed number of introgressed SNPs per indivitiiglre 2.4). Assignments
of generations (F1-F5 or advanced-generation hgpedn be further validated
by the identification of introgressed chromosomakgreents. These
methodologies can be applied to all study systerhsrevlarge numbers of
genome-wide genetic markers are shared betweestutg taxon and the source
of introgression. The growing use of high densityPSsets has a promising
potential to lead to important insights in the m@sses of hybridization and
genetic introgression.

Mechanisms and sources of introgression

The putative introgressed SNPs found in wild boae #&y definition
polymorphic in domestic pig, because the lllumiracgme SNP60 genotyping
beadchip was ascertained on four domestic pig Brédroc, Pietrain, Large
White and Landrace) and a small sample of wild 4dat. A relatively small
dataset of six domestic pig breedsZ0 per breed) already accounted for 89%
of the additional SNPs found.

The domestic pig breeds included in our analysigresh relatively
similar proportions of putative introgressed SNPable 2.3). Only Duroc and
Tamworth displayed lower amounts of shared SNPsaaaadleemed unlikely to
have been involved in the identified cases of gnession. These findings
suggests that introgression was not a singulartevert that it occurred on
multiple occasions originating from multiple sowsa# pig breeds. The presence
of two distinct pig mtDNA haplotypes that are natuhd together in any
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domestic pig breed (supporting information Table2p2Zonfirms that multiple
sources of introgression were involved.

The commercial Large White and Landrace breeds sg¢enost likely
to have contributed to the introgression, as tHered the highest number of
SNPs with the nine hybrid wild boar (Table 2.3).wéwer, these breeds were
well represented in the ascertainment pool of themina porcine SNP60
genotyping beadchip. Overestimation of the contiims of these breeds versus
breeds not included in the ascertainment pool éseflore possible. Still, these
breeds share far more putative introgressed SNtPstig nine hybrid wild boar
than some other breeds included in the ascertainpmet (Duroc and Pietrain).
The observed mtDNA haplotype HP8 most likely erdetee NW Europe wild
boar gene pool through the Large White or Landtaeeds, which are the most
common commercial breeds in the study area. Therebd Asian mtDNA
haplotype HP110 most likely originated from onetlod traditional British pig
breeds, as these are the only breeds in this patheo world that display
significant levels of this mtDNA haplotype (suppog information Table S2.2).

Possible mechanisms for introgression are (1) bressling with
escaped or field-reared domestic pigs, or (2) edoalease of already hybridized
(farmed) wild boar stock. Farmed wild boar are mft¥ossbred to a certain
extent with a number of domestic pig breeds todase litter size and piglet
growth rates [72]. In certain areas of Europe tbeudhented occurrence of
escaped farmed wild boar is substantial [51].

Three wild boar (individuals 2, 3 and 5) were hglbrbetween domestic
pigs and wild boar from the Veluwe (Figure 2.2)t their geographic sampling
locations fell within the range of the Meinweg ptation (Figure 2.3). This
finding suggests that the second mechanism, esetgase of hybrid farmed
wild boar, has occurred at different places. Theeoled mtDNA haplotypes of
individuals 2, 3 and 5 (HP110 and HP19) suggestisalinybridized farmed wild
boar stock with ancestry in the Veluwe wild boarpplation and British
traditional pig breeds is present in NW Europe, tirad this hybrid farmed wild
boar stock has introgressed into some free-liviiid taoar populations.

The route by which mtDNA haplotype HP8 has entarexwild boar
gene pool, which represents a separate hybridizai@nt, remains uncertain.
However, the genomic distribution pattern of integsed SNPs in the hybrid
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with this haplotype (individual 4) suggests an ambeml-generation hybrid
similar to individuals 6, 8 and 9. The most likelyenario seems to be escape or
release of a hybrid wild boar stock influenced layde White or Landrace pigs,
which resulted from an older hybridization evenlideed by interbreeding
among hybrids.

The relatively low number of shared introgressedPShbetween the
nine identified hybrids and wild boar from the Batis (Table 2.3) indicates that
natural introgression of alleles from eastern Eaampwild boar cannot explain
our observations. We consider the low number ofeshintrogressed SNPs in
Balkan wild boar to reflect a history of free-ramgipig farming practices with
associated exchange of genetic material betweerstanpigs and wild boar in
Mediterranean Europe [47]. Recent genetic contibbstfrom Eastern European
wild boar into the study area are considered todggigible.

Possible effects of introgression

The domestic pig breeds that are possibly involagtie identified introgression
(Large White, Landrace, British Saddleback, etaryjycdominant white spotting
alleles. This could lead to deviating coat colaurhiybrids, particularly in the
first generation. Although no phenotypic details@veecorded in this study, all
wild boar samples were taken from animals idertifie the field as true wild
boar and therefore strong deviations in coat coéwarunlikely. If the identified
hybrids originate from a hybrid farmed wild boaoak as suggested in some
cases by discrepancies in genetic association eogrgphic distribution, these
animals may have been subject to artificial sedectagainst the domestic
phenotype during their farm history. Anecdotal mpoof wild boar with
deviating coat colour in Northwest Europe are varg.

Farmed wild boar are often crossbred to a certai@ngé with domestic
pigs to increase piglet growth rate and litter $iZ8. Geographic differences in
wild boar litter size have been previously reporiedVestern Germany [73].
These may be a result of local differences in #well of genetic introgression
from domestic pig through the escape or releaswlmfid farmed wild boar.

Wild boar numbers have increased markedly in Eusipee the 1960s [35, 41,
74]. This population growth and accompanying ramgg@ansion has been
associated with mild winters and increased foodlaviity through augmented
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mast frequency and changes in agriculture [74, #b]some areas genetic
introgression from domestic pigs may have adddtdaapid population growth
in the last decades.
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0.0020

Figure S2.5Neighbour Joining tree of swine mtDNA D-loop hapfes. The
basal split is between the European haplotypes @fld)the Asian clades (AS).
We included three sequences from Fang & Anders3ah gnd follow their
interpretation. Common wild boar mtDNA haplotypesthis study are HP19,
HP164 and HP165. Additional haplotypes found irapué hybrids are HP8 and
HP110.
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Data accessibility
The 688 mMtDNA D-loop sequences used in this stuagyewsubmitted to
GenBank, accession numbers ranging JQ238239-JQ27894 more detailed
information on these MtDNA D-loop GenBank accessiommbers, see
supporting information Table S2.3. The 45720 auteddSNP genotypes for 88
wild boars and 120 domestic piggLINK and STRUCTURE file format) were
deposited in the Dryad data repository: doi:10.3¢/Ahd.v6f1g
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Reintroductions and genetic introgression
from domestic pigs have shaped the genetic
population structure of Northwest European
wild boar

Daniel J Goedbloed, Pim van Hooft, Hendrik-Jan Msge Katharina
Langenbeck, Walburga Lutz, Richard PMA Crooijmaig, E van Wieren, Ron
C Ydenberg, Herbert HT Prins

Abstract

Population genetic studies focus on natural digpensd isolation by landscape
barriers as the main drivers of genetic populatstnucture. However,

anthropogenic factors such as reintroductions, stogations and wild x

domestic hybridization may also have strong effemts genetic population

structure. In this study we genotyped 351 Singlecldhtide Polymorphism

markers evenly spread across the genome in 645heiddl (Sus scrofa) from
Northwest Europe. We show that wild boar genetipybation structure is

influenced by historical reintroductions and by egn introgression from

domestic pigs. Six genetically distinct and geogreqly coherent wild boar

clusters were identified in the Netherlands and téfesGermany. The Dutch
Veluwe cluster is known to be reintroduced, andceehadjacent Dutch and
German clusters are suspected to be a result afraduction, based on
clustering results, low levels of heterozygosityd arelatively high genetic

distances to nearby populations. Recent wild x dimeéhybrids were found

geographically widespread across clusters and at flequencies (average
3.9%). The relationship between pairwise kinshipftoents and geographic
distance showed male-biased dispersal at the papulgenetic level. The

current trend of wild boar population growth andgea expansion has recently
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led to a number of contact zones between clustand, further admixture

between these wild boar clusters is to be expedtedonclusion, our results
demonstrate how wildlife and landscape managemehtimans are shaping the
genetic diversity of an iconic wildlife species.

BMC Genetics 2013 14:43
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Introduction

Most population genetic studies consider dispeasal isolation by landscape
barriers to be the main drivers of genetic popatattructure [76]. However,
human activities such as reintroductions, translosa and genetic introgression
from domestic sources, may play an important moledrtain study systems, in
addition to natural dispersal and landscape pattgta, 77, 78]. Such human
activities, legal or not, are often poorly docuneeh&ind their population genetic
effects are mostly unknown. Molecular techniquesvige increasingly
powerful and affordable tools to evaluate anthr@mg influences on wildlife
genetic population structure [79, 80]. The use adhge Nucleotide
Polymorphisms (SNPs) in particular is promisingtfee fields of population and
conservation genetics [45, 58].

Wild boar became extinct in large parts of Westéumope in the 19
century [35]. The species was marginalized mainly dwverhunting and
deforestation associated with increased agricultla|ad use. Extinction in
Britain had already occurred in the 13th century][&his massive decline in
Western Europe was followed by an unknown numbenastly undocumented
reintroductions in the late T%nd early 20 century. One such event is the
commonly known but undocumented reintroduction of Woar to the Veluwe,
the forested centre of The Netherlands, which geduin 1904 at the orders of
Hendrik, Prince-Consort of Queen Wilhelmina of TNetherlands, for the
purpose of hunting [82]. These animals are thoughstem from Northeast
Germany and Czech Republic.

Conditions for wild boar steadily improved durirtget20" century due
to hunting restrictions, reforestation, changeagriculture and possibly climate
change [75, 83]. Starting from 1960, wild boar papans throughout Europe
saw rapid growth and range expansion [41, 74]. Witéhr Sus scrofa) are
adaptive and opportunistic omnivores as well asdgtispersers, being able to
travel distances up to 250 km [84] and fast brezdeith litter sizes of 4-7 once
a year [35]. Dispersal is male-biased in this sgef85, 37]. European wild boar
population structure at the continental scale isnipeshaped by post-glacial
colonization patterns [51]. It is, however, unknovimow the history of
marginalization, reintroductions and recent popotatexpansion has affected
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the genetic population structure at local or regi@tales. In an area such as The
Netherlands and Western Germany, one could exjgttrates of gene flow.

Wild boar farming became popular in Europe in theosnid half of the
20" century to provide for a demand in luxury meatbHigization between wild
boar and domestic breeds is common practise ore tfesns to achieve
increased reproduction and growth rates [85]. Sudirids have been shown to
be the source of the escaped wild boar populatidénigland [86]. Introduction
of wild boar originating from hybrid farmed stockas also been shown in
mainland Europe (chapter 2). This has effectively {o genetic introgression
from domestic pigs into local wild boar populatiofecent hybrids (until's
generation backcrosses with wild boar) as well&saced generation hybrids
(resulting from reproduction among hybrids acrosstiple generations) were
identified. However, the spatial extent of domestitogression and its effects
on the population genetic structure of Europeanl Wwdar has not been studied
in detail.

From an evolutionary point of view, possible adeee$fects of genetic
introgression from a domestic or hybrid source ludel genetic adaptation to
captivity and possibly outbreeding depression [8/Hile possible advantageous
effects include hybrid vigour, increased growttesaand larger litter size. These
evolutionary advantageous effects may be undesirfifdlm a management
perspective, as more rapidly reproducing wild bcan be difficult to control
using normal population management practices andtloen cause significant
damage to agricultural crops [88]. Strikingly hiditter sizes and strong
differences in litter size between regions haveattlbeen observed in wild boar
in Germany [73]. In addition to evolutionary effectalso population
composition and structure can be affected by hyibtidductions and restocking
practices [89].

In this study we used 351 SNP markers, genotype@46 wild boar,
including 88 samples from chapter 2, to assess effiects of historical
marginalization, reintroductions and genetic intesgion from domestic pigs on
the population genetic structure of wild boar ineTiHetherlands and Western
Germany.
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Methods

Blood or tissue samples were taken from a tot&4&f wild boar in parts of The
Netherlands, Western Germany and Luxembourg abpipertunity of routine

wildlife management and disease monitoring programisis included 88

samples from chapter 2, which were genotyped usireg lllumina porcine

SNP60 genotyping beadchip [43]. All samples weltected in the years 2008-
2010 from animals identified in the field as wilddy.

DNA was extracted using the Qiagen PureGene (Bldddprotocol.
Samples were genotyped for 384 SNPs selected fre@mlllumina porcine
SNP60 genotyping beadchip [43] from loci known t® fgolymorphic in wild
boar in the study area, with proportional coverafeeach chromosome and
random selection within each chromosome. Of th@keINPs, 76% proved to
be polymorphic in our wild boar dataset. Randorecten within the autosomal
and X chromosomes was performed to minimalize &soenent bias. The only
possible remaining ascertainment bias in our SNiPisalerived from the
ascertainment panel of the lllumina porcine SNPéBotyping beadchip itself,
and is considered to have no effect on the inferesfcwild boar population
structure in the study area. Less than 0.015% eptirwise distances between
the 351 randomly chosen SNPs were closer than QOOffp, which is
considered to be the maximum range of physicahlijekin wild mammals [90,
91]. Selected SNPs were genotyped on an llluminddébGate bead array
platform (BeadXpress, Illlumina Inc.) in a 96 wel84 SNP format [92].
Genotyping quality was assessed using GenomeSsodiiware (lllumina Inc.).
Low genotyping quality or lack of differentiationetveen homozygote and
heterozygote clusters lead to the removal of 33sSNRis left 351 non-coding
SNPs for data analysis, which is roughly equivalanstatistical power to 140
microsatellites [93, 94].

Linkage Disequilibrium (LD) was analysed #LINK v1.06 [60] by
calculating all genome-wide pairwise SNP-SNP catieh coefficients & and
assuming a 0.2 threshold. Principal Componentsysma(PCA) was performed
to visualise genetic variation and possible clusterpatterns using the
eigenvector method implementedHIGENSOFT3.0 [61, 62]. For comparison, a
sample of 120 domestic pigs from six breeds wad (isarge White, Landrace,
Duroc, Pietrain, British Saddleback and Tamworth20 per breed). We used
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STRUCTURE[63] for population assignment analysis with 1@syper number of
clusters (K) for K=1-10 with 500,000 iterations amadburnin of 800,000.
Optimal partitioning was evaluated using the methomposed by Evannet al.
[64]. Phylogenetic network analysis was performsthg SplitsTree4 [95]. A
number of R packages were used: Adegenet [65]dmrbzygosity calculations,
Hierfstat [96] for calculation oFst values, SNPRelate [97] for the Maximum
Likelihood Estimation calculation of kinship coefents [98] based on the
method of Thompson [99], and finally Vegan [100} fmantel tests in the
Isolation By Distance (IBD) analysis, where genelistance was calculated as
Fst/(1- Fst) between all sampled locations.

Results

The 351 genotyped SNPs had an overall call rat8.@8 and 0.013% of all
pairwise SNP combinations interfered with linkagguibrium. Of these

pairwise SNP combinations in LD, a quarter (0.008%4otal pairwise SNP

combinations) were most likely based on physicakdge up to distances of
100,000 basepairs [90, 91], while three quarteiB1@» of total pairwise SNP
combinations) were found beyond this distance pb0kb), but still within the

same chromosome.

We screened for wild boar-domestic pig hybrids kgplging a
STRUCTURE likelihood assignment minimum threshold of 0.2%%) to a
sample of domestic pigsn£120, see Methods). Individual assignment
proportions for K=1-7 are indicated in Figure 3The assignment threshold of
0.25 was chosen basd on the absence of falseveokibrids among the 88
previously studied samples (Table 3.1, see alspteh&). At this threshold, all
five recent hybrids (up to fifth generation baclsses with wild boar) identified
previously by Allele Frequency Spectrum Assessnibased on introgressed
alleles, chapter 2) were correctly identified $JRUCTURE in contrast to the
four advanced generation hybrids (Table 3.2). HW®UCTURE algorithm
identified a total of 25 recent hybrids in 645 whdar samples (3.9%, 95%
Wilson Score CI: 2.6-5.7%). This percentage is Isimb previous reports [51],
but here it represents recent hybrids identifiedlbsle frequency signatures that
rapidly degrade over generations, whereas prewstudies may have reported
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hybrids based on long-term genetic signatures ,(emgtochondrial DNA
haplotypes).

K=2

K=3

K=4

K=5

K=7

J " 1 |., |I',L Al

Meinweg Hambach E-Rhine W—Rhir;e

Pigs Hybrid\éeluweKirchhellen
Figure 3.1 Population assignment proportions per individuasdal on results
from sTRUCTUREfor K=2-7. Recent wild x domestic hybrids, sampled he t
field as wild boar, are delimited by vertical linéResults for K=5 were not
ambiguous across runs. Majority rule results1Q) are presented here, but the
inclusion of E-Rhine in Kirchhellen at K=5 is nailly supported, as various
alternative clustering patterns were also inferredanno’s method favoured
optimal partitioning at K=7 (Figure S3.1).
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Table 3.1Results of hybrid detection usisgrRUCTUREat different assignment
thresholds. Comparisons were made to results flapter 2, which identified
nine hybrids from a total of 88 samples using asialgf introgressed allelic
states with the SNP60 genotyping beadchip.

Assign threshold  >0.30 >0.25 >0.20 >0.15 >0.10

Total hybrids * 18 25 30 36 45

Shared hybrids? 3 5 6 6 7

SNP60 only 3 6 4 3 3 2 Type Il error
STRUCTUREonly* 0 0 1 4 4 Type | error

! the total number of hybrids detected in this sthggTRUCTURE

2 the number of hybrids from the SNP60 study thas warrectly detected also
by STRUCTURE

3 the number of hybrids from the SNP60 study thateweot identified by
STRUCTURE(type Il error)

4 the number of individuals that were incorrecthbded as hybrids by
STRUCTURE(type | error)
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Table 3.2The nine previously studied SNP60 hybrid individuéisted by their
being detected or not byTRUCTURE at an assignment threshold of 0.25 (see
Table 3.1). Individual numbering corresponds to ptea 2. The level of
introgression is based on the number of introgessemestic alleles per
individual and expressed as being equivalent tantieber of generations since
hybridization according to simulations (chapter Bhe type of hybrid (recent
versus advanced generation) is distinguished basdte genomic distribution
of introgressed alleles (clustered or spread @aetively, see chapter 2).

Individual level type
Detected 7 1st Recent

2 2 Recent

5 3 Recent

1 4th Recent

3 2nd Recent
Not detected 9 3rd Advanced
(type ll error) 6 2 Advanced

8 2 Advanced

4 5t Advanced

Both STRUCTURE clustering and PCA show a clear wild - domestigasation
(Figure 3.1 and 3.2). The recent hybrids that ataed bysTRUCTUREare
associated with intermediate positions between Wildr and domestic pigs as
well as the origin of the plot (0,0) in the PCAd#ie 3.2). The four individuals
identified as advanced generation hybrids using @&Ndenotyping (chapter 2)
are scattered across the wild boar clusters, with@ible association to the
domestic pig cluster.
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Figure 3.2 PCA plot of the wild boar and a sample of domeptgs (colours

correspond to Figure 3.1), indicating genetic u&rta along the first two

eigenvectors. The 25 recent wild boar x domestir pybrids identified by

STRUCTURE (threshold assignment proportion 0.25) are inditah dark grey

and four additional advanced generation hybrid$ witrogressed pig alleles
identified in chapter 2 are indicated in light grey
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Table 3.3 Genetic wild boar clusters with the correspondsagnple sizen),
observed heterozygosity gHand number of hybrids (based on geographic
association, excluding 5 hybrids with uncertainggzaphic assignment).

cluster n Ho' hybrids
Pigs 120 036
Veluwe 43 036 O

Meinweg 112 035 2 (1.8%)
West Rhine 207 0.41 12 (5.8%)
Hambach 60 0.40 2 (3.3%)
East Rhine 153 040 3 (2.0%)
Kirchhellen 50 034 1 (2.0%)

* standard errors were 0.01 or smaller

Following the method of Evanra al. [64], six genetic wild boar clusters were
identified (Table 3.3, and Supporting informatidiigure S3.1). These genetic
clusters were supported by separation along teefbiur eigenvectors in a PCA
(Figure 3.3), which explained 43% of the total a#ian. Fst values indicated
moderate (0.05<st <0.15) to high (0.15%st <0.25) genetic differentiation
between the inferred clusters (Table 3.4). In aalditthe identified genetic
clusters were geographically non-overlapping (Feg8r4), with one possible
exception (Hambach, in black). This geographic ssjmm supports the inferred
clustering and its interpretation as a biologicallyeaningful population
structure. The River Rhine seems to act as a boytddween genetic clusters,
although some gene flow occurs across the Rhin&drmany. Isolation by
Distance (IBD) across clusters was near signifigar0.061), even though it
was not significant within some of the clustersi{f€a3.5). A Fisher's combined
probability test indicated that overall, the withatuster IBD is significant
(p=0.008) in the study area.
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Figure 3.3 PCA plots indicating the first four eigenvectofdtoe wild boar data

only. Colours indicate the six clusters identifledSTRUCTURE Putative hybrids

are not indicated in this figure. Eigenvectors éxlain 43% of variance in the
dataset.

Table 3.4AutosomalFst values between wild boar clusters (and domesgs)pi
Above the diagonaFsr values without hybrids. Below the diagoradr values

with hybrids.
Kirchhelle Meinwe Veluw East- West- Hambac

Pigs 0.193 0.234 0.150 0.158 0.162 0.192
Kirchhelle 0.215 0.170 0.125 0.124 0.171
Meinweg  0.212 0.214 0.139 0.121 0.108
Veluwe 0.149 0.189 0.111 0.108 0.165
East-Rhine 0.123 0.137 0.093 0.050 0.098
West- 0.119 0.117 0.086 0.047 0.069
Hambach  0.168 0.106 0.140 0.096 0.066
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Figure 3.4 Map of the study area. Country borders are indit&ty black lines,
forests are indicated in soft green and inland wigatures in light blue. Dots
indicate wild boar sampling sites. The size of do¢ is relative to the sample
size. The colours indicate genetic clusteringshlRUCTURE and correspond to
other Figures. Hybrids identified bl§TRUCTURE (domestic cluster assignment
proportion >0.25) are indicated in grey.
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Table 3.5Isolation by distance (IBD) analysis results foe full dataset and the

different clusters separately, using mantel tebfs000 permutations, 10 repeat
average). P-values indicate the significance of Bitoss sampling locations in
that particular dataset or cluster. The maximunrwiaé geographic distance

within the cluster or dataset is also given.

Nr max. dist. p-value
Full dataset 101 402 0.061
Veluwe 10 76 0.326
Meinweg 15 50 0.166
Kirchhellen 4 44 0.334
Hambach 5 86 0.084
E-Rhine 30 240 0.085
W-Rhine 44 343 0.020

Phylogenetic network analysis displayed monophglythe domestic pigs and
the six wild boar clusters (Figure 3.5). The hybridentified in this study are
divided into three separate lineages. We recakedlahe Fsr values after
excluding all identified recent hybrids to avoidspible biases due to both
increased genetic variation within clusters andregsed variation across
clusters caused by the scattered presence of Byblrids exclusion of hybrids
resulted in on average 0.0093 (8%) higher painkisevalues (Table 3.4), and
represents a confounding effect of scattered hgbriodn population
differentiation.
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Figure 3.5 NeighborNetwork of six representative sampleswitet boar cluster
and one sample per domestic pig breed (see methbus)number of samples
was chosen for optimal balance in information contnd clarity of the figure.
Distances are based on the uncorrected P (or Haghmiethod.

The pairwise kinship coefficient is a measure dateginess (consanguinity)
between two individuals. Analysis of pairwise kiipsleoefficients in the wild
boar dataset showed a decrease of pairwise kirshegp geographic distance
(Figure 3.6 and Figure S3.2). Females displayedltivel site-fidelity (higher
levels of kinship at distances less than 25 km)raates showed relatively high
dispersal rates (indicated by higher kinship cogdfits at distances between 25
and 150 km), demonstrating effects of male-biasspledsal in this species at the
population genetic level. These kinship effectsdisipersal up to distances of
150 km attest to the high dispersal capacity odviabar and correspond to
occasional high dispersal distances observed irk-nemapture studies (e.g.,
[84]).
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Figure 3.6 Pairwise kinship coefficients of both sexes vergeographic
distance. Results are based on local polynomialessgpn analysis. Females
show relative site fidelity at pairwise distancesd than 25 kilometres, and
males show higher kinship coefficients at distanbesween 25 and 150
kilometres, indicating higher dispersal rates.

Discussion

Popul ation genetic patterns and historical reintroductions

The largest wild boar populations in this study frend in Germany (West-
Rhine and East-Rhine, Figure 3.4). They are redtivlosely related (Table 3.4
and Figure 3.5) and most likely represent histdlsicaontinuous wild boar

populations. A high density of closely connectede$d patches facilitates
dispersal and genetic homogenisation in this plath® study area, and is only
bisected by a natural barrier: the River Rhine {fég3.4). This barrier is not
complete, as a few individuals seem to have crogme&hine in Germany. The
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barrier function of the River Rhine is, howeverparently sufficient to cause
clear population differentiation between theseteltssFsr =0.050, Table 3.4).

The wild boar found just South of the Rhine in tetherlands, which
belong to the Veluwe -cluster (Figure 3.4), mostellik represent an
anthropogenic translocation event, as the interatederrain contains no forest
and is intersected by two major rivers (the Rivéine and either the Waal or
the 1Jssel). No wild boar were observed in thisidr@nk until 1983.

The North-western section of the study area isattarised by a low
level of fragmented forest cover, which is the mhabitat for wild boar in
Europe [35]. Historical records show that substdritirest patches appeared in
this part of the study area only after the advdnartficial fertilizers and its
associated reduction of landscape-wide grazingspresat the beginning of the
20" century [83]. It is unlikely that wild boar occad in the North-western part
of the study area before 1900, due to a lack dfabld habitat (forest). One
cluster (Veluwe) in this North-western section asmty originates from
reintroductions in 1904, and the other three chss{®einweg, Hambach and
Kirchhellen) most likely also arose from reintrotians in the 28 century. This
is supported by clear genetic differentiation afheaf these clusters (Table 3.4,
Figure 3.1 and 3.5) with the other clusters, whmwdy be explained by founder
effects and subsequent reproductive isolation. dlmerved heterozygosity of
these four populations is lower than in the Rhirspyations (Table 3.3)
supporting a historical population bottleneck owrfder effect. The only
exception is the Hambach cluster, which displayseoled heterozygosity levels
similar to the Rhine populations, but this may kplaned by historical genetic
introgression from domestic pigs, as discussedwbeltie absence of IBD in the
(putatively) reintroduced populations: Veluwe, Meey, Hambach and
Kirchhellen (Table 3.5), could be due to a histan§ introduction or
translocation. On the other hand, absence of IBY aiso be caused by a lack
of statistical power due to small sample size (nemdf locations) and relatively
small geographical range in these clusters. Wildrbfvom the Meinweg,
Hambach and Kirchhellen are genetically well défgiated (Table 3.4, Figure
3.1, 3. 3and 3.5), even more so than the Veluwstalu The sources of the
putative reintroductions in Meinweg, Hambach ancthlellen are unknown.
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The Hambach cluster has a small geographical lligion with two
localised foci (Figure 3.4). These two foci considt small isolated forest
patches, one of which is formed by a large browal coine in Germany (the
Tagebau Hambach, opened in 1978, total surface 880tare) and forested
former refuse dump sites and fringes. This areaavagnally cleared of forest
and only in 1980-1982 were the first dump sitespfBenhohe) reforested,
thereby creating opportunities for wild boar (rdprasation. The other forest
patch (Echt-Montfort, the Netherlands) was unocediy wild boar until 1983.
Only one individual assigned I3TRUCTUREto the Hambach cluster (from the
Echt-Montfort patch) was included in chapter 2. sTlhmndividual was then
identified as an advanced generation domestic-jlatid. Mitochondrial DNA
haplotype analysis performed in that study reveaetypical domestic pig
mitochondrial haplotype in this individual. The sieth appearance of this clearly
distinct wild boar cluster in Hambach and in Echwlfort in the 1980s,
together with the evidence of genetic influencesmfrdomestic pig suggest
anthropogenic introduction, most likely from a éaptwild boar source. A
domestic hybrid origin or influence in this clusterould also explain the
relatively high levels of observed heterozygositysuch a small population
(Table 3.3).

We assume the three populations (putatively) redhtced in the early
20" century (Veluwe, Meinweg and Kirchhellen) to hawdsted in complete
reproductive isolation initially. However, wild bo@opulations across Europe
have increased their numbers dramatically sincel®®0s [35, 41, 74]. The
contact zones between wild boar clusters foundhia study based on the
geographical overlap of clusters (e.g., Meinwegmbach and West-Rhine as
well as Kirchhellen and East-Rhine, see Figure @) eonsidered to be a
consequence of these population expansions anéfdherrelatively recent.
STRUCTUREdentified a relatively small number of admixeddvboar (Figure
3.1), all associated with contact zones. This lmgdiency of admixture supports
a recent onset of contact between clusters.

I dentification and effects of genetic introgression from domestic pigs

The mechanism for genetic introgression from doimgsigs into wild boar
populations is most likely deliberate or accideméloduction of hybrid farmed
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wild boar [47] (see also chapter 2). TRERUCTURE algorithm identified 25
geographically scattered recent hybrids in 645 wbldhr samples (3.9%).
Hybrids are not more frequent in (putative) reidtroed populations, and seem
to be recently introduced to various parts of thelyg area, possibly for the
purpose of restocking local hunting grounds.

The STRUCTURE algorithm relies solely on typical domestic pidekd
frequencies for domestic-wild hybrid detection.eM frequencies may change
over time due to genetic drift and admixture witicdl wild boar gene pools.
The figures based on hybrid detection SWRUCTURE therefore only represent
recent genetic introgression from domestic pigs amadlikely to underestimate
or disregard historical genetic introgression. Hybidentification using a
STRUCTURE assignment threshold of 0.25 to the domestic pigter reliably
identified all recent hybrids studied in chapteb@t not the advanced generation
hybrids. This result indicates that allele frequesignatures from both source
populations (wild and domestic) were indeed onltedible in relatively recent
hybrids (approximately up to five generations ofkmaossing, see chapter 6).

Phylogenetic analysis indicated multiple separateages within the
hybrid group (Figure 3.5), suggesting that differdybridisation events are
responsible for the detected genetic introgressiom domestic pigs. This
corresponds to findings from mtDNA haplotype anialyshapter 2), which also
suggested multiple origins of wild-domestic hybnidshis area.

If low numbers of hybrids are introduced in alreaatgupied wild boar
habitat, they would be expected to mate mostly Vadal wildtype individuals,
leading to a rapid dilution of hybrid genetic sigraver a few generations
(chapter 2). However, if hybrids are to be introgllicin areas previously
unoccupied by wild boar, reproduction will occur stig among hybrids. Over
time this could lead to local dominance of advangederation hybrids and a
persistent hybrid genetic signal. Advanced germmahybrids such as those
produced by the latter scenario would not be ifiabte as being of partly
domestic origin bySTRUCTURE because allele frequencies are likely to have
diverged over time from those of the source popuiatdue to genetic drift and
admixture with local wild boar gene pools. Howevdrese hybrids should be
detected when analysing Allele Frequency Spectresesdsment, which is based
on introgressed allelic states (see chapter 2).h Saicscenario of older
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hybridisation followed by introduction to the wildnd reproduction among
hybrids may have shaped the Hambach cluster.

Exclusion of recent hybrids from our total datassiulted in an average
population Fst increase of 0.0093, corresponding to 8% of therame
populationFsr (Table 3.4). This demonstrates that domestic gngssion may
affect the results of population differentiatiorafysis in certain study systems.
Here, only recent hybrids (approximately up tohfijeneration backcrosses)
could be excluded. Long-term effects of domestimogression most likely also
exist (e.g., in the Hambach cluster), potentialffe@ing genetic population
structure further. The LD among SNPs beyond 100&tadce found in this wild
boar dataset may also be a consequence of reaegtiggmtrogression, although
effects of population substructure and small Igagdulation sizes could not be
ruled out or corrected for. As a general recommgodor population genetic
analysis, we propose that hybrid detection showdpbrformed in all cases
where genetic introgression is deemed possibl@vtod associated biases in
population differentiationHsy) or LD, as well as erroneous interpretations of
population structure.

Conclusions

The presence of six well-defined genetic clustersthe study area can be
attributed to two factors: the presence of a ndtagier: the River Rhine, and a
history of marginalization, extinction and subsagueanthropogenic

reintroductions in the Northwest of the study ar&didespread genetic
signatures of recent accidental or deliberate c&stg of local populations with

hybrid farmed wild boar have been found, which oomided population

differentiation statistics, but which do not seanaffect the existing population
structure.

In this study we demonstrate the effect of pasidaape and population
management on current population structure in amiécwildlife species. Effects
of historical deforestation and overhunting follalvey reintroductions and
restocking from farms are evident. Wild boar popats in the study area are
currently expanding their range. Previously isagtepulations are admixing in
recently formed contact zones. The relative coutiiim of each of the current
populations to future wild boar diversity may degesn a number of factors
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including the effective size of populations, habdannectivity, founder effects,
restocking activity, introductions and translocasio
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geographic distance classes. Sample sizes pencistéass are given below the
X-axis.

Data accessibility

The 351 SNP genotypes of the 645 wild boar (pliokmiat) are available as
additional files 1 and 2 with the online versiontbfs article. The 351 SNP
genotypes of the 120 domestic pigs (plink forma® available as additional
files 3 and 4.
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Climatic conditions, host age and host
heterozygosity influence porcine circovirus
type 2 disease dynamics in European wild
boar

Daniel J Goedbloed, Pim van Hooft, Hendrik-Jan MegeThijs Bosch,
Walburga Lutz, Sip E van Wieren, Ron C Ydenberghidd HT Prins

Abstract

Zoonotic and emerging diseases are an importanticpiiealth concern.
However, little progress has been made in receohdis to increase our
fundamental understanding of the source of theseades: wildlife disease
dynamics. The study of wildlife disease dynamicsdmplicated by challenges
in sampling, diagnostics and a myriad of potentiadllevant factors. Here we
report the influence of a number of demographigjirenmental and genetic
factors on porcine circovirus type 2 (PCV2) ant¥pgitevalence in European
wild boar @us scrofa). We genotyped 462 wild boar individuals from the
Netherlands and Western parts of Germany in thesy2808-2010 using a
genome-wide 351 SNP assay, and performed PCVZ2oggron these samples
using ELISA assays. We show that individual PCVaibmay status is
dependent on age, year of sampling and geneticdagtgosity using logistic
generalized linear regression analysis. The agtei$ most likely caused by
cumulative PCV2 exposure and intracellular hidingtbis virus followed by
increasing chances of activation and associatethamyt responses. Year of
sampling is a significant factor for PCV2 prevalenenost likely because
differences in winter temperature affected exteswavival of the pathogen in
aerosols and thereby transmission rates. A positeerelation between
heterozygosity and PCV2 prevalence was found teéesed by mortality of
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low-heterozygosity individuals. Pairwise heterozsityp correlations between
loci suggest a global mechanism of many mildly eeleus effects across the
genome, and support the interpretation of inbregedepression in the context of
PCV2 resistance. These findings indicate that PCM2act as a selective force
in wild boar populations, and suggest that virgkedise mortality is mediated by
host heterozygosity. In conclusion, this work destmates that various types of
factors (demographic, environmental and genetic) significantly influence
disease dynamics in free-living wildlife populatson

In preparation for submission
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Introduction

Zoonotic and emerging diseases are an importarttecorfor public health and
biodiversity [3, 101]. Much attention is given telated safety precautions [5],
but relatively little progress has been made ireméadecades to increase the
fundamental understanding of the natural sourcezawinotic and emerging
diseases: natural wildlife disease dynamics. Thisndt without reason, as
wildlife disease dynamics are illusive due to aeradles in sampling, diagnostics
and a myriad of potentially relevant factors [7Jowtver, in order to manage
disease risks and outbreaks effectively, we needleatify the factors that
influence wildlife disease transmission and prevede

Current theory on disease dynamics mostly stems fneathematical
epidemiological modelling [15, 24]. These modely m a number of generally
accepted assumptions, including equal suscepyibitit infection for each
individual, equal disease related mortality risksd ahomogeneous-mixing
movement/contact patterns within populations, ammthgrs. Most assumptions
have hardly been evaluated empirically, and even tinly averaged parameters
for transmission rates are estimated from empifcavalence series [24, 102].
A thorough mechanistic understanding of transmissates and the factors that
influence it is lacking for most study systems.idttherefore a key issue in
wildlife epidemiology to assess the relative impode of different factors on
disease prevalence and to understand the mechaiiemsd these driving
forces. Relevant factors include host demograplogt lgenetic background,
pathogen genetic background and various envirorahé&agtors.

This study focusses on a relatively simple case sihgle wildlife host -
single pathogen relationship. European wild b&as écrofa) are an interesting
wildlife host study species because they are amiratal harbour many diseases
[103]. The pathogen Porcine Circovirus type 2 (PLM&s selected for its
characteristics of host-specificity and direct sramssion. In addition, it is a
relatively common pathogen in European wild boapybations [32], which
facilitates statistical analysis. Finally, becat&v2 has an economic impact on
the pig breeding industry [104], diagnostic tesesenavailable.

PCV2 is a small non-enveloped single-strand DNAuwirthat is
associated with postweaning multisystemic wastipgdeome (PMWS) also
referred to as porcine circovirus associated des€a€VAD) in swine, causing
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diarrhoea, heavy breathing and cell lesions inowsriorgans, most commonly
lungs and lymph nodes [105]. This virus dependsptetaly on the polymerase
activity of host cells for replication. The mainllcgpes infected by PCV2 are
immune cells such as macrophages, which accumuRa/2 through
phagocytosis of pathogens or infected cells. Tlvele have a low replication
rate, and PCV2 has been found to survive phagaeytsl persist over long
time-frames in macrophages without significant levef reproduction [106].
This intracellular hiding behaviour of PCV2 has mtisely evolved to evade
the temporary antibody response following initigfiection, and allows the virus
to be silently transported throughout the bodyhef host to replicate at a later
time. Studies have shown that co-infection with eotldiseases (porcine
parvovirus, porcine respiratory and reproductivadsgme virus) may induce
immune cell replication and thereby activate PC¥glication to reactivate the
sub-clinical PCV2 infection to full PMWS [107-109CV2 is considered to be
a non-lethal pathogen in the pig industry, buti$ bbeen suggested to play a role
in piglet mortality in high-density wild boar popmtions [33]. Not all pigs
develop PMWS after PCV2 exposure. Individual symmtc differences are
ascribed to genetic heterogeneity [110, 111]. Gengtaracterisation of the
PCV2 strains that circulate in domestic pigs antil eoar suggested that the
PCV2 infection dynamics in these two populatioreslargely independent, with
some level of transmission from domestic to wil@Z]JL

The relative importance of host genetic factorswitdlife disease
dynamics is largely unknown [34]. However, genétterogeneity in a wildlife
host species can influence immune capacity andeblyerffect individual
infection risk and survival [113-115]. Acevedo-Wdtibuse et al. [116]
demonstrated that genetic heterozygosity is an itapbpredictor of resistance
to and suppression of bovine tuberculosis bacterieee-living wild boar. High
host genetic diversity, usually measured by theeofesi individual level of
heterozygosity, is considered to increase resistéminfectious diseases [117].
Heterozygosity effects are mainly tested using roeigote-fitness correlations
(HFCs). There are two mechanistic hypotheses exptathe presence of HFCs.
The local effect hypothesis states that the gemobfispecific genes is affecting
fitness and that this HFC extends to other neadwi through Linkage
Disequilibrium (LD). The global effect hypothesisssames widespread
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deleterious effects from inbreeding or outbreediegression. HFCs associated
with disease prevalence are often assumed to digplaegative relationship,
where high host heterozygosity is associated witbdghost immune defence
and thus lower disease prevalence (due to a hmtpercity to prevent pathogens
from entering the host system and developing amctidn). Theoretical
explanations include inbreeding depression (détater recessive effects in
relatively homozygous individuals) or heterozygatlyantage (the heterozygous
genotype has higher relative fitness than both fygwus genotypes).

Methods

We randomly collected 462 wild boar blood samplesmf routine disease
monitoring programs in the Netherlands and adjaparts of Western Germany
(Northrhine-Westphalia and Rhineland-Palatinatajnduthe years 2008-2010.
These disease monitoring programs sampled culliesadarfrom regular hunting
practices. A small sampling bias may possibly hansen during hunting, but
this was considered sufficiently minor to avoid esided effects. These samples
were genotyped with a 351 SNP assay (chapter 3yedefrom the lllumina
SNP60 beadchip genotyping assay [43]. Serology pexrformed using the
commercially available SERELISA PCV2 Ab Mono Bloogi kit from
Synbiotics®. ELISA end-product optical densities edch sample (duplo
average, S) were compared to the optical densithehegative control (duplo
average, N), giving ratio S/N. A ratio 0.40 is considered positive for PCV2
antibodies according to the manufacturer’s spetifins, while a ratio >0.40 is
considered negative. This identified whether sigaiit levels of IgM and IgG
antibodies against PCV2 antigens were present.dgiligG antibodies have a
halflife in pigs of 3.5 and 14 days respectivel§§l Significant PCV2 antibody
titres are therefore assumed to represent reckation (approximately within 1
month before sampling). Age class (juvenile <1 yadr yearling 1-2 years old,
and adult >2 years old), year of sampling and mohttampling were recorded
by disease monitoring programs in the field. Ages watimated based on body
size, coat pattern and dentition. However, agerindétion was missing for 26
individuals. Sex was determined genetically based rmmozygosity or
heterozygosity of X-chromosomal loci. Genetic papioih assignment (chapter
3), domestic pig hybrid genetic ancestry (idertifga until 3" generation
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backcrosses with wild boar, chapter 2) and obseivddidual heterozygosity
were included in a multiple logistic generalizedelar regression analysis in R,
taking into account the missing age data of 26viddals. Fisher's exact tests
and logistic linear regression were additionallyptoyied to assess class effects.
Pairwise heterozygosity correlation chi-squarestds¢tween SNP loci were
performed in Excel to assess if heterozygosityotsfevere global or local effect.
In these chi-square tests observed frequencies agivise heterozygosity
combinations were compared to expected frequen€ipairwise heterozygosity
combinations based on allele frequencies. Resulis the pairwise correlations
were evaluated using a false discovery rate-cadecbmbined probability test.

Results

In a multiple logistic generalized linear regressianalysis, PCV2 antibody
status was affected by age claps((005), year of samplingp£0.010), and
genetic heterozygosityp£0.002, Table 4.1). Both forward and backward
selection resulted in the same model. All of theluded factors were also
significant ©<0.05) in a single-factor logistic regression asey Non-
significant factors [>0.05) included sex, population assignment, month o
sampling and hybrid status.

68



Climatic conditions, host age and host heterozygosity influence porcine circovirus
type 2 disease dynamics in European wild boar

Table 4.1 Multiple logistic generalised linear regressiondabof individual
wild boar PCV2 antibody status. Forward and backivemlection resulted in the
same model. Consistently non-significant factorsluded sex, hybrid status,
month of sampling and population assignment.

factor coefficient s.e. z-value p-value
intercept 1271 418.4 3.039 0.0024
age 0.511 0.181 2.827 0.0023
heterozygosity  7.176 2.368 3.031 0.0024
year -0.635 0.208 -3.050 0.0047
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Figure 4.1 PCV2 antibody prevalence of each wild boar agescl&rror bars
indicate Wilson Score 95% Confidence Intervals. flarsizes per age class are
indicated along the x-axis. Fisher Exact Testscaudid significant differences
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between age classgs=0.001). Letters above the confidence intervalscate
significant group differences.

A Fisher's exact test of age class differences @VP prevalence showed a
positive relationship, with the adult life stageplaying the highest prevalence
(Figure 4.1). Between year differences in PCV2 akence indicated that the
year 2008 had a significantly higher PCV2 prevadetian the years 2009 and
2010 (Figure 4.2).
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Figure 4.2 PCV2 antibody prevalence per sampling year (200832 Error
bars indicate Wilson Score 95% Confidence Interv&isnple sizes per year are
indicated along the x-axis. Fisher Exact Testscagid significant differences
between years p£0.001). Letters above the confidence intervalsiciitd
significant group differences.
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Figure 4.3 PCV2 antibody status (1=presence of antibodieapfence) versus
genetic heterozygosity in wild boar. Sample sizesgroup are indicated along
the y-axis. The solid curve shows the result dhgls-factor logistic generalized
linear regression between PCV2 antibody statusimaigidual heterozygosity,

y=exp(-3.883=6.368*x)/(1+exp(-3.883+6.368*x)), wiilp-value of 0.004 and a
Nagelkerke R-square of 0.035. The dotted linescatdi 95% confidence
intervals.

The logistic regression curve of individual PCV2tibndy status versus

heterozygosity indicates a positive relationshipMeen PCV2 prevalence and
wild boar heterozygosity (Figure 4.3). This sigrdfnt positive relationship

between individual genetic heterozygosity and presef PCV2 antibodies was
present in juveniles and yearlings, but not in tdatcording to separate logistic
regression (Table 4.2 and Figure 4.4).
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Table 4.2 Single-factor logistic generalized linear regressresults for the
effect of heterozygosity on PCV2 antibody presendbe different age classes.

age class factor coefficient s.e. z-value p-value

juveniles intercept -4.617 0.966 -4.778 1.77e-06
heterozygosity 7.631 2911 2.621 0.009

yearlings Intercept -7.182 2.147 -3.345 0.001
heterozygosity 17.361 6.641 2.614 0.009

adults intercept 0.303 1.803 0.168 0.867
heterozygosity -5.005 5.928 -0.844 0.399
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Figure 4.4 PCV2 antibody status (1=presence of antibodieapfence) versus
genetic heterozygosity for the different wild b@aye classes. Sample sizes per
group are indicated along the y-axis. The solidiesrshow results from single-
factor logistic generalized linear regression asedybetween PCV2 antibody
status and individual heterozygosity (Table 4.2hioch were significant for
juveniles =0.009) and yearlingsp£0.009), but not for adultsp£0.399).
Nagelkerke R-square values are 0.057, 0.133 arid OeBpectively. The dotted
lines indicate 95% confidence intervals. Grey wvaitilines indicate the 0.25
threshold used for the random sampling analysisetéctive disappearance of
low-heterozygosity individuals.

The chance to draw only 1 or less juveniles witeval of heterozygosity below
0.25 (see Figure 4.4), based on random sampiting5 individuals) from the
juveniles without antibodiesn€235) was 396 out of 999%%0.040). The
chance to draw 0 yearlings with a level of hetegusjty below 0.25, based on
random samplingnE15) from the yearlings without antibodies=01) was 963

72



Climatic conditions, host age and host heterozygosity influence porcine circovirus
type 2 disease dynamics in European wild boar

out of 9999 P=0.096). This means that there were significandgs| low-
heterozygosity (<0.25) juveniles with a PCV2 infent This effect was near-
significant in yearlings, and absent in adutts(Q.150) .

Pairwise correlation chi-square tests of heterogiygobetween loci
indicated that heterozygosity was correlated adiusntire genome more often
than expected by chance (fraction of significartieterozygosity correlated
locus-pairs=0.10, average pairwise chi-square=0cbfbined probability test
p<0.0001, the false discovery rate corrected alphdahfe combined probability
test was alpha=0.027). This finding points to agldHFC for PCV2 antibody
prevalence, and suggests that many mildly deleterédfects across the genome
rather than a few strongly deleterious effectspatcHic loci are responsible for
the effect of individual heterozygosity on PCV2yakence [119].

Discussion
The effect of age class on PCV2 prevalence indtudy (Table 4.1 and Figure
4.1) is linked to the infection mechanism of thethpgen. After primary
infection, PCV2 is known to persist silently inected macrophage cells [106].
Accumulated exposure to PCV2 over a wild boar's lifime leads to
accumulated presence of silent intracellular PC¥th@gens with age. These
silent viruses can be activated by co-infection7[1@09] or possibly other
signals, leading to an increasing frequency ofvaddCV2 infection with age.
The between year differences in PCV2 prevalenahigistudy (Table
4.1 and Figure 4.2) are most likely caused by ditntactors. The European
winter of 2007-2008 was average to mild, with mdanuary temperatures of
4°C and a fair amount of rainfall in the study ar&arg the E-OBS dataset,
www.ecad.eu/eobs May 2013). The 2008 PCV2 prevalémend in this study
(23.6-51.9%) corresponds reasonably well to inddpenreports of November-
January 2008-2009 PCV2 prevalence (50.7%) from I&ont Germany [120],
but the 2009-2010 PCV2 prevalence data from thidysare remarkably low in
comparison. The two subsequent winters in the stwdg were unusually cold
with 2009 mean January temperatures in the stugly @ff-3C and 2010 mean
January temperatures oPc3 and heavy snowfall. Sub-zero temperatures can be
expected to affect the transmission of PCV2 by smsonegatively due to
desiccation of the virus, which has been shownofiner aerosol-transmitted
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pathogens [121, 122]. In addition, survivability adtively infected (infective)
hosts may be lower in harsh winters, further desinggtransmission rates.

The positive association between heterozygosity RG¥?2 antibody
prevalence (Table 4.1 and Figure 4.3) is most \ikehused by selective
disappearance of low-heterozygosity individuals,shewn by the resampling
analysis. This selection effect is most evidenjuiveniles (and a proportion of
yearlings, see also Figure 4.4). The mortalityavf-heterozygosity individuals
may be caused by a direct selection effect of P@f&ction, or it may be
caused by lethal effects of inbreeding unrelateB@y2 infection. In the latter
case PCV2 infection is not the cause of death, thedobserved patterns in
PCV2 prevalence represent an independent effechlwkeding. This latter
explanation suggests a very strong inbreeding dsjane in wild boar leading to
mortality through an unknown mechanism. No otheafications for such a
strong inbreeding depression were found, and wesiden a direct selection
effect of PCV2 infection on mortality to be the rmdg&ely explanation of the
data. In this interpretation, infection by the PCYathogen is the direct
causative agent of mortality. This form of natwsealection is however mediated
by heterozygosity, because only the most inbredvidgals suffer actual
mortality upon PCV2 infection, while others survifleut probably pay some
energetic cost to deal with the infection). The tality effect is most
pronounced upon first exposure to the PCV2 (irethe case of a clear pre- to
post-selection contrast). Adult individuals (>2 ggeald) and some yearlings
may already have been exposed to PCV2 earliefandnd therefore represent
post-selection individuals, even if they do notreutly display significant PCV2
antibody levels. These older post-selection anindalsnot show a significant
relationship between heterozygosity and PCV2 penad (Table 4.2 and Figure
4.4), which suggests that disease mortality isfiesgient at later life stages.

If selection pressures are stable over time, oneilldvexpect a
significant increase of heterozygosity with agewdwer, a general linear model
analysis showed no significant relationship betwage and heterozygosity (p-
value=0.890). The lack of such a relationship maydue to between year
differences in selection pressure associated witfitew conditions or other
obscuring factors. Such age effects can then amieliably demonstrated using
cohort studies. The current study was however etots for this approach.
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The pairwise correlation of heterozygosity betwéem suggests that in
this case a global HFC for PCV2 antibody prevaléagaore likely than a local
HFC. If this is interpretation correct, a combioatiof a global mechanism and a
HFC would further suggest that many mildly deletes effects across the
genome rather than a few strongly deleterious &ffext specific loci are
responsible for the effect of individual heterozsip on PCV2 prevalence
[122]. This supports the interpretation of inbreedidepression, as the most
homozygous individuals are selectively disappeafifigure 4.4). The global
effect positive HFC with PCV2 prevalence found imst study does not
necessarily indicate that the wild boar are suffgfirom inbreeding depression
for other traits as well. Disease resistance iga# tinder relatively strong
selection pressure, and may show selection effeftge other traits.

In conclusion, our results show that different tyé factors influence
PCV2 prevalence: demographic (age class), enviratahéclimatic conditions)
and genetic (heterozygosity). A global HFC causgddiective disappearance
of low-heterozygosity individuals suggests inbraegdilepression in the context
of PCV2 disease resistance. Epidemiological modwlswildlife disease
dynamics that are based solely on demographic patlak parameters may
underestimate the influence of genetic heteroggreitd population genetic
dynamics.
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Elevated Mycoplasma hyopneumoniae
infection rates in European wild boar with
partial domestic ancestry

Daniel J Goedbloed, Pim van Hooft, Walburga LuthjjsT Bosch, Sip E van
Wieren, Ron C Ydenberg, Herbert HT Prins

Abstract

Wildlife form a natural reservoir for a range oft@atially zoonotic diseases.
Genetic components are known to determine individmanune capacity and
thereby affect the risk of disease outbreaks indii@ populations. Such
immune-related genetic components are subject iralaselection exerted by
pathogens in an assumed evolutionary arms race rkrasvthe ‘Red Queen
Hypothesis’'. However, domestic animals are oftestquted by veterinary care,
which relaxes the pathogen-driven selection pressmaintaining genetic
immune functions. Since the 1940s veterinary pradtas included large scale
application of antibiotics in livestock. Such a tegyand timescale of veterinary
protection against pathogens, particularly bacteaa be expected to lead to a
reduced immune capacity in domestic animals congpdoe wildlife, but
evidence from literature is lacking. Effects of gea introgression from
domestic animals on wildlife disease risk have ndeen demonstrated. Here
we show significantly increased disease antibodyvadence in a domestic pig
hybrid subgroup of free-living European wild bodr.fraction (4.3%) of 463
opportunistically sampled wild boar from the Netards and Western parts of
Germany was identified as genetic wild-domesticridgy based on population
assignment analysis using a 351 Single Nucleotagni®rphism (SNP) assay.
Antibody prevalence against the bacterial pathdggroplasma hyopneumoniae
was significantly higher in hybrids than in non-hgbwild boar, based on a
multiple logistic generalized linear regression.isTHinding demonstrates
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increased infection rates in a wildlife subgroughwpartial domestic ancestry
and indicates that genetic introgression from ddimés wild can increase the
risk of disease outbreaks in wildlife populatiofifese results provide a novel
argument in support of the ‘Red Queen Hypothesi§’' host-pathogen
coevolution, as it suggests a significant effectrelixed pathogen selection
pressure in domestic pigs. Finally, the detrimengflects of veterinary
protection on immune capacity in captive-rearedlgtoaise concern for disease
risks of wildlife restocking activities.

In preparation for submission
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Introduction

Wildlife diseases have received much attentioreoent decades [3, 101]. They
are considered to be a reservoir for potentiallpnotic diseases and an
important risk factor for biodiversity conservatjdivestock health and public
health [9, 10]. Most epizootic outbreaks and enmegrgliseases are due to spill-
over from domestic stocks to wildlife, rather thaoe-versa [3, 112]. There is
however much public concern for the risk of spdick from wildlife reservoirs,
because of economic interests [11, 123].

High animal densities in captive conditions arerle ground for many
pathogens. This is demonstrated for example byirfiggdof higher wild boar
disease prevalence in fenced, high-density, fakenfiunting estates compared
to more natural conditions [32, 33]. The increadiegase risks of high-density
captive breeding are often partially countered bgviging veterinary care,
including use of antibiotics. Antibiotics have beesed since the 1940s
curatively, preventively and (until the 1970s) agrawth-promoter on a large
scale in livestock [124]. This time period equat®s approximately 36
generations for wild boar, which have an averageegsion time of 2 years
[125]. This relatively fast generation time is doean early average age of first
reproduction (8-9 months) and a large contributa@dnjuveniles to the total
reproduction of a population (adults older tharearg usually make up only 20-
25% of a population [35]). Domestic farrowing sols/e a generation time of
1.8 years [126], leading to a period of 40 generatiin domestic pigs. Such a
period is limited and may be too restrictive fotederious alleles to increase in
the population through genetic drift. On the oth@nd, the small population size
of purebred pig lines may enhance the rate of gewukift, facilitating loss of
immune functions. While the use of antibiotics heceived much attention with
regard to antibiotic-resistance in pathogens [1%#]e is known about the
evolutionary effects on the immune capacity offbst.

Genetic factors determine individual immune capaaitd thereby risk
of disease infection in wildlife populations [1328]. Such genetic factors are
subject to natural selection exerted by pathogenst-pathogen interactions in
an evolutionary context are viewed as a continuenuss race, known as the
‘Red Queen Hypothesis’ [129-131]. However, longregxposure to domestic
conditions including use of antibiotics and furtlveterinary support may relax
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or even relieve the selection pressure driving éhelution of a host species’
immune functions. In that case, the immune capagftythe domestic host
population to independently deal with these pathegemay become
compromised.

This study concerns the relatively simple case eingle wildlife host
and a single host-specific pathogen. We investib&eropean wild boarS(s
scrofa), which is known to host many diseases that aseeshwith the closely
related domestic pig [103, 123]. We focussed ornrdispiratory disease Porcine
Enzootic Pneumonia caused by the bacterial pathodéycoplasma
hyopneumoniae (Mhyo) because of its characteristics of host-specjfieihd
direct transmission. Porcine Enzootic Pneumoniarglemce can reach up to
50% in commercial slaughter pigs [132Jhyo is a contagious pathogen that
primarily infects lung epithelium where it inducesughing, cell lesions and a
reduced response of phagocytes and lymphocytes I83. Transmission of
Mhyo in domestic pigs during contact experiments occrapidly, with
symptoms and infectious stage presenting on avesmbd® days (range 5-28)
after exposure [135]. Airborne transmission throaghosols over long distances
has also been demonstrated Fhyo [136]. The immune response Mhyo
varies considerably between individual domestis 7], and current control
measures such as vaccination or medication supyegstoms but do not lift the
infection entirely [138]. Outbreaks dflhyo in domestic pig farms have been
shown to display seasonality, because the suraf/éhe pathogen outside the
host is dependent on air humidity and temperatl2é,[122, 139].

Northwest European wild boar populations have bd®monstrated to
contain approximately 4-10% wild-domestic hybridgst likely due to release
of wild-domestic hybrids from a captive farmed $t¢chapter 2 and 3). Farmed
wild-domestic hybrids have a wildtype appearancd are bred to supply a
commercial demand in exclusive wild boar meat. Prely, recent hybrids
were identified with levels of domestic genetic ragfression up to five
generations of backcrossing to wild boar, as wehdvanced-generation hybrids
produced by repeated reproduction among hybridapten 2). This provides an
opportunity to assess the effect of partial domesticestry (and thus a history of
genetic adaptation to captivity) on disease resigtan free-living wild boar.
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Methods

We randomly collected 462 wild boar blood samptesnfthe Netherlands and
adjacent parts of Western Germany (Northrhine-Wedip and Rhineland-
Palatinate) from routine disease monitoring progrdmthe years 2008-2010
targeting culled animals from regular hunting pices. This dataset corresponds
to that of chapter 4 and includes 34 animals apdlysreviously for genetic
introgression from domestic pigs using a 60k Singleleotide Polymorphism
(SNP) assay (chapter 2). Age class (juvenile < g&h yearling 1-2 years old,
and adult >2 years old), year of sampling and montsampling were recorded
in the field. Age was estimated based on body si@at pattern and dentition.
Age information was however missing for 26 indivadki Sex was determined
genetically based on homozygosity or heterozygosityX-chromosomal loci.
All samples were genotyped using a 351 SNP assdycampared to the
genotypes of a domestic pig sampie120, breeds: Large white, Landrace,
Duroc, Pietrain, British saddleback and Tamwortlye performed Principal
Component Analysis (PCA) using the eigenvector oebths implemented in
Eigensoft 3.0 [61, 62]. In addition, we performedpapulation assignment
analysis usingTRUCTURE?2.3.1 [63] based on 10 runs using two clust&rs2]

at 500,000 iterations after a burn in of 800,008e Tpopulation assignment
resulted in a clear wild-domestic separation. Reamestic ancestry was
identified using aTRUCTURE population assignment score threshold of 0.25 to
the domestic pig cluster, as this value matchedréiselts of chapter 2. We
additionally screened all samples for antibodiesiregy the bacterial pathogen
Mycoplasma hyopneumoniae (Mhyo), using an in-hcsessdwich ELISA test
based on Intervet® antigens purified by ammoniunphate precipitation.
Optical densities of ELISA end-products for eacimgke (duplo average, S)
were compared to the optical density of the negatintrol (duplo average, N),
giving ratio S/N. A ratio ok 0.50 was considered negative for PCV2 antibodies,
while a ratio >0.50 was considered positive. Thiseshold was based on the
observed boundary between two peaks in the meastezrhl densities in this
dataset. Multiple logistic generalised linear regien was performed in R to
assess the influence of: sex, age class, yearnoplsay, month of sampling,
genetic heterozygosity, genetic population assigrinfigased on the clustering
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identified by the program STRUCTURE) and genetibrity status on Mhyo
disease antibody prevalence.

Results

Genetic analysis with a 351 SNP assay showed a ségeration between wild
boar and domestic pigs in a Principal Componentalysis (PCA, Figure 5.1).
This separation was supported §)RUCTURE population assignment analyses
(K=2), with some free-living wild boar displaying atktare with domestic pigs
(Figure 5.2). To identify wild-domestic hybrids wur wild boar dataset, a
minimum STRUCTURE population assignment proportion of 0.25 to a denop
domestic pigs n=120) was applied (chapter 3). This threshold whssen
because it identified all hybrids with recent dotitesncestry (up to five
generations ago) among 34 samples previously aethlysth a more detailed
60k SNP assay (chapter 2) without producing angefadositives. In total, 20
hybrids with recent domestic ancestry were idesdifithis way, which
corresponded to the most intermediate individuathé PCA (Figure 5.1).
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Figure 5.1 PCA plot of 351 SNP genetic diversity. Wild boae andicated in

black, domestic pigs in white, and the 20 idertifigybrids in grey. Eigenvectors
1 and 2 explain 39.5% of variation in the dataset.
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Figure 5.2 Genetic population assignment proportions. Progustbelonging to
the wild boar cluster are indicated in grey and dsiic pig proportions are in
white. Vertical lines indicate the boundaries betwéhe domestic pig sample,
the identified hybrids and the remaining wildtypsgdwoar.

Strikingly, the identified hybrids with recent dostie ancestry displayed a
higherMhyo antibody prevalence than wildtype wild boar (Fgbt3) indicating
increased infection rates in this subgroup. Sifgbter logistic regression
analysis revealed a near-significant effect of t/lstatus onMhyo antibody
prevalence in wild boarmp€0.055), while a multiple logistic generalised kne
regression indicated significance=0.035, Table 5.1). The multiple logistic
generalised linear regression model also accoufaedemporal (seasonal)
variation in disease prevalence by including thetdiss year of sampling and
month of sampling. The between year differenceguifeé 5.4) match those
found for Porcine Circovirus type 2, reported irapter 4 and point to a shared
mechanism for these respiratory diseases. The m@asariation of Mhyo
prevalence in wild boar corresponds to findingsedsonality irMhyo infection
of domestic pigs [121, 139], which is attributed d¢bmatic influences on
pathogen transmission. Both forward and backwaftdcB8en resulted in the
same multiple logistic generalised linear regressiodel, and consistently
excluded age class, sex, genetic heterozygosity SIRWCTURE population
assignment (chapter 3) as significant factors.
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No correlation was found between overall genetitefozygosity and
Mhyo antibody prevalence. This indicates that geneffates of inbreeding or
outbreeding did not affect immune capacity witharegto Mhyo in the wild-
domestic hybrid wild boar.

0.4

0.3

antibody prevalence
0.2

0.1
[

x|
o

wildtype hybrid
n=443 n=20

Figure 5.3 Mycoplasma hyopneumoniae (Mhyo) antibody prevalence in
wildtype wild boar and hybrid wild boar with recedmestic ancestry (up to
five generations ago). Error bars indicate Wilsooor$ 95% Confidence
Intervals. Sample sizes for wildtype wild boar atamestic hybrids are given
along the x-axis. Multiple logistic generalisedeam regression indicated a
significantly raisedMhyo antibody prevalence in domestic hybrigs@.035).
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Figure 5.4 Mycoplasma hyopneumoniae (Mhyo) antibody prevalence per
sampling year (2008-2010). Error bars indicate @ilScore 95% Confidence
Intervals. Sample sizes per year are indicatedgatbe x-axis. Fisher Exact
Tests indicated significant differences betweernryda=0.001). Letters above
the confidence intervals indicate significant gralifferences.
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Table 5.1Multiple logistic generalised linear regressiondalbof individual

wild boarMycoplasma hyopneumoniae antibody status. Forward and backward
selection resulted in the same model. Consisteathysignificant factors
included age class (juvenile, yearling, adult),, gnetic heterozygosity and
population assignment.

factor coefficient  s.e. z-value p-value
intercept 1111 411.0 2.703 0.0069
year -0.554 0.205 -2.707 0.0068
month -0.080 0.034 -2.327 0.0200
hybrid 1.243 0.590 2.107 0.0351
Discussion

The mechanism behind the observed higher antiboelafence againsthyo in
recent wild-domestic hybrids compared to wildtypédwboar could not be
established with certainty. One explanation fos tfinding, would be a direct
release effect. The identified hybrids could théoadly be released individuals.
This means that they themselves would have a fastoris. Mhyo is endemic
and widespread in the wild, but captive farm-likenditions are associated with
higher disease prevalence [32, 33]. This suggdsis the increased/hyo
antibody prevalence in this subgroup could be ectliconsequence of their farm
history. However, Mhyo is a rapidly spreading pathogen with airborne
transmission and development of an infectious stagle recipient occurring
within a few days [135, 136]. If a recent releabeaptive hybrids indeed caused
Mhyo prevalence to increase locally in parts of thelstarea, this would be a
temporary effect. Within days or weeks a large nenmdf wildtype wild boar in
those parts of the study area would be exposedetisand possibly infected.
The observed difference iMhyo antibody prevalence between the hybrid
subgroup and the wildtype wild boar is thereforékety to be caused by direct
release effects.

Another explanation for the observations preseimettis study is the
inheritance of degraded (or deleterious) domestimine genes. Veterinary
protection using antibiotics in domestic pigs aadrfed wild boar can relax the
pathogen selection pressure maintaining immune geriation and may lead to
a form of degradation of these immune genes.
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Previous analysis of the same wild boar datasetPfow2 antibodies
showed no association with hybrid status (chapjeiHis supports a possible
role of antibiotics in the observed immune degriadatas antibiotics protect the
host against bacterial pathogens (évthyo), but not viruses (e.g., PCV2). This
leads to the hypothesis that only those immune gyespecifically involved in
resistance against bacterial diseases are degiadieinestic pigs compared to
wild boar.

The wild-domestic hybrids in this study includednaals resulting from
up to five generations of backcrossing with wilcabgchapter 2). The fact that
we detected a significant increaseMifiyo antibody prevalence in this hybrid
group, even after a small number of generationsbadkcrossing to wild,
indicates that the effect of domestic ancestrynamiine capacity versihyo is
persistent over generations.

In conclusion, we find a significantly high&thyo antibody prevalence
in a subgroup of free-living Northwest Europeandwhiloar with recent partial
domestic ancestry. This finding suggests a detmisrieffect of domestic
ancestry on disease resistance in a wild contextighly caused by evolutionary
effects of veterinary protection and the use oibéwtics in domestic and captive
stocks. If this interpretation is correct, thesadings support the ‘Red Queen
Hypothesis’ of a continuous evolutionary arms-raoetween hosts and
pathogens, in the sense that a history of protediiom pathogen selection
pressure leads to degraded immune functions andeftiie increased
susceptibility to these pathogens compared to iddals with a continuous
history of pathogen selection pressure. The findnag partial domestic ancestry
increases disease risk in wild boar has implicatifor wildlife restocking
projects and activities, where the consequencesriaksl for disease outbreak
may be more far-reaching than previously thougtdaibtive-reared stocks are
used.
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Synthesis

The occurrence and consequences of domestic pig hybrids in wild
boar populations

Finding clear evidence of recent genetic introgogs$rom domestic pigs in
wild boar in the study area (chapter 2) was ratherxpected. Pig farming in
Western Europe has heavily intensified in recestony and occurs indoors,
with very limited opportunity for interaction betem pigs and wild boar. The
most likely route of introgression, through purgase wild-domestic
hybridisation in farmed wild boar and subsequenstaeking of wild
populations, indicated that undocumented events ¢mmve important
consequences for population genetic processesresudts in chapters 2 and 3
show that the use of farmed wild boar in reintrdduts or restocking activities
is more common than previously thought and may hemesequences for
population differentiation and the genetic diversit wild boar populations.

The evolutionary consequences of genetic introgredsom domestic
animals to their wild counterparts are largely umkn, but see [140]. Centuries
of artificial selection in pigs has skewed phenatygind genotypic variation in
certain traits to the extreme (mostly in traitsatet! to appearance, reproduction
and growth rate). In addition, artificial selectiand domestic conditions can be
assumed to have caused degradation of traits e mo longer maintained by
natural selection. Such genetic consequences ofrestic history are expected
to mainly have neutral or maladaptive value in llwontext.

The fact that wild boar litter sizes show strongioeal differences in
Western Germany [73], may partly be a consequericdifierent levels of
genetic introgression from domestic pigs. The ¢féééncreased wild boar litter
size on fitness and local adaptation in a natuogufations has however not
been evaluated. The significant effect of partiadmestic ancestry on
Mycoplasma hyopneumoniae (Mhyo) disease prevalence in chapter 5 implies
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that genetic introgression from domestic pigs nmeyaase disease susceptibility
in free-living wild boar populations. Here, immufuactions putatively serve as

an example of a trait degraded by a lack of natetdction pressure in domestic
pigs. Genetic introgression from domestic pigsnighis case considered to be
maladaptive foMhyo disease resistance.

Backcrossing with wild boar was shown in chaptdo 2apidly reduce
proportions of domestic ancestry. In addition, retaelection will remove most
maladaptive traits inherited from domestic ancestrgr time. Severe long-term
evolutionary consequences for wild populations #nerefore not likely,
although genetic introgression from domestic pigg/rimcrease genetic load in
wild boar populations. Because of the long-term l@w@nary risks of
introgressed deleterious alleles and genetic load difficult to quantify, |
recommend to aim for minimisation of genetic intexsion from domestic
sources in wildlife conservation and management.

Population genetics and epidemiology are different ballgames

In theory, the distribution and movement patterina bost species determine the
occurrence of obligate host-specific pathogensa Tertain extent this has to be
true: where there are no hosts, there can be nbogats. In addition,
transmission between individuals depends on hosbweriers and thus host
movement patterns. However, genetic populationcsira or gene flow were
not found to significantly affect disease prevakeir this thesis (chapter 4 and
5). This may be due to the vastly different tempacales of their dynamics.
The time it takes for a wild boar allele to dispeover a distance of 50 km may
be 5 years (if one assumes a slightly optimistierage lifetime dispersal of 10
km per generation [35]). On the other hand, it rteke only a few weeks or
days for a bacterial or viral disease to traved thistance, as these pathogens will
infect multiple new hosts every few days and mavel for kilometres in
aerosols under favourable circumstances [135, 136].

Population genetics and disease dynamics not oifferdin their
temporal scales, the factors that influence theaguaence or spread differ as
well. The occurrence and spread of alleles is detexd by dispersal and
reproduction. Dispersal of terrestrial animals fdgluenced by geographical
distance and landscape features [76]. Reprodu@iomating) mainly depends
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on spatial proximity and competition for matinghig. Alleles may further be
subject to random genetic drift or natural selectibhe rules of the game are
quite well understood, and population genetic pastecan be modelled or
analysed rather realistically (see chapter 2 and 3)

The rules for the game of disease prevalence aresmcclear. The
factors that determine occurrence and spread tibgahs, are often unknown
and may differ strongly between different pathogdre PCV2 andvihyo, the
only universal factor influencing disease prevaterseems to be climatic,
causing between year differences in disease presalthat are very similar for
both pathogens (chapter 4 and 5). This similastymiost likely connected to
their shared mechanism of transmission: shortigdigtaairborne travel in
aerosols produced by the coughing and sneezingnoinfected host. The
survival and lifespan of a pathogen in an aeroaad (thus the chances for
infecting a new host) depend on the ambient tenwperaand humidity [139].
Dry conditions and temperature extremes can ddsiaadestroy the pathogen,
affecting transmission negatively. Meteorologicatards show extremely low
winter temperatures (-20 in some nights) for years with relatively low ekse
prevalence in this study, supporting the influeméeclimatic conditions on
respiratory disease prevalence.

Further parallels between the two diseases coulcbaarawn. PCV2
was influenced by host age and heterozygosity, @asiihyo was influenced
only by hybrid status or partial domestic ancesfriiis indicates that it is
inaccurate to speak in generalisations when it esomeefactors influencing
wildlife disease prevalence. Wildlife disease eggloesearchers will mostly
need to consider each disease and perhaps each a&ted separately, as
different factors may be driving disease prevalemeceeach case. More
investigations of the various wildlife diseases aeguired to elucidate the
possibly vast diversity in wildlife disease dynasmand ecology.

Disease transmission, disease mortality and the role of individual
genetic composition

Theoretical knowledge of disease dynamics is mdstiged on mathematical
epidemiological models (chapter 1). Epidemiologinsdels for host-specific
directly transmitted diseases have in some casesessfully described
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spatiotemporal patterns and dynamics of fast-spngaelpidemics [141, 142]
using spatially explicit modelling and simple asgtions on the transmission
coefficient. However, endemic disease models teatidbe long-term disease
persistence in host populations by incorporatinghkdeath dynamics, have
hardly ever been evaluated using empirical datasée [143]. The behaviour of
these endemic disease models depends criticalllgeodisease reproduction rate
and thus the transmission coefficient [17, 143]isThansmission coefficient is
difficult to extract from empirical data due to ack of methods for direct
quantification of exposure versus infection and twmplexity of factors
involved (host traits, pathogen traits and envirental conditions).

In this thesis, | show that successful transmissibriwo respiratory
diseases is influenced by temporal climatic condgi(discussed above) and by
the genetic format of the host (chapter 4 and Bijs $uggests that using a single
transmission coefficient and disease recovery ortafity rate (equal for all
individuals) in epidemiological models is not retiti. The genetic heterogeneity
of individuals, in terms overall heterozygosity gardnherited immune capacity,
can determine individual susceptibility to, or ua of, a particular disease and
can thus play an important role in how diseasesagpthrough a population,
network or landscape [144]. This notion of indivadlgenetic differences in
susceptibility may prove crucial for a good undamsling of the dynamics of
various wildlife diseases. Theoretical work on indual differences in
infectiousness indicate that such heterogeneity significantly alter model
outcomes and predictions [23, 145]. A future chagke for epidemiological
modellers will be to realistically include heterogéy in disease susceptibility
at the individual level in order to more realistigaand more accurately describe
disease dynamics in wildlife populations.

What are the evolutionary effects of the use of human medicine?

The results of chapter 5 show that domestic hytmild boar (20-50% genetic
domestic ancestry) have significantly higiviyo infection rates than wild-type
wild boar. This finding suggests that lack of expresto infectious agents due to
nearly a century of veterinary care in pigs cardl¢a detectably degraded
immune functions in domestic pigs and even in dadimds/brid wild boar. If
this is true in wild boar, it raises questions abpossibly similar evolutionary
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effects of medical care in humans. A lack of pa#rogelection pressure can
lead to accumulation of deleterious mutations ass$ lof variation in immune

genes. Has this also happened in humans? Hasayhadt human medicine

causing degradation of immune functions in humananaevolutionary time-

scale?

The hygiene hypothesis states that, for humanagcla of (childhood)
exposure to infectious agents supresses naturala@went of the immune
system and may lead to increased susceptibilityaltergies, autoimmune
disease, microorganisms and parasites [146-148}.r€asoning focusses on the
lack of training of the immune system during edifg, caused by hygienic
practices, elimination of childhood diseases, reduinteractions with the
environment, protection by medical care and the wofeantibiotics. An
evolutionary view is however missing from the dission. What are the
consequences of a lack of exposure to infectioestagor the maintenance of
effective immune functions over multiple generasi®ris the genetic immune
capacity of a contemporary human at an equal léwehumans from pre-
industrial eras, or is it significantly degradededo protection from pathogens
by hygiene and medicine? The practical and -ethigaitations of an
experimental approach to address this issue ardemtvi However, these
gquestions seem a neglected but relevant avenuedearch.

Research outlook for swine epidemiology

The wild boar - domestic pig model system has grpatential for
epidemiological research. Swine are host to a widay of pathogens, and the
available high-quality porcine genomic informatiand diagnostic disease tests
provide all the necessary tools to investigate -pasihogen interactions. This
system has the added advantage of combining opites) for controlled
experiments in pig farms with opportunities fordting natural dynamics in
wild boar populations.

Combined research on domestic pigs and wild boaigisly relevant for
wildlife conservation and the pig breeding industand represents a wildlife-
livestock interface within a species. Swine are als important study system in
the context of public health and emerging zoonocageswine have proven to be
an important mixing vessel for pathogen adaptatdmmans hosts [149, 150].
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Heterozygosity fitness correlations such as foumdchapter 4, and
effects of (hybrid) ancestry on disease prevalenash as found in chapter 5,
may open the door for genome-wide association asutt relation to disease
resistance in wild boar. Experimental approachea domestic pig farm setup
can confirm for instance effects of inbreeding pkafic genes on disease
resistance. Together, these approaches may increasainderstanding of
exactly how the co-evolutionary arms race betwesst &nd pathogen works.

In addition, it would be informative to expand thiédd boar disease data
with a few more diseases. Diagnostic tests su@ntlsody assays are available
for a number of other swine diseasesgy.: porcine parvovirus, porcine
respiratory and reproductive syndrome virug\drnobacillus pleuropneumonia.
Such additional data would clarify if domestic higsrare more susceptible than
wild boar to all bacterial diseases, but not visudé so, this would strengthen
the case for an evolutionary effect of antibiotisg in livestock industries.

Conclusions

A major challenge in disease ecology is to obtago@d overview of the driving
forces of infectious disease prevalence in wildpifgoulations. The aim of this
thesis was to specifically identify the main fastdhat influence PCV2 and
Mhyo disease prevalence in European wild boar populatio show that
climatic conditions represent a shared driving éofar temporal dynamics in
both diseases, while effects of host age and germatiors differed between
PCV2 andMhyo (chapter 4 and 5). | demonstrate that PCV2 relatedality in
wild boar juveniles and yearlings is mediated byehmzygosity. The most
inbred individuals do not survive first exposurethis disease. In chapter 2 and
3 | show that genetic introgression from domestigspinto wild boar
populations is more recent, more common and modespiread than expected.
Disease prevalence was not significantly differbetween populations, but
Mhyo prevalence was higher in hybrids with partial deticeancestry than in
wild-type wild boar. | propose that this is a comsence of the inheritance of
deleterious alleles that originate from a lack afhpgen selection pressure in
domestic pigs due to veterinary care. The fact tiffiérent factors drive the
prevalence of the two diseases examined in thEghimdicates that speaking in
generalities is inaccurate within the context afedise ecology. Research on
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different model systems and pathogens is requoeget a better overview of the
possibly vast diversity of driving factors for wifé disease prevalence. One of
the central questions in wildlife epidemiology tel to the underlying
mechanism for the observation of pathogen aggmgyati overdominance [15,
22]. Genetic heterogeneity has been suggestedpiaiexpatterns of pathogen
aggregation [46] and the results in this thesigetpthis hypothesis. | propose
that an important next step for the field of witdldisease ecology would be to
incorporate genetic heterogeneity into epidemiaalgimodelling. Population
genetic theory provides sufficient information tahel host heterozygosity as
well as Mendelian inheritance of deleterious afielehich will have to be
embedded in an epidemiological framework.
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Summary

Essentially all human and livestock infectious dses ultimately originate from
wildlife populations. Wildlife infectious diseasese therefore considered to be
an important risk factor for biodiversity, livestoand public health. However,
the driving forces of wildlife disease dynamics apeorly understood.
Technological and analytical advances in molecuaology increasingly
provide the means to investigate wildlife diseageaghics, and the properties of
the domestic pig and wild boar study systems afferesting opportunities for
epidemiological research.

In this thesis | report on the influence of a numle demographic,
environmental and host genetic factors on infestialisease prevalence in
European wild boar. | focus on two swine respinataliseases: porcine
circovirus type 2 (PCV2) anlycoplasma hyopneumoniae (Mhyo).

In chapter 2 | start off by unexpectedly identifyim relatively high
frequency (10%) of recent genetic introgressiomfrdomestic pigs among 88
wild boar samples from No‘rthwest Europe.
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Summary

This work included a novel approach for identifyirgnd quantifying
introgression based on a high-density genetic asaag hybridisation
simulations.

The most likely route of genetic introgression lisotugh release of
farmed wild boar, which are bred for productionlwfury meat and which are
frequently crossed with domestic pigs to increasevth rates and reproduction.

From the high-density genetic assay used in chaptederived a low-

density genetic assay, which was applied

chapter 3 to genotype a total of 645 wild bo éw
samples. With these data | constructed f /wﬁGEN‘”&EN

genetic population structure of the study are @
comprising the Netherlands, Luxembourg a / REOMIK=

adjacent parts of Western Germany. £ ‘ KOBLENZ
geographically distinct wild boar population

were identified, and 25 recent domestic hybri

(1-5 generations ago) were found geographice
scattered across the area, indicating wide-spr
release of farmed wild boar. Genetic populati
structure was shaped by a landscape barrier
river Rhine) and historical humai w\*\‘\‘k‘ e
reintroduction/translocation events.

In chapter 4 | show that PCV2 prevalence variesbet years, but also
increases with wild boar age and is finally influed by wild boar genetic
heterozygosity. The age effect is a consequenamiulative exposure to the
virus and a typical PCV2 trait: silent intracellulpersistence, which leads to
increasing chances of PCV2 reinfection over timke heterozygosity effect
demonstrates that the most inbred wild boar havewar chance to survive
PCV2 infection in their first years of life. Thifiews that PCV2 infection can
act as a selective force and that disease infeatghmortality can be mediated
by genetic heterogeneity.
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In chapter 5 | report thafihyo prevalence shows the same between year
variation as PCV2 prevalence. This similarity issilikely caused by climatic
conditions, which influence airborne disease traasion through aerosols. In
addition, domestic hybrid wild boar intriguingly spilayed a higheiMhyo
antibody prevalence than wild-type animals. Thisggasts a higher
susceptibility to this disease for animals with t@ghrdomestic ancestry. |
hypothesise that this is caused by genetic dedosdat immune functions in
domestic pigs due to a history of veterinary cane the use of antibiotics in the
livestock industry.

Finally | review the findings of this thesis in tiSynthesis (chapter 6).
Here, | reflect shortly on the evolutionary effeafshygiene and medicine on
human immune capacity. With regard to wildlife @se ecology, | provide
strong support for the hypothesis that genetic roganeity may explain the
issue of pathogen aggregation, which is a cengald in epidemiology.
Moreover, | propose that our current understandingildlife epidemiology and
disease ecology can be improved by integrating latipn genetic and
epidemiological models. In conclusion, this thesisws that combining genetic
and antibody data is a powerful approach and tlost henetic factors and
individual heterogeneity are important aspects violdlife disease ecology
research.
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Samenvatting

Vrijwel alle menselijke infectieziekten zijn uitelelijk afkomstig van wilde
dieren. Infectieziekten van wilde dieren worden rdaa beschouwd als een
belangrijke risicofactor voor de volksgezondheidhamook voor biodiversiteit
en voor de veehouderij. Echter, de drijvende kextlachter de dynamiek van
ziekten bij wilde dieren zijn veelal onbekend. Teclogische en analytische
vooruitgang in de moleculaire ecologie bieden stemtber middelen om de
dynamiek van ziekten bij wilde dieren te bestudesnde eigenschappen van
tamme varkens en wilde zwijnen bieden interessantgelijikheden voor
epidemiologisch onderzoek.

In dit proefschrift laat ik zien dat een aantal dgnafische, klimatologische en
genetische factoren een belangrijke invioed hebbpnde prevalentie van
Ziekten bij Europese wilde zwijnen. Ik heb gekekear twee luchtweginfecties:
porcine circovirus type 2 (PCV2) éycoplasma hyopneumoniae (Mhyo).

In hoofdstuk 2 identificeer ik onverwacht een riglahoge frequentie
(10%) van recente genetische introgressie van tamamkens naar wilde
zwijnen in 88 zwijner\1 mons‘ters.
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Samenvatting

Dit werk omvatte een nieuwe benadering voor hentifleeren en
kwantificeren van genetische introgressie op beais een genetische analyse
met een hoge dichtheid aan merkers en hybridissitrulaties. De meest
waarschijnlijke route van genetische introgressiddor introductie van gefokte
wilde zwijnen, die gehouden worden voor de pro@dugtin luxe vlees en vaak
worden gekruist met tamme varkens om de groei-aantplantingssnelheid te
verhogen.

Van de genetische analyse die gebruikt is in hdokd®, heb ik een
genetische analyse met een lage dichtheid
merkers afgeleid, die in hoofdstuk 3 is toegep

genotyperen. Met de gegevens hiervan heb ik
genetische populatiestructuur geconstrueerd van
onderzoeksgebied, welke bestaat uit Nederla
Luxemburg en de aangrenzende delen van W
Duitsland. Zes geografisch verschillende wilc
zwijnen populaties werden geidentificeerd, en

recente hybriden (1-5 generaties geleden)

tamme varkens werden gevonden, verspreid ¢

het hele onderzoeksgebied. Dit geeft aan Nz
introductie van gefokte wilde zwijnen wijdverbrepdaatsvind. De genetische
populatiestructuur werd verder gevormd door eeddahappelijke barriere (de
Rijn) en historische herintroductie / translocgti®mjecten van wilde zwijnen
door de mens.

In hoofdstuk 4 laat ik zien dat de PCV2 prevalemijewilde zwijnen
per jaar varieert, maar ook stijgt met de leefigoh wilde zwijnen en beinvloed
wordt door de genetische heterozygotie van de veildigen. Het leeftijdseffect
IS een gevolg van cumulatieve blootstelling aanvirels en een typische PCV2
eigenschap: niet detecteerbare intracellulaireigiergie van het virus, wat leidt
tot een steeds grotere kans op PCV2 (her)infestar de tijd. Het effect van
genetische heterozygotie toont aan dat die wildgnew die het meest een
product zijn van inteelt, een kleinere kans hebtenPCV2 infectie overleven
in hun eerste levensjaren. Dit laat zien dat PQW&ctie kan fungeren als een
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natuurlijke selectiekracht en dat infectie en stedoor ziekte beinvioed kan
worden door genetische heterogeniteit.

In hoofdstuk 5 laat ik zien dad¥lhyo prevalentie dezelfde jaarlijkse
variatie vertoont als PCV2 prevalentie. Deze ovekemst wordt waarschijnlijk
veroorzaakt door klimatologische omstandigheden dé& overdracht van
ademhalingsziekten via aerosolen beinvloedt. Daatnia opvallend dat hybride
wilde zwijnen met een genetische invioed van hat ¥arken een hogemdhyo
antilichaam prevalentie hebben dan pure wild-typgnen. Dit geeft aan dat de
hybride dieren vatbaarder zijn voor deze infectiktg dan de wild-type zwijnen.
Ik stel dat dit effect wordt veroorzaakt door owvenmeg van genetisch
gedegradeerde immuunfuncties van tamme varkensgai®lg van een

geschiedenis van veterinaire zorg en gebruik vabiatca.
\ /

L ag/\r

Uiteindelijk breng ik de bevindingen van dit pragfsft samen in de
Synthese (hoofdstuk 6). Hier reflecteer ik kortdgpevolutionaire effecten van
hygiéne en geneeskunde op menselijke immuunsydteesties. Met betrekking
tot de ziekte ecologie van wilde dieren onderstaiinbnderzoek de hypothese
dat genetische heterogeniteit van de gastheer eeklaking vormt voor
observaties van aggregatie van ziekteverwekkerscentraal thema binnen de
epidemiologie. Bovendien, stel ik dat ons huidiggrip van de epidemiologie
en ziekte ecologie van wilde dieren kan worden el door een integratie
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van de populatie genetische en epidemiologischeelieod Samenvattend, laat
dit proefschrift zien dat de combinatie van gemtsen antilichaam-gegevens
een krachtige aanpak is en dat genetische factorandividuele heterogeniteit
essentiéle aspecten zijn voor onderzoek aan dermotbgie en ziekte ecologie
van wilde dieren.
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