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Chapter 1 
 

 

General introduction 
 

 

Infectious diseases are the number two cause of human death, responsible for 

25% of worldwide mortality [1]. Essentially all human infectious diseases 

ultimately originate from wildlife populations, and adapted to humans directly or 

via livestock populations [2]. A number of human infectious diseases have 

emerged from wildlife populations in recent decades [3], including Avian 

influenza, Lyme disease and West Nile virus. The link between human, livestock 

and wildlife diseases has led to formulation of the ‘One world, one health’ 

concept, which  integrates wildlife conservation, public and animal health [4]. 

However, infectious disease dynamics usually differ strongly between humans, 

livestock and wildlife due to differences in, e.g., host density, contact networks, 

environmental stress levels and application of medicine [3]. The epidemiology 

of human and livestock infectious diseases is relatively well-studied [5, 6], but 

the driving forces behind wildlife disease dynamics are largely unknown due to 

challenges in sampling, laboratory diagnostics and a high diversity of ecological 

interactions [7, 8]. In order to understand the effects of human disturbance on 

wildlife epidemiology, and in order to evaluate the risks of wildlife infectious 

diseases for biodiversity conservation, livestock industry and public health, a 

good understanding of the driving forces of wildlife disease dynamics is 

required. In this thesis I contribute to wildlife epidemiology and disease ecology 

by exploring the effects of various factors on the prevalence of two respiratory 

diseases in free-living European wild boar.  

 

Some definitions 

Allele: one of a number of alternative forms of a gene or genetic locus.  

Disease dynamics: the change over time of disease prevalence.  

Driving force (driver): a factor that propels and/or controls a process.  
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Epidemiology: the sum of factors determining disease prevalence (or the 

scientific study thereof).  

Genetic load: the decrease in fitness of the average individual in a population 

due to presence of deleterious alleles in the gene pool.  

Pathogen: a parasitic (micro)organism that causes disease (i.e., damages its 

host).  

Prevalence: the frequency in a population (often expressed as a percentage).  

Zoonosis: an infectious disease that can be transmitted from animals to humans.  

 

Wildlife disease ecology 
Wildlife species host a wide range of pathogens and are considered to be an 

important factor in the maintenance, emergence and spread of infectious diseases 

[3]. Some of these diseases are shared with domestic livestock or humans 

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

A wide range of possible factors may drive wildlife disease prevalence [11], 

which are central to wildlife disease ecology: the study of host-pathogen 

interactions in the context of their environment and evolution.  

Ecologists previously assumed that pathogens have little impact on 

wildlife populations [12]. However, the last decades it has become increasingly 

apparent that pathogens are not only common and integral to ecosystems, but 

that pathogens can influence the abundance and extinction risk of populations 

and act as an important driving force for evolution [12, 13]. The relatively rapid 

mutation and adaptation rate of pathogenic microorganisms allows pathogens to 

‘emerge’ in (or adapt to) previously unsuitable host species and places [14].  

Wildlife infectious diseases show a high diversity of life history traits: 

from generalist to specialist, from vector-borne to air-borne to sexually 

transmitted, from respiratory to gastro-intestinal infection routes, from slow to 

fast reproduction rates and from slow to fast mutation rates. In this thesis I will 

focus on two host-specific directly transmitted (temporally air-borne) respiratory 

swine pathogens: porcine circovirus type 2 (PCV2) and the bacterial 

Mycoplasma hyopneumoniae (Mhyo).  
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Predictions from mathematical host-pathogen models 
Most of our conceptual understanding of disease dynamics stems from 

mathematical host-pathogen models. Simplified host-pathogen models of disease 

dynamics occur in many forms. The classic compartmental host-pathogen 

models (see Figure 1.1) predict that the occurrence of disease is driven by the 

abundance (sometimes given as density) of susceptible hosts [15-17]. This is 

known as the Kermack-McKendrick threshold theorem [18]. These 

compartmental models assume uniform and universal contact between 

individuals at each time step (mass action). This is often not realistic, especially 

for group living host species.  

 

 
Figure 1.1 Example of a simple compartmental model. Clarification of symbols: 

S represents the proportion of susceptible individuals in a population, I is the 

proportion of infected individuals and R the proportion of recovered individuals. 

β is the transmission coefficient, γ is the recovery rate and t is time.  

 

Network models of disease dynamics (particularly small world property 

networks, but also scale-free and random networks) have been employed to 

introduce heterogeneity in the contact of individuals [19, 20]. Abundance 

thresholds have in some cases been demonstrated using network models for 

disease dynamics, but outcomes depend heavily on the properties of the network 

[21].  

Observations of high levels of pathogen aggregation, where a small 

fraction of host individuals harbours the majority of pathogens, are a central 

issue in epidemiology [15, 22]. An essential component of disease modelling in 

this regard is the ‘transmission coefficient’ (see Figure 1.1), which represents the 

relative capacity of a pathogen to overcome the host’s innate immune defences 

[22]. Both pathogens and hosts are genetically heterogenic and individuals will 

dS/dt= -βSI
dI/dt = βSI-γI
dR/dt= γI

RβSI γIIS
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differ in their virulence and immune capacity respectively. The heterogeneity of 

hosts and pathogens in terms of their influence on the transmission coefficient is 

usually not properly accounted for in host-pathogen modelling [23], but it has 

been shown to greatly affect model outcomes [24]. The heterogeneity of hosts 

and pathogens and their influence on the transmission coefficient may explain 

observations of pathogen distribution and aggregation.  

 

Wild boar as a model species for wildlife disease research 
Wild boar (Sus scrofa) are the ancestors of domestic pigs [25, 26]. The two are 

closely related and readily interbreed as well as share their diseases. Wild boar 

are known to host many pathogens, including diseases with a potential for 

negative economic consequences such as Classical Swine Fever and Aujeszky’s 

Disease as well as zoonotic diseases that can infect humans, e.g., Influenza 

viruses [27-30]. Commercial interests from the pig breeding industry have led to 

development of a variety of diagnostic tools for serology and disease testing, as 

well as to development of advanced molecular tools for genomic research and 

breeding purposes. Little is known about the relative immune capacity of wild 

boar versus domestic pigs. The few case studies that report on this topic suggest 

little difference in clinical symptoms [31]. Disease prevalence is usually higher 

in domestic herds than in free-living populations, but this is usually attributed to 

higher animal densities and the related increase in disease transmission 

efficiency [32, 33]. Immune capacity is generally a difficult subject due to 

physiological interactions and trade-offs, and because the role of genetic factors 

in wildlife disease dynamics is largely unknown [34].  

The wild boar is a moderate to large sized pig (adult weight 80-150kg) 

with black fur. This polygynous species has a large distribution spanning most of 

Eurasia, where it occurs in variable but sometimes high densities (up to 60 wild 

boar km-2) [35]. Adult males are solitary and maintain a large home range to 

maximise access to females. Females and sub-adults form sounders consisting of 

6-20 animals or more, and tend to have a flexible home-range size and location 

according to season, food abundance, predation or hunting pressure [36]. Wild 

boar are good dispersers, with recorded life-time dispersal distances up to 250 

km, and show male-biased dispersal [35, 37]. Wild boar are opportunistic 

omnivores [38], and have benefitted the last decades from changes in 
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agricultural crops, supplementary feeding and frequent good mast years due to a 

more temperate Western Palearctic climate [39]. Conditions in Europe have been 

favourable for reproduction in the last decades, allowing wild boar to breed all 

year round in large parts of the continent. Wild boar have a relatively short 

generation time with litter sizes averaging 4-8 piglets and female sexual maturity 

at 8-10 months of age, provided that a body mass threshold of 30kg is reached 

[40]. European wild boar have recently increased in number 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 many reasons, one of which is the 

availability of advanced genomic tools such as a full porcine genome sequence 

[42] and a high density Single Nucleotide Polymorphism (SNP) assay [43]. 

SNPs are a highly valued genetic marker, because of their high frequency in the 

genome and their compliance with mutation models allowing powerful statistical 

analysis [44, 45]. This allows relatively detailed investigation of population 

genetic processes, including gene flow and evolutionary adaptation. 

Phylogenetic relationships, gene flow and genetic adaptation are assumed to be 

highly relevant in the context of disease ecology research [46], because these 

processes reflect coevolution, host movement patterns and differences in 

immune capacity with regard to pathogen infection.  

Large scale European wild boar gene flow and genetic population 

structure are mainly determined by postglacial recolonisation patterns from 

Mediterranean refugia after the Pleistocene ice age [47]. Regional wild boar 

population structure has been studied only occasionally, but may be determined 

by landscape barriers and human translocations [48, 49]. Genetic exchange 

between domestic pigs and wild boar has occurred throughout the history of 

domestication and pig breeding in both directions. The introgression of genetic 

elements from wild boar into the domestic pig genome is well studied [50]. In 

contrast, the extent of introgression from domestic pigs into wild boar was 

largely unknown at the start of this study [51]. Genetic signs of introgression had 

been reported in up to 2% of wild boar in Eurasia based on mitochondrial DNA 

[25, 26] and in 5–10% of wild boar in Europe based on a combination of 
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mitochondrial DNA and microsatellites [47]. Domestic pigs are subject to 

artificial selection and receive veterinary care as well as housing and regular 

feed. This is in stark contrast to wild boar, which are subject to natural selection 

in the wild without external support. These differences may have important 

consequences for disease dynamics and differences in host immunogenetic 

adaptation.  

 

Thesis outline 
The main aim of this thesis was to identify factors that significantly influence 

infectious disease prevalence in European wild boar populations. Possible 

driving forces of wildlife disease prevalence are not just limited to host 

abundance or density, but include demographic factors (e.g., host age, sex and 

population substructure), environmental conditions (e.g., food availability, 

predation pressure, ambient temperature and humidity) and individual genetic 

composition (e.g., inbreeding depression, outbreeding depression and inheritance 

of specific deleterious or beneficial alleles).  

In order to test the significance of the influence of a number of these 

factors on disease (PCV2 and Mhyo) prevalence, I collected surplus wild boar 

blood samples from disease monitoring institutes and routine population 

management. Sex, age class and the location of these samples were recorded in 

the field. The blood samples were genotyped using Single Nucleotide 

Polymorphism (SNP) panels, and antibody titres against PCV2 and Mhyo were 

determined using ELISA assays. The samples were collected from the 

Netherlands, Luxembourg and parts of Western Germany (North Rhine-

Westphalia and Rhineland-Palatinate).  

In chapter 2 I address the issue of genetic introgression from domestic pigs into 

the wild boar population. This genetic introgression can be crucial because it 

may affect population substructure as well as inbreeding and outbreeding levels 

and because it may introduce specific domestic immune-related alleles.  

In chapter 3 I describe wild boar genetic population structure in the study area. 

This work is required to determine if disease dynamics differ between 

biologically meaningful populations, or if gene flow correlates with disease 

prevalence patterns.   
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Chapter 4 deals with the disease ecology of  PCV2 in wild boar. In this chapter I 

evaluate the influence of a number of demographic, environmental and genetic 

factors on PCV2 prevalence in the study area.  

In chapter 5 I extend this work with an assessment of the disease ecology of 

Mhyo in wild boar. Some similarities and differences between these two diseases 

are discussed.  

Finally, in chapter 6 I bring the previous chapters together in a discussion of the 

bearings of these results on existing theory and concepts in wildlife disease 

ecology and epidemiology. 
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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 van Hooft, Juanma M Herrero-

Medrano, Walburga Lutz, Panoraia Alexandri, Richard PMA Crooijmans, 

Martien AM Groenen, Sip E van Wieren, Ron C Ydenberg, Herbert HT Prins 

 

Abstract 
Present-day genetic introgression from domestic pigs into European wild boar 

has been suggested in various studies. However, no hybrids have been identified 

beyond doubt mainly because available methods were unable to quantify the 

extent of introgression and rule out natural processes. Genetic introgression from 

domestic pigs may have far-reaching ecological consequences by altering traits 

like the reproduction rate or immunology of wild boar. In this study we 

demonstrate a novel approach to investigate genetic introgression in a Northwest 

European wild boar dataset using a genome-wide Single Nucleotide 

Polymorphism (SNP) assay developed for domestic pigs. We quantified the 

extent of introgression using allele frequency spectrum analysis, in silico 

hybridization simulations and genome distribution patterns of introgressed 

SNPs. Levels of recent introgression in the study area were expected to be low, 

as pig farming practices are prevailingly intensive and indoors. However, 

evidence was found for geographically widespread presence of domestic pig 

SNPs in 10% of analysed wild boar. This was supported by the identification of 

two different pig mitochondrial DNA haplotypes in three of the identified hybrid 

wild boar, suggesting that introgression had occurred from multiple sources (pig 

breeds). In silico hybridization simulations showed that the level of introgression 

in the identified hybrid wild boar is equivalent to first generation hybrids until 

fifth generation backcrosses with wild boar. The distribution pattern of 
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introgressed SNPs supported these assignments in four out of nine hybrids. The 

other five hybrids are considered advanced generation hybrids, resulting from 

interbreeding among hybrid individuals. Three out of nine hybrids were 

genetically associated with a different wild boar population than the one in 

which they were sampled. This discrepancy suggests that genetic introgression 

has occurred through the escape or release of an already hybridized farmed wild 

boar stock. We conclude that genetic introgression from domestic pigs into 

Northwest European wild boar populations is more recent and more common 

than expected, and that genome-wide SNP analysis is a promising tool to 

quantify recent hybridization in free-living populations. 

 

Molecular Ecology 22(3): 856-866 
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Introduction 
European and Asian pigs were independently domesticated from wild boar (Sus 

scrofa) [25, 26]. Even though the first domestication of European pigs is 

estimated to have occurred 9000 years ago [25, 26], European wild boar are still 

fully capable of hybridizing with domestic pigs. The process of domestication 

and later introgression of genetic elements from wild boar into the domestic pig 

genome is well studied [25, 26, 50]. In contrast, the extent of introgression from 

domestic pigs into wild boar is largely unknown [51]. Frequent genetic 

introgression from domestic pigs may lead to either hybrid vigour or to 

maladaptation to the natural environment [52]. In addition, regular intimate 

contact between pigs and wild boar may increase the risk of disease transfer and 

outbreaks. The extent of genetic introgression is thus a relevant parameter for 

wild boar conservation management and disease risk management. Genetic signs 

of introgression have been reported in up to 2% of wild boar in Eurasia based on 

mitochondrial DNA [25, 26], and in 5-10% of wild boar in Europe based on a 

combination of mitochondrial DNA and microsatellites [47]. The latter authors 

consider their estimate to be slightly inflated and report introgression in general 

to be lower than 5% [51]. Another study using mtDNA D-loop sequences reports 

only 1.6% Asian haplotypes in wild boar versus 29% in the European domestic 

population [53].  

European wild boars have survived Pleistocene ice-ages in 

Mediterranean refugia [47]. Wild boars in Western Europe are considered to 

originate from the Iberian refugium and have a chromosome number of 2n=36. 

They differ in their karyotype from domestic pigs and from Balkan refugium 

wild boar in Eastern Europe, both with chromosome number 2n=38 [54]. 

Hybridization can occur, resulting in individuals with chromosome number 

2n=37 [51]. Admixture between different wild boar populations may locally 

introduce new alleles. Single Nucleotide Polymorphism (SNP) genetic markers 

are found throughout any genome and represent the largest source of genetic 

variation [44]. Models for the mutation rate of SNPs are well established and 

high throughput genotyping methods are becoming increasingly efficient. These 

characteristics make SNPs a popular choice of marker for population genetic 

research [45]. Few studies have used genome-wide SNP sets in non-model 

organisms (e.g., [55]), as this technology is still relatively new. However, in 
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some cases a SNP set developed for a model species can be used effectively to 

study closely related non-model species [56-58].  

In this study we aimed to identify the occurrence, time-frame and 

possible sources of genetic introgression from domestic pig into Northwest 

(NW) European wild boar. We used a high-density genome-wide SNP assay 

developed for domestic pig, the Illumina porcine SNP60 genotyping beadchip 

[43], for the genetic analysis of 88 wild boar from the Netherlands, Luxembourg 

and Western parts of Germany. This assay provided 26505 SNPs that segregated 

in the wild boar dataset and which were distributed across all autosomes. This 

amounted to a substantially higher genome coverage than commonly seen in 

molecular ecology studies [59]. We identified genetic introgression based on an 

increased abundance of rare alleles. Results from a mitochondrial (mt) DNA 

haplotype study were used to independently verify cases of introgression. The 

level of introgression from domestic pig was identified using a hybridization 

simulation study and the genomic distribution patterns of introgressed SNPs.  

 

Methods 
In 2008 we collected 88 wild boar blood samples from the Netherlands, 

Luxembourg and Western parts of Germany. Sample collection was 

opportunistic and without bias towards age, sex or sampling location 

(supplementary information Table S2.1). DNA isolation was performed 

following the Gentra PureGene Blood kit protocol. Samples were genotyped 

using the Illumina porcine SNP60 genotyping  beadchip Infinium SNP assay 

[43] and initially analysed for all 45720 autosomal SNPs. The total genotyping 

rate was 0.98. During exploration using PLINK v1.06 [60], we found that SNPs 

with a low minor allele frequency (0.005<MAF<0.030) were highly abundant in 

the wild boar dataset (Figure 2.1a). This allele frequency spectrum was 

compared to that of a domestic pig dataset consisting of 20 individuals per breed 

for six breeds; British Saddleback, Duroc, Landrace, Large White, Pietrain and 

Tamworth (Figure 2.1b). These breeds were selected on the basis of occurrence 

in NW Europe and the availability of sufficient SNP data. MAF was in all cases 

calculated separately for the wild boar and domestic pig datasets. After allele 

frequency spectrum assessment, we excluded non-polymorphic sites and 

potential genotyping errors by applying a rigorous MAF threshold of 0.05 using 
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PLINK, as a standard procedure. This procedure therefore excluded the highly 

abundant rare alleles for further analysis, making sure that population genetic 

inferences were not influenced by potential artefacts. The procedure left 26505 

segregating autosomal SNPs for population genetic analysis in the wild boar 

dataset. The 7083 highly abundant rare SNPs in the wild boar dataset 

(0.005<MAF<0.030) were analysed separately, and revealed 5038 putative 

introgressed SNPs, which were private to just nine out of 88 wild boar. These 

putative introgressed SNPs were also analysed for their allelic state in the 

domestic pig dataset and a sample of wild boar from the Balkans (northern 

Greece and Bulgaria, n=20) to assess the origin of the putative introgressed 

SNPs. To identify genetic clustering in the wild boar dataset, we performed 

Principal Component Analysis (PCA) using the eigenvector method as 

implemented in Eigensoft 3.0 [61, 62]. In addition, we performed a population 

assignment analysis using STRUCTURE 2.3.1 [63] based on 10 runs per 

number of clusters (K) for K=1-10 at 1,000,000 iterations and a burn in of 

800,000. Putative hybrids were excluded from these analyses to achieve 

convergence between runs. The most supported partitioning (K) was identified 

using the method of Evanno [64]. Putative hybrids were removed to achieve 

convergence between runs. Observed and expected heterozygosity were 

calculated in R 2.13.0 using the package Adegenet [65]. Individual observed 

heterozygosity (Table 2.1, Ho) was calculated as the number of heterozygous 

SNPs divided by the total number of SNPs. In addition, part of the D-loop region 

of the mitochondrial DNA (mtDNA) was amplified by polymerase chain 

reaction (PCR) using the primers described by Luetkemeier et al. [66] (L-strand 

5´CTCCGCCATCAGCACCCAAAG3´ and H-strand 5´GCACCTTGTTTGG 

ATTRTCG3´) yielding a 772 bp fragment. The PCR amplicons were purified 

and sequenced for both strands on an ABI 3130® DNA sequencer (Applied 

Biosystems, USA). Genome Assembly Program (GAP4, [67]) was used to view 

and obtain the consensus sequence of D-loop region for each individual relative 

to pig mtDNA sequence GenBank ID AJ00218 as a reference. Sequences were 

subsequently aligned by Clustal X V.2 [68] and grouped into haplotypes using 

the program ALTER [69]. As not all samples yielded the complete fragment 

(722 bp), a 624 bp fragment common to most samples was finally used for the 

analysis. Phylogenetic relationships among the haplotypes were determined with 
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Mega 5.03 [70] using the Neighbour Joining (NJ) method based on Tamura-Nei 

model. We included three additional NW European pig breeds: Berkshire, Bunte 

Bentheimer and Gloucester Old Spot in the mtDNA haplotype analysis 

(supporting information Table S2.2), as well as three sequences (accession 

numbers: DQ379224, DQ379100 and DQ379099) from Fang & Andersson [71]. 

Novel sequences were submitted to Genbank (supporting information Table 

S2.3). Hybridization simulations between domestic pigs and wild boar were 

performed in Excel 2010 using only monomorphic and rare SNPs with 

MAF<0.030 in the wild boar dataset. We used genetic data from the Veluwe 

population in the central Netherlands (Figure 2.3, indicated by circles, n=23) as 

the wild boar parent population. Analysis of shared polymorphisms (Table 2.3) 

and mtDNA haplotypes (Table 2.2) led us to specifically use the Large White 

(LW) and the British Saddleback (BS) pig breed (n=20 per breed) as parent pig 

populations for the hybridization simulations. LW shared most putative 

introgressed SNPs (80%) with the identified hybrid wild boar (Table 2.3) and 

harboured the observed pig haplotype HP8 (Table 2.2). BS shared 72% of 

putative introgressed SNPs with the identified hybrid wild boar and harboured 

the observed pig haplotype HP110. LW displayed 13879 SNPs with a non-wild 

boar allele and BS displayed 11989. The first generation hybridization (F1) was 

followed by seven generations of backcrossing with the parent wild boar 

population. We assumed Mendelian inheritance, meaning that the probability of 

inheritance for a typical pig allele (absent in non-hybrid wild boar) is 0.5 and 1 

respectively for a heterozygous and homozygous SNP in the pig parent. 

Inheritance of a pig allele leads by definition to a heterozygous SNP in the next 

generation of hybrids. Each introgressed pig allele theoretically has a 50% 

probability to be inherited at each subsequent generation of backcrossing with 

the parent wild boar population, resulting in a halving of the total number of rare 

SNPs each generation. The standard deviation of the number of rare SNPs per 

individual for each generation was estimated on basis of 200 simulated 

genotypes per generation. Genomic positions of putative introgressed SNPs were 

analysed based on build 9 of the pig genome published by the International 

Swine Genome Sequencing Consortium in release 66 of the Ensembl database as 

Sscrofa9 (http://www.ensembl.org/Sus_scrofa/Info).  
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Figure 2.1 Minor Allele Frequency (MAF) distribution in a) the wild boar 

dataset, b) the wild boar dataset without 9 putative hybrids and c) the domestic 
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pig dataset. The x-axis indicates the MAF class. The y-axis indicates the 

frequency of each MAF class relative to the total number of SNPs in the dataset. 

 

Results 
The wild boar and domestic pig allele frequency spectra (Figure 2.1a and 2.1c 

respectively) differ dramatically at the lower end of the spectrum. In both cases 

we expected a more or less uniform distribution of SNPs across the allele 

frequency range based on random genetic drift and random mating. However, in 

the wild boar data we observed a clear excess of rare SNPs (0.005<MAF<0.030, 

Figure 2.1a). A large proportion (69%, 5038 SNPs) of these rare SNPs were 

private to just nine wild boar (Figure 2.1a and 2.1b). These putative introgressed 

SNPs (all heterozygous in those wild boar) almost correspond to the surplus in 

this MAF range, which in a uniform distribution would be expected to hold 

approximately 2250 SNPs rather than the observed 7083 SNPs. The nine wild 

boar with putative introgressed SNPs displayed higher overall levels of observed 

heterozygosity (Ho, Table 2.1) compared to other wild boar (Table 2.2).   

 

Table 2.1 The number of putative introgression SNPs, observed heterozygosity 

(Ho) based on 26505 SNPs with MAF>0.05 and mtDNA haplotype per 

individual hybrid wild boar. The numbering of individuals corresponds to Figure 

2.2 and 2.3.  

Individual Rare SNPs Ho 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 genetic clusters (Figure 2.2a), with 

the nine putative hybrid individuals scattered across three of these clusters 
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(inverted triangles). The inclusion of a sample of domestic pigs in the PCA 

provided extra resolution, and clearly positioned these nine putative hybrid wild 

boar separately from the wild boar clusters, trailing off in the direction of the 

domestic pig (Figure 2.2b). The geographic origin of six of them (Figure 2.3) 

corresponded to their association with a particular genetic cluster. However, 

three putative hybrid wild boar (2, 3 and 5) clustered genetically with the 

Veluwe population (Figure 2.2, circles), but were sampled geographically in the 

Meinweg population in the South of the Netherlands (Figure 2.3, diamonds).   

 

Table 2.2 Observed heterozygosity (Ho), expected heterozygosity (He) and 

mtDNA haplotype counts of the wild boar clusters, the group of hybrid wild 

boar and the six domestic pig breeds.  

Group n Ho* He* HP16 HP16 HP1 HP11 HP HPothe

Veluwe 2 0.18 0.19 19 0 4 0 0 0 

Meinweg 2

4 

0.16

0  

0.16

0  

1 0 23 0 0 0 

Kirchhelle

n 

2

4 

0.17

7  

0.17

0  

0 24 0 0 0 0 

Germany 1

1 

0.20

2  

0.20

8  

7 0 4 0 0 0 

Hybrids  9 0.26

8  

** 2 1 3 2 1 0 

L. White 2

0 

0.33

3  

0.35

3  

2 0 1 0 1 16 

Landrace 2

0 

0.32

9  

0.35

6  

2 0 2 0 1 15 

Pietrain 2

0 

0.35

0  

0.35

4  

6 0 0 0 0 14 

Br. 

Saddle. 

2

0 

0.33

7  

0.33

7  

1 0 0 11 0 8 

Duroc 2

0 

0.33

5  

0.34

2  

6 0 1 0 0 13 

Tamworth 2

0 

0.33

9  

0.32

4  

0 0 0 8 0 12 

* Standard errors are 0.001 or smaller 

** not calculated as the hybrids do not constitute a population 
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Figure 2.2 a) PCA plot based on 26505 SNPs with MAF>0.05. Four wild boar 

populations as inferred by STRUCTURE are indicated by different symbols. The 

nine individuals with putative introgressed SNPs are labelled and numbered 

explicitly (black inverted triangles). The first two eigenvectors explain 18% of 

variance in the dataset. b) PCA plot including a sample of all six domestic pig 

breeds considered in this study (small black dots) in the PCA analysis.  
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Figure 2.3 Geographic sample locations. Symbols and numbering correspond to 

the PCA analysis (Figure 2.2). Multiple samples may originate from one 

sampling location.   

 

The most supported STRUCTURE partitioning of the data following the method 

of Evanno et al. (2005) was K=3 followed by K=4 (supporting information 

Figure S2.4). However, this method is known to favour only the first level of 

structure in a given dataset. In addition, the assignment of clusters for K=3 was 

not geographically coherent. German individuals were divided over the 

Meinweg and the Veluwe clusters with dubious assignment probabilities 

(supporting information Table S2.1). We suspect that this may be caused by a 

relatively low sample size of the German cluster (n=11 versus n=21, 23 and 24) 

as well as its wide geographic spread, resulting in high internal variation and 

lack of Hardy-Weinberg Equilibrium. The STRUCTURE partitioning K=4 

matches fully to geographic and PCA distributions, and we therefore consider 

K=4 to be the most biologically meaningful structure of this dataset. 
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We investigated some possible sources of SNP introgression by 

quantifying the presence of the 5038 putative introgressed SNPs of the wild boar 

dataset in six domestic pig breeds (n=20 per breed) as well as a sample of wild 

boar from the Balkans (n=20, Table 2.3). The Large White domestic pig breed 

scored best, sharing approximately 80% of the putative introgressed SNPs. 

However, differences with other pig breeds were relatively small. Commercial 

pig farmers commonly use breed hybrids. Therefore we included some 

combinations of two breeds (n=40 per combination) in Table 2.3, which 

increased the percentage of putative introgressed SNPs explained to 86%. The 

percentage of shared putative introgressed SNPs between hybrid wild boar from 

NW Europe and wild boar from eastern Europe was only 20%.  

 

Table 2.3 Shared SNPs between pig breeds (n=20 per breed) and the nine wild 

boar carrying putative introgressed SNPs. Six two-breed combinations (n=40) 

with a high amount of shared SNPs are also included, as well as a sample of wild 

boar from the Balkans (n=20). Percentages are calculated relative to the total 

amount of excessive rare SNPs in our wild boar dataset (5038).  

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 one of three common wild boar 

mtDNA haplotypes (HP164, HP165 and HP19), with three notable exceptions. 
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These exceptions are individuals with putative introgressed SNPs, which had a 

mtDNA haplotype not normally observed in wild boar (HP110 and HP8, Table 

2.1). Haplotype HP110 is a rare haplotype among European pigs, because it has 

an Asian origin (supporting information Figure S2.5). The British heritage pig 

breeds and Pietrain are the only breeds in NW Europe that display this 

haplotype; Berkshire at a frequency of 5%, British Saddleback at 54%, 

Gloucester Old Spot at 40%, Tamworth at 43%, and Pietrain at 1.9% (n=593, 

supplementary information Table S2.2). Haplotype HP8 is typical for a number 

of mainland Europe pig breeds, including Landrace and Large White. 

Haplotypes HP110 and HP8 were not found in any of the 79 wild boar without 

putative introgressed SNPs.   

The number of putative introgressed SNPs in each of the nine wild boar 

is indicated in Table 2.1. These numbers are decreasing (or increasing) more or 

less stepwise by a factor of two at each putatively assigned generation of 

backcrossing. This suggested a scenario of introgression followed by 

backcrossing with a wild boar gene pool theoretically halving the number of  

introgressed alleles at every generation of backcrossing.  

To investigate the individual levels of introgression, we simulated 

hybrid genotypes using genotypes from the Veluwe wild boar population (Figure 

2.3) and either of two domestic pig breeds: Large White (LW) and British 

Saddleback (BS). The number of putative introgressed alleles per individual wild 

boar observed in this study corresponded to expectations according to the 

hybridization simulations (Figure 2.4). Wild boar individual 7 was identified as 

equivalent to a first generation (F1) hybrid, wild boar individuals 2, 3, 6 and 8 

were identified as equivalent to a second generation (F2) backcross to wild boar, 

individuals 9 and 5 were equivalent to a third generation (F3) backcross, 

individual 1 was equivalent to a fourth generation (F4) backcross and individual 

4 was equivalent to a fifth generation backcross (Figure 2.4).  
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Figure 2.4 The open circles connected by dotted lines indicate the simulated 

mean number of introgressed pig alleles per individual (± s.d.) per generation of 

hybridization with Large White (LW) or British Saddleback (BS) pigs and 

subsequent backcrossing with wild boar. The number of putative introgressed 

alleles for each of the nine hybrids in our empirical dataset is indicated by 

inverted triangles (numbering corresponds to Figure 2.2 and 2.3).  

 

The chromosomal positions of the introgressed SNPs are indicated for some of 

the identified hybrids in Figure 2.5. Individual 7 displays a wide array of 

introgressed alleles, resulting in a high prevalence of heterozygous SNPs across 

the entire genome. This pattern of genome wide heterozygosity corresponds to 

expectations for an F1 hybrid. Individuals 2, 5 and 1 represent subsequent 

generations of backcrossing with wild boar according to our hybridization 

simulation. The number of introgressed alleles is clearly diluted over the 

generations and the chromosomal positions show a clear clustering pattern that is 

distinct for each individual.  
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Figure 2.5 Chromosomal positions of introgressed SNPs. Individual 7 was 

assigned as an F1 hybrid, individual 2 as an F2 backcross with wild boar, 

individual 5 as an F3 backcross and individual 1 as an F4 backcross. A complete 

overview for all identified hybrids is given in supporting 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 hybridization and widespread genetic 

introgression from domestic pigs into European wild boar populations. We 

identified introgression by analysing the wild boar allele frequency spectrum, 

which showed an excess of rare polymorphisms (Figure 2.1a). These putative 

introgressed SNPs were exclusive to just nine individuals out of 88 sampled wild 

boar, from dispersed geographical origins (Figure 2.3). The nine putative hybrid 

wild boar also displayed elevated levels of observed heterozygosity (Table 2.1) 

compared to other wild boar (Table 2.2). When we included a sample of 

domestic pigs in a PCA, these nine individuals were positioned between the wild 

boar clusters and the domestic pig cluster (Figure 2.2b). The two observed 

typical domestic pig mtDNA haplotypes in three of these nine individuals further 

support a scenario of introgression from domestic pigs.  

The proportion of hybrid wild boar in this dataset is 10% (Wilson Score 

95% Confidence Interval: 5-19%). This is at least as high as previously reported 

figures (5-10%) for introgression in European wild boar [47]. High levels of 

recent introgression in the study area were not expected a priori since intensive 

indoor pig farming is prevailing in the last decades and opportunities for direct 

contact between pigs and wild boar are considered to be minimal. Opportunities 

for contact between pigs and wild boar were expected to be more prominent in 

parts of Eastern and Mediterranean Europe, where free-ranging pig production in 

semi-wild conditions is still common practice, which is 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 study indicate that the detected 

cases of introgression are equivalent to F1 hybrids until F5 backcrosses with 

wild boar (Figure 2.4). The LW hybridization simulation resulted in slightly 

higher numbers of introgressed alleles, while the BS simulation resulted in 

slightly lower numbers of introgressed alleles (Figure 2.4). This difference is 
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most likely caused by different levels of outbreeding and polymorphism in these 

breeds, leading to different amounts of non-wild boar alleles that can potentially 

introgress. Contributions of multiple breeds to the genetic introgression in NW 

European wild boar populations may have contributed to the observed numbers 

of introgressed alleles per hybrid wild boar.  

Mendelian inheritance and recombination (crossing over) result in the 

inheritance of chromosomal segments from each parent. In a scenario of 

hybridization followed by backcrossing with wild boar one would expect pig 

alleles to be found only in the chromosomal segments that originate from the 

parent with domestic pig ancestry. The clustered patterns of introgressed SNPs 

in individuals 1, 2, 3 and 5 fit this expectation (Figure 2.5), and support their 

assignments as recent hybrids by the hybridization simulation study. 

Considering a generation time of one year for wild boar, we can put these 

hybridization events in the last few years before sampling in 2008. Clustered 

patterns of introgressed genetic markers resulting from recent hybridization have 

to the authors’ knowledge not been previously described from natural 

populations.  

Hybrid individuals 4, 6, 8 and 9 display a more widespread distribution 

of introgressed SNPs across the genome (supporting information Figure S2.6). 

This suggests a more complex scenario of reproduction among hybrids (hybrid x 

hybrid). These individuals are therefore only equivalent to the assigned 

generations in the hybridization simulation. The actual wild x domestic 

hybridization may have taken place a number of generations further back in time 

followed by interbreeding among hybrids, which kept the number of 

introgressed SNPs per individual relatively high over an extended time frame. 

For example, a 3rd generation hybrid x 3rd generation hybrid cross would result 

in offspring with on average the same number of introgressed alleles as their 

parents, but it would be the 4th generation since the hybridization event. Sexual 

reproduction and recombination between different hybrid genomes with distinct 

individual patterns of introgressed SNP clustering will result in more widespread 

distribution of introgressed SNPs at every generation of  reproduction among 

hybrids. We consider the time frame of introgression for these advanced-

generation hybrids to be uncertain.  
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Wild boar number 7 is assigned as a first generation hybrid. Intuitively 

one would expect to find a first generation hybrid at the equidistance between 

wild and domestic in a PCA. However, one has to keep in mind that in PCA a 

mean centring procedure is applied. This leads to a gravitation of intermediate 

individuals (i.e., hybrids) to the origin (0, 0) of the PCA plot, which explains the 

position of wild boar number 7 at the centre of Figure 2.2 rather than of the 

equidistance between wild and domestic.   

We show that genome-wide SNP analysis can reveal the level of 

introgression (F1-F5 hybrids or equivalent) by identifying putative introgressed 

SNPs based on allele frequency spectrum analysis, followed by a comparative 

analysis of the simulated number of introgressed SNPs per individual and the 

observed number of introgressed SNPs per individual (Figure 2.4). Assignments 

of generations (F1-F5 or advanced-generation hybrids) can be further validated 

by the identification of introgressed chromosomal segments. These 

methodologies can be applied to all study systems where large numbers of 

genome-wide genetic markers are shared between the study taxon and the source 

of introgression. The growing use of high density SNP sets has a promising 

potential to lead to important insights in the processes of hybridization and 

genetic introgression. 

 

Mechanisms and sources of introgression 

The putative introgressed SNPs found in wild boar are by definition 

polymorphic in domestic pig, because the Illumina porcine SNP60 genotyping 

beadchip was ascertained on four domestic pig breeds (Duroc, Pietrain, Large 

White and Landrace) and a small sample of wild boar [43]. A relatively small 

dataset of six domestic pig breeds (n=20 per breed) already accounted for 89% 

of the additional SNPs found.  

The domestic pig breeds included in our analysis shared relatively 

similar proportions of putative introgressed SNPs (Table 2.3). Only Duroc and 

Tamworth displayed lower amounts of shared SNPs and are deemed unlikely to 

have been involved in the identified cases of introgression. These findings 

suggests that introgression was not a singular event, but that it occurred on 

multiple occasions originating from multiple sources or pig breeds. The presence 

of two distinct pig mtDNA haplotypes that are not found together in any 
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domestic pig breed (supporting information Table S2.2) confirms that multiple 

sources of introgression were involved. 

The commercial Large White and Landrace breeds seemed most likely 

to have contributed to the introgression, as they shared the highest number of 

SNPs with the nine hybrid wild boar (Table 2.3). However, these breeds were 

well represented in the ascertainment pool of the Illumina porcine SNP60 

genotyping beadchip. Overestimation of the contributions of these breeds versus 

breeds not included in the ascertainment pool is therefore possible. Still, these 

breeds share far more putative introgressed SNPs with the nine hybrid wild boar 

than some other breeds included in the ascertainment pool (Duroc and Pietrain). 

The observed mtDNA haplotype HP8 most likely entered the NW Europe wild 

boar gene pool through the Large White or Landrace breeds, which are the most 

common commercial breeds in the study area. The observed Asian mtDNA 

haplotype HP110 most likely originated from one of the traditional British pig 

breeds, as these are the only breeds in this part of the world that display 

significant levels of this mtDNA haplotype (supporting information Table S2.2).  

Possible mechanisms for introgression are (1) crossbreeding with 

escaped or field-reared domestic pigs, or (2) escape/release of already hybridized 

(farmed) wild boar stock. Farmed wild boar are often crossbred to a certain 

extent with a number of domestic pig breeds to increase litter size and piglet 

growth rates [72]. In certain areas of Europe the documented occurrence of 

escaped farmed wild boar is substantial [51].  

Three wild boar (individuals 2, 3 and 5) were hybrids between domestic 

pigs and wild boar from the Veluwe (Figure 2.2), but their geographic sampling 

locations fell within the range of the Meinweg population (Figure 2.3). This 

finding suggests that the second mechanism, escape/release of hybrid farmed 

wild boar, has occurred at different places. The observed mtDNA haplotypes of 

individuals 2, 3 and 5 (HP110 and HP19) suggests that a hybridized farmed wild 

boar stock with ancestry in the Veluwe wild boar population and British 

traditional pig breeds is present in NW Europe, and that this hybrid farmed wild 

boar stock has introgressed into some free-living wild boar populations.  

The route by which mtDNA haplotype HP8 has entered the wild boar 

gene pool, which represents a separate hybridization event, remains uncertain. 

However, the genomic distribution pattern of introgressed SNPs in the hybrid 
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with this haplotype (individual 4) suggests an advanced-generation hybrid 

similar to individuals 6, 8 and 9. The most likely scenario seems to be escape or 

release of a hybrid wild boar stock influenced by Large White or Landrace pigs, 

which resulted from an older hybridization event followed by interbreeding 

among hybrids.  

The relatively low number of shared introgressed SNPs between the 

nine identified hybrids and wild boar from the Balkans (Table 2.3) indicates that 

natural introgression of alleles from eastern European wild boar cannot explain 

our observations. We consider the low number of shared introgressed SNPs in 

Balkan wild boar to reflect a history of free-ranging pig farming practices with 

associated exchange of genetic material between domestic pigs and wild boar in 

Mediterranean Europe [47]. Recent genetic contributions from Eastern European 

wild boar into the study area are considered to be negligible.  

 

Possible effects of introgression 

The domestic pig breeds that are possibly involved in the identified introgression 

(Large White, Landrace, British Saddleback, etc.) carry dominant white spotting 

alleles. This could lead to deviating coat colour in hybrids, particularly in the 

first generation. Although no phenotypic details were recorded in this study, all 

wild boar samples were taken from animals identified in the field as true wild 

boar and therefore strong deviations in coat colour are unlikely. If the identified 

hybrids originate from a hybrid farmed wild boar stock as suggested in some 

cases by discrepancies in genetic association and geographic distribution, these 

animals may have been subject to artificial selection against the domestic 

phenotype during their farm history. Anecdotal reports of wild boar with 

deviating coat colour in Northwest Europe are very rare.  

Farmed wild boar are often crossbred to a certain extent with domestic 

pigs to increase piglet growth rate and litter size [72]. Geographic differences in 

wild boar litter size have been previously reported in Western Germany [73]. 

These may be a result of local differences in the level of genetic introgression 

from domestic pig through the escape or release of hybrid farmed wild boar.  

Wild boar numbers have increased markedly in Europe since the 1960s [35, 41, 

74]. This population growth and accompanying range expansion has been 

associated with mild winters and increased food availability through augmented 
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mast frequency and changes in agriculture [74, 75]. In some areas genetic 

introgression from domestic pigs may have added to the rapid population growth 

in the last decades. 
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Table S2.1. Information on individual wild boar samples including sex, age in 

months, sampling location (national park or municipality), sample source 

(collecting person or institute), PCA clustering with hybrid identification, 

STRUCTURE population assignment (K=4) and population assignment 

probabilities of STRUCTURE K=3.  

 

Table S2.2. MtDNA haplotypes of pig breeds and wild boar populations. This 

table includes additional samples from the Porcine HapMap Consortium (total 

n=699).  

 

Table S2.3. Sample details and Genbank accession numbers of the mtDNA D-

loop sequences that formed the basis of the mtDNA haplotypes used in this 

study (see also supplementary information Table S2.2).  
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Figure S2.4 L(K) indicated by points with standard deviation bars and Delta(K) 

indicated by triangles connected by a solid line, per K of the performed 

STRUCTURE runs following the method of Evanno (2005).  
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Figure S2.5 Neighbour Joining tree of swine mtDNA D-loop haplotypes. The 

basal split is between the European haplotypes (EU) and the Asian clades (AS). 

We included three sequences from Fang & Andersson [71] and follow their 

interpretation. Common wild boar mtDNA haplotypes in this study are HP19, 

HP164 and HP165. Additional haplotypes found in putative hybrids are HP8 and 

HP110.  
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Figure S2.6 Chromosomal positions of introgressed SNPs for all nine identified 

hybrids. 
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The 688 mtDNA D-loop sequences used in this study were submitted to 

GenBank, accession numbers ranging JQ238239-JQ273541. For more detailed 

information on these mtDNA D-loop GenBank accession numbers, see 

supporting information Table S2.3. The 45720 autosomal SNP genotypes for 88 

wild boars and  120 domestic pigs (PLINK and STRUCTURE file format) were 

deposited in the Dryad data repository: doi:10.5061/dryad.v6f1g 
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Abstract 
Population genetic studies focus on natural dispersal and isolation by landscape 

barriers as the main drivers of genetic population structure. However, 

anthropogenic factors such as reintroductions, translocations and wild x 

domestic hybridization may also have strong effects on genetic population 

structure. In this study we genotyped 351 Single Nucleotide Polymorphism 

markers evenly spread across the genome in 645 wild boar (Sus scrofa) from 

Northwest Europe. We show that wild boar genetic population structure is 

influenced by historical reintroductions and by genetic introgression from 

domestic pigs. Six genetically distinct and geographically coherent wild boar 

clusters were identified in the Netherlands and Western Germany. The Dutch 

Veluwe cluster is known to be reintroduced, and three adjacent Dutch and 

German clusters are suspected to be a result of reintroduction, based on 

clustering results,  low levels of heterozygosity and relatively high genetic 

distances to nearby populations. Recent wild x domestic hybrids were found 

geographically widespread across clusters and at low frequencies (average 

3.9%). The relationship between pairwise kinship coefficients and geographic 

distance showed male-biased dispersal at the population genetic level. The 

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

between these wild boar clusters is to be expected. In conclusion, our results 

demonstrate how wildlife and landscape management by humans 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 dispersal and isolation by landscape 

barriers to be the main drivers of genetic population structure [76]. However, 

human activities such as reintroductions, translocations and genetic introgression 

from domestic sources, may play an important role in certain study systems, in 

addition to natural dispersal and landscape patterns [49, 77, 78]. Such human 

activities, legal or not, are often poorly documented and their population genetic 

effects are mostly unknown. Molecular techniques provide increasingly 

powerful and affordable tools to evaluate anthropogenic influences on wildlife 

genetic population structure [79, 80]. The use of Single Nucleotide 

Polymorphisms (SNPs) in particular is promising for the fields of population and 

conservation genetics [45, 58].  

Wild boar became extinct in large parts of Western Europe in the 19th 

century [35]. The species was marginalized mainly by overhunting and 

deforestation associated with increased agricultural land use. Extinction in 

Britain had already occurred in the 13th century [81]. This massive decline in 

Western Europe was followed by an unknown number of mostly undocumented 

reintroductions in the late 19th and early 20th century. One such event is the 

commonly known but undocumented reintroduction of wild boar to the Veluwe, 

the forested centre of The Netherlands, which occurred in 1904 at the orders of 

Hendrik, Prince-Consort of Queen Wilhelmina of The Netherlands, for the 

purpose of hunting [82]. These animals are thought to stem from Northeast 

Germany and Czech Republic.  

Conditions for wild boar steadily improved during the 20th century due 

to hunting restrictions, reforestation, changes in agriculture and possibly climate 

change [75, 83]. Starting from 1960, wild boar populations throughout Europe 

saw rapid growth and range expansion [41, 74]. Wild boar (Sus scrofa) are 

adaptive and opportunistic omnivores as well as good dispersers, being able to 

travel distances up to 250 km [84] and fast breeders, with litter sizes of 4-7 once 

a year [35]. Dispersal is male-biased in this species [35, 37]. European wild boar 

population structure at the continental scale is mainly shaped by post-glacial 

colonization patterns [51]. It is, however, unknown how the history of 

marginalization, reintroductions and recent population expansion has affected 
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the genetic population structure at local or regional scales. In an area such as The 

Netherlands and Western Germany, one could expect high rates of gene flow. 

Wild boar farming became popular in Europe in the second half of the 

20th century to provide for a demand in luxury meat. Hybridization between wild 

boar and domestic breeds is common practise on these farms to achieve 

increased reproduction and growth rates [85]. Such hybrids have been shown to 

be the source of the escaped wild boar population in England [86]. Introduction 

of wild boar originating from hybrid farmed stocks has also been shown in 

mainland Europe (chapter 2). This has effectively led to genetic introgression 

from domestic pigs into local wild boar populations. Recent hybrids (until 5th 

generation backcrosses with wild boar) as well as advanced generation hybrids 

(resulting from reproduction among hybrids across multiple generations) were 

identified. However, the spatial extent of domestic introgression and its effects 

on the population genetic structure of European wild boar has not been studied 

in detail.  

 

From an evolutionary point of view, possible adverse effects of genetic 

introgression from a domestic or hybrid source include genetic adaptation to 

captivity and possibly outbreeding depression [87], while possible advantageous 

effects include hybrid vigour, increased growth rates and larger litter size. These 

evolutionary advantageous effects may be undesirable from a management 

perspective, as more rapidly reproducing wild boar can be difficult to control 

using normal population management practices and can then cause significant 

damage to agricultural crops [88]. Strikingly high litter sizes and strong 

differences in litter size between regions have indeed been observed in wild boar 

in Germany [73]. In addition to evolutionary effects, also population 

composition and structure can be affected by hybrid introductions and restocking 

practices [89].  

In this study we used 351 SNP markers, genotyped for 645 wild boar, 

including 88 samples from chapter 2, to assess the effects of historical 

marginalization, reintroductions and genetic introgression from domestic pigs on 

the population genetic structure of wild boar in The Netherlands and Western 

Germany.  
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Methods 
Blood or tissue samples were taken from a total of 645 wild boar in parts of The 

Netherlands, Western Germany and Luxembourg at the opportunity of routine 

wildlife management and disease monitoring programs. This included 88 

samples from chapter 2, which were genotyped using the Illumina porcine 

SNP60 genotyping beadchip [43]. All samples were collected in the years 2008-

2010 from animals identified in the field as wild boar.  

DNA was extracted using the Qiagen PureGene (Blood) kit protocol. 

Samples were genotyped for 384 SNPs selected from the Illumina porcine 

SNP60 genotyping beadchip [43] from loci known to be polymorphic in wild 

boar in the study area, with proportional coverage of each chromosome and 

random selection within each chromosome. Of these 60k SNPs, 76% proved to 

be polymorphic in our wild boar dataset. Random selection within the autosomal 

and X chromosomes was performed to minimalize ascertainment bias. The only 

possible remaining ascertainment bias in our SNP set is derived from the 

ascertainment panel of the Illumina porcine SNP60 genotyping beadchip itself, 

and is considered to have no effect on the inference of wild boar population 

structure in the study area. Less than 0.015% of the pairwise distances between 

the 351 randomly chosen SNPs were closer than 100,000 bp, which is 

considered to be the maximum range of physical linkage in wild mammals [90, 

91]. Selected SNPs were genotyped on an Illumina GoldenGate bead array 

platform (BeadXpress, Illumina Inc.) in a 96 well, 384 SNP format [92]. 

Genotyping quality was assessed using GenomeStudio software (Illumina Inc.). 

Low genotyping quality or lack of differentiation between homozygote and 

heterozygote clusters lead to the removal of 33 SNPs. This left 351 non-coding 

SNPs for data analysis, which is roughly equivalent in statistical power to 140 

microsatellites [93, 94].  

Linkage Disequilibrium (LD) was analysed in PLINK v1.06  [60] by 

calculating all genome-wide pairwise SNP-SNP correlation coefficients (r2) and 

assuming a 0.2 threshold. Principal Components Analysis (PCA) was performed 

to visualise genetic variation and possible clustering patterns using the 

eigenvector method implemented in EIGENSOFT 3.0 [61, 62]. For comparison, a 

sample of 120 domestic pigs from six breeds was used (Large White, Landrace, 

Duroc, Pietrain, British Saddleback and Tamworth, n=20 per breed). We used 
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STRUCTURE [63] for population assignment analysis with 10 runs per number of 

clusters (K) for K=1-10 with 500,000 iterations and a burnin of 800,000. 

Optimal partitioning was evaluated using the method proposed by Evanno et al. 

[64]. Phylogenetic network analysis was performed using SplitsTree4 [95]. A 

number of R packages were used: Adegenet [65] for heterozygosity calculations, 

Hierfstat [96] for calculation of FST values, SNPRelate [97]  for the Maximum 

Likelihood Estimation calculation of kinship coefficients [98] based on the 

method of Thompson [99], and finally Vegan [100] for mantel tests in the 

Isolation By Distance (IBD) analysis, where genetic distance was calculated as 

FST /(1- FST) between all sampled locations.  

 

Results 
The 351 genotyped SNPs had an overall call rate of 0.98 and 0.013% of all 

pairwise SNP combinations interfered with linkage equilibrium. Of these 

pairwise SNP combinations in LD, a quarter (0.003% of total pairwise SNP 

combinations) were most likely based on physical linkage up to distances of 

100,000 basepairs [90, 91], while three quarters (0.010% of total pairwise SNP 

combinations) were found beyond this distance (up to 750kb), but still within the 

same chromosome.  

We screened for wild boar-domestic pig hybrids by applying a 

STRUCTURE likelihood assignment minimum threshold of 0.25 (25%) to a 

sample of domestic pigs (n=120, see Methods). Individual assignment 

proportions for K=1-7 are indicated in Figure 3.1. The assignment threshold of 

0.25 was chosen basd on the absence of false positive hybrids among the 88 

previously studied samples (Table 3.1, see also chapter 2). At this threshold, all 

five recent hybrids (up to fifth generation backcrosses with wild boar) identified 

previously by Allele Frequency Spectrum Assessment (based on introgressed 

alleles, chapter 2) were correctly identified by STRUCTURE, in contrast to the 

four advanced generation hybrids (Table 3.2). The STRUCTURE algorithm 

identified a total of 25 recent hybrids in 645 wild boar samples (3.9%, 95% 

Wilson Score CI: 2.6-5.7%). This percentage is similar to previous reports [51], 

but here it represents recent hybrids identified by allele frequency signatures that 

rapidly degrade over generations, whereas previous studies may have reported 
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hybrids based on long-term genetic signatures (e.g., mitochondrial DNA 

haplotypes).  

 

 

Figure 3.1 Population assignment proportions per individual based on results 

from STRUCTURE for K=2-7. Recent wild x domestic hybrids, sampled in the 

field as wild boar, are delimited by vertical lines. Results for K=5 were not 

ambiguous across runs. Majority rule results (n=10) are presented here, but the 

inclusion of E-Rhine in Kirchhellen at K=5 is not fully supported, as various 

alternative clustering patterns were also inferred. Evanno’s method favoured 

optimal partitioning at K=7 (Figure S3.1). 
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Table 3.1 Results of hybrid detection using STRUCTURE at different assignment 

thresholds. Comparisons were made to results from chapter 2, which identified 

nine hybrids from a total of 88 samples using analysis of introgressed allelic 

states with the SNP60 genotyping beadchip.  

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

Total hybrids 1 18 25 30 36 45  

Shared hybrids 2 3 5 6 6 7  

SNP60 only 3 6 4 3 3 2 Type II error 

STRUCTURE only 4 0 0 1 4 4 Type I error 
1 the total number of hybrids detected in this study by STRUCTURE 
2 the number of hybrids from the SNP60 study that was correctly detected also 

by STRUCTURE 
3 the number of hybrids from the SNP60 study that were not identified by 

STRUCTURE (type II error) 
4 the number of individuals that were incorrectly labelled as hybrids by 

STRUCTURE (type I error)   
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Table 3.2 The nine previously studied SNP60 hybrid individuals, listed by their 

being detected or not by STRUCTURE at an assignment threshold of 0.25 (see 

Table 3.1). Individual numbering corresponds to chapter 2. The level of 

introgression is based on the number of introgressed domestic alleles per 

individual and expressed as being equivalent to the number of generations since 

hybridization according to simulations (chapter 2). The type of hybrid (recent 

versus advanced generation) is distinguished based on the genomic distribution 

of introgressed alleles (clustered or spread out respectively, see chapter 2).  

 Individual level type 

Detected 7 1st Recent 

 2 2nd Recent 

 5 3rd Recent 

 1 4th Recent 

 3 2nd Recent 

    

Not detected 9 3rd Advanced 

(type II error) 6 2nd Advanced 

 8 2nd Advanced 

 4 5th Advanced 

 

Both STRUCTURE clustering and PCA show a clear wild - domestic separation 

(Figure 3.1 and 3.2). The recent hybrids that are detected by STRUCTURE are 

associated with intermediate positions between wild boar and domestic pigs as 

well as the origin of the plot (0,0) in the PCA (Figure 3.2). The four individuals 

identified as advanced generation hybrids using SNP60 genotyping (chapter 2) 

are scattered across the wild boar clusters, without visible association to the 

domestic pig cluster.  
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Figure 3.2 PCA plot of the wild boar and a sample of domestic pigs (colours 

correspond to Figure 3.1), indicating genetic variation along the first two 

eigenvectors. The 25 recent wild boar x domestic pig hybrids identified by 

STRUCTURE (threshold assignment proportion 0.25) are indicated in dark grey 

and four additional advanced generation hybrids with introgressed pig alleles 

identified in chapter 2 are indicated in light grey.  
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Table 3.3 Genetic wild boar clusters with the corresponding sample size (n), 

observed heterozygosity (Ho) and number of hybrids (based on geographic 

association, excluding 5 hybrids with uncertain geographic assignment).  

cluster n Ho
* hybrids 

Pigs 120 0.36  

Veluwe 43 0.36 0 

Meinweg 112 0.35 2    (1.8%) 

West Rhine 207 0.41 12  (5.8%) 

Hambach 60 0.40 2    (3.3%) 

East Rhine 153 0.40 3    (2.0%) 

Kirchhellen 50 0.34 1    (2.0%) 
* standard errors were 0.01 or smaller  

 

Following the method of Evanno et al. [64], six genetic wild boar clusters were 

identified (Table 3.3, and Supporting information, Figure S3.1). These genetic 

clusters were supported by separation along the first four eigenvectors in a PCA 

(Figure 3.3), which explained 43% of the total variation. FST values indicated 

moderate (0.05<FST <0.15) to high (0.15<FST <0.25) genetic differentiation 

between the inferred clusters (Table 3.4). In addition, the identified genetic 

clusters were geographically non-overlapping (Figure 3.4), with one possible 

exception (Hambach, in black). This geographic separation supports the inferred 

clustering and its interpretation as a biologically meaningful population 

structure. The River Rhine seems to act as a boundary between genetic clusters, 

although some gene flow occurs across the Rhine in Germany. Isolation by 

Distance (IBD) across clusters was near significant (p=0.061), even though it 

was not significant within some of the clusters (Table 3.5). A Fisher’s combined 

probability test indicated that overall, the within cluster IBD is significant 

(p=0.008) in the study area. 
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Figure 3.3 PCA plots indicating the first four eigenvectors of the wild boar data 

only. Colours indicate the six clusters identified by STRUCTURE. Putative hybrids 

are not indicated in this figure. Eigenvectors 1-4 explain 43% of variance in the 

dataset. 

 

Table 3.4 Autosomal FST values between wild boar clusters (and domestic pigs). 

Above the diagonal: FST values without hybrids. Below the diagonal: FST 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 indicated by black lines, 

forests are indicated in soft green and inland water features in light blue. Dots 

indicate wild boar sampling sites. The size of the dot is relative to the sample 

size. The colours indicate genetic clustering by STRUCTURE and correspond to 

other Figures. Hybrids identified by STRUCTURE (domestic cluster assignment 

proportion >0.25) are indicated in grey.  
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Table 3.5 Isolation by distance (IBD) analysis results for the full dataset and the 

different clusters separately, using mantel tests (10,000 permutations, 10 repeat 

average). P-values indicate the significance of IBD across sampling locations in 

that particular dataset or cluster. The maximum pairwise 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 monophyly for the domestic pigs and 

the six wild boar clusters (Figure 3.5). The hybrids identified in this study are 

divided into three separate lineages. We recalculated the FST values after 

excluding all identified recent hybrids to avoid possible biases due to both 

increased genetic variation within clusters and decreased variation across 

clusters caused by the scattered presence of hybrids. This exclusion of hybrids 

resulted in on average 0.0093 (8%) higher pairwise FST values (Table 3.4), and 

represents a confounding effect of scattered hybrids on population 

differentiation.  
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Figure 3.5 NeighborNetwork of six representative samples per wild boar cluster 

and one sample per domestic pig breed (see methods). The number of samples 

was chosen for optimal balance in information content and clarity of the figure. 

Distances are based on the uncorrected P (or Hamming) method.  

 

The pairwise kinship coefficient is a measure of relatedness (consanguinity) 

between two individuals. Analysis of pairwise kinship coefficients in the wild 

boar dataset showed a decrease of pairwise kinship over geographic distance 

(Figure 3.6 and Figure S3.2). Females displayed relative site-fidelity (higher 

levels of kinship at distances less than 25 km) and males showed relatively high 

dispersal rates (indicated by higher kinship coefficients at distances between 25 

and 150 km), demonstrating effects of male-biased dispersal in this species at the 

population genetic level. These kinship effects of dispersal up to distances of 

150 km attest to the high dispersal capacity of wild boar and correspond to 

occasional high dispersal distances observed in mark-recapture studies (e.g., 

[84]).  
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Figure 3.6 Pairwise kinship coefficients of both sexes versus geographic 

distance. Results are based on local polynomial regression analysis. Females 

show relative site fidelity at pairwise distances less than 25 kilometres, and 

males show higher kinship coefficients at distances between 25 and 150 

kilometres, indicating higher dispersal rates.  

 

Discussion 
Population genetic patterns and historical reintroductions 

The largest wild boar populations in this study are found in Germany (West-

Rhine and East-Rhine, Figure 3.4). They are relatively closely related (Table 3.4 

and Figure 3.5) and most likely represent historically continuous wild boar 

populations. A high density of closely connected forest patches facilitates 

dispersal and genetic homogenisation in this part of the study area, and is only 

bisected by a natural barrier: the River Rhine (Figure 3.4). This barrier is not 

complete, as a few individuals seem to have crossed the Rhine in Germany. The 



Reintroductions and genetic introgression from domestic pigs have shaped the 

genetic population structure of Northwest European wild boar 

55 
 

barrier function of the River Rhine is, however, apparently sufficient to cause 

clear population differentiation between these clusters (FST =0.050, Table 3.4).  

The wild boar found just South of the Rhine in the Netherlands, which 

belong to the Veluwe cluster (Figure 3.4), most likely represent an 

anthropogenic translocation event, as the intermediate terrain contains no forest 

and is intersected by two major rivers (the River Rhine and either the Waal or 

the IJssel). No wild boar were observed in this area bank until 1983.   

The North-western section of the study area is characterised by a low 

level of fragmented forest cover, which is the main habitat for wild boar in 

Europe [35]. Historical records show that substantial forest patches appeared in 

this part of the study area only after the advent of artificial fertilizers and its 

associated reduction of landscape-wide grazing pressure at the beginning of the 

20th century [83]. It is unlikely that wild boar occurred in the North-western part 

of the study area before 1900, due to a lack of suitable habitat (forest). One 

cluster (Veluwe) in this North-western section certainly originates from 

reintroductions in 1904, and the other three clusters (Meinweg, Hambach and 

Kirchhellen) most likely also arose from reintroductions in the 20th century. This 

is supported by clear genetic differentiation of each of these clusters (Table 3.4, 

Figure 3.1 and 3.5) with the other clusters, which may be explained by founder 

effects and subsequent reproductive isolation. The observed heterozygosity of 

these four populations is lower than in the Rhine populations (Table 3.3) 

supporting a historical population bottleneck or founder effect. The only 

exception is the Hambach cluster, which displays observed heterozygosity levels 

similar to the Rhine populations, but this may be explained by historical genetic 

introgression from domestic pigs, as discussed below. The absence of IBD in the 

(putatively) reintroduced populations: Veluwe, Meinweg, Hambach and 

Kirchhellen (Table 3.5), could be due to a history of introduction or 

translocation. On the other hand, absence of IBD may also be caused by a lack 

of statistical power due to small sample size (number of locations) and relatively 

small geographical range in these clusters. Wild boar from the Meinweg, 

Hambach and Kirchhellen are genetically well differentiated (Table 3.4, Figure 

3.1, 3. 3and 3.5), even more so than the Veluwe cluster. The sources of the 

putative reintroductions in Meinweg, Hambach and Kirchhellen are unknown.  
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The Hambach cluster has a small geographical distribution with two 

localised foci (Figure 3.4). These two foci consist of small isolated forest 

patches, one of which is formed by a large brown coal mine in Germany (the 

Tagebau Hambach, opened in 1978, total surface 8500 hectare) and forested 

former refuse dump sites and fringes. This area was originally cleared of forest 

and only in 1980-1982 were the first dump sites (Sophienhohe) reforested, 

thereby creating opportunities for wild boar (re)colonisation. The other forest 

patch (Echt-Montfort, the Netherlands) was unoccupied by wild boar until 1983. 

Only one individual assigned by STRUCTURE to the Hambach cluster (from the 

Echt-Montfort patch) was included in chapter 2. This individual was then 

identified as an advanced generation domestic-wild hybrid. Mitochondrial DNA 

haplotype analysis performed in that study revealed a typical domestic pig 

mitochondrial haplotype in this individual. The sudden appearance of this clearly 

distinct wild boar cluster in Hambach and in Echt-Montfort in the 1980s, 

together with the evidence of genetic influences from domestic pig suggest 

anthropogenic introduction, most likely from a captive wild boar source. A 

domestic hybrid origin or influence in this cluster would also explain the 

relatively high levels of observed heterozygosity in such a small population 

(Table 3.3).  

We assume the three populations (putatively) reintroduced in the early 

20th century (Veluwe, Meinweg and Kirchhellen) to have existed in complete 

reproductive isolation initially. However, wild boar populations across Europe 

have increased their numbers dramatically since the 1960s [35, 41, 74]. The 

contact zones between wild boar clusters found in this study based on the 

geographical overlap of clusters (e.g., Meinweg, Hambach and West-Rhine as 

well as Kirchhellen and East-Rhine, see Figure 4) are considered to be a 

consequence of these population expansions and therefore relatively recent. 

STRUCTURE identified a relatively small number of admixed wild boar (Figure 

3.1), all associated with contact zones. This low frequency of admixture supports 

a recent onset of contact between clusters.  

 

Identification and effects of genetic introgression from domestic pigs 

The mechanism for genetic introgression from domestic pigs into wild boar 

populations is most likely deliberate or accidental introduction of hybrid farmed 
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wild boar [47] (see also chapter 2). The STRUCTURE algorithm identified 25 

geographically scattered recent hybrids in 645 wild boar samples (3.9%). 

Hybrids are not more frequent in (putative) reintroduced populations, and seem 

to be recently introduced to various parts of the study area, possibly for the 

purpose of restocking local hunting grounds.  

The STRUCTURE algorithm relies solely on typical domestic pig allele 

frequencies for domestic-wild hybrid detection. Allele frequencies may change 

over time due to genetic drift and admixture with local wild boar gene pools. 

The figures based on hybrid detection by STRUCTURE therefore only represent 

recent genetic introgression from domestic pigs and are likely to underestimate 

or disregard historical genetic introgression. Hybrid identification using a 

STRUCTURE assignment threshold of 0.25 to the domestic pig cluster reliably 

identified all recent hybrids studied in chapter 2, but not the advanced generation 

hybrids. This result indicates that allele frequency signatures from both source 

populations (wild and domestic) were indeed only detectable in relatively recent 

hybrids (approximately up to five generations of backcrossing, see chapter 6).  

Phylogenetic analysis indicated multiple separate lineages within the 

hybrid group (Figure 3.5), suggesting that different hybridisation events are 

responsible for the detected genetic introgression from domestic pigs. This 

corresponds to findings from mtDNA haplotype analysis (chapter 2), which also 

suggested multiple origins of wild-domestic hybrids in this area.  

If low numbers of hybrids are introduced in already occupied wild boar 

habitat, they would be expected to mate mostly with local wildtype individuals, 

leading to a rapid dilution of hybrid genetic signal over a few generations 

(chapter 2). However, if hybrids are to be introduced in areas previously 

unoccupied by wild boar, reproduction will occur mostly among hybrids. Over 

time this could lead to local dominance of advanced generation hybrids and a 

persistent hybrid genetic signal. Advanced generation hybrids such as those 

produced by the latter scenario would not be identifiable as being of partly 

domestic origin by STRUCTURE, because allele frequencies are likely to have 

diverged over time from those of the source populations due to genetic drift and 

admixture with local wild boar gene pools. However, these hybrids should be 

detected when analysing Allele Frequency Spectrum Assessment, which is based 

on introgressed allelic states (see chapter 2). Such a scenario of older 
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hybridisation followed by introduction to the wild and reproduction among 

hybrids may have shaped the Hambach cluster.  

Exclusion of recent hybrids from our total dataset resulted in an average 

population FST increase of 0.0093, corresponding to 8% of the average 

population FST (Table 3.4). This demonstrates that domestic introgression may 

affect the results of population differentiation analysis in certain study systems. 

Here, only recent hybrids (approximately up to fifth generation backcrosses) 

could be excluded. Long-term effects of domestic introgression most likely also 

exist (e.g., in the Hambach cluster), potentially affecting genetic population 

structure further. The LD among SNPs beyond 100kb distance found in this wild 

boar dataset may also be a consequence of recent genetic introgression, although 

effects of population substructure and small local population sizes could not be 

ruled out or corrected for. As a general recommendation for population genetic 

analysis, we propose that hybrid detection should be performed in all cases 

where genetic introgression is deemed possible, to avoid associated biases in 

population differentiation (FST) or LD, as well as erroneous interpretations of 

population structure.  

 

Conclusions 

The presence of six well-defined genetic clusters in the study area can be 

attributed to two factors: the presence of a natural barrier: the River Rhine, and a 

history of marginalization, extinction and subsequent anthropogenic 

reintroductions in the Northwest of the study area. Widespread genetic 

signatures of recent accidental or deliberate restocking of local populations with 

hybrid farmed wild boar have been found, which confounded population 

differentiation statistics, but which do not seem to affect the existing population 

structure.  

In this study we demonstrate the effect of past landscape and population 

management on current population structure in an iconic wildlife species. Effects 

of historical deforestation and overhunting followed by reintroductions and 

restocking from farms are evident. Wild boar populations in the study area are 

currently expanding their range. Previously isolated populations are admixing in 

recently formed contact zones. The relative contribution of each of the current 

populations to future wild boar diversity may depend on a number of factors 



Reintroductions and genetic introgression from domestic pigs have shaped the 

genetic population structure of Northwest European wild boar 

59 
 

including the effective size of populations, habitat connectivity, founder effects, 

restocking activity, introductions and translocations.  
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Supporting information 
 

 
Figure S3.1 The STRUCTURE likelihood parameter L(K) ± s.d. and Evanno’s ΔK 

(grey line) plotted per number of clusters (K) for K=1-10 for the wild boar 

dataset. Note that the domestic pig cluster was excluded.  
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Figure S3.2 Boxplot indicating the variance of kinship coefficients over 10km 

geographic distance classes. Sample sizes per distance class are given below the 

x-axis.  

 

Data accessibility  
The 351 SNP genotypes of the 645 wild boar (plink format) are available as 

additional files 1 and 2 with the online version of this article. The 351 SNP 

genotypes of the 120 domestic pigs (plink format) are available as additional 

files 3 and 4.  
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Chapter 4 
 

 

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 Megens, Thijs Bosch, 

Walburga Lutz, Sip E van Wieren, Ron C Ydenberg, Herbert HT Prins 

 

Abstract 
Zoonotic and emerging diseases are an important public health concern. 

However, little progress has been made in recent decades to increase our 

fundamental understanding of the source of these diseases: wildlife disease 

dynamics. The study of wildlife disease dynamics is complicated by challenges 

in sampling, diagnostics and a myriad of potentially relevant factors. Here we 

report the influence of a number of demographic, environmental and genetic 

factors on porcine circovirus type 2 (PCV2) antibody prevalence in European 

wild boar (Sus scrofa). We genotyped 462 wild boar individuals from the 

Netherlands and Western parts of Germany in the years 2008-2010 using a 

genome-wide 351 SNP assay, and performed PCV2 serology on these samples 

using ELISA assays. We show that individual PCV2 antibody status is 

dependent on age, year of sampling and genetic heterozygosity using logistic 

generalized linear regression analysis. The age effect is most likely caused by 

cumulative PCV2 exposure and intracellular hiding by this virus followed by 

increasing chances of activation and associated antibody responses. Year of 

sampling is a significant factor for PCV2 prevalence, most likely because 

differences in winter temperature affected external survival of the pathogen in 

aerosols and thereby transmission rates. A positive correlation between 

heterozygosity and PCV2 prevalence was found to be caused by mortality of 
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low-heterozygosity individuals. Pairwise heterozygosity correlations between 

loci suggest a global mechanism of many mildly deleterious effects across the 

genome, and support the interpretation of inbreeding depression in the context of 

PCV2 resistance. These findings indicate that PCV2 can act as a selective force 

in wild boar populations, and suggest that viral disease mortality is mediated by 

host heterozygosity. In conclusion, this work demonstrates that various types of 

factors (demographic, environmental and genetic) can significantly influence 

disease dynamics in free-living wildlife populations.  

 

In preparation for submission 
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Introduction 
Zoonotic and emerging diseases are an important concern for public health and 

biodiversity [3, 101]. Much attention is given to related safety precautions [5], 

but relatively little progress has been made in recent decades to increase the 

fundamental understanding of the natural source of zoonotic and emerging 

diseases: natural wildlife disease dynamics. This is not without reason, as 

wildlife disease dynamics are illusive due to challenges in sampling, diagnostics 

and a myriad of potentially relevant factors [7]. However, in order to manage 

disease risks and outbreaks effectively, we need to identify the factors that 

influence wildlife disease transmission and prevalence.  

Current theory on disease dynamics mostly stems from mathematical 

epidemiological modelling [15, 24]. These models rely on a number of generally 

accepted assumptions, including equal susceptibility to infection for each 

individual, equal disease related mortality risks and homogeneous-mixing 

movement/contact patterns within populations, among others. Most assumptions 

have hardly been evaluated empirically, and even then only averaged parameters 

for transmission rates are estimated from empirical prevalence series [24, 102].  

A thorough mechanistic understanding of transmission rates and the factors that 

influence it is lacking for most study systems. It is therefore a key issue in 

wildlife epidemiology to assess the relative importance of different factors on 

disease prevalence and to understand the mechanisms behind these driving 

forces. Relevant factors include host demography, host genetic background, 

pathogen genetic background and various environmental factors.  

This study focusses on a relatively simple case of a single wildlife host - 

single pathogen relationship. European wild boar (Sus scrofa) are an interesting 

wildlife host study species because they are abundant and harbour many diseases 

[103]. The pathogen Porcine Circovirus type 2 (PCV2) was selected for its 

characteristics of host-specificity and direct transmission. In addition, it is a 

relatively common pathogen in European wild boar populations [32], which 

facilitates statistical analysis. Finally, because PCV2 has an economic impact on 

the pig breeding industry [104], diagnostic tests were available.  

PCV2 is a small non-enveloped single-strand DNA virus that is 

associated with postweaning multisystemic wasting syndrome (PMWS) also 

referred to as porcine circovirus associated disease (PCVAD) in swine, causing 
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diarrhoea, heavy breathing and cell lesions in various organs, most commonly 

lungs and lymph nodes [105]. This virus depends completely on the polymerase 

activity of host cells for replication. The main cell types infected by PCV2 are 

immune cells such as macrophages, which accumulate PCV2 through 

phagocytosis of pathogens or infected cells. These cells have a low replication 

rate, and PCV2 has been found to survive phagocytosis and persist over long 

time-frames in macrophages without significant levels of reproduction [106]. 

This intracellular hiding behaviour of PCV2 has most likely evolved to evade 

the temporary antibody response following initial infection, and allows the virus 

to be silently transported throughout the body of the host to replicate at a later 

time. Studies have shown that co-infection with other diseases (porcine 

parvovirus, porcine respiratory and reproductive syndrome virus) may induce 

immune cell replication and thereby activate PCV2 replication to reactivate the 

sub-clinical PCV2 infection to full PMWS [107-109]. PCV2 is considered to be 

a non-lethal pathogen in the pig industry, but it has been suggested to play a role 

in piglet mortality in high-density wild boar populations [33]. Not all pigs 

develop PMWS after PCV2 exposure. Individual symptomatic differences are 

ascribed to genetic heterogeneity [110, 111]. Genetic characterisation of the 

PCV2 strains that circulate in domestic pigs and wild boar suggested that the 

PCV2 infection dynamics in these two populations are largely independent, with 

some level of transmission from domestic to wild [112].  

The relative importance of host genetic factors in wildlife disease 

dynamics is largely unknown [34]. However, genetic heterogeneity in a wildlife 

host species can influence immune capacity and thereby affect individual 

infection risk and survival [113-115]. Acevedo-Whitehouse et al. [116] 

demonstrated that genetic heterozygosity is an important predictor of resistance 

to and suppression of bovine tuberculosis bacteria in free-living wild boar. High 

host genetic diversity, usually measured by the observed individual level of 

heterozygosity, is considered to increase resistance to infectious diseases [117]. 

Heterozygosity effects are mainly tested using heterozygote-fitness correlations 

(HFCs). There are two mechanistic hypotheses explaining the presence of HFCs. 

The local effect hypothesis states that the genotype of specific genes is affecting 

fitness and that this HFC extends to other nearby loci through Linkage 

Disequilibrium (LD). The global effect hypothesis assumes widespread 
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deleterious effects from inbreeding or outbreeding depression. HFCs associated 

with disease prevalence are often assumed to display a negative relationship, 

where high host heterozygosity is associated with good host immune defence 

and thus lower disease prevalence (due to a better capacity to prevent pathogens 

from entering the host system and developing an infection). Theoretical 

explanations include inbreeding depression (deleterious recessive effects in 

relatively homozygous individuals) or heterozygote advantage (the heterozygous 

genotype has higher relative fitness than both homozygous genotypes).  

 

Methods 
We randomly collected 462 wild boar blood samples from routine disease 

monitoring programs in the Netherlands and adjacent parts of Western Germany 

(Northrhine-Westphalia and Rhineland-Palatinate) during the years 2008-2010. 

These disease monitoring programs sampled culled animals from regular hunting 

practices. A small sampling bias may possibly have arisen during hunting, but 

this was considered sufficiently minor to avoid undesired effects. These samples 

were genotyped with a 351 SNP assay (chapter 3) derived from the Illumina 

SNP60 beadchip genotyping assay [43]. Serology was performed using the 

commercially available SERELISA PCV2 Ab Mono Blocking kit from 

Synbiotics®. ELISA end-product optical densities of each sample (duplo 

average, S) were compared to the optical density of the negative control (duplo 

average, N), giving ratio S/N. A ratio of ≤0.40 is considered positive for PCV2 

antibodies according to the manufacturer’s specifications, while a ratio >0.40 is 

considered negative. This identified whether significant levels of IgM and IgG 

antibodies against PCV2 antigens were present. IgM and IgG antibodies have a 

halflife in pigs of 3.5 and 14 days respectively [118]. Significant PCV2 antibody 

titres are therefore assumed to represent recent infection (approximately within 1 

month before sampling). Age class (juvenile <1 year old, yearling 1-2 years old, 

and adult >2 years old), year of sampling and month of sampling were recorded 

by disease monitoring programs in the field. Age was estimated based on body 

size, coat pattern and dentition. However, age information was missing for 26 

individuals. Sex was determined genetically based on homozygosity or 

heterozygosity of X-chromosomal loci. Genetic population assignment (chapter 

3), domestic pig hybrid genetic ancestry (identifiable until 5th generation 
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backcrosses with wild boar, chapter 2) and observed individual heterozygosity 

were included in a multiple logistic generalized linear regression analysis in R, 

taking into account the missing age data of 26 individuals. Fisher’s exact tests 

and logistic linear regression were additionally employed to assess class effects. 

Pairwise heterozygosity correlation chi-square tests between SNP loci were 

performed in Excel to assess if heterozygosity effects were global or local effect. 

In these chi-square tests observed frequencies of pairwise heterozygosity 

combinations were compared to expected frequencies of pairwise heterozygosity 

combinations based on allele frequencies. Results from the pairwise correlations 

were evaluated using a false discovery rate-corrected combined probability test.  

 

Results 
In a multiple logistic generalized linear regression analysis, PCV2 antibody 

status was affected by age class (p=0.005), year of sampling (p=0.010), and 

genetic heterozygosity (p=0.002, Table 4.1). Both forward and backward 

selection resulted in the same model. All of the included factors were also 

significant (p<0.05) in a single-factor logistic regression analysis. Non-

significant factors (p>0.05) included sex, population assignment, month of 

sampling and hybrid status.  
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Table 4.1 Multiple logistic generalised linear regression model of individual 

wild boar PCV2 antibody status. Forward and backward selection resulted in the 

same model. Consistently non-significant factors included 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 
 

 

 
Figure 4.1 PCV2 antibody prevalence of each wild boar age class. Error bars 

indicate Wilson Score 95% Confidence Intervals. Sample sizes per age class are 

indicated along the x-axis. Fisher Exact Tests indicated significant differences 



Chapter 4 

70 
 

between age classes (p=0.001). Letters above the confidence intervals indicate 

significant group differences.  

 

A Fisher’s exact test of age class differences in PCV2 prevalence showed a 

positive relationship, with the adult life stage displaying the highest prevalence 

(Figure 4.1). Between year differences in PCV2 prevalence indicated that the 

year 2008 had a significantly higher PCV2 prevalence than the years 2009 and 

2010 (Figure 4.2).  

 

 
Figure 4.2 PCV2 antibody prevalence per sampling year (2008-2010). Error 

bars indicate Wilson Score 95% Confidence Intervals. Sample sizes per year are 

indicated along the x-axis. Fisher Exact Tests indicated significant differences 

between years (p=0.001). Letters above the confidence intervals indicate 

significant group differences. 
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Figure 4.3 PCV2 antibody status (1=presence of antibodies, 0=absence) versus 

genetic heterozygosity in wild boar. Sample sizes per group are indicated along 

the y-axis. The solid curve shows the result of a single-factor logistic generalized 

linear regression between PCV2 antibody status and individual heterozygosity, 

y=exp(-3.883=6.368*x)/(1+exp(-3.883+6.368*x)), with a p-value of 0.004 and a 

Nagelkerke R-square of 0.035. The dotted lines indicate 95% confidence 

intervals.  

 

The logistic regression curve of individual PCV2 antibody status versus 

heterozygosity indicates a positive relationship between PCV2 prevalence and 

wild boar heterozygosity (Figure 4.3). This significant positive relationship 

between individual genetic heterozygosity and presence of PCV2 antibodies was 

present in juveniles and yearlings, but not in adults according to separate logistic 

regression (Table 4.2 and Figure 4.4).  

 

  



Chapter 4 

72 
 

Table 4.2 Single-factor logistic generalized linear regression results for the 

effect of heterozygosity on PCV2 antibody presence in the 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 2.911 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 
 

 

Figure 4.4 PCV2 antibody status (1=presence of antibodies, 0=absence) versus 

genetic heterozygosity for the different wild boar age classes. Sample sizes per 

group are indicated along the y-axis. The solid curves show results from single-

factor logistic generalized linear regression analyses between PCV2 antibody 

status and individual heterozygosity (Table 4.2), which were significant for 

juveniles (p=0.009) and yearlings (p=0.009), but not for adults (p=0.399). 

Nagelkerke R-square values are 0.057, 0.133 and 0.016 respectively. The dotted 

lines indicate 95% confidence intervals. Grey vertical lines indicate the 0.25 

threshold used for the random sampling analysis of selective disappearance of 

low-heterozygosity individuals.  

 

The chance to draw only 1 or less juveniles with a level of heterozygosity below 

0.25 (see Figure 4.4), based on random sampling (n=25 individuals) from the 

juveniles without antibodies (n=235) was 396 out of 9999 (p=0.040). The 

chance to draw 0 yearlings with a level of heterozygosity below 0.25, based on 

random sampling (n=15) from the yearlings without antibodies (n=91) was 963 
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out of 9999 (p=0.096). This means that there were significantly less low-

heterozygosity (<0.25) juveniles with a PCV2 infection. This effect was near-

significant in yearlings, and absent in adults (p=0.150) . 

Pairwise correlation chi-square tests of heterozygosity between loci 

indicated that heterozygosity was correlated across the entire genome more often 

than expected by chance (fraction of significantly heterozygosity correlated 

locus-pairs=0.10, average pairwise chi-square=0.59, combined probability test 

p<0.0001, the false discovery rate corrected alpha for the combined probability 

test was alpha=0.027). This finding points to a global HFC for PCV2 antibody 

prevalence, and suggests that many mildly deleterious effects across the genome 

rather than a few strongly deleterious effects at specific loci are responsible for 

the effect of individual heterozygosity on PCV2 prevalence [119].  

 

Discussion 
The effect of age class on PCV2 prevalence in this study (Table 4.1 and Figure 

4.1) is linked to the infection mechanism of the pathogen. After primary 

infection, PCV2 is known to persist silently in infected macrophage cells [106]. 

Accumulated exposure to PCV2 over a wild boar’s life time leads to 

accumulated presence of silent intracellular PCV2 pathogens with age. These 

silent viruses can be activated by co-infection [107, 109] or possibly other 

signals, leading to an increasing frequency of active PCV2 infection with age.  

The between year differences in PCV2 prevalence in this study (Table 

4.1 and Figure 4.2) are most likely caused by climatic factors. The European 

winter of 2007-2008 was average to mild, with mean January temperatures of 

4oC and a fair amount of rainfall in the study area (from the E-OBS dataset, 

www.ecad.eu/eobs May 2013). The 2008 PCV2 prevalence found in this study 

(23.6-51.9%) corresponds reasonably well to independent reports of November-

January 2008-2009 PCV2 prevalence (50.7%) from Southern Germany [120], 

but the 2009-2010 PCV2 prevalence data from this study are remarkably low in 

comparison. The two subsequent winters in the study area were unusually cold 

with 2009 mean January temperatures in the study area of -3oC  and 2010 mean 

January temperatures of -5oC, and heavy snowfall. Sub-zero temperatures can be 

expected to affect the transmission of PCV2 by aerosols negatively due to 

desiccation of the virus, which has been shown for other aerosol-transmitted 
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pathogens [121, 122]. In addition, survivability of actively infected (infective) 

hosts may be lower in harsh winters, further decreasing transmission rates.  

The positive association between heterozygosity and PCV2 antibody 

prevalence (Table 4.1 and Figure 4.3) is most likely caused by selective 

disappearance of low-heterozygosity individuals, as shown by the resampling 

analysis. This selection effect is most evident in juveniles (and a proportion of 

yearlings, see also Figure 4.4). The mortality of low-heterozygosity individuals 

may be caused by a direct selection effect of PCV2 infection, or it may be 

caused by lethal effects of inbreeding unrelated to PCV2 infection. In the latter 

case PCV2 infection is not the cause of death, and the observed patterns in 

PCV2 prevalence represent an independent effect of inbreeding. This latter 

explanation suggests a very strong inbreeding depression in wild boar leading to 

mortality through an unknown mechanism. No other indications for such a 

strong inbreeding depression were found, and we consider a direct selection 

effect of PCV2 infection on mortality to be the most likely explanation of the 

data. In this interpretation, infection by the PCV2 pathogen is the direct 

causative agent of mortality. This form of natural selection is however mediated 

by heterozygosity, because only the most inbred individuals suffer actual 

mortality upon PCV2 infection, while others survive (but probably pay some 

energetic cost to deal with the infection). The mortality effect is most 

pronounced upon first exposure to the PCV2 (i.e., in the case of a clear pre- to 

post-selection contrast). Adult individuals (>2 years old) and some yearlings 

may already have been exposed to PCV2 earlier in life, and therefore represent 

post-selection individuals, even if they do not currently display significant PCV2 

antibody levels. These older post-selection animals do not show a significant 

relationship between heterozygosity and PCV2 prevalence (Table 4.2 and Figure 

4.4), which suggests that disease mortality is less frequent at later life stages. 

If selection pressures are stable over time, one would expect a 

significant increase of heterozygosity with age. However, a general linear model 

analysis showed no significant relationship between age and heterozygosity (p-

value=0.890). The lack of such a relationship may be due to between year 

differences in selection pressure associated with winter conditions or other 

obscuring factors. Such age effects can then only be reliably demonstrated using 

cohort studies. The current study was however not set up for this approach.  
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The pairwise correlation of heterozygosity between loci suggests that in 

this case a global HFC for PCV2 antibody prevalence is more likely than a local 

HFC. If this is interpretation correct, a combination of a global mechanism and a 

HFC would further suggest that many mildly deleterious effects across the 

genome rather than a few strongly deleterious effects at specific loci are 

responsible for the effect of individual heterozygosity on PCV2 prevalence 

[122]. This supports the interpretation of inbreeding depression, as the most 

homozygous individuals are selectively disappearing (Figure 4.4). The global 

effect positive HFC with PCV2 prevalence found in this study does not 

necessarily indicate that the wild boar are suffering from inbreeding depression 

for other traits as well. Disease resistance is a trait under relatively strong 

selection pressure, and may show selection effects before other traits.  

In conclusion, our results show that different types of factors influence 

PCV2 prevalence: demographic (age class), environmental (climatic conditions) 

and genetic (heterozygosity). A global HFC caused by selective disappearance 

of low-heterozygosity individuals suggests inbreeding depression in the context 

of PCV2 disease resistance. Epidemiological models of wildlife disease 

dynamics that are based solely on demographic and spatial parameters may 

underestimate the influence of genetic heterogeneity and population genetic 

dynamics.  
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Abstract 
Wildlife form a natural reservoir for a range of potentially zoonotic diseases. 

Genetic components are known to determine individual immune capacity and 

thereby affect the risk of disease outbreaks in wildlife populations. Such 

immune-related genetic components are subject to natural selection exerted by 

pathogens in an assumed evolutionary arms race known as the ‘Red Queen 

Hypothesis’. However, domestic animals are often protected by veterinary care, 

which relaxes the pathogen-driven selection pressure maintaining genetic 

immune functions. Since the 1940s veterinary practice has included large scale 

application of antibiotics in livestock. Such a degree and timescale of veterinary 

protection against pathogens, particularly bacteria, can be expected to lead to a 

reduced immune capacity in domestic animals compared to wildlife, but 

evidence from literature is lacking. Effects of genetic introgression from 

domestic animals on wildlife disease risk have never been demonstrated. Here 

we show significantly increased disease antibody prevalence in a domestic pig 

hybrid subgroup of free-living European wild boar. A fraction (4.3%) of 463 

opportunistically sampled wild boar from the Netherlands and Western parts of 

Germany was identified as genetic wild-domestic hybrids, based on population 

assignment analysis using a 351 Single Nucleotide Polymorphism (SNP) assay. 

Antibody prevalence against the bacterial pathogen Mycoplasma hyopneumoniae 

was significantly higher in hybrids than in non-hybrid wild boar, based on a 

multiple logistic generalized linear regression. This finding demonstrates 
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increased infection rates in a wildlife subgroup with partial domestic ancestry 

and indicates that genetic introgression from domestic to wild can increase the 

risk of disease outbreaks in wildlife populations. These results provide a novel 

argument in support of the ‘Red Queen Hypothesis’ of host-pathogen 

coevolution, as it suggests a significant effect of relaxed pathogen selection 

pressure in domestic pigs. Finally, the detrimental effects of veterinary 

protection on immune capacity in captive-reared stocks raise concern for disease 

risks of wildlife restocking activities.  

 

In preparation for submission 
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Introduction 
Wildlife diseases have received much attention in recent decades [3, 101]. They 

are considered to be a reservoir for potentially zoonotic diseases and an 

important risk factor for biodiversity conservation, livestock health and public 

health [9, 10]. Most epizootic outbreaks and emerging diseases are due to spill-

over from domestic stocks to wildlife, rather than vice-versa [3, 112]. There is 

however much public concern for the risk of spill-back from wildlife reservoirs, 

because of economic interests [11, 123].  

High animal densities in captive conditions are a fertile ground for many 

pathogens. This is demonstrated for example by findings of higher wild boar 

disease prevalence in fenced, high-density, farm-like hunting estates compared 

to more natural conditions [32, 33]. The increased disease risks of high-density 

captive breeding are often partially countered by providing veterinary care, 

including use of antibiotics. Antibiotics have been used since the 1940s 

curatively, preventively and (until the 1970s) as a growth-promoter on a large 

scale in livestock [124]. This time period equates to approximately 36 

generations for wild boar, which have an average generation time of 2 years 

[125]. This relatively fast generation time is due to an early average age of first 

reproduction (8-9 months) and a large contribution of juveniles to the total 

reproduction of a population (adults older than 2 years usually make up only 20-

25% of a population [35]). Domestic farrowing sows have a generation time of 

1.8 years [126], leading to a period of 40 generations in domestic pigs. Such a 

period is limited and may be too restrictive for deleterious alleles to increase in 

the population through genetic drift. On the other hand, the small population size 

of purebred pig lines may enhance the rate of genetic drift, facilitating loss of 

immune functions. While the use of antibiotics has received much attention with 

regard to antibiotic-resistance in pathogens [127], little is known about the 

evolutionary effects on the immune capacity of the host.  

Genetic factors determine individual immune capacity and thereby risk 

of disease infection in wildlife populations [13, 128]. Such genetic factors are 

subject to natural selection exerted by pathogens. Host-pathogen interactions in 

an evolutionary context are viewed as a continuous arms race, known as the 

‘Red Queen Hypothesis’ [129-131]. However, long-term exposure to domestic 

conditions including use of antibiotics and further veterinary support may relax 
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or even relieve the selection pressure driving the evolution of a host species’ 

immune functions. In that case, the immune capacity of the domestic host 

population to independently deal with these pathogens may become 

compromised.  

This study concerns the relatively simple case of a single wildlife host 

and a single host-specific pathogen. We investigated European wild boar (Sus 

scrofa), which is known to host many diseases that are shared with the closely 

related domestic pig [103, 123]. We focussed on the respiratory disease Porcine 

Enzootic Pneumonia caused by the bacterial pathogen Mycoplasma 

hyopneumoniae (Mhyo) because of its characteristics of host-specificity and 

direct transmission. Porcine Enzootic Pneumonia prevalence can reach up to 

50% in commercial slaughter pigs [132]. Mhyo is a contagious pathogen that 

primarily infects lung epithelium where it induces coughing, cell lesions and a 

reduced response of phagocytes and lymphocytes [133, 134]. Transmission of 

Mhyo in domestic pigs during contact experiments occurs rapidly, with 

symptoms and infectious stage presenting on average at 15 days (range 5-28) 

after exposure [135]. Airborne transmission through aerosols over long distances 

has also been demonstrated for Mhyo [136]. The immune response to Mhyo 

varies considerably between individual domestic pigs [137], and current control 

measures such as vaccination or medication supress symptoms but do not lift the 

infection entirely [138]. Outbreaks of Mhyo in domestic pig farms have been 

shown to display seasonality, because the survival of the pathogen outside the 

host is dependent on air humidity and temperature [121, 122, 139].  

Northwest European wild boar populations have been demonstrated to 

contain approximately 4-10% wild-domestic hybrids, most likely due to release 

of wild-domestic hybrids from a captive farmed stock (chapter 2 and 3). Farmed 

wild-domestic hybrids have a wildtype appearance and are bred to supply a 

commercial demand in exclusive wild boar meat. Previously, recent hybrids 

were identified with levels of domestic genetic introgression up to five 

generations of backcrossing to wild boar, as well as advanced-generation hybrids 

produced by repeated reproduction among hybrids (chapter 2). This provides an 

opportunity to assess the effect of partial domestic ancestry (and thus a history of 

genetic adaptation to captivity) on disease resistance in free-living wild boar.  
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Methods 
We randomly collected 462 wild boar blood samples from the Netherlands and 

adjacent parts of Western Germany (Northrhine-Westphalia and Rhineland-

Palatinate) from routine disease monitoring programs in the years 2008-2010 

targeting culled animals from regular hunting practices. This dataset corresponds 

to that of chapter 4 and includes 34 animals analysed previously for genetic 

introgression from domestic pigs using a 60k Single Nucleotide Polymorphism 

(SNP) assay (chapter 2). Age class (juvenile <1 year old, yearling 1-2 years old, 

and adult >2 years old), year of sampling and month of sampling were recorded 

in the field. Age was estimated based on body size, coat pattern and dentition. 

Age information was however missing for 26 individuals. Sex was determined 

genetically based on homozygosity or heterozygosity of X-chromosomal loci. 

All samples were genotyped using a 351 SNP assay and compared to the 

genotypes of a domestic pig sample (n=120, breeds: Large white, Landrace, 

Duroc, Pietrain, British saddleback and Tamworth,). We performed Principal 

Component Analysis (PCA) using the eigenvector method as implemented in 

Eigensoft 3.0 [61, 62]. In addition, we performed a population assignment 

analysis using STRUCTURE 2.3.1 [63] based on 10 runs using two clusters (K=2) 

at 500,000 iterations after a burn in of 800,000. The population assignment 

resulted in a clear wild-domestic separation. Recent domestic ancestry was 

identified using a STRUCTURE population assignment score threshold of 0.25 to 

the domestic pig cluster, as this value matched the results of chapter 2. We 

additionally screened all samples for antibodies against the bacterial pathogen 

Mycoplasma hyopneumoniae (Mhyo), using an in-house sandwich ELISA test 

based on Intervet® antigens purified by ammonium sulphate precipitation. 

Optical densities of ELISA end-products for each sample (duplo average, S) 

were compared to the optical density of the negative control (duplo average, N), 

giving ratio S/N. A ratio of ≤ 0.50 was considered negative for PCV2 antibodies, 

while a ratio >0.50 was considered positive. This threshold was based on the 

observed boundary between two peaks in the measured optical densities in this 

dataset. Multiple logistic generalised linear regression was performed in R to 

assess the influence of: sex, age class, year of sampling, month of sampling, 

genetic heterozygosity, genetic population assignment (based on the clustering 
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identified by the program STRUCTURE) and genetic hybrid status on Mhyo 

disease antibody prevalence. 
 

Results 
Genetic analysis with a 351 SNP assay showed a clear separation between wild 

boar and domestic pigs in a Principal Components Analysis (PCA, Figure 5.1). 

This separation was supported by STRUCTURE population assignment analyses 

(K=2), with some free-living wild boar displaying admixture with domestic pigs 

(Figure 5.2). To identify wild-domestic hybrids in our wild boar dataset, a 

minimum STRUCTURE population assignment proportion of 0.25 to a sample of 

domestic pigs (n=120) was applied (chapter 3). This threshold was chosen 

because it identified all hybrids with recent domestic ancestry (up to five 

generations ago) among 34 samples previously analysed with a more detailed 

60k SNP assay (chapter 2) without producing any false positives. In total, 20 

hybrids with recent domestic ancestry were identified this way, which 

corresponded to the most intermediate individuals in the PCA (Figure 5.1).  
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Figure 5.1 PCA plot of 351 SNP genetic diversity. Wild boar are indicated in 

black, domestic pigs in white, and the 20 identified hybrids 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. Proportions belonging to 

the wild boar cluster are indicated in grey and domestic pig proportions are in 

white. Vertical lines indicate the boundaries between the domestic pig sample, 

the identified hybrids and the remaining wildtype wild boar. 

 

Strikingly, the identified hybrids with recent domestic ancestry displayed a 

higher Mhyo antibody prevalence than wildtype wild boar (Figure 5.3) indicating 

increased infection rates in this subgroup. Single-factor logistic regression 

analysis revealed a near-significant effect of hybrid status on Mhyo antibody 

prevalence in wild boar (p=0.055), while a multiple logistic generalised linear 

regression indicated significance (p=0.035, Table 5.1). The multiple logistic 

generalised linear regression model also accounted for temporal (seasonal) 

variation in disease prevalence by including the factors year of sampling and 

month of sampling. The between year differences (Figure 5.4) match those 

found for Porcine Circovirus type 2, reported in chapter 4 and point to a shared 

mechanism for these respiratory diseases. The seasonal variation of Mhyo 

prevalence in wild boar corresponds to findings of seasonality in Mhyo infection 

of domestic pigs [121, 139], which is attributed to climatic influences on 

pathogen transmission. Both forward and backward selection resulted in the 

same multiple logistic generalised linear regression model, and consistently 

excluded age class, sex, genetic heterozygosity and STRUCTURE population 

assignment (chapter 3) as significant factors.  
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No correlation was found between overall genetic heterozygosity and 

Mhyo antibody prevalence. This indicates that general effects of inbreeding or 

outbreeding did not affect immune capacity with regard to Mhyo in the wild-

domestic hybrid wild boar.  

 

 
Figure 5.3 Mycoplasma hyopneumoniae (Mhyo) antibody prevalence in 

wildtype wild boar and hybrid wild boar with recent domestic ancestry (up to 

five generations ago). Error bars indicate Wilson Score 95% Confidence 

Intervals. Sample sizes for wildtype wild boar and domestic hybrids are given 

along the x-axis. Multiple logistic generalised linear regression indicated a 

significantly raised Mhyo antibody prevalence in domestic hybrids (p=0.035).  
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Figure 5.4 Mycoplasma hyopneumoniae (Mhyo) antibody prevalence per 

sampling year (2008-2010). Error bars indicate Wilson Score 95% Confidence 

Intervals. Sample sizes per year are indicated along the x-axis. Fisher Exact 

Tests indicated significant differences between years (p=0.001). Letters above 

the confidence intervals indicate significant group differences. 
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Table 5.1 Multiple logistic generalised linear regression model of individual 

wild boar Mycoplasma hyopneumoniae antibody status. Forward and backward 

selection resulted in the same model. Consistently non-significant factors 

included age class (juvenile, yearling, adult), sex, genetic 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 antibody prevalence against Mhyo in 

recent wild-domestic hybrids compared to wildtype wild boar could not be 

established with certainty. One explanation for this finding, would be a direct 

release effect. The identified hybrids could theoretically be released individuals. 

This means that they themselves would have a farm history. Mhyo is endemic 

and widespread in the wild, but captive farm-like conditions are associated with 

higher disease prevalence [32, 33]. This suggests that the increased Mhyo 

antibody prevalence in this subgroup could be a direct consequence of their farm 

history. However, Mhyo is a rapidly spreading pathogen with airborne 

transmission and development of an infectious stage in the recipient occurring 

within a few days [135, 136]. If a recent release of captive hybrids indeed caused 

Mhyo prevalence to increase locally in parts of the study area, this would be a 

temporary effect. Within days or weeks a large number of wildtype wild boar in 

those parts of the study area would be exposed as well and possibly infected. 

The observed difference in Mhyo antibody prevalence between the hybrid 

subgroup and the wildtype wild boar is therefore unlikely to be caused by direct 

release effects.   

Another explanation for the observations presented in this study is the 

inheritance of degraded (or deleterious) domestic immune genes. Veterinary 

protection using antibiotics in domestic pigs and farmed wild boar can relax the 

pathogen selection pressure maintaining immune gene variation and may lead to 

a form of degradation of these immune genes.  
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Previous analysis of the same wild boar dataset for PCV2 antibodies 

showed no association with hybrid status (chapter 4). This supports a possible 

role of antibiotics in the observed immune degradation, as antibiotics protect the 

host against bacterial pathogens (e.g., Mhyo), but not viruses (e.g., PCV2). This 

leads to the hypothesis that only those immune genes specifically involved in 

resistance against bacterial diseases are degraded in domestic pigs compared to 

wild boar.  

The wild-domestic hybrids in this study included animals resulting from 

up to five generations of backcrossing with wild boar (chapter 2). The fact that 

we detected a significant increase of Mhyo antibody prevalence in this hybrid 

group, even after a small number of generations of backcrossing to wild, 

indicates that the effect of domestic ancestry on immune capacity versus Mhyo is 

persistent over generations.  

In conclusion, we find a significantly higher Mhyo antibody prevalence 

in a subgroup of free-living Northwest European wild boar with recent partial 

domestic ancestry. This finding suggests a deleterious effect of domestic 

ancestry on disease resistance in a wild context, arguably caused by evolutionary 

effects of veterinary protection and the use of antibiotics in domestic and captive 

stocks. If this interpretation is correct, these findings support the ‘Red Queen 

Hypothesis’ of a continuous evolutionary arms-race between hosts and 

pathogens, in the sense that a history of protection from pathogen selection 

pressure leads to degraded immune functions and therefore increased 

susceptibility to these pathogens compared to individuals with a continuous 

history of pathogen selection pressure. The finding that partial domestic ancestry 

increases disease risk in wild boar has implications for wildlife restocking 

projects and activities, where the consequences and risks for disease outbreak 

may be more far-reaching than previously thought if captive-reared stocks are 

used.  
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Chapter 6 
 

 

Synthesis  
 

 

The occurrence and consequences of domestic pig hybrids in wild 

boar populations 
Finding clear evidence of recent genetic introgression from domestic pigs in 

wild boar in the study area (chapter 2) was rather unexpected. Pig farming in 

Western Europe has heavily intensified in recent history and occurs indoors, 

with very limited opportunity for interaction between pigs and wild boar. The 

most likely route of introgression, through purposeful wild-domestic 

hybridisation in farmed wild boar and subsequent restocking of wild 

populations, indicated that undocumented events can have important 

consequences for population genetic processes. The results in chapters 2 and 3 

show that the use of farmed wild boar in reintroductions or restocking activities 

is more common than previously thought and may have consequences for 

population differentiation and the genetic diversity of wild boar populations.  

The evolutionary consequences of genetic introgression from domestic 

animals to their wild counterparts are largely unknown, but see [140]. Centuries 

of artificial selection in pigs has skewed phenotypic and genotypic variation in 

certain traits to the extreme (mostly in traits related to appearance, reproduction 

and growth rate). In addition, artificial selection and domestic conditions can be 

assumed to have caused degradation of traits that were no longer maintained by 

natural selection. Such genetic consequences of a domestic history are expected 

to mainly have neutral or maladaptive value in a wild context.  

The fact that wild boar litter sizes show strong regional differences in 

Western Germany [73], may partly be a consequence of different levels of 

genetic introgression from domestic pigs. The effect of increased wild boar litter 

size on fitness and local adaptation in a natural populations has however not 

been evaluated. The significant effect of partial domestic ancestry on 

Mycoplasma hyopneumoniae (Mhyo) disease prevalence in chapter 5 implies 
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that genetic introgression from domestic pigs may increase disease susceptibility 

in free-living wild boar populations. Here, immune functions putatively serve as 

an example of a trait degraded by a lack of natural selection pressure in domestic 

pigs. Genetic introgression from domestic pigs is in this case considered to be 

maladaptive for Mhyo disease resistance.  

Backcrossing with wild boar was shown in chapter 2 to rapidly reduce 

proportions of domestic ancestry. In addition, natural selection will remove most 

maladaptive traits inherited from domestic ancestry over time. Severe long-term 

evolutionary consequences for wild populations are therefore not likely, 

although genetic introgression from domestic pigs may increase genetic load in 

wild boar populations. Because of the long-term evolutionary risks of 

introgressed deleterious alleles and genetic load are difficult to quantify, I 

recommend to aim for minimisation of genetic introgression from domestic 

sources in wildlife conservation and management.  

 

Population genetics and epidemiology are different ballgames 
In theory, the distribution and movement patterns of a host species determine the 

occurrence of obligate host-specific pathogens. To a certain extent this has to be 

true: where there are no hosts, there can be no pathogens. In addition, 

transmission between individuals depends on host encounters and thus host 

movement patterns. However, genetic population structure or gene flow were 

not found to significantly affect disease prevalence in this thesis (chapter 4 and 

5). This may be due to the vastly different temporal scales of their dynamics. 

The time it takes for a wild boar allele to disperse over a distance of 50 km may 

be 5 years (if one assumes a slightly optimistic average lifetime dispersal of 10 

km per generation [35]). On the other hand, it may take only a few weeks or 

days for a bacterial or viral disease to travel this distance, as these pathogens will 

infect multiple new hosts every few days and may travel for kilometres in 

aerosols under favourable circumstances [135, 136].  

Population genetics and disease dynamics not only differ in their 

temporal scales, the factors that influence their occurrence or spread differ as 

well. The occurrence and spread of alleles is determined by dispersal and 

reproduction. Dispersal of terrestrial animals is influenced by geographical 

distance and landscape features [76]. Reproduction (or mating) mainly depends 
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on spatial proximity and competition for mating rights. Alleles may further be 

subject to random genetic drift or natural selection. The rules of the game are 

quite well understood, and population genetic patterns can be modelled or 

analysed rather realistically (see chapter 2 and 3).  

The rules for the game of disease prevalence are not so clear. The 

factors that determine occurrence and spread of pathogens, are often unknown 

and may differ strongly between different pathogens. For PCV2 and Mhyo, the 

only universal factor influencing disease prevalence seems to be climatic, 

causing between year differences in disease prevalence that are very similar for 

both pathogens (chapter 4 and 5). This similarity is most likely connected to 

their shared mechanism of transmission: short-distance airborne travel in 

aerosols produced by the coughing and sneezing of an infected host. The 

survival and lifespan of a pathogen in an aerosol (and thus the chances for 

infecting a new host) depend on the ambient temperature and humidity [139]. 

Dry conditions and temperature extremes can desiccate or destroy the pathogen, 

affecting transmission negatively. Meteorological records show extremely low 

winter temperatures (-20oC in some nights) for years with relatively low disease 

prevalence in this study, supporting the influence of climatic conditions on 

respiratory disease prevalence.  

Further parallels between the two diseases could not be drawn. PCV2 

was influenced by host age and heterozygosity, whereas Mhyo was influenced 

only by hybrid status or partial domestic ancestry. This indicates that it is 

inaccurate to speak in generalisations when it comes to factors influencing 

wildlife disease prevalence. Wildlife disease ecology researchers will mostly 

need to consider each disease and perhaps each study area separately, as 

different factors may be driving disease prevalence in each case. More 

investigations of the various wildlife diseases are required to elucidate the 

possibly vast diversity in wildlife disease dynamics and ecology.  

 

Disease transmission, disease mortality and the role of individual 

genetic composition  
Theoretical knowledge of disease dynamics is mostly based on mathematical 

epidemiological models (chapter 1). Epidemiological models for host-specific 

directly transmitted diseases have in some cases successfully described 
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spatiotemporal patterns and dynamics of fast-spreading epidemics [141, 142] 

using spatially explicit modelling and simple assumptions on the transmission 

coefficient. However, endemic disease models that describe long-term disease 

persistence in host populations by incorporating birth-death dynamics, have 

hardly ever been evaluated using empirical data, but see [143]. The behaviour of 

these endemic disease models depends critically on the disease reproduction rate 

and thus the transmission coefficient [17, 143]. This transmission coefficient is 

difficult to extract from empirical data due to a lack of methods for direct 

quantification of exposure versus infection and the complexity of factors 

involved (host traits, pathogen traits and environmental conditions).  

In this thesis, I show that successful transmission of two respiratory 

diseases is influenced by temporal climatic conditions (discussed above) and by 

the genetic format of the host (chapter 4 and 5). This suggests that using a single 

transmission coefficient and disease recovery or mortality rate (equal for all 

individuals) in epidemiological models is not realistic. The genetic heterogeneity 

of individuals, in terms overall heterozygosity and/or inherited immune capacity, 

can determine individual susceptibility to, or survival of, a particular disease and 

can thus play an important role in how diseases spread through a population, 

network or landscape [144]. This notion of individual genetic differences in 

susceptibility may prove crucial for a good understanding of the dynamics of 

various wildlife diseases. Theoretical work on individual differences in 

infectiousness indicate that such heterogeneity can significantly alter model 

outcomes and predictions [23, 145]. A future challenge for epidemiological 

modellers will be to realistically include heterogeneity in disease susceptibility 

at the individual level in order to more realistically and 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 hybrid wild boar (20-50% genetic 

domestic ancestry) have significantly higher Mhyo infection rates than wild-type 

wild boar. This finding suggests that lack of exposure to infectious agents due to 

nearly a century of veterinary care in pigs can lead to detectably degraded 

immune functions in domestic pigs and even in domestic hybrid wild boar. If 

this is true in wild boar, it raises questions about possibly similar evolutionary 
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effects of medical care in humans. A lack of pathogen selection pressure can 

lead to accumulation of deleterious mutations and loss of variation in immune 

genes. Has this also happened in humans? Has a history of human medicine 

causing degradation of immune functions in humans at an evolutionary time-

scale?  

The hygiene hypothesis states that, for humans, a lack of (childhood) 

exposure to infectious agents supresses natural development of the immune 

system and may lead to increased susceptibility to allergies, autoimmune 

disease, microorganisms and parasites [146-148]. This reasoning focusses on the 

lack of training of the immune system during early life, caused by hygienic 

practices, elimination of childhood diseases, reduced interactions with the 

environment, protection by medical care and the use of antibiotics. An 

evolutionary view is however missing from the discussion. What are the 

consequences of a lack of exposure to infectious agents for the maintenance of 

effective immune functions over multiple generations? Is the genetic immune 

capacity of a contemporary human at an equal level to humans from pre-

industrial eras, or is it significantly degraded due to protection from pathogens 

by hygiene and medicine? The practical and ethical limitations of an 

experimental approach to address this issue are evident. However, these 

questions seem a neglected but relevant avenue for research. 

 

Research outlook for swine epidemiology  
The wild boar - domestic pig model system has great potential for 

epidemiological research. Swine are host to a wide array of pathogens, and the 

available high-quality porcine genomic information and diagnostic disease tests 

provide all the necessary tools to investigate host-pathogen interactions. This 

system has the added advantage of combining opportunities for controlled 

experiments in pig farms with opportunities for studying natural dynamics in 

wild boar populations.  

Combined research on domestic pigs and wild boar is highly relevant for 

wildlife conservation and the pig breeding industry, and represents a wildlife-

livestock interface within a species. Swine are also an important study system in 

the context of public health and emerging zoonoses, as swine have proven to be 

an important mixing vessel for pathogen adaptation to humans hosts [149, 150].  
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Heterozygosity fitness correlations such as found in chapter 4, and 

effects of (hybrid) ancestry on disease prevalence such as found in chapter 5, 

may open the door for genome-wide association studies in relation to disease 

resistance in wild boar. Experimental approaches in a domestic pig farm setup 

can confirm for instance effects of inbreeding of specific genes on disease 

resistance. Together, these approaches may increase our understanding of 

exactly how the co-evolutionary arms race between host and pathogen works.  

In addition, it would be informative to expand the wild boar disease data 

with a few more diseases. Diagnostic tests such as antibody assays are available 

for a number of other swine diseases, e.g.: porcine parvovirus, porcine 

respiratory and reproductive syndrome virus or Actinobacillus pleuropneumonia. 

Such additional data would clarify if domestic hybrids are more susceptible than 

wild boar to all bacterial diseases, but not viruses. If so, this would strengthen 

the case for an evolutionary effect of antibiotics use in livestock industries.  

 

Conclusions 
A major challenge in disease ecology is to obtain a good overview of the driving 

forces of infectious disease prevalence in wildlife populations. The aim of this 

thesis was to specifically identify the main factors that influence PCV2 and 

Mhyo disease prevalence in European wild boar populations. I show that 

climatic conditions represent a shared driving force for temporal dynamics in 

both diseases, while effects of host age and genetic factors differed between 

PCV2 and Mhyo (chapter 4 and 5). I demonstrate that PCV2 related mortality in 

wild boar juveniles and yearlings is mediated by heterozygosity. The most 

inbred individuals do not survive first exposure to this disease. In chapter 2 and 

3 I show that genetic introgression from domestic pigs into wild boar 

populations is more recent, more common and more widespread than expected. 

Disease prevalence was not significantly different between populations, but 

Mhyo prevalence was higher in hybrids with partial domestic ancestry than in 

wild-type wild boar. I propose that this is a consequence of the inheritance of 

deleterious alleles that originate from a lack of pathogen selection pressure in 

domestic pigs due to veterinary care. The fact that different factors drive the 

prevalence of the two diseases examined in this thesis, indicates that speaking in 

generalities is inaccurate within the context of disease ecology. Research on 
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different model systems and pathogens is required to get a better overview of the 

possibly vast diversity of driving factors for wildlife disease prevalence. One of 

the central questions in wildlife epidemiology relates to the underlying 

mechanism for the observation of pathogen aggregation or overdominance [15, 

22]. Genetic heterogeneity has been suggested to explain patterns of pathogen 

aggregation [46] and the results in this thesis support this hypothesis. I propose 

that an important next step for the field of wildlife disease ecology would be to 

incorporate genetic heterogeneity into epidemiological modelling. Population 

genetic theory provides sufficient information to model host heterozygosity as 

well as Mendelian inheritance of deleterious alleles, which will have to be 

embedded in an epidemiological framework.  
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Summary 
 

Essentially all human and livestock infectious diseases ultimately originate from 

wildlife populations. Wildlife infectious diseases are therefore considered to be 

an important risk factor for biodiversity, livestock and public health. However, 

the driving forces of wildlife disease dynamics are poorly understood. 

Technological and analytical advances in molecular ecology increasingly 

provide the means to investigate wildlife disease dynamics, and the properties of 

the domestic pig and wild boar study systems offer interesting opportunities for 

epidemiological research. 

 
In this thesis I report on the influence of a number of demographic, 

environmental and host genetic factors on infectious disease prevalence in 

European wild boar. I focus on two swine respiratory diseases: porcine 

circovirus type 2 (PCV2) and Mycoplasma hyopneumoniae (Mhyo).  

In chapter 2 I start off by unexpectedly identifying a relatively high 

frequency (10%) of recent genetic introgression from domestic pigs among 88 

wild boar samples from Northwest Europe.  
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This work included a novel approach for identifying and quantifying 

introgression based on a high-density genetic assay and hybridisation 

simulations. 

The most likely route of genetic introgression is through release of 

farmed wild boar, which are bred for production of luxury meat and which are 

frequently crossed with domestic pigs to increase growth rates and reproduction.  

From the high-density genetic assay used in chapter 2, I derived a low-

density genetic assay, which was applied in 

chapter 3 to genotype a total of 645 wild boar 

samples. With these data I constructed the 

genetic population structure of the study area, 

comprising the Netherlands, Luxembourg and 

adjacent parts of Western Germany. Six 

geographically distinct wild boar populations 

were identified, and 25 recent domestic hybrids 

(1-5 generations ago) were found geographically 

scattered across the area, indicating wide-spread 

release of farmed wild boar. Genetic population 

structure was shaped by a landscape barrier (the 

river Rhine) and historical human 

reintroduction/translocation events.  

In chapter 4 I show that PCV2 prevalence varies between years, but also 

increases with wild boar age and is finally influenced by wild boar genetic 

heterozygosity. The age effect is a consequence of cumulative exposure to the 

virus and a typical PCV2 trait: silent intracellular persistence, which leads to 

increasing chances of PCV2 reinfection over time. The heterozygosity effect 

demonstrates that the most inbred wild boar have a lower chance to survive 

PCV2 infection in their first years of life. This shows that PCV2 infection can 

act as a selective force and that disease infection and mortality can be mediated 

by genetic heterogeneity.  
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In chapter 5 I report that Mhyo prevalence shows the same between year 

variation as PCV2 prevalence. This similarity is most likely caused by climatic 

conditions, which influence airborne disease transmission through aerosols. In 

addition, domestic hybrid wild boar intriguingly displayed a higher Mhyo 

antibody prevalence than wild-type animals. This suggests a higher 

susceptibility to this disease for animals with partial domestic ancestry. I 

hypothesise that this is caused by genetic degradation of immune functions in 

domestic pigs due to a history of veterinary care and the use of antibiotics in the 

livestock industry.  

 
Finally I review the findings of this thesis in the Synthesis (chapter 6). 

Here, I reflect shortly on the evolutionary effects of hygiene and medicine on 

human immune capacity. With regard to wildlife disease ecology, I provide 

strong support for the hypothesis that genetic heterogeneity may explain the 

issue of pathogen aggregation, which is a central issue in epidemiology. 

Moreover, I propose that our current understanding of wildlife epidemiology and 

disease ecology can be improved by integrating population genetic and 

epidemiological models. In conclusion, this thesis shows that combining genetic 

and antibody data is a powerful approach and that host genetic factors and 

individual heterogeneity are important aspects for wildlife disease ecology 

research.  
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Samenvatting 
 

Vrijwel alle menselijke infectieziekten zijn uiteindelijk afkomstig van wilde 

dieren. Infectieziekten van wilde dieren worden daarom beschouwd als een 

belangrijke risicofactor voor de volksgezondheid, maar ook voor biodiversiteit 

en voor de veehouderij. Echter, de drijvende krachten achter de dynamiek van 

ziekten bij wilde dieren zijn veelal onbekend. Technologische en analytische 

vooruitgang in de moleculaire ecologie bieden steeds meer middelen om de 

dynamiek van ziekten bij wilde dieren te bestuderen, en de eigenschappen van 

tamme varkens en wilde zwijnen bieden interessante mogelijkheden voor 

epidemiologisch onderzoek.  

 
In dit proefschrift laat ik zien dat een aantal demografische, klimatologische en 

genetische factoren een belangrijke invloed hebben op de prevalentie van 

ziekten bij Europese wilde zwijnen. Ik heb gekeken naar twee luchtweginfecties: 

porcine circovirus type 2 (PCV2) en Mycoplasma hyopneumoniae (Mhyo). 

In hoofdstuk 2 identificeer ik onverwacht een relatief hoge frequentie 

(10%) van recente genetische introgressie van tamme varkens naar wilde 

zwijnen in 88 zwijnen monsters. 
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Dit werk omvatte een nieuwe benadering voor het identificeren en 

kwantificeren van genetische introgressie op basis van een genetische analyse 

met een hoge dichtheid aan merkers en hybridisatie simulaties. De meest 

waarschijnlijke route van genetische introgressie is door introductie van gefokte 

wilde zwijnen, die gehouden worden voor de productie van luxe vlees en vaak 

worden gekruist met tamme varkens om de groei- en voortplantingssnelheid te 

verhogen. 

Van de genetische analyse die gebruikt is in hoofdstuk 2, heb ik een 

genetische analyse met een lage dichtheid aan 

merkers afgeleid, die in hoofdstuk 3 is toegepast 

om een totaal van 645 wilde zwijnen te 

genotyperen. Met de gegevens hiervan heb ik de 

genetische populatiestructuur geconstrueerd van het 

onderzoeksgebied, welke bestaat uit Nederland, 

Luxemburg en de aangrenzende delen van West-

Duitsland. Zes geografisch verschillende wilde 

zwijnen populaties werden geïdentificeerd, en 25 

recente hybriden (1-5 generaties geleden) van 

tamme varkens werden gevonden, verspreid over 

het hele onderzoeksgebied. Dit geeft aan dat 

introductie van gefokte wilde zwijnen wijdverbreid plaatsvind. De genetische 

populatiestructuur werd verder gevormd door een landschappelijke barrière (de 

Rijn) en historische herintroductie / translocatie projecten van wilde zwijnen 

door de mens. 

In hoofdstuk 4 laat ik zien dat de PCV2 prevalentie bij wilde zwijnen 

per jaar varieert, maar ook stijgt met de leeftijd van wilde zwijnen en beïnvloed 

wordt door de genetische heterozygotie van de wilde zwijnen. Het leeftijdseffect 

is een gevolg van cumulatieve blootstelling aan het virus en een typische PCV2 

eigenschap: niet detecteerbare intracellulaire persistentie van het virus, wat leidt 

tot een steeds grotere kans op PCV2 (her)infectie over de tijd. Het effect van 

genetische heterozygotie toont aan dat die wilde zwijnen die het meest een 

product zijn van inteelt, een kleinere kans hebben om PCV2 infectie overleven 

in hun eerste levensjaren. Dit laat zien dat PCV2 infectie kan fungeren als een 
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natuurlijke selectiekracht en dat infectie en sterfte door ziekte beïnvloed kan 

worden door genetische heterogeniteit.  

 
In hoofdstuk 5 laat ik zien dat Mhyo prevalentie dezelfde jaarlijkse 

variatie vertoont als PCV2 prevalentie. Deze overeenkomst wordt waarschijnlijk 

veroorzaakt door klimatologische omstandigheden die de overdracht van 

ademhalingsziekten via aerosolen beïnvloedt. Daarnaast is opvallend dat hybride 

wilde zwijnen met een genetische invloed van het tam varken een hogere Mhyo 

antilichaam prevalentie hebben dan pure wild-type zwijnen. Dit geeft aan dat de 

hybride dieren vatbaarder zijn voor deze infectieziekte dan de wild-type zwijnen. 

Ik stel dat dit effect wordt veroorzaakt door overerving van genetisch 

gedegradeerde immuunfuncties van tamme varkens als gevolg van een 

geschiedenis van veterinaire zorg en gebruik van antibiotica. 

 

 

 

 

 

 

 

 

Uiteindelijk breng ik de bevindingen van dit proefschrift samen in de 

Synthese (hoofdstuk 6). Hier reflecteer ik kort op de evolutionaire effecten van 

hygiëne en geneeskunde op menselijke immuunsysteem functies. Met betrekking 

tot de ziekte ecologie van wilde dieren ondersteunt dit onderzoek de hypothese 

dat genetische heterogeniteit van de gastheer een verklaring vormt voor 

observaties van aggregatie van ziekteverwekkers, een centraal thema binnen de 

epidemiologie. Bovendien, stel ik dat ons huidige begrip van de epidemiologie 

en ziekte ecologie van wilde dieren kan worden verbeterd door een integratie 
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van de populatie genetische en epidemiologische modellen. Samenvattend, laat 

dit proefschrift zien dat de combinatie van genetische en antilichaam-gegevens 

een krachtige aanpak is en dat genetische factoren en individuele heterogeniteit 

essentiële aspecten zijn voor onderzoek aan de epidemiologie en ziekte ecologie 

van wilde dieren. 
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