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1  |  INTRODUC TION

Population fitness can be negatively affected by inbreeding and 
other harmful genetic threats such as drift (Barrett & Charlesworth, 
1991; Crnokrak & Roff, 1999; Hedrick & Kalinowski, 2000). 
Inbreeding increases the autozygosity throughout the genome due 

to consanguineous matings (Keller & Waller, 2002; Kim et al., 2015). 
A way to measure genomic autozygosity is by estimating runs of ho-
mozygosity (ROH) (Curik et al., 2014; Kim et al., 2015). ROHs are ho-
mozygous stretches along the genome caused by the transmission of 
haplotypes that are identical- by- descent (IBD) from parents to off-
spring (Keller et al., 2011). Longer ROHs reflect autozygosity due to 
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Abstract
Demographic events such as series of bottlenecks impact the genetic variation and 
adaptive potential of populations. European megafauna, such as wild boars (Sus scrofa), 
have experienced severe climatic and size fluctuations that have shaped their genetic 
variation. Habitat fragmentation and human- mediated translocations have further 
contributed to the complex demographic history of European wild boar. Danish wild 
boars represent an extreme case of a small and isolated population founded by four 
wild boars from Germany. Here, we explore the genetic composition of the Danish 
wild boar population in Klelund. We genotyped all 21 Danish wild boars that were 
recently transferred from the source population in Lille Vildmose into the Klelund 
Plantation to establish a novel wild boar population. We compared the Danish wild 
boars with high- density single- nucleotide polymorphism genotypes from a compre-
hensive reference set of 1263 wild and domesticated pigs, including 11 individuals 
from Ulm, one of two presumed founder locations in Germany. Our findings support 
the European wild background of the Danish population, and no traces of gene flow 
with wild or domesticated pigs were found. The narrow genetic origin of the Danish 
wild boars is illustrated by extremely long and frequent runs of homozygous stretches 
in their genomes, indicative of recent inbreeding. This study provides the first insights 
into one of the most inbred wild boar populations globally established a century ago 
from a narrow base of only four founders.
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recent common ancestors as shared IBD segments gradually break 
down overtime due to recombination (Bosse et al., 2012). Conversely, 
short ROHs usually represent autozygosity of ancient haplotypes 
that are fixed in the population (Ferenčaković et al., 2013; Kirin et al., 
2010; Zhang et al., 2015). High levels of inbreeding often result in 
inbreeding depression when the rise of homozygosity and recessive 
harmful variants reduce the fitness of individuals (Bosse et al., 2019; 
Crnokrak & Roff, 1999; Zhang et al., 2015). Small and fragmented 
populations are especially prone to inbreeding (Lacy, 2000; Saccheri 
et al., 1998) and therefore at higher risk of reduced fitness due to 
inbreeding depression. In such populations, purging of detrimental 
alleles works less effective due to weaker selection and stronger 
drift (Keller & Waller, 2002; Pecnerova, 2018; Wang et al., 2021). 
Populations experiencing severe decline in numbers will experience 
fluctuations in the frequencies of alleles. Even deleterious recessive 
alleles may, as a result, fluctuate rapidly to high frequency (Robinson 
et al., 2018; Simons & Sella, 2016; Wang et al., 2021). Likewise, high 
drift influences the probability of adaptive alleles reaching fixation 
in small populations (Wilson et al., 2014). For instance, population 
bottlenecks increase the risk of adaptive mutations to become lost 
(Wahl et al., 2002; Wilson et al., 2014).

Population bottlenecks often result from founder events 
(Frankham et al., 1999; Simons & Sella, 2016). Founder effects can 
be particularly strong when a new population is established by only a 
few individuals (Parisod et al., 2005). Nevertheless, there are numer-
ous examples of founder effects not leading to noticeable inbreeding 
depression. For instance, a small population of island foxes (Urocyon 
littoralis) recovered from founder bottlenecks through strong purg-
ing of deleterious alleles (Robinson et al., 2018). In another study, 
Xue et al. (2015) proposed that the endangered mountain gorillas are 
affected by recent autozygosity due to bottlenecks, noting that the 
population continued to persist through migration or effective purg-
ing of deleterious alleles by natural selection. This illustrates that low 
genetic diversity may not always result in an increased risk of extinc-
tion due to inbreeding depression. It is therefore important to inves-
tigate the genetic consequences of inbreeding in small and isolated 
populations to further predict their adaptability and persistence.

During the last glaciation, European wild boars suffered strong 
declines in genetic variation due to severe bottlenecks compared 
with more subtle effects on Asian wild boars (Groenen et al., 2012). 
More recently, wild boars in Europe substantially declined mainly 
due to habitat fragmentation and hunting pressures during the 
1800s (Scandura et al., 2011). The wild boar was exterminated or 
highly marginalized in almost all European countries by the begin-
ning of the 20th century (Apollonio et al., 1988; Celio Alves et al., 
2010). Free- ranging wild boars disappeared in Denmark in the be-
ginning of the 19th century (Alban et al., 2005). However, one wild 
population was re- established in the northern part of Denmark, in 
Lille Vildmose, Jutland. This population is known to be founded in 
1926 by only two men and two women, from Ulm and Hagenbeck 
in Germany. Despite this extreme founder event, the population has 
persisted over the last century. From this population, a total of 21 in-
dividuals were translocated to Klelund Plantation in 2016 and 2017. 

No evidence exists for natural migration or deliberate stocking from 
elsewhere, although it cannot be ruled out either. Furthermore, it 
is unclear if all four founders have contributed to the population. 
Over the years, population size fluctuations resulted in a series of 
bottlenecks and expansions. Mean population size was estimated to 
be 181 individuals between the period 1988– 2010. The population 
size has been more or less stable around 150 individuals since 2002 
(Hald- Mortensen et al., 2012).

The aim of this study is to unravel the genetic composition of the 
potentially highly inbred Danish wild boar population to gain insight 
into their demographic history. More specifically, we investigated the 
genetic background, potential hybridization with European domestic 
or wild boars, and the level of inbreeding in the animals that were 
the foundation of the Klelund population. Danish wild boars were 
expected to be genetically most similar to individuals from Ulm and 
Hagenbeck as the presumed founder populations. Gene flow from 
other wild boars was not expected as the Danish population is not 
in close geographic proximity to wild boar populations in Germany. 
The population was assumed to be wild, thus admixture with do-
mesticated pigs was considered highly unlikely unless domestic 
pigs were released into the area or had escaped from nearby farms. 
However, earlier genetic introgression from domesticated pigs in 
the source population cannot be ruled out, since hybrids are wide-
spread throughout North- western Europe (Goedbloed et al., 2013). 
Considering its demographic history, we expected to find very high 
levels of inbreeding in the Danish population as there were only four 
founders that constitute the entire genetic basis of the population. 
Therefore, the Danish wild boars are likely to contain a high propor-
tion of homozygous segments due to series of bottlenecks.

2  |  MATERIAL S AND METHODS

2.1  |  Study population

Our study population is wild boars (Sus scrofa) from Klelund 
Plantation, Denmark. This population was established with the in-
troduction of 12 individuals in 2016, with additional supplementa-
tion of nine individuals in 2017. All 21 individuals originated from 
the source population in Lille Vildmose, Jutland, Denmark, which 
was founded in 1926 by four founders, two of each sex. There is no 
information on the population size in Lille Vildmose at the time of 
the two translocations of 12 and nine individuals in 2016 and 2017, 
respectively. After the yearly spring population regulation in 2020, 
the source population size, that is Lille Vildmose, was assumed to be 
stable around 150 individuals, whereas the population size of boars 
in Klelund Plantation was around 65 pigs.

2.2  |  Samples and genotype data

We used PAX gene blood samples that were collected from 21 wild 
boars in Klelund Plantation. Additionally, 11 tissue biopsies were 
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collected from wild boars in Ulm, Germany as a part of the yearly 
population cull by hunters. The SNP genotyping was conducted 
using the Illumina Porcine 60K+iSelect Beadchip, and a total of 
61 565 loci were screened for each individual. We filtered out SNPs 
with overall call rate less than 95%. Due to missing genotype data, 
1576 SNPs were removed. The final data set consisted of 48 227 
SNPs. We did not remove SNPs based on minor allele frequency, 
even if MAF was zero, as we were interested to find the level of 
inbreeding of the Danish wild boars in comparison with other popu-
lations, and because of structure in our data set, this could lead to 
unequal removal of informative markers (Meyermans et al., 2020). 
On average, we found around 63 SNPs with a missing call rate, which 
corresponded to one in every ~755 SNP to be missing. The total 
length of the genome covered was 2436.3 Mb. The SNP density was 
found to be roughly one SNP per 50 kb. Total genome coverage for 
all individuals were higher than 98%, and the total genotyping rate 
was 0.998676. This information was further used for ROH settings.

2.3  |  Reference data set

To interpret our findings on population origin and inbreeding levels, 
we included other wild boar populations and domestic breeds across 
Eurasia. We obtained the reference samples and genotype data from 
(Iacolina et al., 2016, 2018; Yang et al., 2017a), which contains 1263 
wild boars across Eurasia and international commercial pig popula-
tions (Table S4) (Ramos et al., 2009). We checked overlapping SNP 
markers, which corresponded to 47 325 variants in the combined 
data set. From the combined data set, a subset of only European wild 
boar populations consisting of 459 individuals was made to make 
more detailed comparisons. These data sets were used for popula-
tion structure analyses (PCA and admixture).

2.4  |  Inbreeding levels and runs of homozygosity

We screened regions containing ROH using the homozygosity tool in 
PLINK 1.9 (Chang et al., 2015) to examine the level of inbreeding per 
individual (Kim et al., 2015). The size and number of ROHs was de-
termined using a sliding window approach. ROHs were identified for 
all autosomes (18 chromosomes in total) of the 32 genotyped wild 
boars, representing 21 individuals from Klelund, Denmark and 11 
from Ulm, Germany. The criteria to define ROHs using the – homozyg 
tool were as follows: (i) a sliding window of 20 SNPs (- window- snp 
20); (ii) ROHs must contain at least one SNP per 100 kb on average 
(- density 100); (iii) two consecutive SNPs must be less than 1000 kb 
apart (- gap 1000); (iv) ROHs must be longer than 2000 kb (- kb 2000); 
(v) one SNP allowed with missing genotype (- window- missing 1); and 
(vi) one possible heterozygous genotype (- window- het 1). No prun-
ing was performed based on linkage disequilibrium (LD), but the 
minimum length of a ROH was set to 2 Mb to exclude short ROHs 
that derived from LD. Later, we confirmed the absence of ROHs 
shorter than 2 Mb in our study population by modifying the length of 

consecutive SNPs in homozygous segments. The choice of 20 SNPs 
per window roughly corresponded to one SNP per 100 kb. For our 
study, we allowed ROHs with one heterozygous SNP to account for 
any genotyping errors. We tested the impact of this criteria by per-
forming another scenario where we excluded ROHs with any het-
erozygous SNP, which only excluded 31 ROHs.

To display ROH segments, we selected three chromosomes 
that were most informative. Chromosome 1 is the largest chro-
mosome found in wild boar and other species (Bosse et al., 2014), 
chromosome 7 showed higher variability than average across all 
chromosomes and contains important immune gene families, and 
chromosome 15 consisted of very long ROHs (>50 Mb), the shortest 
being ~4 Mb. In addition, population inbreeding levels were com-
puted using the genomic inbreeding coefficient FROH (Ferenčaković 
et al., 2013), defined as the total ROH length divided by the length of 
genome covered by SNPs (Kim et al., 2015; Mastrangelo et al., 2017). 
A non- parametric test, Mann– Whitney U, was used to test FROH and 
total ROH size differences in wild boars from the Klelund Plantation 
and Ulm. We used an independent samples t- test to compare aver-
age ROH sizes in both populations. All statistical analyses and graphs 
were performed R version 4.0.4 (R Core Team, 2021).

2.5  |  Population structure

We inferred proportions of shared ancestries in three approaches. 
First, to detect underlying genetic structure, we performed a 
Principal Component Analysis (PCA) in PLINK 1.9 (Chang et al., 
2015) based on the allele frequencies between individuals from 
various populations (Ma & Amos, 2012). As a complementary anal-
ysis, we computed pairwise identity- by- state distance using the 
SNPRelate R package (version 1.24.0) (Zheng et al., 2012). Then, 
hierarchical clustering was conducted on 194 Western European 
wild boar samples using 47,871 SNPs. Groups were determined by 
permutation with a Z- score threshold of 15 and outlier threshold of 
5. This created 13 groups. Admixture analysis was also performed to 
assess population structure the most likely number of genetic clus-
ters using the maximum likelihood approach (Muzzio et al., 2018; 
Skotte et al., 2013) given K ancestral populations ranging from 1 to 
8 with cross- validation errors using the package ADMIXTURE 1.3.0. 
(Alexander & Lange, 2011). The results were visualized as a bar plot 
of ancestry compositions in Rstudio (Leppälä et al., 2017; Lindqvist 
& Rajora, 2019).

3  |  RESULTS

3.1  |  Inbreeding levels and runs of homozygosity

We found 44% of 49,646 SNPs to have minor allele frequency 
of zero in the study populations. Average number of ROHs were 
much higher in the Klelund Plantation, Denmark compared to Ulm, 
Germany (Table 1). The average ROH size (t- test, p < 0.05) and total 
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ROH length (Wilcoxon test, p < 0.001) were significantly different 
between the two populations. Moreover, the genomic autozy-
gosity (FROH) in the Ulm population was consistently lower com-
pared with Danish wild boars (Table S2). We found significantly 
higher percentages of total genome covered by ROHs (Wilcoxon 
test, p < 0.001) in Klelund Plantation, Denmark compared to Ulm, 
Germany (Table 1).

The extent of inbreeding was plotted as stretches of ROHs 
along all chromosomes for all individuals (Figure S1). The pres-
ence of stretches of ROHs per individual for chromosomes 1, 7, 
and 15 are illustrated in Figure 1. On chromosome 1, a Danish 
individual (shown with an asterisk) was found to be 80% homo-
zygous with a total ROH length of 253 Mb on this chromosome 
(Figure 1). Moreover, another Danish individual contained the 

TA B L E  1  ROH characteristics for the study populations, including average number of ROHs, average ROH length (Mb), average of the 
total ROH length (Mb) over individuals, ROH length span (Mb), and average genomic inbreeding coefficient (FROH)

Population
Average no. of 
ROHs

Average ROH 
length (Mb)

total ROH length 
(Mb)

ROH length span 
(Mb)

Average 
FROH

Klelund Plantation, Denmark (N = 21) 89.1 15.3 1344 2.8– 155.9 0.568

Ulm, Germany (N = 11) 20.3 12.8 275 3– 142.8 0.117

Note: FROH is an estimate of the overall genomic autozygosity disregarding runs shorter than 2 Mb.

F I G U R E  1  Chromosomal distribution 
of the ROH segments of the study 
population consisting of wild boars from 
Ulm, Germany and Klelund Plantation, 
Denmark. The x- axis is scaled according to 
the length (in Mb) of each chromosome. 
ROH segments were presented on 
chromosome 1, chromosome 7, and 
chromosome 15. The length of each 
chromosome is 314.9 Mb, 134.7 Mb and 
157.4 Mb for 1, 7 and 15, respectively. 
Individuals from the Danish population 
are highlighted as red, whereas individuals 
from Ulm in Germany are highlighted 
as blue. One wild boar from Klelund, 
Denmark with ROH segments covering 
80% of chromosome 1 is shown with an 
asterisk
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longest consecutive ROH segment (155.7 Mb) found in any of the 
populations across all chromosomes. On chromosome 7, ROH cov-
erage of the Danish individuals (59.6%) was much higher than in 
individuals from Ulm (13.8%). ROH segments appear shorter and 
scarcer on chromosome 7, indicating a more heterozygous chro-
mosome with ROH coverage of 46.1% for Danish and 9.2% for 
Ulm wild boars (Figure 1). Lastly, chromosome 15 was the least 
heterozygous chromosome with ROH segments encompassing 
74.5% and 24.9% in the Danish and Ulm populations, respectively 
(Figure 1). In addition, the longest ROH segment (138.4 Mb) on 
chromosome 15 was found in a wild boar from Ulm. This individual 
had only one stretch of ROH and was almost entirely homozygous 
(87.9%) for chromosome 15. Similarly, almost half (42.7%) of the 
ROH segments across individuals on chromosome 15 were longer 
than 20 Mb.

We compared the frequency and size of ROHs in our study pop-
ulations to those of the global reference data set consisting of wild 
boar populations and domestic breeds across Eurasia, and to a sub-
set consisting of only European wild boars (Figure 2). The sum of 
ROHs in the Klelund population ranged from 1.05 Gb to 1.63 Gb, 
whereas in the Ulm population, the range was between 111.6 Mb 
and 674.4 Mb (Figure 2a). We found the highest number of ROHs in 
the Klelund and in some Japanese wild boar populations (Figure 2b, 
shown with asterisk). Although two individuals from the Japanese 
wild boar population had the longest total ROH size (1012 Mb and 
1129.5 Mb). However, all wild boars from the Klelund population had 
80 or more ROHs with a total length of over 999 Mb. Therefore, 
Danish wild boars have strikingly longer total ROH when compared 
with all groups, revealing the most extreme ROH coverage of any 
wild boar population studied to date. Other populations with long 
and frequent ROHs were from numerous European domestic breeds 
(e.g. Mangalica and Gloucester Old Spot), which had combined 
ROHs larger than 800 Mb similar to the Asian domestic breed, the 
Chinese Meishan pig (>500 Mb). Conversely, wild boar populations 
with shorter ROHs (<20 Mb cumulative) were from Russia, Greece 
and China. Furthermore, ROH comparison with the European wild 
boar data set (Figure 2c) revealed the Danish population as a distinct 
group in both sum and number of ROHs. Wild boars from Ulm were 
comparable to other European wild boars in both data sets, except 
one highly inbred individual. In the European wild boar data set, 
the longest cumulative size was found in a wild boar from Veluwe 
(1368.4 Mb), the Netherlands. Moreover, the highest number (70 
runs) was identified in a wild boar from Sardinia, Italy with a cumu-
lative ROH size of 1026 Mb. All members of the Danish population 
showed more extreme values in both number and total size of runs. 
We visualized the ROH frequency across total ROH length (Mb) 
categories in Figure S3, where the high contribution of Danish wild 
boars to large size categories is evident. We further explored the fre-
quency of a SNP within ROH across the genome for our study popu-
lations (Figure 3). Danish wild boars showed numerous ROH islands 
containing all individuals (N = 21). Chromosome 15 showed almost 
half of the SNPs (1050 out of 2581) to have a frequency above 90%, 
while the majority of the SNPs (1782 out of 2965) on chromosome 

7 had a frequency below 50% (Figure 3a). We found the highest fre-
quency of ROH (54.5%) present in six individuals from the Ulm pop-
ulation (N=11) on chromosome 2 (Figure 3b). In addition, we found 
over 1/3 of the SNPs (15 753/47 072) with no ROH in individuals 
from Ulm, Germany. Strikingly, only 190 SNPs of 46,540 were not 
found within a ROH in Danish wild boars.

3.2  |  Population structure

Population structure revealed by PCA based on SNP data clearly 
showed four distinct clusters (Figure 4a). The geographic origin of 
the global data correlated well to the observed SNP variation. The 
Danish and Ulm populations clustered closely to the other European 
wild boars in the PCA and formed the European wild boar cluster 
(Figure 4a). Furthermore, the first principal component largely mir-
rored the geographical continental distribution of the European and 
Asian groups, while the second component roughly showed the dif-
ferentiation of the wild and domestic breeds within each geographic 
group (Figure 4a). The PCA including only the Western European 
wild boar populations showed a more detailed structure of the study 
populations (Figure 4b). Here, we see a clear separation of individu-
als from Klelund population from the rest, which is a result of severe 
inbreeding. In addition, it is known that European wild boar popula-
tion has been subject to multiple restocking events that resulted in 
mixing gene pools (Scandura et al., 2008). We observed that wild 
boars from Switzerland scattered the most on both PCs as this is 
a very heterogeneous population with influences from North and 
South of the Alps. The most distinguishable cluster after Klelund 
displayed most countries including individuals from Ulm, Germany 
within the same group as those from Germany, the Netherlands, 
and France. Similar results were obtained when performing PCA 
including all European wild boar populations (Figure S2). The hier-
archical clustering dendrogram of the Western European popula-
tions reflected the same clustering patterns as the PCA. Consistent 
with other plots showing genetic relationships, the Ulm population 
showed high similarity to other German wild boars while Klelund 
population did not co- cluster with any populations and formed an 
outgroup. The scattering on PC1 reflects hybrid individuals that are 
mostly are from Switzerland.

The admixture plot matched well with the PCA clusters, with 
distinctions between geographical origin and domestication status 
within Europe with K = 4 (Figure 5). The pairwise FST estimates be-
tween clusters reflected the degree of divergence between clusters 
(Table S1). Clusters 3 and 4 showed the lowest divergence (0.114). 
Wild boars from Ulm and Denmark only contained one ancestry 
component in line with their presumed European wild background. 
Overall, we found no traces of admixture with pigs. In the detailed 
European data set, wild boars clustered according to country of ori-
gin and geography (Figure 6). Again, a clear separation of the Klelund 
population is observed with one gene pool as a consequence of 
being a highly inbred and homogenous population, with no signs of 
admixture. The Ulm population was in close genetic proximity to the 
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German wild boars and individuals from the Netherlands, also re-
vealing more substructure.

4  |  DISCUSSION

We provide the first genome- wide survey of a Danish wild boar 
population originating from a source population founded by four in-
dividuals in 1926 and subsequently experienced population fluctua-
tions, shaping their genetic diversity. Our results showed extremely 
high inbreeding as a consequence of demographic events such as 
the founder effect in a small and isolated population. It is known that 
European wild boars contain overall lower genetic variation (Bosse 

et al., 2012) and higher mutational load (Bosse et al., 2019) than 
Asian wild boars and domestic breeds. It has been suggested, that 
the historically lower variation in European wild boars is due to the 
more notable population size decline during the last glacial period 
(Alexandri et al., 2017; Groenen et al., 2012; Iacolina et al., 2016). 
More recently, increased hunting pressures and restocking activities 
following demographic declines further shaped the genetic struc-
ture of the European wild boar (Scandura et al., 2008; Vilaça et al., 
2014). These restocking events that affected local gene pools were 
largely uncontrolled and did not always result in favourable condi-
tions (Frantz et al., 2013; Vernesi et al., 2003).

We investigated inbreeding levels in wild boars from the Klelund 
Plantation using ROH size as a predictor for the time of inbreeding 

F I G U R E  2  The relationship between the number of ROHs vs. total ROH size (Mb) in (a) the study populations consisting of wild boar 
populations from Klelund Plantation, Denmark and Ulm, Germany (b) comparison between global pig dataset with 1263 individuals and the 
study populations. Japanese wild boars are shown with an asterisk, and (c) comparison between the study populations and 459 individuals 
from other European wild boar populations
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(Ferenčaković et al., 2013; Wang et al., 2021), and the genome- wide 
ROH coverage as an indication of inbreeding levels. Prior to ROH 
analysis, we identified almost half of the SNPs not being variable. 
Although, the SNP chip is designed for pigs and therefore would re-
sult in some loss of variation, it also indicates the presence of large 
homozygous regions, unless the study population contained pig 
hybridization.

The Danish population in the Klelund Plantation illustrates a 
unique case of extreme inbreeding, caused by an exceptional bot-
tleneck followed by many generations with a small population size 
and without any apparent opportunity for gene flow from other 
wild boar populations. The Klelund population therefore provides 
a unique opportunity to study the genomes of a population of large 
mammals for the consequences of extreme demographics, such as 
the accumulation of long ROH segments. ROHs longer than 8 Mb are 
presumably due to autozygosity of recent origin, where there would 
be limited opportunity for recombination to break up the homozy-
gous segments (Ferenčaković et al., 2013; Kirin et al., 2010; Purfield 
et al., 2017). This is also in congruent with relatively limited recom-
bination events given that the population was established less than 
hundred years ago.

We found individuals with exceptionally high levels of homozy-
gosity, in many cases covering almost the entire chromosome length, 
as visible in chromosome 1 and 15. Interestingly, chromosome 7 has 
been shown to contain fewer and shorter ROHs compared with 

other chromosomes. In pigs, chromosome 7 contains the Major 
Histocompatibility Complex (MHC) and other gene families that 
have important functions in immunity (Dadi et al., 2015; Schwartz 
et al., 2018). The MHC in vertebrates has often been shown to con-
fer heterozygote advantage (Aguilar et al., 2004; Oliver et al., 2009). 
Preserved MHC diversity, as a consequence of selection from patho-
gens, may have been one of the underlying mechanisms that helped 
the Danish wild boar to persist through generations. The MHC has 
also been implicated to be involved in active inbreeding avoidance, 
and therefore even in the absence of rotating pathogen burden, may 
lead to active maintenance of diversity at this locus (Santos et al., 
2016). Our study clearly suggests that an active mechanism of pres-
ervation of MHC locus diversity is at play, and a more detailed anal-
ysis of those mechanisms is warranted.

Overall, our findings suggest that Danish wild boars in the 
Klelund Plantation are extremely homozygous, while other 
European wild boars showed shorter and less frequent ROHs. The 
shorter ROH size found in the extensive European wild boar data set 
has been proposed to be linked to reduced historical population size 
and subsequent bottleneck effects due to climatic fluctuations oc-
curring since the last ice age (Groenen et al., 2012), followed by bot-
tlenecks and low levels of inbreeding in the last century (Apollonio 
et al., 1988; Herrero- Medrano et al., 2013). These bottlenecks may 
have resulted in reduced Ne in European wild boars. A study by Yang 
et al. (2017b) revealed Ne between 44 and 67 for the European wild 
boar populations, with North- Western European wild boar being the 
lowest. So far, the most severe case of inbreeding was detected in 
Japanese wild boars inhabiting very small islands (Bosse et al., 2012). 
Such small and fragmented populations are likely to suffer from very 
low levels of within- population diversity due to cumulative effects 
of increased drift and reduced fitness. This illustrates the impor-
tance of local population size as it may overrule geographical loca-
tion and relatedness. It is also important to note that ascertainment 
bias could influence the diversity measures as the SNP chip is pri-
marily designed for European domestic pigs (Ramos et al., 2009). All 
considered, ROH analysis using whole genome sequencing of wild 
boars from the Klelund Plantation would help to provide estimates 
of genome- wide inbreeding levels in the population.

The population structure analyses positioned Danish wild 
boars from the Klelund Plantation in the European wild boar clus-
ter. In line with Novembre et al. (2008), PCA results hinted a cor-
relation between the genetic and geographic distance between 
populations. In the PCA including wild boars from Western Europe 
only, the Klelund population constitutes a distinct group separate 
from the other Western European populations. This was expected, 
as we know it is an isolated population that experienced size fluc-
tuations. Surprisingly, the proposed founder population from Ulm, 
Germany clustered with other geographically nearby populations 
and formed another distinct cluster. Therefore, it seems likely that 
there has been gene flow between these neighbouring popula-
tions leading to high levels of admixture among them, but with 
no indication of ancestry sharing between the Ulm and Klelund 
populations.

F I G U R E  3  Manhattan plot of the frequency of ROH hotspots 
across the genome in wild boars from (a) Klelund Plantation, 
Denmark (N = 21) and Ulm, Germany (N = 11). The x- axis 
represents the SNP positions along the chromosomes, and y- axis 
shows the frequency (%) of overlapping ROH shared among 
individuals
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The admixture results from the global pig data suggested that 
there was no gene flow from domestic pigs into the study popula-
tion. Note that this conclusion may largely be influenced by recent 
genetic effects, such as strong drift or inbreeding and therefore po-
tentially distort historical relationships by presenting such popula-
tions to have a more distinct composition (Lawson et al., 2018). The 
narrow genetic basis and high homogeneity of the Danish wild boars, 
in combination with the absence of any identification of admixture 
with other European populations, indicates no reintroduction or re-
cent migration events after the population was established in 1926. 

Moreover, European domestic breeds had overall more substructure 
than wild boars, reflecting their complex and independent domes-
tication history, different breeding histories and admixed nature 
(Yang et al., 2017a). The admixture plot with the Western European 
populations also did not reveal any gene flow from other popula-
tions, corroborating that wild boars in Klelund originate from one 
founder event.

Despite high genetic homogenization, the managers con-
sidered the Klelund population to have good health condition. 
The wild boars in the Klelund Plantation have an overall good 

F I G U R E  4  Principal component analysis (PCA) using 43 121 SNPs. (a) Four main groups consisting of 1263 individuals were established 
from the global reference data, namely; Asian domestic, Asian wild, European domestic, and European wild. The fraction of the total 
variance explained was 42.1% for eigenvector 1 (PC1) and 17.5% for eigenvector 2 (PC2). (b) 194 wild boar individuals from Western 
European populations. (c) Hierarchical clustering dendrogram based on pairwise identity- by- state (IBS) values of the Western European wild 
boar populations. Branch height represents dissimilarity on the left and co- ancestry coefficient on the right
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F I G U R E  5  Admixture plot of 1263 
individuals from the global pig data 
and the study population. Ancestral 
populations, namely K = 4 is chosen as 
the most biologically relevant. Four main 
groups were used from the Global pig 
data, namely; European Wild, European 
Domestic, Asian Wild, and Asian Domestic
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population dynamic with a stable growth rate (personal commu-
nication Klelund Plantation manager). In European wild boar pop-
ulations, the mean number of piglets and the survival % of piglets 
ranges from 3.5– 6.9 to ~65%– 93.7%, (see Table S3). There are no 
anomalies observed regarding litter size and piglet survival in the 
Klelund population, and no diseases, malformations or signs of in-
breeding depression have been detected. Number of piglets per 
sow is even higher than in Southern European countries, which is 
in line with a North- South cline (see Table S3). However, the piglet 
survival in Tofte seems low. Note that these numbers could be 
masked by supplementary feeding (Malmsten et al., 2017), age of 
first reproduction (Gethöffer et al., 2007; Orłowska et al., 2013), 
and potential hybridization with domestic pigs (Frauendorf et al., 
2016). Therefore, we speculate whether the Danish wild boar 
population supports the hypothesis that not all small and isolated 
populations suffer from inbreeding depression and conclude that 
more research is needed to better understand the complexity of 
population dynamics and what makes them healthy. Here, we il-
lustrate that despite an extreme founder effect, the population 
appears viable. There is growing evidence that after an initial bot-
tleneck, small populations often tend to purge some of the dele-
terious variants (Goodnight, 1988; Grossen et al., 2020; Mathur 
et al., 2021). Various studies (Kyriazis et al., 2019; Robinson et al., 
2018; van der Valk et al., 2019; Xue et al., 2015) have proposed the 
role of purging of highly deleterious variants in small and isolated 
populations as an underlying mechanisms for their persistence 

with low levels of genetic diversity. Island foxes provides a similar 
case to Danish wild boars in terms of low levels of heterozygos-
ity and small population size resulted from isolation and strong 
bottlenecks, for which Robinson et al. (2018) suggested highly 
effective purging of harmful recessive mutations. This could be 
the scenario after the initial bottleneck experienced by the pop-
ulation. Recent bottlenecks have been shown to result in higher 
frequencies of deleterious mutations relative to populations that 
have remained small over longer time scales (Bortoluzzi et al., 
2020). Past bottlenecks during the last ice age have been shown 
to result in increased frequency of deleterious variants outside 
ROH regions in the European wild boar (Bosse et al., 2019). Similar 
to the Alpine ibex, Danish wild boars might have been successful 
in purging those mutations that are highly deleterious as a result 
of bottlenecks (Grossen et al., 2020; de Jong, 2018). Therefore, 
these bottlenecks may have contributed to purging of load, which 
would increase the chances of some founders being successful in 
establishing a novel population with small Ne. Population demo-
graphic history of wild boars show high efficiency in range expan-
sions associated with post glacial recolonization (Liu et al., 2019), 
which may suggest that Danish wild boars are not an exception 
when compared to other wild boar populations. The potential to 
expand after the founder event and a stable number of animals 
after expansion may have facilitated purging. Examining the effi-
ciency of purging of deleterious mutations has large potential in 
providing explanations for preventing inbreeding depression and 

F I G U R E  6  Admixture plot of K = 8 (a) 459 individuals from European wild boar populations. (b) 194 individuals from only Western 
European wild boar populations. The full plot of K = 2 to K = 8 of the European wild boars and cross- validation error are shown in Figures S4 
and S5
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the persistence of small populations. Sequencing the whole ge-
nome would help to disentangle the genetic load and in examining 
potentially harmful mutations that have stayed in the population 
over 20 generations since 1926. A recent study on a small and 
highly inbred grey wolves population on Isle Royale investigated 
the genetic basis of inbreeding depression and found large ROHs 
associated with higher homozygosity of deleterious variants 
(Robinson et al., 2019). These extreme ROH lengths, with homozy-
gous deleterious alleles, resulting from recent common ancestors 
may have detrimental effects on population viability in the long 
term. Further investigations on the phenotypic consequences of 
such high levels of inbreeding would be beneficial for the manage-
ment of the Klelund Plantation. Predicting future threats, such as 
inbreeding depression, could be achieved via population genetic 
simulations based on past and current demographics and through 
investigating levels of deleterious mutations and genetic variation 
across generations (Boakes & Wang, 2005; Kyriazis et al., 2020).

Demographic histories shape the genetic structure of differenti-
ation between populations (Auton et al., 2009; Liu et al., 2019; Xue 
et al., 2015). Management strategies for extant populations should 
build from knowledge on past events, where factors affecting ge-
netic diversity including inbreeding levels, effective population size 
and gene flow are regularly monitored. Reintroduction projects are 
a powerful way to restore genetic diversity within wild populations 
that are fragmented. For future reintroductions, the use of genomics 
would be beneficial to identify the best suitable donor population by 
investigating genomic compatibility, relatedness to the Danish pop-
ulation, and the level of inbreeding in the potential donor population 
(Frankham, 2010; Latch, 2020). The scimitar- horned oryx (Oryx dam-
mah), which was previously declared extinct in the wild, is an exam-
ple of a successful use of genomics in conservation management to 
generate a large- scale reintroduction project by a careful selection 
of founders from captive populations (Humble et al., 2020). Similarly, 
by thorough planning fragmented wild boar populations can undergo 
population restoration. There is growing potential for expanding the 
range of wild boars. Management towards improving connectivity 
between areas and increasing suitable habitat could initiate the use 
of local populations as potential founders that will propel their traits 
into new areas when conditions for range expansion are good.

This study provides the first insights into the demographic his-
tory and genetic structure of the Danish wild boars. Wild boars from 
Klelund Plantation do not show any apparent fitness costs from an 
extremely small founder base and living in isolation. However, there 
may be hidden costs related to their high level of inbreeding and 
having the longest ROHs found in pigs and wild boars globally. Such 
hidden costs of inbreeding may only become apparent when these 
inbred animals have to compete directly with less inbred conspe-
cifics. With the use of genomic analysis, those hidden costs can be 
unravelled, for instance by inferring if deleterious high- frequency 
alleles are present. In the current situation, the Klelund population 
seems to thrive. However, with changing environments low diver-
sity may result in lower potential to adapt. All in all, the Klelund 

population has strong potential to untangle how small populations 
with high levels of inbreeding succeed to persist.
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