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Abstract

The merging of populations after an extended period of isolation and divergence is a common
phenomenon, in natural settings as well as due to human interference. Individuals with such
hybrid origins contain genomes that essentially form a mosaic of different histories and
demographies. Pigs are an excellent model species to study hybridization because European and
Asian wild boars diverged ~1.2 Mya and pigs were domesticated independently in Europe and
Asia. During the Industrial Revolution in England, pigs were imported from China to improve the
local pigs. This study utilizes the latest genomics tools to identify the origin of haplotypes in
European domesticated pigs that are descendant from Asian and European populations. Our results
reveal fine-scale haplotype structure representing different ancient demographic events, as well as
a mosaic composition of those distinct histories due to recently introgressed haplotypes in the pig
genome. As a consequence, nucleotide diversity in the genome of European domesticated pigs is
higher when at least one haplotype of Asian origin is present, and haplotype length correlates
negatively with recombination frequency and nucleotide diversity. Another consequence is that
the inference of past effective population size is influenced by the background of the haplotypes in
an individual, but we demonstrate that by careful sorting based on the origin of haplotypes both
distinct demographic histories can be reconstructed. Future detailed mapping of the genomic
distribution of variation will enable a targeted approach to increase genetic diversity of captive
and wild populations, thus facilitating conservation efforts in the near future.
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Introduction

Separation and consecutive fusion of populations is common in both natural and managed
populations. For instance, the waxing and waning continental ice sheets during the
Pleistocene is known to have had a pronounced effect on shaping the population genetics of
many species. While the glacial periods usually resulted in refugial populations and thereby
promoted population differentiation, the interglacial periods that followed would result in
renewed gene flow. Apart from natural causes, populations can also be reunited due to
deliberate management. It is well known that the adaptive ability of a population or species
to an ever changing environment is mainly determined by its standing variation, and
susceptibility to a variety of diseases and environmental changes is assumed to increase if
nucleotide diversity is low in the population (e.g. Jimenez et al. 1994, Lacy et al. 1996,
Keller and Waller 2002). An increased probability of homozygosity for partially deleterious
recessive mutations may lead to individuals with reduced fitness, i.e. inbreeding depression.
Such inbreeding effects can be offset by directed population management aimed to facilitate
outcrossing, which could result in higher haplotype diversity.

These patterns of reticulation can severely complicate the elucidation of population history.
In the past decades, marker systems that have relative fast coalescence and do not or rarely
undergo recombination (e.g. mtDNA, Y chromosome) have proven to be useful for phylo-
geographic analysis. However, the ensuing pictures of population history that were thus
constructed often turned out, or will turn out, to be literally only part of the demographic
story. Because autosomes recombine, the genome of a single individual can contain
haplotypes from distinct sources, each with another demographic history. Hybridization of
populations therefore entails a great challenge to disentangle what has essentially become a
mosaic of different demographies. In studies that focused on a relatively small number of
nuclear DNA markers, results are usually concatenated to provide a “genome average”, for
instance by doing Structure analysis. Although such analyses may provide insight in the
degree of mixing of populations, they do not contain details of the distribution of the
introgressed haplotypes over the genome. For instance, the number of generations since the
last common ancestor influences the probability of haplotypes in the genome of two
individuals to be Identical By Descent (IBD), since the size of the IBD segment declines
over time due to recombination. Therefore, the length of IBD haplotypes as a function of
local recombination frequency is a measure for the time since the last common ancestor
(Palamara et al. 2012, Ralph et al. 2013, Henn et al. 2012) and signatures of introgression
are revealed by coalescence times of haplotypes that are shorter than expected (Staubach et
al. 2012). Current high-throughput genotyping and sequencing techniques enable such
investigations on a whole-genome scale, providing information on how long ago the
reticulation took place. Genomes have been studied in detail to elucidate population history
for only a handful of species, e.g. Human (Harris and Nielsen 2013), polar bears (Miller,
Schuster et al. 2012) and pigs (Groenen et al 2012). However, the effects of admixture in
terms of nucleotide diversity on the genome but also on inferences of demographic
parameters like past effective population size (Ne) are largely unknown.

Ever since Darwin, domesticated populations have served as important model organisms for
evolutionary and population genetic questions (Megens and Groenen 2012). Sus scrofa —
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domesticated pigs and wild boars - is an excellent model species to examine the evolution of
genome-wide patterns of haplotype sharing because of its complex but generally well
documented demographic history, multiple domestication events and recent admixture
between Asian and European breeds. The Eurasian wild boar has its origin in Southeast Asia
where it diverged ~3-6 Mya from a clade that gave rise to several other species in the genus
Susthat are mostly confined to Islands South East Asia (Frantz et al. 2013, Meijaard et al.
2011). Sus scrofa spread throughout the entire Eurasian mainland ~1.2 Mya and an Eastern
and Western clade diverged soon after colonization of the West during the cold Calabrian
period, in which especially the European population experienced severe bottlenecks (Fang &
Andersson 2006, Fang et al. 2006, Alves et al. 2010, Groenen et al. 2012). Domestication of
wild boars occurred independently in Europe and Asia, as early as 10,000 years ago and
subsequent intensification of the pig breeding industry has led to a variety of breeds (Ottoni
et al. 2012, Larson et al. 2005, Kijas et al. 2001, Megens et al. 2008, Groenen et al. 2012).
Hybridization between wild and domesticated Sus scrofa occurs sporadically nowadays
(Giuffra et al. 2000, Goedbloed et al. 2013), but is likely to have been common until pigs
were kept in sties (e.g. Larson et al., 2007; Herrero et al., 2013). Around the late 18t early
19t century, pigs were imported from Asia to improve local European pigs for key traits
such as fertility, growth and fatness.

As a consequence of this hybridization, two very divergent populations, that were separated
around 1.2 million years ago, have artificially become merged again. Each of these
populations from the Eastern and Western regions of the Eurasian landmass had their own
demographic history, with the European wild boar in particular being very much less
variable compared to the East Asian wild boars (Groenen et al. 2012, Bosse et al 2012), due
to founder effects during migration throughout Eurasia and the sequential marginalization in
refugia during glaciations. It is historically well documented that pigs from the UK in
particular were improved by hybridization with Asian pigs in the 18t, 19t century, and
subsequently, due to superior production traits, became founders of a number of the modern
commercial pig breeds such as the Large White breed (LW, formally established as a breed
in 1868). Therefore, the LW breed serves as an excellent model for studying divergence and
subsequent hybridization between populations, since it originated from two highly distinct
source populations, that have even been called subspecies (a.0. Groves 2008, Genov 1999),
and the hybridization events have been well documented.

The aim of our study is to investigate the consequences of hybridization on genome-wide
variation and on disentangling demographic parameters. On a genome-wide segment-by-
segment basis we elucidate the origin of the haplotypes in LW pigs, investigating whether
they have a Western Eurasian origin or an Eastern Eurasian origin. By this we aim to
investigate patterns of introgression and to unravel genomic consequences of isolation and
outbreeding. Because the time of divergence between Eastern and Western Sus scrofa has
been estimated to be around ~1.2Mya (Frantz et al. 2013, Groenen et al. 2012), Asian wild
haplotypes in European commercial pigs are expected to be shorter and less abundant than
European wild haplotypes. Since the European population suffered a severe bottleneck,
genomic regions for which pigs have one haplotype of Western origin and one of Eastern
origin, are likely to show a higher degree of nucleotide diversity than regions for which pigs
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have two haplotypes that both are of European origin. For comparison purposes, we also
investigated the haplotype patterns in an Asian breed, Meishan (MS), as a representative of
East Asian pigs. Not only do these pigs represent a domestication event independent from
the Western Eurasian pigs, they also represent the demographic history of the East Asian
wild boars (up until domestication). Because introgression of Asian haplotypes into
European pigs has occurred fairly recently (White et al. 2011, Merks et al. 2012), it is
expected that haplotypes shared by European and Asian pigs are longer compared to
haplotypes shared by common ancestry in the Western pigs and Asian wild boar. Finally we
investigate the effect of the composite nature of the LW genome on demographic inferences
like Ne. This analysis of haplotype patterns in pigs provides a detailed insight into the
genomic distribution of variation after recent hybridization.

Materials and Methods

The genomes of 70 domesticated pigs and wild boars were re-sequenced for this study
(Table 1S). These individuals originate from Asia and Europe and form four different
functional and geographical groups; Asian wild boars (ASWB), Asian domesticated pigs
(ASDom), European wild boars (EUWB) and European domesticated pigs (EUDom). We
sequenced two wild boars from Sumatra as outgroup (Groenen et al., 2012). The other Asian
wild individuals come from North China (3), South China (4) and Japan (1). The 18
European wild boars originate from the Netherlands, France, Switzerland, Greece and Italy.
We sequenced 13 Asian domesticated pigs from the MS, Jianquhai and Xiang breeds and 29
European domesticated pigs from the Duroc, Hampshire, Pietrain, Landrace and LW breeds.

Sampling and preparation

DNA was extracted from whole blood samples from all 70 individuals using the QlAamp
DNA blood spin kit (Qiagen Sciences). Quality and quantity of DNA extraction was
checked on the Qubit 2.0 fluorometer (Invitrogen). 1-3 ug of genomic DNA was used for the
construction of the sequencing library (insert size range 300-500 bp), according to the
Illumina library preparation protocol (Illumina Inc.). All samples were 100 bp paired-end
sequenced on 1-3 ug of genomic DNA on Illumina HiSeq sequencing systems to a targeted
~10x depth of coverage. Details on all used samples can be found in Table S1.

Alignment and variant calling

Reads were quality trimmed to a phred quality >20 for both mates over 3 consecutive bases,
and read length were >44 bp after trimming for each mate. Trimmed reads were aligned with
the unique alignment option of Mosaik aligner (V. 1.1.0017) to the porcine reference
genome build 10.2. SNPs were called for each sample individually with Samtools mpileup
0.1.12a (Li et al. 2009), with the alternative base covered at least 2 times. We filtered the
SNPs with VCFtools for a read-depth between 7x and twice the average depth, and
discarded SNP sites with a genotype quality<20. We constructed a genotype matrix for all
70 individuals, for those sites that were heterozygous or non-reference in at least 1
individual. We included only sites that were covered >=4x in all the individuals to reduce
biases, resulting in a total of 2,377,607 autosomal markers.
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IBD detection

We phased all 70 individuals for each chromosome separately, based on the 2,377,607
markers, with Beagle fastPhase (V. 3.3.2). IBD detection between individuals was executed
with Beagle fastIBD for each chromosome, as described in Browning and Browning (2011).
We ran 10 independent cycles of phasing and pairwise IBD detection, and merged the
identified IBD tracts based on the Beagle probability scores, as suggested (Browning and
Browning, 2011). Since fastIBD was originally designed for human data, we tested different
thresholds for IBD detection to examine which threshold fits our pig data best. We
empirically determined that the relative IBD size and number of recorded IBD tracts
remained stable with different thresholds, although absolute numbers varied. Our aim was to
identify haplotypes that are IBS or IBD, and reflect demographic history over a relatively
large time frame. Asian haplotypes are expected to be more diverse and fragmented, and
therefore comparatively small in size. Because a higher threshold will enable us to identify
Asian wild haplotypes within the genome of the LW pigs, we decided on a threshold of
5.076. This is higher than that used in the original paper (Browning and Browning 2011), but
this threshold fits our data best.

Haplotype classification

The purpose of the haplotype classification is to be able to infer the geographic origin of the
haplotypes that are present in the LW and MS pigs. Shared haplotype tracts were recorded
for all pairwise comparisons between the individuals in our matrix. Then, only those
haplotypes were extracted from this dataset that were shared between any individual and an
individual belonging to either the MS or the LW breed. The haplotypes shared with a MS
were grouped into one of three classes, i.e. haplotypes shared between MS and either a)
European wild boars, b) European domestics and ¢) Asian wild boars. The haplotypes shared
with a LW pig were also grouped into one of three classes, i.e. haplotypes shared between
LW and either a) European wild boars, b) Asian domestics and c) Asian wild boars (figure
1). In total there are four reference groups of pigs, but the MS and LW pigs were only
compared to three groups because they were not compared to the same group as they belong
to themselves. With this setup, we have a total of 6 group comparisons and 351 unique
pairwise comparisons between individuals. The rationale of the pairwise comparisons is
further described in figure S1. The group of Asian breeds included 3 individuals of the MS
group, and the group of European breeds included 3 individuals of the LW group. Only six
individuals were used from the EUDom group, even though a larger number has been used
for the phasing step, to keep number of animals in all four reference groups similar. Because
the analysis is based on pairwise comparisons, any individual may share a haplotype with
multiple individuals from different pig groups. The average length and number of shared
haplotype tracts between the LW or MS pigs and the members of the four pig groups were
computed and significant levels were calculated with a two-sample Kolmogorov-Smirnov
test in R version 2.13.1. Recombination frequency was obtained from Tortereau et al. (2012)
and correlation with IBD length was calculated with a Pearson’s product-moment
correlation test in R.
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Nucleotide variation

Fst analysis

To estimate nucleotide diversity within the individuals on a genome-wide scale, the genome
was divided into bins of 10,000 bp and within each bin SNPs were called according to the
criteria mentioned above. Nucleotide diversity was calculated as SNPs per called base in the
bin (read-depth of 7x to 2 times the average coverage). To compute the nucleotide diversity
in the LW or MS pigs within regions that are IBD with the 4 different pig groups, the IBD
tracts that were recorded during the IBD detection were likewise divided into bins of 10,000
bp. Nucleotide diversity within the LW and MS individuals was extracted for these bins as
described above. Significance levels were calculated with a two-sample Kolmogorov-
Smirnov test in R. We also computed the average nucleotide diversity for entire IBD tracts
(without dividing the tracts into bins). The correlation of the nucleotide diversity and length
of IBD tracts was calculated with Pearson’s product-moment correlation test in R.

We calculated pairwise F as defined by Weir and Cockerham (1984) in bins of 10,000 bp
over the full genome with Genepop 4.2 (Rousset 2008), based on the 2,377,607 SNPs. The
pairwise Fg between the LW and two wild boar groups (EUWB and ASWB) as well as
pairwise Fg between the MS and the two wild boar groups (ASWB and EUWB) was
computed.

Phylogenetic analysis

A phylogenetic tree was constructed for all the 42 re-sequenced individuals that were used
in the pairwise comparisons (figure 1, figure S1) with the Sumatran Sus scrofa INDO22 as
an outgroup. A distance matrix was constructed in PLINK (Purcell et al 2007) for all
2,377,607 genotypes spanning the full genome and a neighbor-joining tree was created in
Phylip (Felsenstein 2005). The tree was depicted in FIGTREE (http://tree.bio.ed.ac.uk/
software/figtree/).

Admixture analysis

For the admixture analysis, the outgroup individuals from Sumatra were removed, and all bi-
allelic sites in the matrix were LD-pruned with the PLINK option -indep with a window size
of 50, steps of 5 SNPs and a variance inflation factor of 1.5 and the remaining SNPs were
filtered for MAF<0.05. Then an Admixture (Alexandre et al 2009) analysis, which uses the
same statistical model as STRUCTURE (Pritchard, Stephens and Donnelly, 2000), was
computed for the remaining 68 individuals with K between 2 and 5.

PSMC analysis

The consensus sequence for one LW (LW22F07), one MS (MS20U10) and one European
wild boar (WB25U11) was constructed using samtools mpileup and vcftools (Li et al. 2009).
To estimate past effective population sizes, we performed a Pairwise Sequential Marcovian
Coalescent (PSMC) analysis (Li and Durbin 2011) on these consensus sequences.
Generation time was set at 5 years and mutation rate at u=2.5*1078 as used in previous
analyses (Groenen et al., 2012, Bosse et al., 2012 and Frantz et al., 2013). The PSMC
analysis was also performed for all three individuals on only those regions of the genome in
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which the LW contains at least one haplotype shared with ASDom. The same analysis was
done for those regions where the LW did not contain an Asian haplotype, but did have a
shared haplotype with an European wild boar. These genomic fragments were filtered for
regions that contained only a EUWB signal for at least 100 kbp in length, because we expect
these calls to be more reliable. Smaller IBD fragments are more difficult to detect and
therefore these are more prone to false positives and negatives of Asain heritage, which in
turn may influence the effective population size estimates.

The Asian and European Sus scrofa in our dataset formed two distinct clades (figure 1). Our
two focal populations, the European Large Whites (LW) and the Asian Meishans (MS), both
represent the domesticated form on their continent. We show however that the LW
contained a proportion of Asian haplotypes in their genome, indicative of the recent
admixture probably stemming from the late 18, early 19™ century (figure 2). Although the
Admixture analysis with K=4 had the highest likelihood (figure S2), the analysis with K=2
assigned the Asian or European heritage of the alleles (figure 2). The genetic differentiation
between the LW and MS populations, measured as Wrights fixation index (Fg, Weir and
Cockerham 1984), is 0.383(+/- 0.217). F4 between LW and ASWB is higher than the Fg
between LW and the EUWB (p<0.001, figure 2). By contrast, the Fg between the MS and
ASWB is lower than between MS and EUWB. The overall F4 between LW and the ASWB
is lower than F4 between the MS and EUWB, which corroborates the Asian introgression.
This phenomenon is the initial concept behind our further analyses.

IBD haplotype occurrence

We extracted shared haplotype tracts between LW or MS pigs and pigs originating from the
four wild and domesticated pig groups from Asia and Europe. An example of the
distribution of IBD haplotypes in the genome of one LW pig is shown in figure S3. This
example clearly shows a large proportion of Asian-derived haplotypes in the genome of the
LW, sometimes in homozygous state, sometimes occurring together with a European
haplotype. The length and number of shared haplotypes shows a distinct pattern for each of
the pairwise comparisons as described in figure 1. Size and number of all shared haplotype
groups differ significantly (p<0.001 for all; figure 3); the LW share more and longer
haplotypes with the European wild boars than with both Asian Sus scrofa groups (p<0.001
for both). Likewise, the MS share more and longer haplotypes with the Asian pigs than with
the European domestics and wild boars (p<0.001 for both), in agreement with their
independent domestication history. The average size of LW haplotypes that were found to
be IBD with the Asian domesticated pigs is significantly larger than the haplotypes shared
with the Asian wild boars (p<0.01). In addition, the MS-LW haplotypes are, on average,
longer than the MS-EUWB haplotypes. Haplotypes that are shared between LW and EUWB
are longer than haplotypes shared between MS and ASWB, but the number of the relatively
smaller MS-ASWB haplotypes is higher in the MS genome than the number of LW-EUWB
haplotypes in the genome of the LW. The occurrence of all IBD haplotypes in the genome of
LW pigs is not randomly distributed. For all three groups of IBD haplotypes in the LW, we
found a negative correlation between length of the IBD haplotype and recombination
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frequency (r=—0.3 +/- 0.12, p<0.001, Pearson’s product-moment correlation, example in
figure 4).

We compared the distribution of shared haplotypes with ASDom over the full genome for
all 9 LW pigs. On a population wide scale most parts of the genome contain at least one
Asian haplotype (Figure S4), but some parts of the genome contain no Asian haplotype and
others are relatively high in Asian haplotype frequency. The regions in the genome without
Asian haplotypes are longer in the middle of the chromosomes, which is in line with the
observed correlation of haplotype length and recombination frequency.

Nucleotide diversity

We define nucleotide diversity in this paper as the proportion of SNPs between the two
haplotypes of an individual in a particular region of the genome, relative to all the sites
called in that region. The nucleotide diversity within the genome of an individual was
computed for all LW and MS pigs. Average nucleotide diversity was higher within the
genomes of the MS pigs than within the LW pigs (p<0.001). The geographic origin of the
haplotypes influenced the local nucleotide diversity in the genome. Figure 5A shows an
overview of the nucleotide diversity within one LW pig, over the full length of chromosome
1. Relatively recent consanguineous matings are reflected as Regions of Homozygosity
(ROH) on this chromosome. The diversity between two haplotypes on chromosome 1 for
this pig was significantly higher when at least one haplotype was shared with an Asian pig
or Asian wild boar (p<0.001, figure 5A-E). The same pattern was observed when we
extrapolated this to a genome-wide scale for all LW pigs (p<0.001, figure S5A). Those
genomic regions in the LW that share at least one haplotype with an European wild boar are
relatively less diverse than the regions that share at least one haplotype with the European
domesticated pigs (p<0.001), but note that these regions are not mutually exclusive. All
distributions of genome-wide nucleotide diversity contain multiple peaks at low nucleotide
diversity, showing the presence of homozygosity in the genome, regardless the origin of the
present haplotypes (figure S5A-B). A negative correlation can be observed between length
of the IBD fragment and nucleotide diversity in the fragment (r=-0.26, p<0.0001, figure
S5B). The strongest correlation was found for LW-EUWB haplotypes (r=-0.35).

The past effective population size was estimated for the full genome of one LW pig, one
French wild boar and one MS (figure 6). Although the LW breed is known to be
domesticated from the European wild population, its past effective population size is
estimated to be larger than that of the French wild boar (figure 6A,B). When the same
analysis is done for regions where the genome of this LW pig has a European haplotype
(and no Asian), the population size for the LW is lower than for regions where the LW has
an Asian haplotype (figure 6A). However, the French wild boar and the MS have the same
estimated population size when estimated for these regions as compared to their full genome
(figure 6B,C), which suggests there is no effect on the estimate of Ng due to the regions in
the genome that these haplotypes were extracted from.
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Discussion

IBD haplotype occurrence

Multiple studies have shown that domestication of pigs took place at least twice, and
independently, in Western and Eastern Eurasia (Larson et al. 2005, Kijas et al. 2001). In
both cases, it was the local wild boar that was domesticated, and subsequent hybridizations
with local wild boar populations as agricultural practices spread have been documented from
ancient DNA studies (e.g. Larsen et al., 2007; Larsen et al., 2010). Pigs, therefore, represent
a subset of the natural variation present in the east and west of the natural range of the wild
boar that encompasses the Eurasian supercontinent. The LW breed used in this study serves
as a model in which these diverged populations have been reunited. Incidentally, an ideal
model for ancestral European pigs is not available, as it is presumed that even most of the
traditional heritage breeds in Europe may have been influenced by Asian pigs over the past
two centuries albeit probably indirectly through improving pigs using popular commercial
stock. Intriguingly, the European wild boar, despite representing the non-domesticated form,
may therefore be the best model for the “original”, pre-18™ century European pigs alive
today.

The Asian breed for which we were able to obtain the largest number of sequenced
individuals was the MS. MS pigs, as far as is known, have never been crossed with
European pigs, and therefore serve as a good model for the imported Asian pigs. The Fg
between MS and European Sus scrofa is higher than between MS and ASWB, confirming
two independent domestication centers. Incidental exchange of genetic material between
European and Chinese pigs has been suggested to happen as early as during Roman times
(Porter 1993). However, during the intensification of Northern European agriculture in the
eighteenth century, pig breeding expanded from forested areas to more urban environments,
resulting in a changing selection pressure on multiple traits. Since in particular the European
breeds that were crossed with Asian breeds seemed to perform best in this relatively new
environment, there was an extensive period of genetic exchange between multiple European
breeds in the early nineteenth century (White 2011). It was during this time of experimental
crossing and breeding that the first modern pig breeds with mixed English and Asian origin
emerged. Therefore it is not surprising that the proportion of Asian material that we
identified in these breeds is roughly similar. The genetic signature of introgression from
Asian into European pigs was first discovered using mtDNA sequence data (Giuffra et al.,
2000), and many pig populations, particularly certain commercial breeds derived from
British breeds such as LW, were found to contain large proportions (>>50%) of Asian-
derived mitochondrial haplotypes. Interestingly, Asian Y-chromosome haplotypes appear to
be very rare in European pigs, which suggests that the introgression was predominantly
female-driven (Ramirez et al, 2009). our Fg analysis shows a greater divergence between
LW and Asian individuals than between LW and EUWB, confirming that indeed there is an
asymmetry in the hybridization event. The Asian component is less than half, which is
consistent with earlier findings based on full genome data that suggested that the Asian
fraction in European modern pigs can be up to 35% (Groenen et al., 2012), and
mitochondrial studies that estimate the average proportion of Asian mitochondrial (mt)
haplotypes in European breeds at ~29% (Fang and Andersson 2006). However, the
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proportion of Asian mt haplotypes can vary considerably between breeds with Duroc and
Hampshire containing less Asian mt material than Large White. In this study we show that
the average Asian component in the autosomes is very similar in individuals belonging to
different European breeds, suggesting that autosomal and mtDNA tell different stories
regarding the introgression history as has been proposed previously (Ramirez et al 2009).
Our Admixture analysis confirms the global introgression of Asian material into European
breeds, although the estimated fraction is somewhat lower (~20%). The introgression of
Asian domesticated breeds into European breeds may have reduced the genetic
differentiation (Fg) between the LW and ASWB compared to the MS and EUWB.

If no hybridization had taken place since the original split of European and Asian Sus scrofa,
one would expect that the shared haplotypes between all European and Asian Sus scrofa are
similar in size and abundance, regardless of the domestication status of the individuals. The
fact that haplotypes shared between LW and ASDom are, on average, larger than haplotypes
shared between LW and ASWAB, is an indication that indeed Asian domesticated haplotypes
have been introgressed at a later stage. These differences in length in particular indicate a
more recent common ancestor between these haplotypes, since haplotypes are broken up in
time due to recombination. There is, however, a proportion of LW-ASDom haplotypes that
have lengths overlapping the length distribution of the LW-ASWB haplotypes. These
haplotypes may represent the original split between European and Asian wild boars, i.e.
incomplete lineage sorting between Eastern and Western Sus scrofa. More IBD tracts are
found between MS and ASWB than between LW and EUWB and haplotypes shared
between EUWB and LW are, on average, longer. The difference in length between MS-
ASWB haplotypes and LW-EUWB haplotypes can be a signal of smaller effective
population size in the EUWB and the LW (i.e all European Sus scrofa), resulting in a
smaller haplotype diversity in European wild boars, compared to Asian Sus scrofa.

Nucleotide diversity

Because the effective population size in Asia was larger and the latest glacial bottlenecks
was not as severe in Asia compared to Europe, on average, two Asian haplotypes drawn
from a population are thought to be more divergent than two European haplotypes (Groenen
et al. 2012). Secondly, the relative old divergence (~1.2 Mya) between Asian and European
Sus scrofa, is expected to result in more variation between haplotypes of Asian and
European origin than any two European haplotypes. Therefore, those parts in the genome of
LW pigs where an Asian haplotype has been detected were expected to be more diverged, as
was corroborated in this study. It has been shown previously that European domesticated
pigs contain more variation than European wild boars (Groenen et al. 2012). The higher
nucleotide diversity in the regions that contain an Asian haplotype in the LW pigs compared
to regions that contain two European haplotypes, suggests that the higher diversity is due to
hybridization with Asian individuals, rather than a post-domestication bottleneck in the
European wild boar population. Both breeds show some regions of low variation, probably
due to recent inbreeding resulting in ROH formation. ROHs tend to be longer and more
abundant at the center of the chromosomes, chiefly following the distribution of
recombination frequency (Bosse et al. 2012). In our IBD analysis we show that length of
shared haplotypes follows the same pattern and correlates negatively with recombination
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frequency. The negative correlation between length of the IBD fragment and nucleotide
diversity in the fragment might also be influenced by the recombination frequency, since
higher nucleotide diversity tends to be found in regions of high recombination (Bosse et al
2012). Less recombination results in longer haplotypes, and in many species there is a
positive correlation between recombination rate and nucleotide diversity [ i.a. Begun and
Aguadro 1992, Fang et al 2008, Lercher and Hurst 2002], which may explain the negative
correlation in pigs as well. Another explanation for this observation can be that long IBD
fragments are an indication of (recent) selection for a particular haplotype, resulting more
often in homozygosity, regardless the background of the haplotype. Figure S4 shows that
some regions in the genome of the LW pigs are enriched in Asian haplotypes, while other
parts do not contain any Asian material at all. Such variation of Asian haplotypes may also
hint towards selection, which can be expected in a hybrid population that carries very
divergent haplotypes. After introgression, Asian haplotypes may either have had a neutral
effect, could have been beneficial or have had a negative effect. This study focuses on the
consequences for nucleotide diversity in the genome and inference of demographic history
under a neutral introgression scenario, which is observed in the majority of the genome
resulting in the general patterns that are described. However, introgression mapping could
also be used to screen for regions with an excess of heterozygosity within individuals with
introgressed and non-introgressed haplotypes, in order to detect regions under balancing
selection, as has been shown for the major histocompatibility complex [Charbonnel and
Pemberton 2005, Castric et al 2008, Abi-Rached et al 2011]. Also regions with a lack of
introgressed haplotypes or with more introgressed haplotypes than expected could answer
interesting questions about selection in the focal population after introgression, as has been
shown for i.a. mouse [Song et al 2011], and human [Jeong et al 2014]. Our results clearly
show that the genomes of LW and MS pigs are a mosaic of haplotypes, representing a
variety of demographic and selection events.

We have shown that the genomes of LW pigs have a composite origin in which European
and Asian haplotypes are combined. This phenomenon has important implications for
demographic analyses on these genomes, since a single individual essentially represents
multiple, distinct, demographies. By running a Pairwise Sequential Marcovian Coalescent
analysis (PSMC, Li and Durbin 2011) on different fragments of the genome of one LW pig,
we showed that it is possible to disentangle these separate demographies if the origin of the
haplotypes can be properly assigned. If no introgressed haplotypes are included in this
inference, the effective population size indeed resembles that of the source of domestication
(the European wild boar). The effective population size is however greatly overestimated if
one of the two haplotypes originated from an Asian pig. The effective population size of the
LW resembles that of the MS in those genomic regions where European and Asian
haplotypes are combined in the LW and used for the PSMC analysis. Since the European
wild boars are descendants from Asian wild boar, the majority of genetic variation that is
present in the European wild boar population has its origin in Asia. Therefore, one European
and one Asian haplotype could indeed approximate the Ng estimates for two Asian
haplotypes, as is found in the MS. Newly arrisen mutations in the European and Asian
clades after the original split will probably have resulted in a slightly higher Ng estimate
when an Asian and European haplotype are combined, as we see in the LW, than when the
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Ne is based on two Asian haplotypes. These findings highlight the importance of knowledge
on the background of samples when these types of analyses are used to infer the
demographic history of a population.

A combination of recombination, genetic drift, selection and introgression has resulted in a
complex distribution of haplotypes in the two breeds. Knowing the genomic footprints of
admixture can be used in commercial breeding and conservation management to increase the
variation within populations. Introducing new haplotypes from one inbred population to
another, highly divergent but also inbred population, may result in a strong increase in
variation within the genomes of hybrid individuals. Detailed mapping of the genomic
distribution of variation enables a targeted approach to increase genetic diversity of captive
and wild populations, by selecting individuals that contain particular desired haplotypes in
breeding programs. However, the identification of introgressed haplotypes may also be used
in breeding efforts that intend to “purify” a particular breed or population. The integrity of a
population can be very important for branding of particular regional products for example
(e.g. Herrero et al., 2012, 2013), but also for species conservation (e.g. Frantz, 2013). When
the contribution of introgressed haplotypes to future generations can be actively managed,
this approach may facilitate conservation and breeding efforts in the near future.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Experimental setup for the IBD detection

Arrows indicate all the pairwise comparisons between groups that are used for the IBD
detection. Individuals from two breeds (LW: Large white and MS: Meishan) are used for all
comparisons with four geographical and functional groups: European wild boars (EUWB),
European domesticated pigs (EUDom), Asian wild boars (ASWB) and Asian domesticated
pigs (ASDom). All individuals in the phylogenetic tree are used for the pairwise IBD
detections. Three individuals from the LW and MS group (indicated with*) are also used for
the representation of the EUDom and ASDom group, respectively, which means that they
are used for IBD detection in both groups. Total numbers of IBD detection between 2
individuals for the 6 pairwise comparisons are: 1-72; 2-72; 3-54; 4-72; 5-54; 6-72 (see also
figure S1).
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Figure 2. Genomic structure and Fg of the four main pig groups used for analysis
2A. The percentage of Asian (red) and European (blue) genetic material is displayed on the

y-axis, and each individual is displayed on the x-axis. We examined the genetic structure of
all individuals when we force two populations (K=2) for four groups: Asian wild boars
(ASWB), an Asian domesticated breeds (including MS), European wild boars (EUWB) and
the European domesticated breeds (including LW). Asian wild boars are the most diverse
group in terms of both within-individual and between-individual variation. 2B. Distribution
of F between MS and EUWB (blue) and MS and ASWB (red). F4 was calculated for each
bin of 10,000 bp over the full genome. 2C. Distribution of Fg between LW and EUWB
(blue) and LW and ASWB (red).
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Figure 3. Size and number of Pairwise IBD tracts
The average size of an IBD haplotype is plotted against the number of pairwise IBD

haplotypes for each pairwise comparison between individuals. Coloration is based on five
different groups of pairwise comparisons: The LW individuals compared with ASWB (red)
and EUWB (light green); the MS individuals compared with ASWB (brown), and EUWB
(dark green); and both domesticated groups compared with each other (LW-MS, in blue).
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Figure 4. Recombination frequency and aver age length of IBD haplotypes over chromosome 1
Example of the distribution of recombination frequency and the average length of IBD

haplotypes over the full length of chromosome 1 in bins of 1Mb. 3A. Recombination
frequency per bin of 1Mb (Tortereau et al. 2012), the x-axis displays location on
chromosome 1. 3B. Length of IBD fragments in LW shared with EUWB(green), ASDom
(blue) and ASWB (red) over chromosomel. 3C. Correlation between log-transformed
recombination frequency (x-axis) and log-transformed haplotype length (y-axis) over all
autosomes for haplotypes in LW shared with EUWB(green), ASDom (blue) and ASWB
(red).
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Figure 5. Example of nucleotide diversity and shared haplotypesfor a LW pig over chromosome
1

5A. The nucleotide diversity between two haplotypes per bin of 10Kbp is plotted against the
physical position of the bin on chromosome 1. Regions in the genome in bins of 10Kbp
where one of the two haplotypes is IBD with EUWB (green), ASDom (orange) or ASWB
(red) are indicated in bars beneath the original plot. 5B. Histogram of nucleotide diversity
between the two haplotypes in this individual in bins of 10Kbp. 5C-E. Histogram of
nucleotide diversity between the two haplotypes in this individual in bins of 10Kbp, where
at least one of the two haplotypes is IBD with EUWB (green, 5C), ASDom (orange, 5D) or
ASWSB (red, 5E).
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Figure 6. Estimates of past effective population size based on parts of the genome with different
demographic history for three pigs

Red lines indicate the effective population size when a pairwise sequential marcovian
coalescent analysis is run on the consensus sequence for the full genome. Green lines are
estimates for N based on only those segments in the genome where the LW pig contains an
Asian haplotype, and blue lines indicate the Ng when the PSMC is run on only those
segments where the LW contains an European wild haplotype and no Asian haplotype.
These regions are filtered for a length of at least 100 kb and therefore we consider only the
left side of the dotted black line to be accurate Ng estimates. 6A. Ng estimated for the LW
individual LW22F07. 6B. Ng estimated for the French wild boar WB25U11. 6C. Ng
estimated for the MS pig MS20U10.
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