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Genome data from a sixteenth century pig illuminate

modern breed relationships

O Ramirez!”’, W Burgos—Pazz’3’7, E Casas?, M Ballester>3, E Bianco®3, I Olalde!, G Santpere!,
V Novella?, M Gut®, C Lalueza-Fox!, M Safna* and M Pérez-Enciso>>°

Ancient DNA (aDNA) provides direct evidence of historical events that have modeled the genome of modern individuals. In
livestock, resolving the differences between the effects of initial domestication and of subsequent modern breeding is not
straight forward without aDNA data. Here, we have obtained shotgun genome sequence data from a sixteenth century pig from
Northeastern Spain (Montsoriu castle), the ancient pig was obtained from an extremely well-preserved and diverse assemblage.
In addition, we provide the sequence of three new modern genomes from an lberian pig, Spanish wild boar and a Guatemalan
Creole pig. Comparison with both mitochondrial and autosomal genome data shows that the ancient pig is closely related to
extant Iberian pigs and to European wild boar. Although the ancient sample was clearly domestic, admixture with wild boar also
occurred, according to the D-statistics. The close relationship between Iberian, European wild boar and the ancient pig confirms
that Asian introgression in modern Iberian pigs has not existed or has been negligible. In contrast, the Guatemalan Creole pig
clusters apart from the Iberian pig genome, likely due to introgression from international breeds.

Heredity (2015) 114, 175-184; doi:10.1038/hdy.2014.81; published online 10 September 2014

INTRODUCTION
Ancient DNA (aDNA) is a powerful tool to unravel the complex
history of domestic species (Larson et al., 2007; Krause-Kyora et al.,
2013; Ottoni et al., 2013; Thalmann et al., 2013). Most aDNA studies
in livestock have focused on very early events, such as domestication,
and have provided very limited evidence based primarily on a single
locus-like mitochondrial DNA (mtDNA). Although mtDNA is useful
for phylogeographic analyses due to its high substitution rate, using a
single locus that only reflects the matrilineal history does not help in
resolving the complete demographical or selective history of a
population. Artificial selection, via the processes of breeding, has
dramatically sculpted livestock genome diversity in a very short time
frame. The history of livestock breeds comprises vivid examples of
accelerated evolution. The largest selection intensities for livestock
have been exerted only since the last century, whereas domestication
was a process that preceded such events by many more centuries.
Disentangling the effects of domestication from those of modern
breeding on the genome by simply comparing wild and domestic
specimens (say wild boar vs pig) is difficult because domestics carry
signatures of modern breeding and selection. To that end, the
sequencing of ancient domestic genomes predating the advent of
breeds and modern artificial selection era is unavoidable.
Fortunately, paleopopulation genetics has become feasible with the
advent of new sequencing technologies (Wall and Slatkin, 2012). In
the case of pigs, our knowledge of ancient genomes is currently

limited to short mtDNA sequences (Larson et al., 2007; Meiri et al.,
2013) and a fragment of the MCIR gene (Krause-Kyora et al., 2013),
which is involved in coat color determination. Despite this limited
evidence, the history of the pig is unfolding to be much more
complex than anticipated. Although the domestication of the pig in
the Near East at least by 8500 BC is well documented (Conolly et al.,
2011), recent investigations have shown that early domestic pigs in
Europe carried a distinctive NE mitochondrial lineage, which was
gradually replaced by a local European wild boar signature (Larson
et al., 2007; Manunza et al., 2013; Ottoni et al., 2013). Pig meat was a
key component in the neolithic diet and it was kept continuously
throughout prehistory, with different management strategies. It was
during Roman times when pig farming, throughout the whole of
Western Europe, underwent one of the most significant transitions.
Several ancient texts on stock-breeding published by Latin authors
(Cato, Varro, Columella and Palladius) advised on the practise of
selective breeding as a way to contribute to increasing the productivity
of the species (MacKinnon, 2004).

During the late medieval and early modern era, another key
turning point in pig breeding occurred. Archeo-zoological analyses
of faunal assemblages dated to this time highlight important changes
in the health and size of domestic pigs. These changes are thought to
be the product of new farming strategies and selection criteria
(Albarella, 1997; Thomas, 2005; Albarella et al., 2009). In this sense,
one of the aspects that has most often been emphasized is a change
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from a system of extensive farming to rearing in confinement
(Ervynck et al, 2007), allowing for a more intensive control of the
animals and their nutrition (Thomas et al., 2013). This system would
have directly influenced the speed of the development after birth
(Albarella, 1997). At the same time, keeping the animals permanently
in stables isolated the domestic population from wild animals, thus
decreasing the possibilities of hybridization and gene flow between
populations (Albarella et al., 2009).

The sixteenth century was an important milestone for pig history.
In addition to changes in breeding practices mentioned, it predates
the introgression of Asian germplasm that occurred from the
seventeenth century onwards, when porcine colonization of the
Americas was beginning in earnest, and three centuries before the
creation of modern breeds and of ensuing intense selection for growth
and leanness that continues today. Therefore, pigs from this period
would represent the original European genome and can serve as a
yardstick against which to compare selective and introgression events
that were to happen later in time. It is also of particular interest to
ascertain whether extant modern Iberian pigs are representative of
past porcine populations, because these local mediterranean pigs are
thought not to be introgressed with Chinese pigs (Alves et al., 2003).
This will be of utmost importance to identify the Asian footprints in
European pigs and its relationship with selective events. Also of
historical interest is to characterize the genetic legacy of the ancient
pig in modern American Creole (village) pigs. Although Creole pigs
have been thought to be direct descendants of sixteenth century
Iberian pigs, its actual history is seemingly much more complex
(Burgos-Paz et al., 2013).

To understand better these issues, we present here the partial
genome sequence of a sixteenth century pig from the Montsoriu castle
in North East Spain (province of Girona). Montsoriu castle is, at
present, one of the most representative examples of social and
economic organization in medieval and early modern times (tenth—
sixteenth centuries). The continuous and large archeological sequence
allows for the dynamics and changes in livestock husbandry from the
tenth to the sixteenth century to be traced back. This is one of the few
examples where it is possible to assess the evolution of pig breeding
practices and their impact on the species (Font et al, 2010). Pig
remains could therefore be representative of the general improve-
ments in agronomic techniques and the application of new selective
pressures during late middle ages (Ervynck et al., 2007).

In addition to the ancient pig, we also sequenced three new
genomes pertaining to a wild boar from the same Spanish region, an
Iberian pig from the highly inbred strain Guadyerbas (Toro et al,
2008) and an American Creole pig from Guatemala. These modern
samples provide evidence on important historical and genetic events
like domestication, admixture and the relationship with Creole pigs.

MATERIALS AND METHODS

Archeological sampling and context

Montsoriu castle is located in the province of Girona, in the North East of the
Iberian Peninsula (41°46'58"N, 2°32/30"'E, at 630 m.a.s.l). During the 2007
season, an abandoned cistern was excavated. It corresponds to the last stable
occupation phase at the castle, and it yielded an extremely well-preserved
assemblage (UE 10955). This sample results from a specific action carried out
in a very short time, a fact that ensures its integrity in chronological, analytical
and explanatory terms. Taphonomic analyses demonstrate that the bones
buried quickly, which inhibited deterioration. The integration of archeological
and historical (coinage date of associated coins; pottery production date,
morphology, decoration) sources evidence that the assemblage recovered was
produced mainly between 1520 and 1550, and deposited at the latest in 1570.
This assemblage is a unique, very varied and complete finding, and provides a
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full panorama of daily life in a castle in Renaissance time (Font et al., 2007,
2008, 2010).

A total of 1729 pig remains were retrieved from UE10955. The slaughtering
patterns reveal that the specimens, mostly males, were systematically consumed
toward the end of their growth stage (88%), mainly between 12 and 18 months
of age (40%). Some adult females are also present and these would have been
slaughtered at the end of their breeding life. Interestingly, osteometric analyses
have shown that the remains of this species correspond to animals larger than
those recorded in earlier centuries at the same site.

The sample selected for sequencing was a tibia (diaphysis and distal
epiphyses) of an adult without any apparent pathology and aged over 3.5
years. Age was estimated according to fusion stage (Silver, 1969). Bone surface
characteristics demonstrate that the bone buried quickly, which inhibited
weathering and deterioration. Measurements, taken according to Von Den
Driesch (1976), were s.d. = 19.5/Bd = 28.8/Dd = 25.5 and ensure that the bone
corresponds to a domestic animal.

Modern samples

Two modern pig data sets were used to compare the ancient genome with
worldwide samples. The first one (Supplementary Table S1) consisted of two
biodiversity panels that were genotyped with the 60k Illumina’s SNP array. The
first panel is a wide sample (1= 379) of international, Chinese and American
Creole breeds, together with European and Tunisian wild boar (Burgos-Paz
et al., 2013), and the second panel (n=40) comprised NE wild boars (Turkey,
Iran and Armenia) and Romanian Mangalitza, a central European local pig
(Manunza et al.,, 2013). These data were combined with the genotypes inferred
from sequence in the ancient pig, as detailed below.

The second data set (Supplementary Table S2) consisted of eight modern
genomes, whose sequences were publicly available or were shotgun sequenced
for this study. Specifically, we re-sequenced a wild boar from the same area of
NE Spain (WB), an Iberian pig (IB) from the highly inbred strain Guadyerbas
(Toro et al., 2008), and an American Creole pig (CR) from Guatemala. In
addition, we used one publicly available genome from each of Duroc (DU),
Landrace (LR), Large White (LW), Hampshire (HS) and Pietrain (PI) breeds.
These samples represent all main modern international pig breeds together
with potentially closest extant relatives.

DNA extraction and sequencing
DNA extractions of the ancient and modern samples were performed at
different times and in different laboratories. All experimental procedures on
ancient samples were performed in a dedicated aDNA laboratory (IBE-PRBB,
Barcelona, Spain), where no previous work with modern pigs had been
conducted. DNA extraction was performed for each of the three best preserved
ancient pig samples. DNA was isolated by a conventional phenol-chloroform
precipitation protocol and microcolumn concentration (Millipore, Billerica,
MA, USA), as described elsewhere (Lalueza-Fox et al., 2007; Sanchez-Quinto
et al., 2012). The extract was purified with a gene clean silica method using a
DNA extraction Kit (Fermentas, Pittsburgh, PA, USA). Following extraction we
amplified and sequenced a 77 bp fragment of the mitochondrial cytochrome b
(MT-CYB) gene to test the quality of the samples. Amplification was
performed using a two-step PCR protocol (Krause et al., 2006). Amplified
products were purified with a gene clean silica method (Fermentas) and cloned
using the Topo TA cloning kit (Invitrogen, De Schelp, The Netherlands). White
colonies were subjected to 30 cycles of PCR with M13 universal primers and
subsequently sequenced with an Applied BioSystems 3100 DNA sequencer
(Foster City, CA, USA), at the sequencing service of the Universitat Pompeu
Fabra (Barcelona, Spain). The partial sequence of the MT-CYB gene was
obtained from two of the three samples. Of these two samples we selected the
individual that, according to bone size, was the most likely domestic specimen.
Ancient and modern samples were sequenced in different institutions to
avoid contamination as much as possible. From the ancient individual DNA,
three single-end lanes of 100-bp length reads were sequenced at Fasteris
(www.fasteris.com, Plan-les-Ouates, Switzerland) using HiSeq2000 (Illumina,
San Diego, CA, USA). The library was prepared with the TruSeq DNA sample
preparation kit from Illumina following the instructions of the manufacturer.
Modern samples were sequenced in Centro Nacional de Andlisis Genomico
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(CNAG, www.cnag.cat) also using HiSeq2000 Illumina platform. The library
preparation of each modern sample was performed according to the Illumina
paired-end sequencing protocol with minor modifications.

Ancient data alignment and quality control

To process raw ancient data, we first removed stretches of N's and stretches of
consecutive bases with 0, 1 or 2 quality scores from the 3’ and 5 ends of the
reads. Reads shorter than 30 nucleotides were discarded for further analyses, a
common practice in aDNA studies to minimize the risk of erroneous
alignments (Rasmussen et al, 2011, 2014; Olalde et al., 2014). Post-mortem
degradation results in a short length of aDNA sequences. As a result, adapter
sequences ligated during library preparation can be present at the end of the
reads. This can affect the correct mapping to the reference genome and it can
also bias the single-nucleotide polymorphism (SNP) calling. Therefore, we
used adapter removal (Lindgreen, 2012) to remove adapter sequences from the
reads, discarding sequences shorter than 30bp after adapter trimming. We
found 13% of the reads containing adapter sequence, keeping a total of
408912560 reads with an average length of 93 bp, which were aligned to the
pig reference genome. We mapped reads to the current pig genome assembly
(Sscrofal0.2) using BWA (Li and Durbin, 2009) with the quality trimming
parameter set to a Sanger quality score of 15. Furthermore, to improve the
aDNA read mapping against modern reference genomes the edit distance
parameter was set to 0.02, and the seed region (the first 32 nucleotides) was
disabled following recommendations in Schubert et al (2012). Finally, we
removed duplicates with SAMtools rmdup option. In order to assess the level
of human contamination, we mapped all the reads to the human reference
assembly (GRCh37/hg19) using BWA.

A metagenomic analysis and taxonomic classification of one million of
around 133 millions reads non-mapping to the Sus scrofa assembly was
performed using BLAST 2.2.27 + and MEGAN4 (Huson et al., 2011). In order
to assess whether we were infra-representing taxonomy diversity by down
sampling to one million reads, we performed rarefaction curves by counting
the number of detected leaves by cumulatively increasing the number of reads
in bins up to the total of reads assigned at the level of genus. We observed that
the curve approached a plateau with poor increase of new genus discovered
when the last bins of our subset were analyzed. Also, we specifically assessed
the presence of integrated or episomal viral DNA in the ancient pig sample. We
mapped, using BWA-0.7.4 mem, all reads non-mapping to the reference Sus
scrofa genome against a sequence database including all known genomes of
DNA viruses. Mapping reads were then mapped again against individualized
viral genomes using BWA-0.7.4 aln and we counted the number of uniquely
mapping reads.

For allele determination in the ancient sample, we considered only reads
with minimum mapping quality of 20, and base quality (Phred score) of at
least 30 if there was a single read covering that position or 20 with depths
2-5 x . Positions covered with >5x were discarded, as being most likely
caused by repetitive or copy number variant regions. To avoid post-mortem
DNA damages that lead to increased C—T and G— A transitions, we only
retained those positions where the ancient allele was also observed in any of the
eight modern pig genomes used for this study (Supplementary Table S2). This
filtering should decrease dramatically the number of post-mortem changes
accepted as true variants by a factor of at least ~1/2 ajf. This is the
probability of finding a base in the eight modern samples that coincide with a
given post-mortem damage. Suppose that the ancient sample has a post-
mortem modification at a given (unknown) site; what is the probability that
this change is also observed in any of the modern samples and therefore taken
as a true variant? This is the probability of observing a variant in any of the
modern samples (a;50) times the probability that any of the two alleles
coincide with any of the two nucleotides in the ancient sample (1/2), with a;40
being the expected number of polymorphisms per nucleotide to be found in
eight diploid samples or 16 chromosomes, a,, being Ewens’ constant (a;5=3.4)
and 0 the variability per site (or ~0.002 in pigs), the constant 1/2 occurs
because half of the potential errors will be accepted, when they match any of
the two alleles found in the modern population. In practice, this is an upper
limit because post-mortem changes occur randomly in each DNA fragment
and, for depths >1, this requires that the same post-mortem change has
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occurred in all fragments sequenced. An assumption here is that all samples
sequenced originate from the same population (a neutral model is implicitly
assumed); however, except for extreme selective events that are specific of the
ancient sample, this assumption should have only a minor effect.

Admittedly, this filtering will also remove true variants that are observed
only in the ancient sample. These will tend to be variants at low frequency in
the whole pig population; otherwise, it is likely that they are observed in any of
the modern samples as well. The expected percentage of polymorphisms, that
are singletons in the ancient sample and are therefore discarded even if being
true variants, is also obtained from Ewen’s sampling term. Assuming a
standard neutral model, this corresponds 1 —ajg¢/a;;~2%; this follows from
the fact that we ascertain 16 modern chromosomes but only one ancient allele;
and therefore we expect to observe a4 SNPs within modern samples, and al7
including the ancient sample. In all, the bias due to removing singletons is
expected to be small. This reasoning discards the possibility that the ancient
sample is homozygous for a variant not observed in any of the modern
samples. This event is, however, highly unlikely because shallow coverage
prevents confidently observing both alleles for most of sites in the diploid
ancient genome.

Modern data alignment and genotype calling

Modern sample (Supplementary Table S2) reads were aligned with BWA (Li
and Durbin, 2009) allowing for seven mismatches. Genotypes were called using
the SAMtools mpileup option and filtered with vcfutils.pl varFilter, all modern
samples were analyzed together setting a minimum depth to 5x and a
maximum depth of twice the average sample’s depth plus one, minimum map
quality of 20 and minimum base quality of 20. Setting a maximum depth was
done to minimize risks of wrongly called SNPs caused by copy number
variants or repetitive regions, as in Groenen et al. (2012) or Esteve-Codina
et al. (2013). The resulting vcf file was merged with the ancient reads. For
further analyses, we retained only the positions without missing data in any of
the samples and where the ancient reads were compatible with the modern
sample genotypes. Genotypes were stored and managed as plink (Purcell et al.,
2007) files, using custom perl and shell scripts as needed.

Mitochondrial analysis

Complete mitochondrial sequences were downloaded from GenBank (acces-
sions AF486866, EU117375, FJ236991, FJ236992, FJ236993, FJ236994,
FJ236995, FJ236996, FJ236997, FJ236998, FJ236999, FJ237000, FJ237003,
NC_012095). In addition, aligned bam files were obtained for project
ERP001813 (GenBank accession, Groenen et al, 2012), from Wuzhishan
Chinese mini pig (Fang et al., 2012; AJKK00000000) and from Iberian genome
(Esteve-Codina et al., 2013; SRX245748); mtDNA consensus sequences were
obtained from these complete genomes and from the modern samples
sequenced here using SAMtools (Li et al, 2009). All sequences were aligned
with MUSCLE v3.8.31 (Edgar, 2004) using options diags and maxiters 2.
A median-joining network was constructed with Network 4.6 (Bandelt et al.,
2000) and a neighbor-joining tree was obtained with Mega 5.1 (Tamura ef al.,
2011) using pairwise deletion, maximum composite likelihood and homo-
geneous rates model.

Array genotyping analyses

Only positions in the ancient individual bam file with enough quality and only
alleles compatible with modern sample 60k array genotypes were retained.
Given that SNP allele coding in the array does not directly correspond to actual
sequenced bases, we employed the following procedure:

1. SNP alleles were coded from forward to TOP/BOTTOM using GenGen
pipeline (Wang et al., 2007).

2. We identified the set of chip SNP positions that were represented in the
ancient sequence, filtered by quality criteria described (map quality > 20,
base quality >30 if depth 1, BQ>20 if depth 2-5).

3. We checked, in several modern pigs that were genotyped with the 60k chip
and sequenced, the actual polymorphisms found at those positions. We
considered only those SNPs with at least two copies per allele.

4. Monomorphic and triallelic SNPs were discarded.
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. In addition, for every SNP, we verified the strand orientation and allele with
the probe flanking regions provided by the International Pig Sequencing
Consortium during the development of the Illumina’s array.

6. Allele coding was verified with several public data sets of our own Burgos-
Paz et al. (2013), Badke and Steibel (https://www.msu.edu/~ steibelj/
JP_files/SNP_chip.html) and from M Groenen et al. (personal
communication).

. We discarded SNPs where the ancient allele did not match any of the two
modern sample alleles.

~

We performed principal component analysis with prcomp R package (R
Development Core Team, 2011). Given that only one ancient allele can be
recovered for most of positions, we duplicated the ancient allele to build a
homozygous genotype. This is equivalent to oversampling to reduce bias in
PC, which is very sensitive to unequal sampling (McVean, 2009). To verify the
robustness of this procedure, we also sampled one random allele from each
SNP in the modern samples. A few of these plots are shown for comparison.

To visualize relationships across populations, we computed the average
Euclidean distances between all pairs of individuals from two different
populations using the first 4 principal components, those explaining most of
variability. Suppose individual i has principal component value PCy for
component k. The Euclidean distance with the first Q components is
dj = k:ZI.Q(PCik - PCjk)z. As in Burgos-Paz et al. (2013), we ran a partially
supervised admixture (Alexander et al, 2009) analysis using K=7 clusters
corresponding to origins Iberian, wild boar, Duroc, Landrace, Large White,
Chinese breeds and Hampshire. Pig origins from those breeds were assumed to
be known without error, whereas those of the remaining individuals were
inferred from these K=7 ‘pure’ origins.

Pairwise allele differences

If only one allele of a genotype is ascertained, precise allele differences with a
diploid genotype cannot be measured. They can nevertheless be bounded
between maximum and minimum values, or weighted assuming Hardy—
Weinberg equilibrium and allele frequency of A as f:

Ancestral Genotype Min Max Weighted

A- AA 0.0 0.5 0.5(1 -9
AB 0.5 0.5 0.5
BB 0.5 1.0 05(1+1h

In practice, all three distances are highly correlated. Unless otherwise stated,
here we employed the weighted measures because they were directly compar-
able with differences obtained between two diploid genotypes from modern
samples.

Genome sequence analyses

As for the 60k array analyses, we retained bases of the ancient pig only if they
were found in any of the eight modern samples, as described above. Further,
we retained only the biallelic variable positions without missing data in any of
the samples. Principal component analysis was performed with sequence
genotypes as described.

We investigated the likelihood that the ancient sample was actually domestic
(and not wild boar) using the diagnostic SNPs in Rubin et al. (2012) and their
Supplementary Table S3. These are SNPs with extreme frequencies between
wild boar and domestics. For those SNPs, we extracted genotypes in the
ancient pig sequence, from four sequenced individuals of several breeds and
European wild boar (Groenen et al., 2012), and we computed allele frequencies
per breed. In the ancient pig, only one allele can be ascertained so frequencies
were 0 or 1. Suppose fp and fiy are, respectively, allele frequencies in domestic
and wild boar as reported by Rubin et al. (2012) and fs is the frequency
obtained in our sample; we computed pp = fpfs+ (1 —fp)(1 —fs) and pyw=
fwfs+ (1 —fw)(1 —fs), the probabilities of a ‘domestic’ or ‘wild’ allele being
equal to the sample allele as an assignment probability to the sample being
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domestic or wild boar. Standard errors were computed with bootstrap using
library boot from R package (R Core Team, 2014).

To test for admixture between a sample and wild boar, we calculated the
D-statistics and their corresponding normalized values (z-scores) using
ADMIXtools’ gpDstat (Patterson et al., 2012). This statistic was first
used by Green et al. (2010) to detect admixture between human and
Neanderthal genomes, and is very powerful to detect admixture between
ancient populations, even if they are closely related. To compute the z-score,
jackknife was used as recommended by the authors, with the number of blocks
set to 496. This statistic provides information about the direction of the gene
flow. Having four populations W, X, Y and Z, if z-score is positive then the
gene flow occurred between either W and Y or X and Z; if negative, either
between X and Y or W and Z. We considered different quartets containing the
ancient, Iberian, Hampshire, European wild boar and a Sumatran wild boar
(accession ERX149139) as outgroup. As for European wild boars, we used the
Spanish wild boar sequenced here and, for comparison, two publicly available
WB genomes from France (accession ERX149180) and Switzerland (accession
ERX149181).

RESULTS

Ancient sequencing and quality control

Main mapping statistics are in Supplementary Table S3. Out of three
single read lanes on HiSeq2000, a total of 414198 109 reads of 101
nucleotides were generated. After trimming, filtering and removing
duplicates (see Materials and methods), 3 594 543 aligned reads were
retained. This is equivalent to a shotgun efficiency of 0.88%, similar
to those reported in other ancient samples from the Iberian Peninsula
(Garcia-Garcera et al., 2011; Sanchez-Quinto et al., 2012). When the
alignment was carried out against the human genome, 60488 reads
were mapped, indicating that human contamination was ~ 0.34%,
also in concordance on bone material handled by archeologists
(Ramirez et al., 2009a; Garcia-Garcera et al., 2011). Nevertheless,
only 1.68% of the reads that mapped in the pig genome also mapped
in human (Supplementary Figure S1). These reads are likely to
originate from highly conserved regions, and therefore expected to
show low levels of variability. Given that our analyses considered only
SNPs also present in the pig modern samples and the implausibility of
the same SNP appearing in two distant lineages, it is unlikely that
human contamination affects the results reported here.

Around 93% of all reads did not match any subject in nr database
(Supplementary Figure S2). Of the ~7% of aligned reads, ~93%
corresponded to bacterial organisms, 6.7% to Eukaryota and <1% to
Archea (Supplementary Figure S2). Microbials present in the ancient
pig sample were mostly terrestrial, rod- or filament-shaped, meso-
philic at temperature and aerobic organisms with unknown involve-
ment in disease. These results are similar to those obtained from an
ancient sample of the Iberian Peninsula (Olalde ef al, 2014). We also
analyzed individually the presence of all known DNA viruses and only
found PhiX (7156 uniquely mapping reads) used by Illumina as lane
control.

Although the DNA from the ancient sample was extracted in a
dedicated aDNA laboratory (IBE-PRBB, Barcelona, Spain), where no
previous work on pigs had been carried, there is still a small
probability of contamination with other pig samples. We calibrated
the possibility of this event by checking for heterozygote positions in
the mitochondrial sequence. We obtained a low depth-of-coverage
(2.4 x ) in the ancient mtDNA genome and we found 41 heterozygote
positions; 21 (51%) of these were C/T or G/A changes that are likely
attributable to post-mortem damage. To determine whether the rest
of heterozygote sites could be due to contamination from other pigs,
and not to sequencing errors, we analyzed if these position are
polymorphic in the panel of 41 complete mtDNA sequences used in
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this study. Only 6 out of 20 heterozygous positions were also
segregating in at least one modern complete mtDNA sequence. The
same analysis in a low depth-of-coverage mtDNA genome (1.9 X )
from a modern pig (Duroc) rendered very similar results, 37
heterozygote positions and 6 of these segregating in the panel of
the 41 complete mtDNA. In all, it seems that contamination from
other porcine samples is unlikely to bias the results presented here.

After alignment, 9% of the Sus scrofa 10.2 assembly was covered
with average depth of 2 x (equivalent to a genome-wide average
depth ~0.11 x ); the percentage of genome aligned was uniform
across chromosomes except sex chromosome X (Supplementary
Figure S3). The pig sequenced was a sow, as evident from uniform
depth along chromosome X (Supplementary Figure S4). The filtering
strategy applied (see Materials and methods) allowed us to retrieve
the same mutation profile as in modern samples (Supplementary
Figure S5). The numbers of polymorphic sites (that is, sites with
different ancient nucleotide and reference genome nucleotide) before
and after filtering were 250622 and 208 628, respectively, that is, an
estimation of post-mortem damage of 16.7%. Note that this is an
upper bound because some true SNPs are filtered out if not found in
the modern samples; this percentage should be small, though, as
shown in the Materials and methods section. This value was close to
that found by PCR in an analysis of a fragment of mitochondrial
cytochrome b gene, MT-CYB (13.1%).

As for modern sequences, the numbers of reads were 347 750 566
(Guatemalan Creole), 342 150 846 (Iberian) and 375306 190 (Spanish
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wild boar), resulting in average depths 12—13 x after filtering by base
and map quality; for publicly available genomes, average depths were
also similar (10-13 x ; Supplementary Table S2).

Mitochondrial phylogeography

Complete ancient mtDNA sequence was aligned with published
sequences and the three modern samples sequenced in this study.
Figure 1 shows the NJ tree. As observed with shorter mtDNA
fragments like the control region or cytochrome b (Larson et al.
(2005), European wild boar and domestic breed haplotypes were not
split into distinct clades but were rather intermixed. Note also that
some European domestic pigs harbor Asian haplotypes, as a result of
Chinese introgression. As for the ancient pig, unsurprisingly, it is
within the European clade, next to most Iberian haplotypes. Only two
differences separate the ancient pig from the haplotype found in black
hairless Iberian Guadyerbas strain and Lampirio de Guadiana Iberian
strain (Supplementary Figure S6) and three differences from a
Spanish wild boar (accession FJ237000, d=0.0061 + 0.00024). Note
that the Guatemalan Creole haplotype was clearly of Iberian origin as
well and was positioned next to Iberian clade and ancient pig
(separated by 3 and 5 differences, respectively).

Worldwide context inferred from SNP arrays

The large 60k genotyped panel (Supplementary Table S1) makes it
possible to position the ancient sample in a worldwide context.
A total of 4090 autosomal SNPs from the 60k array that matched the
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ancient sample could be retrieved, using the criteria described in
Materials and methods.

First, to position the ancient sample and to investigate whether a
NE legacy could still be detected, we ran an unsupervised admixture
(Alexander et al., 2009) analysis excluding the Creole pigs, well known
to have been admixed. Preliminary analyses suggested K= 12 as the
optimum number of components. Results with this K-value
(Figure 2) suggest that the NE component is completely absent from
the ancient sample. In fact, the admixture analysis strongly supports a
100% Iberian component to the ancient pig.

A principal component analysis of those SNPs (Figure 3) broadly
agrees with the original analysis that included the complete SNP data
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set from Manunza et al. (2013) and Burgos-Paz et al. (2013), showing
that the 4090 SNPs used here are a representative set—although
always subject to SNP ascertainment. Figure 3 was drawn using a
randomly sampled allele from each genotype, to match the fact that
only one ancient allele is generally observed. As can be seen in
Supplementary Figure S7, sampling has a very small effect in the PC
projection.

The first principal component explains a much larger fraction of
variance (17.7%) than the second axis (3.7%). First principal
component axis is primarily geographical, separating Asian from
European populations. The NE wild boars are closer to European
than to Asian pigs, and NE genetic structure grossly coincides with
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Figure 2 Unsupervised admixture analysis using the 4090 SNPs recovered in the ancient (AN) sample. The breed codes are: MS, Meishan; XI, Xian;
JH, Jinhua; JQ, Jiangquhai; WB, wild boar; IB, Iberian; AN, ancient sample; LR, Landrace; LW, Large White; DU, Duroc; HS, Hampshire. Data from Burgos-

Paz et al. (2013) and Manunza et al. (2013).
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Figure 3 First and second principal component representation of the porcine diversity panel fully described in Burgos-Paz et al. (2013) and in Manunza
et al. (2013)using the 4090 SNPs recovered in the ancient sample. Populations are grouped by color. The breed codes are: AN, ancient; Bl, Bisaro;
CE, Central Cuba; CR, Creole; CU, Cuino; EA, East Cuba; FO, Formosa; FP, feral pig; GH, Guinea Hog; HL, Hairless; IB, Iberian; JH, Jinhua;
JQ, Jiangquhai; LR, Landrace; LW, Large White; MO, Moura; MI, Misiones; MS, Meishan; MT, Monteiro; MUL, mulefoot; NI, Nilo; OB, Ossabaw; PU, Piau;
Sl, Black Sicilian; WB, wild boar; WE, West Cuba; XI, Xian; YU, Yucatan mini pig.
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their geographic origin. International breeds, well known to be
admixed with Chinese pigs (Giuffra et al, 2000), are closer to
Chinese pigs than are Iberian pigs, not known to have been admixed.
Also, all Creole populations show evidence of admixture as found in
Burgos-Paz et al. (2013).

In the principal component analysis plot, and in logical agreement
with the previous admixture analyses, the ancient sample was located
within or nearby the modern Iberian pig cluster; and it does not show
evidence of Asian admixture either. Overall, PC-based distances
between Creole and Iberian pigs were very similar to those between
Creole and the ancient sample (Supplementary Figure S8). This again
shows that the ancient pig and modern Iberian pig are closely related.
As in Burgos-Paz et al. (2013), we found that Yucatan minipigs
(originally from Mexico), Peruvian and some North Argentinean
village pigs were the closest populations to both the ancient and the
Iberian pigs.

Genome-wide analysis
To gain a more faithful view of genetic relationships, avoiding the
SNP ascertainment bias inherent to the 60k array, and to extend the
study beyond the mitochondrial lineage, the complete ancient
sequence available was combined with eight additional modern
sequences (Supplementary Table S2) that represent the most wide-
spread international pig breeds, and three putative close relatives:
Iberian, wild boar and Creole (Guatemala). After SNP calling and
filtering (see Materials and methods), we retained 794 514 autosomal
SNPs without any missing value across samples. Figure 4 shows the
PCA and a neighbor-joining tree with distances between samples. The
figures show the result of random sampling one of the two alleles in
the modern samples; for comparison, other replicates are shown but
the effect of allele sampling was, again, negligible (Supplementary
Figure S9). The PCA (Figure 4) has the first axis bounded by the wild
boar and Large White, which is the international breed with the
largest Chinese component. The second axis primarily explains
divergence with Duroc. In agreement with the array SNPs (Figures
2 and 3) and mtDNA data (Figure 1), the ancient sample is closest to
the Iberian pig and wild boar.

We computed autosomal divergence (% of allele differences)
between the ancient and the eight modern sequences
(Supplementary Table S4), which again shows that the Iberian pig
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is the closest sample to the ancient pig, followed by Spanish wild boar,
Hampshire and Creole. The length of ancient homozygous stretches
(IBS blocks) shared with the Iberian was the largest, followed at
distance by wild boar (Supplementary Table S4). All other samples,
including Creole pig, were less similar to the ancient pig. Use of other
publicly available sequences from European wild boar led consistently
to similar results (not presented).

Mitochondrial and genomic data (Figures 1 and 2, Supplementary
Figures S6, S7 and Supplementary Table S4) suggest, as the arche-
ological data, that the ancient pig is domestic. The ancient pig,
though, is also close to wild boar (Figure 4). To test whether the
ancient pig was actually domestic or wild, we identified 24 positions
in the ancient genome that were among the 227 SNPs described by
Rubin et al. (2012) as highly differentiated between wild boar and
domestic pigs. For those 27 positions, we also determined the
genotypes from a subset of sequenced modern animals and we
computed the probability that the sample originates from either wild
boar or domestic (methods). Results (Supplementary Table S5)
indicate that the ancient sample is much more likely to be a domestic
pig than a wild boar (Pp=0.7210.07 vs Pyy=0.27£0.07). These
probabilities are comparable with other domestic pigs (Duroc, Large
White, Creole), and somewhat higher than for the Iberian pigs
(Pp=0.6510.05). As control, note that wild boar probabilities are
reversed (Pp=0.3210.03 and Py =0.70 % 0.04).

Despite genetic differentiation between wild boar and domestics,
wild boar admixture with domestic pigs has been repeatedly
suggested, based both on genetic and historical evidence (Thomas,
2005; Ramirez et al., 2009b). The availability of an animal from five
centuries ago may help in resolving whether this admixture occurred
predominantly within the last centuries or predate that time. To
investigate this, we applied the D-statistics as implemented in
ADMIXtools (Patterson et al., 2012). The results strongly suggest
admixture, both in the ancient and in the modern Iberian pig
(Supplementary Table S6). Results were very similar when the wild
boar was from Spain, France or Switzerland. Taken together, the
D-statistics suggest gene flow levels of equal intensity between wild
boar and both the ancient and Iberian pigs, but that admixture did
not occur frequently enough to wipe out genetic differences between
them, as shown by the discriminant SNPs in Supplementary Table S5
and genetic distances in Supplementary Table S4.
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Figure 4 Left: PCA using all autosomal positions recovered from sequence data. AN, ancient; CR, Creole; DU, Duroc; HS, Hampshire; IB, Iberian;
LR, Landrace; LW, Large White; PI, Pietrain; WB, wild boar. Right: Neigbor-Joining tree using mdistfunction from plink. The figure represents one random

sample of one allele per SNP for each modern sample.
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DISCUSSION

Ancient genomic data are needed to resolve the intricacies in the
history of domestic species and to characterize the timing of selective
events occurred between domestication and the modern breeding era.
Here we provide the first—to our knowledge—genome data from an
ancient domestic pig. It corresponds to a female who lived in the
Iberian Peninsula during the last third of the sixteenth century, before
Asian introgression and contemporary to the beginnings of American
colonization. More ancient genomes from different epochs and
geographic areas will be needed to validate the results presented here,
among them, the timing and extent of admixture with the wild boar.
More data will also be needed to clarify the selective events that have
occurred from domestication until the creation of modern breeds and
those ongoing as a result of current industrial selection programs.
Nevertheless, despite the shallow coverage attained and having a single
individual sequenced, extensive comparison with modern genome
sequences and a large genotyped diversity panel allowed us to draw
relevant conclusions concerning pig genetic history.

We did not find any evidence of NE wild boar legacy in the ancient
sample, although this might be due to the low resolution attained
with the SNP array. In contrast, it seems clear that the sixteenth-
century pig was domestic (Figures 1 and 2, Supplementary Tables S4,
S5 and Supplementary Figure S6). This is not perhaps unexpected,
given that the sample was chosen to avoid sampling a wild boar as
much as possible, based on the sampling site and the size of the
bones, but it is reassuring that genetic data confirms this. It agrees as
well with the fact that animal, and specifically pig breeding, was an
important activity in Montsoriu castle (Novella, 2013). More impor-
tantly, Supplementary Table S5 demonstrates that the diagnostic SNPs
identified by Rubin et al. (2012) using only international pig breeds
are also valid on ancient samples, before the onset of modern
selection practices.

All our data show a close relationship of the ancient genome to extant
Iberian pigs; this is interesting as it demonstrates that the Iberian pigs, at
least the traditional strains analyzed here, have not undergone dramatic
modifications in their genomes for centuries. It is also an important
result that confirms that Iberian pigs have not been admixed with Asian
pigs. The next closest population to the ancient pig was European wild
boar (Supplementary Table S4), indicating a low differentiation between
wild boar and Iberian pigs and in agreement with previous works
Ramirez et al. (2009b). The D-statistics (Supplementary Table S6) in fact
suggests that admixture between wild boar and both ancient and Iberian
pigs has occurred, as also proposed by several authors (Ramirez et al,
2009b; Van Asch et al., 2012) and that admixture levels were very similar
in either the Iberian or the ancient sample. On the basis of the similar
D-statistics when using IB or ancient samples (Supplementary Table S6),
it can be tentatively hypothesized that the gene flow between wild boar
and domestics occurred primarily before the sixteenth century, rather
than during modern ages, but more coverage is needed to resolve this
definitely. We should remark, though, that the degree of admixture was
not enough to wipe out differences between wild and domestic pigs. For
instance, we found a larger number of haplotype blocks shared between
ancient and Iberian than between ancient and wild boar (1351 vs 865,
Supplementary Table S4, see also Supplementary Table S5).

Nevertheless, a somewhat surprising result is the high similarity
between the ancient genome and the wild boar genome when using all
sequence data (Figure 4) as compared with its somewhat smaller
similarity inferred from array data (Figure 3). It can be hypothesized
that the genetic similarity between the ancient pig and a Spanish wild
boar is due to local processes (say intense local admixture in Spain)
rather than to domestication. To investigate this matter, we carried
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out a new PCA with sequence of four wild boars from four
European countries, four Iberian pigs and four Duroc pigs. Results
(Supplementary Figure S10) are concordant with those in Figure 4:
the ancient sample is positioned between WB and IB, and there is
very low variability within European WB compared to variability
between populations. Therefore, the pattern observed is not due to a
specific event having occurred in Spain, but rather reflects a general
process of domestication in Europe. These data, as well as our
previous work in Ojeda et al. (2011) and the recent paper by Bosse
et al. (2014), also suggest that most of divergence between the ancient
pig and modern international pig breeds (say Duroc or Large White)
is caused by Asian introgression rather than by domestication itself,
because the divergence among modern Iberian pigs, wild boar and the
ancient sample is much smaller than with breeds known to have been
admixed with Asian germplasm.

Iberian pig is not a uniform population (Figure 3 and
Supplementary Figure S9), it is made up of several varieties that
differ in coat color or hair density. Among Iberian strains, the ancient
sample seems directly related to extant black hairless strains, as
follows from the mtDNA haplotype (Figure 1 and Supplementary
Figure S6). Modern Iberian pigs are red or black, but never white.
Unsurprisingly, we found no evidence of the KIT gene
(ENSSSCG00000008842) duplication, which is responsible for the
white color (Giuffra et al., 2002): in the ancient sample, 5126 bp
within the bounds of KIT gene (SSC8: 43550 236-43 602 062) were
covered with average depth 1.02, almost identical to the average depth
in that chromosome (1.07). In contrast, depth in the KIT gene for the
Large White sample, known to carry the duplicated gene, was 20.02 or
about twice the average depth along SSC8 (10.41), whereas depth in
the Iberian sample, which has a single copy of the gene, was the same
in the KIT gene and along SSC8, 11.97 and 13.03. Supplementary
Figure S11 shows the distinct patterns in an individual with and
without the duplication, and the plots strongly suggest that the
ancient sample lacks the duplication. Furthermore, all historical
depictions from Iberian pigs in the epoch show predominantly black
pigs and none white, whereas paintings from Northern Europe does
show spotted or white pigs (Martin-Rivas, 2012). Unfortunately, there
were no reads aligned to the MCIR gene in the ancient pig, which
would have allowed us to confirm either red or black coat color, but
all evidence points to a non-white individual.

Pig introduction from Spain in the Americas started with
Columbus’ second trip, in 1493 (Rodero et al., 1992; Zadik, 2005),
and pigs adapted quickly to the new environments (Elliot, 2007).
Following our previous work (Burgos-Paz et al., 2013), a matter of
historical interest is to disclose whether the current American Creole
pigs are more related to the ancient sample than to the modern
Iberian pigs. The availability of a contemporary pig from the initial
American colonization (sixteenth century) period should help to
illuminate this issue. Our genotypic (Figure 3, Supplementary
Figure S7) and sequence data (Figure 4, Supplementary Table S4)
show that the ancient pig and the modern Iberian pigs are equally
close to American Creole pigs. This confirms, as pointed out in
Burgos-Paz et al. (2013), that American Creole pigs have lost much of
its primigenious Iberian origin by admixture with other breeds, and
not because Iberian pigs originally introduced in the Americas were
very different from those living in Spain today.

It is likely that many more livestock ancient genomes will be
published in the near future, providing a diachronic view of main
demographic and selective events. Our work, nevertheless, illustrates one
of the main problems of aDNA studies: the low retrieval of endogenous
DNA reads, specially in temperate climate conditions, which is normally



in the order of 1% for most of the samples. However, these
paleogenomic approaches are still more efficient, in terms of the
amount of sequence data generated, than PCR-based strategies.
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