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Abstract 
The study of animal domestication is in the midst of a genomic revolution, as 
technological advances dramatically increase the availability of DNA sequence data from 
ancient and modern domestic populations. For the first time, palaeogenomic datasets 
are being produced of sufficient size and scope to directly observe anthropological and 
evolutionary processes through time; from the emergence of domestic animals in the 
Neolithic, to the formation of modern breeds in the Victorian era. 
 
This thesis applies computational modelling of ancient and modern DNA to infer 
ancestry, demography, and selection in domestic cattle (Bos taurus), horses (Equus ferus 
caballus), and dogs (Canis familiaris). 
 
Chapter 1 reviews the substantial contribution palaeogenomics has made to the study 
of animal domestication, and details the latest theoretical and empirical advances, 
alongside individual profiles of sixteen major domestic species. 
 
Chapter 2 reconstructs the allele frequency trajectories of genetic variants linked to 
quantitative traits in genome-wide associations studies (GWAS) of cattle and horses. 
Using a Bayesian modelling approach, and a dataset of more than 350 ancient genomes 
spread across the last 10,000 years, the age of the allele under selection for thousands 
of GWAS variants is inferred, along with the selection coefficients for hundreds of 
polygenic traits. 
 
Chapter 3 analyses the first ancient genome-wide DNA from pre-contact North 
American dogs. Admixture analyses show that the earliest American dogs were not 
independently domesticated, and originated from a population of arctic dogs in Eastern 
Siberia. These dogs likely accompanied humans during the peopling of the continent, 
and rapidly diversified after their arrival, until their sudden replacement following the 
arrival of European colonists. Remarkably, their most closely related living relatives are 
now an 8,000-year-old contagious cancer clone known as Canine Transmissible Venereal 
Tumour (CTVT).  
 
Chapter 4 presents an ancestry analysis of a rare breed of humpless, dwarf shorthorn 
cattle from the remote island of Socotra, in the Arabian Sea. Admixture analyses show 
that contrary to published hypotheses, these cattle are predominantly Eurasian taurine 
(Bos taurus) in ancestry, with only minimal African taurine heritage, and preliminary 
results indicate possible admixture with a basal clade of zebu cattle (Bos indicus). 
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Introduction 

The study of animal domestication is a multidisciplinary endeavour, encompassing 

research approaches and perspectives from archaeology, history, genetics, and ecology. 

These diverse approaches have endeavoured to address core questions of when, where, 

and how many times animal domestications took place, and to elucidate the underlying 

genetic architecture of animal domestication. More recently, the study of animal 

domestication has been transformed by the revolution in modern and ancient genome 

sequencing, and the nascent field of palaeogenomics. 

 

Chapter 1 presents a review of the application of palaeogenomics to animal 

domestication. This encompasses theoretical and empirical advances in our 

understanding of the domestication continuum, detailed through a discussion of the 

different pathways to domestication and individual case studies for dogs (Canis 

familiaris), pigs (Sus scrofa domesticus), cats (Felis catus), chickens (Gallus gallus 

domesticus), goats (Capra hircus), sheep (Ovis aries), cattle (Bos taurus and B. indicus), 

llama (Lama glama), alpaca (Vicugna pacos), horses (Equus ferus caballus), rabbits 

(Oryctolagus cuniculus), camels (Camelus dromedarius and C. bactrianus), silkworms 

(Bombyx mori) and honey bees (Apis mellifera). 

 

The growing availability of large genome-wide datasets for major domestic taxa have 

facilitated the mapping of complex traits to genetic variants through genome-wide 

association studies (GWAS). Chapter 2 presents an ancient DNA time-series analysis of 

selection for quantitative traits in taurine cattle and horses. Using a Bayesian modelling 

approach, the allele frequency trajectories of thousands of GWAS variants are 

reconstructed, and the selection coefficients for hundreds of polygenic traits inferred. 

Detailed technical recommendations are also made for improvements to the 

computational modelling software necessary to carry this research forward. 

 

Chapter 3 presents an analysis of the first whole-genome sequence data from ancient 

North American dogs. We show that domestic dogs likely accompanied humans during 

the peopling of the Americas, originating from a source population of Arctic dogs in 
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Eastern Siberia. Following the arrival of European colonists, pre-contact dogs were 

quickly replaced by European dogs, and have left almost no genetic legacy in modern 

populations. Surprisingly, the most closely related living organism to these pre-contact 

dogs is not a dog, but is instead an 8,000-year-old contagious cancer clone, known as 

Canine Transmissible Venereal Tumour (CTVT). 

 

Chapter 4 presents an analysis of modern genome-wide sequence data from a rare 

breed of humpless, dwarf shorthorn cattle found on the remote island of Socotra, in the 

Arabian Sea. Analysis shows that these regionally incongruous cattle come from a single 

geographically dispersed population, found on Socotra and in the Dhofar Mountains, 

Oman. In comparison to a global reference panel of >1,000 cattle, results show that this 

population is unlike any other cattle sampled in the region. Admixture analyses reveal 

that they are predominantly Eurasian taurine in ancestry (Bos taurus), and preliminary 

evidence suggests possible admixture with a basal clade of zebu cattle (Bos indicus), 

previously unseen in modern populations. 

 

The thesis presents a varied set of approaches to computational modelling of ancestry, 

demography and selection in domestic cattle, horses, and dogs. The field of 

palaeogenomics is fast moving and dynamic, and the research presented here spans the 

breadth of technical analyses and species domains within the field. 
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1.3 Abstract 

Starting with dogs, over 15,000 years ago, the domestication of animals has been central 

in the development of modern societies. Because of its importance for a range of 

disciplines—including archaeology, biology, and the humanities—domestication has 

been studied extensively. This chapter reviews how the field of palaeogenomics, has, 

and will continue to, revolutionise our understanding of animal domestication. We 

discuss how the recovery of ancient DNA from archaeological remains is allowing 

researchers to overcome inherent shortcomings arising from the analysis of modern 

DNA alone. In particular, we show how DNA, extracted from ancient substrates, has 

proven to be a crucial source of information to reconstruct the geographic and temporal 

origin of domestic species. We also discuss how ancient DNA is being used by geneticists 

and archaeologists to directly observe evolutionary changes linked to artificial and 

natural selection to generate a richer understanding of this fascinating process. 

 

1.4 Introduction 

The domestication of plants and animals was one of the most significant 

transformations in human history. Domestication was central to the emergence of 

settled agricultural communities (Larson et al. 2014). The advent of farming and 

pastoralism, during the Neolithic transition, lead to massive social, economic, religious, 

and demographic changes (Zeder 2012a). It supported vastly increased human 

population sizes (Bocquet-Appel 2011), and laid the foundation for the development of 

complex civilisations (Larson and Burger 2013). Ultimately these changes transformed 

the biosphere and ushered in the age of the Anthropocene (Smith and Zeder 2013). 

 

The study of animal domestication is a broad endeavour, which draws in expertise from 

archaeology, genetics, ecology, and the physical sciences (Zeder et al. 2006; Vigne 2011; 

Larson et al. 2012, 2014; Zeder 2016; MacHugh et al. 2017). This multidisciplinary 

approach has provided the power to address the critical questions of when, where, and 

how animal domestications took place (Larson et al. 2014), as well as to help elucidate 

the biological basis for animal domestication (Jensen 2014). More recently, the study of 

animal domestication has been transformed by the revolution in modern and ancient 
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genome sequencing (Larson and Burger 2013; Larson and Bradley 2014; Gerbault et al. 

2014). 

 

This chapter will review how palaeogenomics has informed, and will continue to inform, 

our understanding of animal domestication. We will discuss how palaeogenomic 

approaches applied to domestic species have been used to resolve their geographic and 

temporal origin, track human migration, and to understand how animal genomes have 

been shaped by changes in human culture and technology.  

 

1.5 Sequencing Ancient DNA 

Early ancient DNA (aDNA) studies were constrained by the high cost and low yield of the 

sequencing technology which was available at the time. The first aDNA study, which 

recovered DNA from an extinct quagga (Higuchi et al. 1984), used molecular cloning to 

amplify target DNA molecules, by ligating them into plasmids and replicating them 

within bacteria (Maniatis et al. 1982). This approach was rapidly superseded by the 

discovery of the polymerase chain reaction (PCR) (Saiki et al. 1985; Mullis and Faloona 

1987), which allowed researchers to efficiently amplify predetermined genomic loci, for 

sequencing using the Sanger chain-terminating method (Sanger et al. 1977). In vitro 

amplification (PCR) also had its limitations as it required a priori knowledge of the loci 

being targeted, which restricted analyses to species and genes which had already been 

sequenced in modern populations. PCR targets the intended locus using a pair of primers 

(forward and reverse) which flank the target region. As aDNA is highly fragmented—

mostly less than 100 base pairs (bp) (Sawyer et al. 2012)—the loci targeted by the PCR 

primers needs to be shorter than the average length of endogenous molecules in an 

ancient sample, or the experiment might fail. 

 

These early PCR based studies focused primarily on the recovery of a single gene locus 

from the mitochondrial DNA (mtDNA). The most commonly targeted regions were highly 

variable loci, such as cytochrome b and the mtDNA control region, which were used 

extensively for resolving molecular phylogenies (Irwin et al. 1991; Meyer 1994). Unlike 

the nuclear genome, which has only two copies in each cell, there can be many 



 6 

thousands of copies of the mitochondrial genome in each cell (Reynier et al. 2001). This 

greater relative abundance of mtDNA improves the likelihood of retrieving any 

particular locus via PCR amplification. Whilst mtDNA is easier to recover, its information 

content is more limited than nuclear autosomal DNA. Autosomal DNA is inherited 

equally from both parents, in contrast to mtDNA which is uniparentally inherited, along 

the maternal line only. Consequently, mtDNA may not reflect the broader evolutionary 

history of the species as a whole (reviewed in Ballard and Whitlock 2004). Discrepancies 

between mtDNA and nuclear DNA analysis can be particularly acute when there are sex-

biased processes, population replacement, or gene-flow occurring at the population 

level, such as those documented in horses (Vilà et al. 2001; Lippold et al. 2011b), pigs 

(Frantz et al. 2013b) and cattle (Hanotte et al. 2002). 

 

The advent of high-throughput, or “next generation sequencing” (NGS) platforms in the 

mid-2000s (Margulies et al. 2005; Bentley et al. 2008) dramatically reduced the cost of 

sequencing and massively increased the volume of throughput (reviewed in Goodwin et 

al. 2016). For palaeogenomics, NGS technology was instrumental in the sequencing of 

the first ancient whole genomes, beginning with a ∼40,000-year-old woolly mammoth 

(Mammuthus primigenius) (Miller et al. 2008), and shortly followed by a similarly aged 

Neanderthal (Homo neanderthalensis) (Green et al. 2010). In the years since then, 

ancient whole genomes have been published for several non-human mammalian taxa; 

including the horse (Orlando et al. 2013; Schubert et al. 2014; Librado et al. 2015), 

Przewalski’s horse (Der Sarkissian et al. 2015; Gaunitz et al. 2018), quagga (Jónsson et 

al. 2014), auroch (Park et al. 2015), mammoth (Palkopoulou et al. 2015; Lynch et al. 

2015), wolf (Skoglund et al. 2015), dog (Frantz et al. 2016b; Botigué et al. 2017; Ní 

Leathlobhair et al. 2018) and goat (Daly et al. 2018). Whilst ancient whole genomes have 

yet to be published for domestic pigs, cattle, sheep or chicken, sequences for these taxa 

will likely be forthcoming in the near future. 

 

Sequencing ancient genomes, however, even with NGS technologies remains 

challenging—the primary constraint being the poor preservation of endogenous aDNA 

in sub-fossil remains recovered from archaeological sites. It is not uncommon for the 

endogenous DNA fraction of an NGS sequencing run to be below 1% (Carpenter et al. 
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2013). This problem is particularly acute in geographic regions with warm climates 

(Hofreiter et al. 2015), where most domestic animals originated. Many factors 

contribute to the degradation of ancient DNA; including time, temperature, humidity, 

soil pH, and microbial action. Despite decades of research, however, the decay kinetics 

of DNA degradation are still not well understood (Allentoft et al. 2012). In practice, the 

heterogeneity of DNA degradation makes preservation infeasible to accurately predict. 

 

Recent studies have shown that aDNA preservation is also highly variable across 

different archaeological samples—awareness of which has led to dramatic 

improvements in aDNA recovery by focusing research on samples with higher 

endogenous yields. The petrous portion of the temporal bone can contain up to 183 

times the concentration of endogenous DNA found in less dense bone (Gamba et al. 

2014; Pinhasi et al. 2015). Tooth cementum has also been shown to contain comparably 

high levels of endogenous DNA content (Adler et al. 2011; Higgins et al. 2013; Damgaard 

et al. 2015). In experiments comparing petrous bones and tooth cementum, recovered 

from corresponding skeletons, the petrous bone was found to contain higher 

endogenous yields in only one tested assemblage, with the majority showing no 

systematic difference in yield (Hansen et al. 2017). As teeth are often over-represented 

in archaeological assemblages (Lam et al. 1999), they are an ideal target for aDNA 

recovery. In addition, teeth are great markers of domestication in multiple species, 

including pigs (Evin et al. 2013), horses (Cucchi et al. 2017) and dogs (Ameen et al. 2017).  

 

Even with these strong constraints, genome-wide datasets have recently been published 

for early Neolithic farmers from sites across the Near East; including Anatolia, the 

Levant, and Zagros Mountains (Broushaki et al. 2016; Gallego-Llorente et al. 2016; 

Lazaridis et al. 2016; Kılınç et al. 2016). Comparable sequences for domestic animals 

from the region have so far been limited to goats (Daly et al. 2018). Given the great 

importance of the Near East as a centre for domestication, it is likely that more genome-

wide sequences from ancient domestic animals will be forthcoming in the near future. 

Recovery of nuclear aDNA will be crucial to our understanding of the underlying process 

of domestication. 
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1.6 Pathways to Animal Domestication 

When, where and how animals were domesticated are central questions to our 

understanding of human civilization. The current consensus among archaeologists and 

geneticists is that most domestic animals originated in a small number of “core” zones, 

from whence they were dispersed across the globe (Larson and Fuller 2014). As such, 

animal domestication is thought to be a rare process. Ancient DNA has been key to 

establish (as well as to challenge) our perception of the geographical and temporal origin 

of many species, and to test the idea that domestication is a rare phenomenon.  

 

The idea that domestication is rare is also based on our current theoretical perspective 

that depicts domestication as a non-linear, diffuse, and long-term process that requires 

specific conditions to occur (Conolly et al. 2011; Vigne et al. 2011). The complexity and 

nuance of these processes have informed the development of two new theoretical 

models of animal domestication, by Vigne (2011) and Zeder (2012b), which have cast off 

the anthropocentrism of many previous models.  

 

Vigne’s (2011) model described animal domestication as the ultimate phase of 

intensification in the relationship between animal and human populations. This multi-

stage model proposes a continuum of intensification, progressing through phases of (i) 

anthropophily; (ii) commensalism; (iii) control in the wild; (iv) control of captive animals; 

(v) extensive breeding; (vi) intensive breeding; and ultimately (vii) pet keeping (Vigne 

2011). Not all domestic animals, however, progressed through each of these stages. By 

focusing on the shared phases of intensification between different groups of domestic 

taxa, Zeder’s (2012b) model has proposed three main pathways to domestication. This 

model describes animal domestication as a mutualistic process, with progressive 

intensification of animal human relationships, however, it further distinguishes between 

three distinct evolutionary trajectories a (i) commensal pathway; a (ii) prey pathway; 

and a (ii) directed pathway (Zeder 2012b) (Figure 1.1). 
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Figure 1.1 Geographical/chronological time frame of domestication and potential 

pathways for major domestic animals. The timelines are in Ky (1,000 years) increment. 

Adapted after (Larson and Fuller 2014). 

 

1.6.1 The Commensal Pathway 

Under the commensal pathway, wild animals were firstly attracted to, and then 

entangled by, elements of the human constructed niche (Zeder 2012b). The attraction 

occurred as wild animals were drawn to food sources available on the margins of human 

occupation—such as refuse scavenging (e.g. wolves and wild boars), food stores (e.g. 
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mice, or chickens) or increased prey availability (e.g. cats). These commensal animals 

would have been subjected to subtle selection favouring individuals who were more 

adapted to exploit the human niche. Over time this human animal relationship 

intensified, ultimately leading to a full domestic partnership. This commensal pathway 

implies no intentionality or forethought on the part of the human partners during most 

of the process, but rather describes a slowly evolving beneficial relationship (Zeder 

2012b). 

 

1.6.2 The Prey Pathway 

Under the prey pathway, wild animals were firstly exploited for their meat and hides 

before demographic pressures lead humans to take an ever-greater role in herd 

management (Zeder 2012b). Where hunting pressures may have changed the size and 

composition of prey herds, humans responded by adjusting their hunting strategies to 

maintain sufficient prey availability—such as preferential targeting of young males 

(Zeder 2006). Over time, these hunting strategies developed progressively through 

more advanced systems of herd management, captive breeding, through to directed 

breeding for favourable behavioural and phenotypic traits. In this way, the early stages 

of the prey pathway can be seen as just as unintentional as the commensal pathway. In 

contrast, however, the latter stages of the prey pathway are characterised by an 

intensification of human intervention, in an attempt to maintain supply of a diminishing 

resource (Zeder 2012b). 

 

1.6.3 The Directed Pathway 

Under the directed pathway, humans leveraged their prior experience with domestic 

animals, and their emergent understanding of directed breeding, to capture wild 

animals and intentionally bring them under increasing levels of human control (Zeder 

2012b). The directed pathway describes the route taken for almost all recently 

domesticated taxa—particularly the exponential increase in aquatic species—but was 

of much lesser importance in the distant past. A recent meta-analysis found that 97% of 

all aquatic domesticates have been domesticated in the past hundred years, including 
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more than 100 species in the preceding decade alone (Duarte et al. 2007). This recent 

prevalence of the directed pathway, coupled with modern intensive breeding practices, 

has been formative in the minds of many researchers, and obscured a clearer 

understanding of early animal domestications. The idea of the directed pathway as the 

preeminent mode of domestication is typified by the theories of Galton (1865) and 

Clutton-Brock (1994), among many others, in which domestication is seen as the logical 

outcome of the intentional taming of wild animals. 

 

1.7 When, Where and Which Pathway 

The domestication of animals began more than 15,000 years ago, with the 

domestication of the grey wolf (Canis lupus) by nomadic hunter gatherers (Larson et al. 

2012). It was not until much later (beginning around 11,000 years ago) that people in 

the Near East intensified their relationships with wild populations of sheep, goat, auroch 

and boar, such that incipient domestication processes began to emerge (Conolly et al. 

2011). By 10,000 years ago, these four elements of the so-called ‘Neolithic package’ had 

spread extensively throughout Southwest Asia and the eastern Mediterranean (Vigne 

2008). Despite the later ubiquity of these domesticates across the region, detailed 

zooarchaeological studies have revealed the complex non-linear nature of these 

domestication processes; complete with ebbs and flows in tempo in response to local 

environment and conditions (Conolly et al. 2011; Vigne et al. 2011).   

 

In the following section, we will briefly review what is known about the domestication 

of a range of key mammalian, avian and insect species—with a particular focus on 

palaeogenomic contributions to our understanding of these domestications. The species 

profiles are grouped by the pathways they each took to domestication, to highlight 

shared elements of the underlying process. 
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1.7.1 Commensal Domesticates 

1.7.1.1 Dogs 

The first animal likely to have followed the commensal pathway to domestication was 

the grey wolf (Canis lupus) (reviewed in Thalmann and Perri 2018). It has been theorised 

that wolves who were naturally less wary of people would have been drawn to human 

encampments to scavenge refuse left by hunters (Thalmann and Perri 2018). Where, 

when and how many times wolves were domesticated remains a contentious issue, due 

to the sparsity of evidence and conflicting interpretations of both the archaeology and 

genetics (Germonpré et al. 2009; Larson and Bradley 2014; Skoglund et al. 2015; Frantz 

et al. 2016b; Botigué et al. 2017; Ní Leathlobhair et al. 2018). 

 

The earliest widely accepted archaeological dog remains date to about 15,000 years ago 

(Thalmann and Perri 2018). Earlier canids remains, dating back to over 30,000 years ago 

(Germonpré et al. 2009), were recently described as dogs but their status (as dogs or 

wolves) remains highly controversial (Perri 2016). Palaeogenomic data has provided 

additional information about the potential time frame for dog domestication. In 

particular, analyses of genome-wide data from an ancient Siberian wolf (Skoglund et al. 

2015) and an ancient Irish dog (Frantz et al. 2016b) together with radiocarbon dates 

have provided the means to estimate a reliable mutation rate for canids and to obtain 

an estimate of the divergence time between extant wolves and dogs of 20,000-40,000 

years ago. This timing, which represents an upper bound for dog domestication, needs 

to be interpreted with caution as the ancestor of dogs may have become extinct 

(Thalmann et al. 2013; Freedman et al. 2014; Frantz et al. 2016b). This would mean this 

time instead represents the time of divergence between extant wolves and the ancestor 

of dogs, rather than the time at which dogs were domesticated.  

 

Over the years, genomic (including palaeogenomic) studies have provided conflicting 

information about the geographical origin of dogs, with papers suggesting that dogs 

originated in East Asia (Pang et al. 2009; Wang et al. 2015), Central Asia (Shannon et al. 

2015), the Middle East (vonHoldt et al. 2010) and Europe (Thalmann et al. 2013). 

Additional genome-wide palaeogenomic studies, however, have provided novel clues 
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on the geographical origin of dogs. For example, studies based on ancient genomes from 

European dogs have suggested that modern Western Eurasian populations (including 

Africa, Europe and Middle East) were most likely imported from Asia, over 7,000 years 

ago (Frantz et al. 2016b; Botigué et al. 2017). Based on additional archaeological data 

and multiple ancient mtDNA sequences, Frantz et al. (2016b) suggested that populations 

that inhabited Europe and the Middle East, prior to the arrival of dogs from East Asia, 

had been domesticated independently. This hypothesis, which implies that the dogs that 

were present prior to the arrival of East Asian dogs are now extinct, remains to be tested. 

  

1.7.1.2 Pigs 

Although they were hunted like other ungulate species (sheep, goat, cattle etc.), the 

omnivorous lifestyle of pigs provided them with the ability to consume human waste, 

suggesting that they were potentially domesticated via a commensal pathway (Larson 

and Fuller 2014). Interestingly, pigs are the only animals for which we have unequivocal, 

genetic and archaeological evidence for two independent domestication processes, 

from two different subspecies of Sus scrofa, in China and Anatolia respectively (Larson 

et al. 2005). Ancient DNA studies have played a key role in unravelling a complex 

domestication history marked by frequent population replacements.  

 

The western Eurasian domestic pigs were most likely first domesticated in Anatolia, over 

10,000 years ago, as suggested by zooarchaeological evidence of selection and culling 

from long-term occupation sites such as the Çayönü Tepesi (Hongo and Meadow 1998; 

Ervynck et al. 2001). Ancient DNA evidence suggests that they were then transported, 

from the Near East into Europe as part of the Neolithic package (Larson et al. 2007a), 

around 9,000 years ago (Conolly et al. 2011). Evidence for such an early human mediated 

dispersal of pigs, from the Near-East into Europe, however, is absent from modern DNA 

sequences (Larson et al. 2005). Lack of Near Eastern ancestry in modern domestic 

breeds is most likely the result of a population turnover resulting from long-term gene-

flow between European wild boars and domestic pigs (Frantz et al. 2015), a process that 

likely started as soon as pigs were introduced in Europe (Larson et al. 2007a).  

 



 14 

Further ancient DNA evidence suggest that European domestic pigs, lacking Near 

Eastern ancestry, were later introduced back into the Near East (Anatolia), during the 

Iron Age where they replaced pigs with Near Eastern ancestry (Ottoni et al. 2013). More 

recently, Chinese pigs, which were domesticated from a highly divergent subspecies 

(Frantz et al. 2013b, 2016a) were imported in Europe to improve production traits 

during the industrial revolution (White 2011; Bosse et al. 2014a). This process 

dramatically affected the genetic (Bosse et al. 2014b) and phenotypic make-up (Bosse 

et al. 2014a) of European populations.  

 

In East Asia, the first unequivocal evidence of pig domestication dates back to ~8,600 

years ago at the site of Jiahu near the Yellow River (China) (Cucchi et al. 2011). Similar 

to the process seen in Europe, ancient mtDNA evidence suggests that East Asian 

domestic pigs were transported from their domestication centre to Island South East 

Asia, Papua and Polynesia were they were later replaced by pigs of European decent 

(Larson et al. 2010; Linderholm et al. 2016). During their human mediated dispersal 

throughout Island South East Asia, domestic pigs encountered a high diversity of wild 

suid species (and subspecies) which readily interbreed with domestic pigs (Frantz et al. 

2013b, 2014; Ai et al. 2015). Future ancient nuclear DNA will be able to assess whether 

deliberate interbreeding with wild stock may have allowed for adaptation of domestic 

pigs to the wide range of habitat they encountered in Europe, Asia, and Polynesia (Frantz 

et al. 2016a). 

 

1.7.1.3 Cats 

Cats (Felis catus) also became domesticated via the commensal pathway, however, 

despite their worldwide popularity relatively little is known about the origins of the 

domestic cat (reviewed in Geigl and Grange 2018). The archaeological and genetic 

evidence points to both the Near East and Egypt as important regions for the 

domestication of the cat (Vigne et al. 2004; Driscoll et al. 2007; Ottoni et al. 2017). The 

wild progenitor of the domestic cat (Felis catus) is the Near Eastern wildcat (Felis 

silvestris lybica), which has a natural range spanning North Africa and the Near East 

(Driscoll et al. 2007). Archaeological remains of wildcats in the Near East point to a long 



 15 

history of commensal relationship with early farming communities, where they are 

thought to have predated on invasive rodent populations (Vigne et al. 2004, 2012). This 

relationship persisted for thousands of years before the appearance of any classic 

domestication traits—such as reduction in overall body size and the emergence of novel 

coat colours (Vigne et al. 2016). The dispersal of domestic cats around the world was 

aided by their role on ships and trade vessels as protection against rodents. This is 

reflected in their patterns of dispersal, which mirror major trade routes (Lipinski et al. 

2008; Ottoni et al. 2017). 

 

A worldwide phylogenetic study of modern cats, using a fragment of the mitochondrial 

genome (mtDNA) and microsatellite markers, has shown that the Near Eastern wildcat 

(F. s. lybica) is more closely related to the domestic cat than other subspecies of wildcat 

(Driscoll et al. 2007). Based on the current distribution of wildcats, the authors 

concluded that cats were most likely domesticated in the Near East. Of the 979 analysed 

samples, they identified 15 wildcats from Israel, the United Arab Emirates, Bahrain, and 

Saudi Arabia with mtDNA and microsatellite markers consistent with those found in 

modern domestic cats (Driscoll et al. 2007). Further research, using microsatellite 

markers to analyse the phylogeographical structure of modern domestic cats, also found 

support for a Mediterranean basin origin for their dispersal (Lipinski et al. 2008). 

 

A recent ancient mtDNA study of 209 archaeological cat remains has shown that 

mitochondrial lineages from both the Near East and Egypt contributed to worldwide 

domestic cat populations at different times (Ottoni et al. 2017). Their analysis showed 

that domestic cats are drawn from five deeply divergent mtDNA subclades (IV-A to IV-

E) of F. s. lybica, and that the relative proportions of domestic cat haplogroups has 

shifted over time. The IV-A and IV-B subclades were identified as originating in the Near 

East and represent the first wave of domestic cats which spread across the Old World. 

The IV-C subclade originated in Egypt and was found in the majority of Egyptian cat 

mummies. Despite a supposed ban on the export of Egyptian cats (Zeuner 1963), the 

Egyptian subclade increased in frequency outside Egypt, such that during the 1st 

millennium AD in Western Anatolia, it had expanded to twice the frequency of the local 

Near Eastern subclade (Ottoni et al. 2017). The authors speculated that the cause of this 
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increase might have been due to more desirable behavioural characteristics of the 

Egyptian cats. 

 

The same study also looked at the history of the tabby coat trait, one of the most widely 

used markers for identifying domestic cats (Ottoni et al. 2017). Their analysis found that 

the coat-colour variant responsible for the derived blotched tabby marking only reached 

high frequency after the Middle Ages, around the time that cat pelts were being traded 

for clothing. Coupled with the relatively small changes in overall size of domestic cats, 

this suggests that directed breeding of cats for morphological novelty was a very late 

phenomenon (Ottoni et al. 2017). 

 

1.7.1.4 Chickens 

Genetic data from modern domestic chickens and wild junglefowl have established that 

the red junglefowl (Gallus gallus) is the primary wild ancestor of the domestic chicken 

(Liu et al. 2006; Miao et al. 2013). Studies of nuclear genetic data have demonstrated, 

however, that the yellow skin allele found in domestic chickens was not inherited from 

red junglefowl, but was instead inherited from the grey junglefowl (Gallus sonneratii) 

demonstrating that the genome of modern domestic chickens combines elements of at 

least two junglefowl species (Eriksson et al. 2008). 

 

An initial review of the archaeological evidence argued that chicken domestication had 

begun by the 3rd millennium BC, since the first robust evidence for poultry farming has 

been recovered in the Indus Valley ~2,600-1,900 BC, before chickens were then 

translocated to the Near East, Africa and Europe during the 1st millennium BC (Zeuner 

1963). Based on an analysis of osteological evidence that attested to the presence of 

chickens during the middle Neolithic (~6,000-4,000 BC) in the Yellow River basin, West 

and Zhou (West and Zhou 1988) concluded that chickens were domesticated in the 

Southeast Asian native range of red junglefowl prior to 6,000 BC before being dispersed 

westwards along a northern route through Central and Western Eurasia. Two 

subsequent studies (Berke 1995; Peters 1997) questioned whether the Chinese 

specimens actually belonged to domestic chickens since they possessed morphological 
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features typical of other galliform birds including pheasants. Despite these critiques, a 

mid-Holocene origin of domestic chickens has been frequently claimed in the literature. 

 

A recent ancient DNA analysis of galliform bone specimens from early and middle 

Neolithic sites in the Yellow River basin reinforced the claims for an early domestication 

of chickens (Xiang et al. 2014). This study suggested that red junglefowl dispersed 

naturally to Northern China following the Younger Dryas where they were then 

domesticated during the early Neolithic. This assertion has since been questioned. An 

independent morphological re-evaluation of galliform bones from northern Chinese 

Neolithic sites concluded that the bones in question belonged primarily to the common 

pheasant (Phasianus colchicus) (Peters et al. 2016; Eda et al. 2016). In addition, several 

lines of evidence including an assessment of associated wild mammalian faunas and high 

resolution climate and precipitation records from temperate Holocene East Asia 

suggested that the (sub-)tropical forest habitat conducive to thermophilic red 

junglefowl did not extend into Northern China during the mid-Holocene climatic 

optimum (Peters et al. 2016). Lastly, multiple studies of modern domestic chickens have 

suggested that red junglefowl from peninsular Southeast Asia are the likely initial 

population from which domestic chickens were derived, and a recent genetic study of 

complete mitochondrial genomes has cast doubt on the likelihood that chickens were 

domesticated in Northern China (Huang et al. 2018). Future archaeological and genomic 

studies of modern and ancient chickens are necessary to reveal not only the spatial and 

temporal pattern of chicken domestication, but also the process which led to the close 

association between chickens and people.  

 

1.7.2 Prey Domesticates 

1.7.2.1 Goats 

Goats (Capra hircus), along with sheep (Ovis aries) and cattle (Bos taurus), all followed 

the prey pathway to domestication in the Fertile Crescent region of the Near East (Zeder 

2012b). Archaeological and genetic evidence has established that goats were 

domesticated from the bezoar ibex (Capra aegagrus), a species of wild goat inhabiting 
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the mountainous region spanning Southwestern Turkey, to central Afghanistan and 

southern Pakistan (Zeder and Hesse 2000; Naderi et al. 2008). 

 

Detailed zooarchaeological studies of wild goat assemblages have allowed researchers 

to reconstruct the age and sex-specific harvest profiles employed by hunters prior to 

domestication. These harvest profiles reveal incipient herd management strategies, in 

which hunters transitioned from targeting of prime age males, which maximised short-

term meat return, towards selective culling of sub-adult males and older adult females, 

to promote growth in herd sizes (Zeder and Hesse 2000; Zeder 2006, 2008). These 

management strategies of wild ranging goats gradually intensified from herding towards 

a fully domestic relationship, and domestic phenotypes appear in archaeological goat 

assemblages around 10,500 years ago at multiple sites across Southeast Anatolia, the 

Zagros mountains and Cyprus (Conolly et al. 2011). 

 

Domestic goats were subsequently brought into Europe as part of the Neolithic Package, 

however, unlike with pigs and cattle, there were no extant wild populations for the 

incoming domestic population to admix with (Scheu et al. 2012). Studies of modern 

mitochondrial DNA in domestic goat populations have revealed unusually high levels of 

genetic diversity coupled with low levels of geographical structuring (Luikart et al. 2001; 

Naderi et al. 2007, 2008). This diversity has been attributed to population structure in 

the region of domestication, followed by extensive trade and transport of domestic 

goats. Modern goat populations comprise six maternal haplogroups (A, B, C, D, F and G), 

with most domestic goats belonging to haplogroup A (Naderi et al. 2007). The first 

ancient DNA study of goats established that haplogroups A and C were both present in 

the Early Neolithic in France, with moderately high genetic diversity, a result that the 

authors interpreted as potential evidence for two independent domestications with 

subsequent gene flow between populations (Fernández et al. 2006).  

 

Recently, the diverse origins of domestic goats were further investigated in the first 

genome-wide study of ancient caprids (Daly et al. 2018). The authors selectively 

targeted petrous bones to retrieve genome-wide data from 51 ancient goats and used 

mtDNA capture to retrieve complete mtDNA genomes for 83 ancient goats. Their 
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analyses of nuclear genomes provided evidence for variable proportions of ancestry 

shared between pre-domestic wild goats and early domestic goat populations, which 

suggested local recruitment of divergent wild populations during domestication (Daly et 

al. 2018). This was mirrored by the mtDNA data, which showed that multiple highly 

divergent haplogroups were involved in the domestication process and have 

differentially contributed to the genetic make-up of modern populations. This study also 

revealed that, in contrast to modern populations (Naderi et al. 2008), mtDNA 

haplogroups were highly structured in ancient populations (Daly et al. 2018). 

Interestingly, the collapse in haplogroup structure happened relatively early in their 

evolutionary history (~7,000 years ago), when haplogroup A replaced most others to 

become the dominant haplogroup across the region (Daly et al. 2018). 

 

1.7.2.2 Sheep 

Sheep (Ovis aries) also followed a prey pathway to domestication in the Fertile Crescent, 

around 10,500 years ago, with the Asiatic mouflon (Ovis orientalis) as the most likely 

wild progenitor (Conolly et al. 2011). Both the urial (Ovis vignei) and the argali (Ovis 

ammon) have also been suggested as potential ancestors, however, no mitochondrial 

lineages from either species have been observed in domestic sheep populations 

(Meadows et al. 2011). The European mouflon (Ovis aries musimon), is a feral 

descendent of a primitive domestic population (Bruford and Townsend 2006), and a 

recent genome-wide analysis revealed widespread bidirectional admixture between 

European mouflon and modern domestic sheep (Barbato et al. 2017). 

 

Domestic sheep populations comprise five maternal haplogroups (A, B, C, D and E), with 

most modern sheep belonging to haplogroups A, B and C (Meadows et al. 2011). Two 

major Y-chromosome patrilines have also been identified, showing limited geographic 

structure (Meadows and Kijas 2009). Similar to the pattern seen in domestic goats, the 

maternal haplogroups diverged long before domestication, suggesting that multiple 

divergent lineages were involved in the domestication process (Pedrosa et al. 2005; 

Meadows et al. 2011). The relative abundance of these haplogroups have changed over 

time, with haplogroups A and B dominating the initial expansion into Europe, followed 
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by haplogroup C around 3,000 years ago (Tapio et al. 2006). This first wave of domestic 

sheep, bred primarily for meat production, were replaced by a second wave of domestic 

stock carrying improved production traits for wool and milk (Chessa et al. 2009; Demars 

et al. 2017). 

 

Recently, a genome-wide study of selection in modern sheep and goats found 90 

selective sweep regions which segregated between domestic and wild populations of 

Capra and Ovis (Alberto et al. 2018). A gene ontology enrichment analysis (reviewed in 

Huang et al. 2009) identified significant enrichment for genes involved in nervous 

system, immunity and productivity traits (Alberto et al. 2018). Interestingly, this analysis 

identified only 20 regions under selection which were common to both Capra and Ovis, 

suggesting that convergent phenotypes in goats and sheep were primarily established 

by selection on non-homologous gene regions. 

 

1.7.2.3 Cattle 

Cattle (Bos taurus and Bos indicus) also followed the prey pathway to domestication, 

however, there is ongoing uncertainty about how many times cattle were domesticated 

(Loftus et al. 1994; Troy et al. 2001; Hanotte et al. 2002; Beja-Pereira et al. 2006; Chen 

et al. 2010; Pitt et al. 2018). Large genome-wide studies of modern domestic cattle have 

shown that they form three deeply divergent groups: (i) Eurasian and (ii) African taurine 

cattle (Bos taurus), and (iii) Asian indicine cattle, or zebu (Bos indicus) (Gibbs et al. 2009; 

Decker et al. 2014). 

 

The earliest cattle domestication occurred in the Fertile Crescent, approximately 

10,500–10,000 years ago, where Eurasian taurine cattle were domesticated from wild 

Eurasian aurochs (Bos primigenius) (Hanotte et al. 2002; Helmer et al. 2005; Hongo et 

al. 2009; Conolly et al. 2011). The domestication of Asian indicine cattle occurred in 

South Asia, approximately 8,000–7,500 years ago, and was the product of either an 

independent domestication process or admixture between domestic taurine cattle and 

Asian aurochs (Bos primigenius namadicus) (Meadow 1983; Loftus et al. 1994; Chen et 

al. 2010; Larson and Burger 2013). Current archaeological and genetic evidence is 
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consistent with an independent domestication process, however, without ancient 

genome-wide data admixture between Asian aurochs and domestic taurine cattle 

cannot be ruled out as a potential cause of indicine cattle domestication (Larson and 

Burger 2013). Uncertainty around a hypothesised independent domestication of African 

aurochs (Bos primigenius africanus) (Bradley et al. 1996; Hanotte et al. 2002; Wendorf 

and Schild 2005; Stock and Gifford-Gonzalez 2013), in the Western Desert of Egypt, has 

been largely resolved following reanalysis of the archaeological material (Brass 2018), 

and explicit model based testing of the genetic data (Pitt et al. 2018), which found no 

evidence for an independent African domestication. 

 

A recent study published the first whole-genome sequence of an extinct Eurasian auroch 

(Bos primigenius), recovered from a 6,750-year-old British specimen (Park et al. 2015). 

Analysis of the genome-wide data revealed localised nuclear gene flow into the 

ancestors of British and Irish taurine cattle, contrary to previous mtDNA studies, which 

found no evidence of introgression (Edwards et al. 2007). Model based testing of ancient 

genetic data suggest that the matrilineal founding population of taurine cattle may have 

been as low as just 80 individuals (Bollongino et al. 2012; Scheu et al. 2015). As taurine 

cattle migrated from the Near East into Europe, their mtDNA genetic diversity decreased 

along the axis of migration, and intercontinental migration continued up until ~7,000 

years ago (Scheu et al. 2015). When whole-genome sequences of early domestic cattle 

become available, we will be able to better resolve the role of introgression between 

Eurasian domestic cattle and wild aurochs. 

 

Within Asia, the evolutionary history of the Bos genus is characterised by reticulate 

admixture between domestic cattle populations and other Bos species (Wu et al. 2018). 

East Asian cattle populations show a mosaic of ancestry components, including an 

ancestral East Asian taurine component, a later Eurasian taurine component, and a 

deeply divergent Chinese indicine component (Chen et al. 2018). Cattle populations 

from Tibet also show signs of adaptive introgression of yak (Bos grunniens) genes, in the 

response-to-hypoxia pathway, likely supporting an adaptation to high altitude (Chen et 

al. 2018; Wu et al. 2018)—similar to the adaptive introgression from Denisovans into 
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Tibetans (Huerta-Sánchez et al. 2014), and Tibetan wolves into Tibetan mastiffs (Miao 

et al. 2017). 

 

1.7.2.4 New World Camelids 

In South America, llamas (Lama glama) and alpacas (Vicugna pacos) likely also followed 

a prey pathway. Archaeological evidence suggests the domestication of llamas and 

alpacas from their potential wild progenitors, vicuñas (Vicugna vicugna) and guanacos 

(Lama guanicoe), began ~6,000 years ago (Diaz-Lameiro 2016) within their overlapping 

native ranges in the mountainous regions of Bolivia, Chile and Peru and the central 

Andes Mountains (Barreta et al. 2013). There are two current hypotheses for how the 

domestication of these two species took place. The first is that both llamas and alpacas 

are domesticated forms of guanacos. Alternatively, alpacas may be a domesticated form 

of vicuñas while llamas were derived from guanacos.  

 

Both these hypotheses have support from genetic data. Ancient mitochondrial DNA 

sequenced from llama and alpaca remains from pre-Columbian South American sites 

(Cerro Narrio, Ecuador and Iwawi, Bolivia) demonstrated that the ancient alpacas and 

llamas clustered together within a well-supported monophyletic group more closely 

related to guanacos than to vicuñas, thus suggesting that both species were 

domesticated from guanacos in the Northern South American Andes (Diaz-Lameiro 

2016). The second hypothesis is supported by a study using modern nuclear data, which 

suggested that alpacas and llamas are more closely related to vicuñas and guanacos, 

respectively (Kadwell et al. 2001; Wheeler et al. 2006). Though this second study based 

upon a larger number of nuclear and mitochondrial loci has more weight, the large 

observed differences between the wild species may be partly due to a strong 

bottlenecking in the recent past. For instance, the vicuña population in the 1960s had a 

population size of only 2,000 across South America (Barreta et al. 2013) and guanaco 

populations have been small over the past century. The biases associated with these 

recent demographic shifts may have had an effect on the interpretation of these 

datasets. Understanding the origins and domestication history of these two species will 

be much more clearly understood through the generation and interpretation of ancient 
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nuclear DNA datasets derived from archaeological material across the spatiotemporal 

range of the wild and domestic species. 

 

1.7.3 Directed Domesticates 

1.7.3.1 Horses 

The earliest suggested case of an animal following the directed pathway to 

domestication is that of the horse (Equus ferus caballus) (Zeder 2012b), which may have 

been domesticated to assist steppe pastoralists in hunting wild horses (Levine 1999; 

Olsen 2006a). Identifying horse domestication in the archaeological record is difficult 

because many of the classic markers of domestication show no discernible variation 

between early wild and domestic populations—e.g. morphological changes (Eisenmann 

and Mashkour 2005) and mortality profiles (Olsen 2006b, a). The earliest evidence for 

horse domestication (reviewed in Orlando 2018) comes from Central Asia, around 

~5,500 years ago, where skeletal pathologies indicate horses were bridled and probably 

ridden, and stable isotope analysis of lipid residues in pottery indicate processing of 

mare’s milk (Outram et al. 2009). 

 

Modern horse populations comprise 18 major maternal haplogroups (A–R), 17 of which 

are found in domestic horses and one of which (haplogroup F) is found only in 

Przewalski's horses (Equus ferus przewalskii) (Achilli et al. 2012). This high number of 

mtDNA haplogroups, which diverged long before the start of domestication, has been 

interpreted as evidence of extensive restocking of wild mares during the domestication 

process (Vilà et al. 2001; Lippold et al. 2011b). In contrast, modern Y-chromosome 

patrilines have an extreme lack of diversity (Lindgren et al. 2004), likely caused by a 

strong bottleneck in male horses. The timing of this bottleneck is not clear, however, as 

aDNA studies have revealed that ancient domestic horses had greater Y-chromosome 

diversity than modern horses (Lippold et al. 2011a; Librado et al. 2017). The recent 

publication of the first complete assembly of the horse Y-chromosome should assist in 

future aDNA studies of male-biased processes in horse domestication (Janečka et al. 

2018).  
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A recent genome-wide aDNA study of 14 ancient domestic horses, has also challenged 

the traditional view that the high rate of deleterious mutations found in modern horses 

can be attributed to a male population bottleneck during domestication (Librado et al. 

2017). The “cost of domestication” hypothesis (reviewed in Moyers et al. 2018) argues 

that the process of domestication leads to increased levels of deleterious mutations in 

domestic animals—principally via population bottlenecks and strong artificial selection. 

In the case of horses, however, aDNA has revealed that ancient domestic horses had 

high rates of genetic diversity, and an analysis of the fitness consequences of that 

diversity found that the mutational load of ancient horses was less than that of both 

modern horses and pre-domestic horses (Librado et al. 2017). This implies that current 

levels of deleterious mutations are most likely a product of subsequent breeding 

practices, rather than a consequence of the domestication process itself. 

 

Przewalski's horses are often described as the only extant wild horses (e.g. Der Sarkissian 

et al. 2015), after they were rescued from extinction in the wild following a captive 

breeding program involving 12 wild-caught individuals (Volf et al. 1991). A recent 

genome-wide aDNA study of ancient domestic and Przewalski's horses, from the 

domestication centre in Central Asia, however, showed that Przewalski's horses are not 

truly wild, but are instead the feral descendants of the first domestic horses (Gaunitz et 

al. 2018). This study revealed that it was the ancestors of modern Przewalski's horses 

which were first domesticated ~5,500 years ago, and that by ~4,000 years ago there had 

been a nearly complete genetic turnover among domestic horses, coinciding with the 

dramatic population expansion associated with the Yamnaya culture during the Early 

Bronze Age (Allentoft et al. 2015; Gaunitz et al. 2018). The exact timing of this turnover, 

and the geographic origin of the population, which gave rise to all modern domestic 

horses, remains unknown. Whilst there is still much to discover about the evolutionary 

history of horses, this study highlights the incredible insights that palaeogenomics can 

bring to our understanding of the history of domestication. 

 



 25 

1.7.3.2 Rabbits 

The European rabbit (Oryctolagus cuniculus) is often reported to have been 

domesticated via the directed pathway. In the most widely cited historical account, 

rabbits were supposedly domesticated by Catholic monks in France, circa AD 600, when 

they were granted a dispensation to eat foetal rabbits during Lent (Zeuner 1963; 

Clutton-Brock 1981). The practice of eating laurices—newborn or foetal rabbits—goes 

back to at least the 1st century AD, when Pliny the Elder describes the Spanish delicacy 

of cutting foetal rabbits from the belly of their mother and eating them whole and 

uneviscerated (Naturalis Historia, 8.55). It follows, that by granting permission to 

consume laurices during the many fasting days of the medieval calendar, French monks 

were suddenly motivated to move the breeding of rabbits above ground to obtain a 

reliable supply of newborn rabbits. First put forward by (Nachtsheim 1936) (1936), this 

account has its origins in a widely-miscited text from the late 6th century by St Gregory 

of Tours (Gregory 1969). Through successive retellings, the account became 

incrementally embellished, such that consumption of laurices became especially 

popular amongst the monks during Lent (Nachtsheim 1936), then permitted by the 

Church because they were not considered meat (Zeuner 1963), and ultimately that the 

dispensation was granted by Pope Gregory the Great (Carneiro et al. 2011), an unrelated 

contemporary of St Gregory of Tours. In fact, there is no evidence that eating laurices 

was ever commonplace nor that they were not considered meat, and the timing and 

nature of rabbit domestication remains unknown (Irving-Pease et al. 2018). 

 

Despite this, European rabbits have a well-resolved geographic origin, in Southwest 

France, and the presence of an extant wild progenitor makes it comparatively easy to 

obtain modern genomic samples from which to model the process of selection during 

domestication (Carneiro et al. 2011, 2014, 2015). A recent study compared genome-

wide data from six breeds of domestic rabbits and wild rabbits from across their native 

range, to scan for segregating signatures of selection (Carneiro et al. 2014). The authors 

found more than 100 selective sweep regions distinct to domestic rabbits, and a gene 

ontology enrichment analysis identified significant enrichment for genes involved in 

brain and neuronal development (Carneiro et al. 2014). Interestingly, the authors found 
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very few fixed derived alleles in the domestic breeds, suggesting that domestication was 

achieved via changes in allele frequencies at hundreds of loci, each with low effect size. 

When ancient genome-wide data becomes available for European rabbits it should be 

possible to test the timing of selection at these loci, to better elucidate the process of 

rabbit domestication. 

 

1.7.3.3 Old World Camels 

The progenitor of modern Old World Camels reached Eurasia ~3 million years ago 

(Gaulthiers-Pilters & Dagg 1981, Koehler 1981, Peters 1997). By the middle Pleistocene, 

Old World Camels ranged from China and Mongolia over Central Asia, to the Arabian 

Peninsula, including parts of North Africa and Eastern Europe (Koehler 1981, Titov 2008). 

By the end of the Pleistocene, the range of wild camelids had contracted dramatically 

(Gaulthiers-Pilters & Dagg 1981, Kozhamkulova 1986, Titov 2008) and several wild camel 

species became extinct leaving only the species Camelus ferus.  

 

The distribution of the small extant wild population is restricted to China and Mongolia 

(Bannikov 1976, Hare 1997, Reading et al. 1999, Mix et al. 1997, Mix et al. 2002), though 

the domestic form, Camelus bactrianus, has spread throughout Central Asia and is now 

found from North-East China, Mongolia, South-Russia, and Central Asia. In Asia Minor, 

its distribution overlaps with that of the dromedary. The one-humped dromedary camel, 

probably once found as a wild animal throughout the Arabian region but known with 

certainty only in the domestic or feral state, is now widespread in the hot deserts of 

Northern Africa and Arabia (Walker 1964). 

 

Archaeological records show evidence for a relationship between people and the 

Bactrian camel ~5,000 years ago (Bulliet 1975, Benecke 1994) and the earliest records 

of camel bones come from sites Turkmenistan and Iran (Kuzmina 2008). Given the 

presence of camel bones in Bronze Age strata from sites in Iran and southern 

Turkmenistan, it has been hypothesized that the inhabitants of the Iranian Plateau and 

the Kopet-Dagh-foothills area played a major role in the domestication of the two-

humped camel (Benecke 1994).  
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Due to their use as pack animals, the modern populations of dromedary camels do not 

possess significant phylogeographic structure (Almathen et al. 2016). A recent study of 

dromedary camels (Almathen et al. 2016) successfully recovered DNA from ancient 

dromedary remains. The authors concluded that the founders of the modern domestic 

dromedary camels were likely a population of wild camels present in the southeastern 

corner of the Arabian Peninsula, and that domestic populations were routinely 

hybridised with wild individuals with novel mtDNA haplotypes. 

 

1.7.3.4 Insects 

Two domesticated insect species likely followed the directed pathway: silkworms 

(Bombyx mori) and honey bees (Apis mellifera). People probably began selectively 

breeding moths for silk production ~5,000 years ago. (Bisch-Knaden et al. 2014). The 

extreme changes in morphology and their reliance on humans for survival and 

reproduction has led to the recognition of the domestic form as a unique species, B. 

mori. Recent genetic analyses of complete mitochondrial sequences from different 

geographic regions (Li et al. 2010) and a mixture of mitochondrial and nuclear loci (Sun 

et al. 2012) now suggests that silkworm domestication began in China, in line with fossil, 

historical and archaeological lines of evidence (Sun et al. 2012). 

 

Though there is a clear genetic distinction between wild and domestic silkworm 

lineages, B. mori retain ~83% of the genetic variance of its wild relatives. Xia et al. (2009) 

interpreted this observation as evidence for a short domestication process with a large 

starting population. Yang et al. (2014) used coalescence simulations and the 

approximate Bayesian computation (ABC) on 29 nuclear loci to suggest that 

domestication began ~7,500 years ago with a subsequent bottleneck ~4,000 years ago. 

Though the genetic architecture of domestication remains uncertain, several studies 

have identified genes and phenotypes that have been selected during domestication, 

including loci related to the olfactory system (Xiang et al. 2013), orphan genes (Sun et 

al. 2015) (reviewed in Tautz and Domazet-Lošo 2011) and epigenetic changes (Xiang et 

al. 2013). 
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The genus Apis has 10 distinct species, 9 of which are confined to Asia which suggests 

that the domesticated species, A. mellifera, also originated in Asia. This is supported by 

the fact that the closest species to A. mellifera, Apis cerana, is found in western and 

central Asia. Unlike domestic silkworms however, there is a range of subspecies of 

domesticated honey bee and these are phenotypically distinct in different geographic 

regions. Because these species are adapted to their environment of origin, the basis for 

this phenotypic variation is largely unknown (Wallberg et al. 2014). These sub-species 

fall into four categories supported by morphometric and genetic studies: A are a 

subspecies found throughout Africa, M from western and northern Europe, C eastern 

Europe and O includes species from Turkey and the middle East (Han et al. 2012). 

Despite the parsimonious explanation, an early paper using 1,136 nuclear SNPs 

suggested Africa as the origin of A. mellifera due to distance trees rooting in the African 

clade (Whitfield et al. 2006). More recent studies have questioned this conclusion. One 

study demonstrated that some of the analysed sub-species were actually recent hybrids, 

and by removing these species from the analyses the root of phylogenetic trees did not 

fall unequivocally into the A clade (Han et al. 2012). A similarly ambiguous conclusion 

was drawn when trees were built using 8.3 million SNPs (Wallberg et al. 2014). As a 

result, Asia remains the most likely origin of A. mellifera. 

 

Harpur et al. (2012) found that honey bees exhibit unusually high levels of genetic 

diversity, as domestic bees are more genetically diverse than wild populations in Europe. 

This high level of diversity is believed to be maintained by the crossing of queens from 

diverse locations to produce more diverse hives. De la Rúa et al. (2013) pointed out that 

backcrossing with the local populations may be reducing the overall variation in the 

global honey bee population. Interbreeding between wild and domestics may be 

reducing the number of individuals with local adaptations that may be advantageous in 

a changing environment. 

 

Relative to domestic mammal species, it is far more difficult to identify domestic insects 

in the archaeological record. As a result, investigations into the early process of 



 29 

domestication will have to rely upon genetic and morphological insights derived from 

museum specimens of silkworm and honey bees (e.g. Cridland et al. 2018). 

 

1.8 The Biological Architecture of Domestication 

Given its importance for our understanding of evolution, domestication has also been 

extensively studied by experimental biologists and geneticists. These studies have 

focused on characterising the nature of the specific biological changes underlying the 

differences between domestic and wild species, as well as the interspecific similarities 

among domestic animals (known as the “domestication syndrome;” Figure 1.2). 

Palaeogenomics has an enormous potential to address many questions regarding the 

biological underpinning of domestication by, for example, providing time-series data 

that can help detect artificial selection in the genome. Here we review how studies have, 

and will continue to, leverage the power of palaeogenomics to answer fundamental 

questions in domestication. 

 

1.8.1 Theories and Experiments 

The evolutionary basis of animal domestication is one of the most enduring questions in 

evolutionary biology. Shortly after Charles Darwin (1859) published the theory of 

evolution by natural selection, he turned his attention to the study of domestication. 

Darwin’s (1868) seminal work on the topic, ‘The Variation of Animals and Plants under 

Domestication’ examined in extensive detail the remarkable phenotypic similarity 

shown by a diverse range of domestic animals. Darwin’s observations on the role of 

selection during domestication distinguished between two phases of artificial selection; 

termed ‘unconscious’ and ‘methodical.’ Darwin argued that the initial phase of 

domestication would have involved people unknowingly selecting for domestication 

traits by, for example, choosing the more productive cattle to breed and the less 

productive to eat (Darwin 1868). Over time, these unconscious selective pressures 

formed the many regional landraces of animals. Subsequently, he theorised, people 

began practicing conscious or methodical selection, in which animals were bred with a 

specific phenotypic outcome in mind—a view largely informed by the animal husbandry 
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practices of the 19th century (Marshall et al. 2014). This perspective on animal 

domestication placed central focus on the role of human intent in the development of 

domestication traits, and reproductive isolation from wild populations to preserve 

them.  

 
Figure 1.2 Multiple traits, commonly referred to as ‘domestication syndrome’ and 

their occurrence in different mammalian species. Adapted after (Sánchez-Villagra et 

al. 2016) 
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These ideas were further developed by Francis Galton (1865, 1883), based on 

ethnographic observation of pet keeping in hunter-gatherer communities. Galton 

argued that the domestication of animals was a direct consequence of the human desire 

to capture and tame wild animals. All animals would be exposed to this process, but only 

those with a natural predisposition towards domestication would be permanently 

tamed. These anthropocentric views of domestication proved very influential, placing 

human intent at the heart of many contemporary definitions of domestication (Bӧkӧnyi 

1989; Ducos 1989; Clutton-Brock 1994). 

 

Darwin’s (1868) study of domestication identified a series of behavioural, physiological, 

and morphological traits shared by domestic animals, but not by their wild progenitors. 

These shared traits subsequently became known as the “domestication syndrome” 

(Hammer 1984). Amongst domestic animals, these traits are now considered to include 

increased docility and tameness, reduction in body mass and brain size, novel coat 

colours and patterns, altered tails and floppy ears, smaller teeth and shorter snouts, 

prolonged physical and behavioural neoteny, more frequent and non-seasonal 

reproductive cycles, as well as changes in hormonal and neurotransmitter expression 

(Darwin 1868; Hammer 1984; Wilkins et al. 2014). The prevalence of these traits 

amongst domestic animals, including birds, fish, and mammals suggest that domestic 

animals respond similarly to artificial selection. The subsequent domestication 

syndrome (Figure 1.2), has been hypothesised to result from a disruption in 

developmental process of the neural crest (Wilkins et al. 2014; Sánchez-Villagra et al. 

2016). 

 

Experimental studies of animal domestication have played a key role in our 

understanding of how the domestication syndrome develops. The earliest experiments 

involved domestication of the brown rat (Rattus norvegicus) (King and Donaldson 1929; 

Castle 1947), however, the most informative experiments involved the silver fox—a 

melanistic form of the red fox (Vulpes vulpes). Beginning in 1959 at the Institute of 

Cytology and Genetics in Novosibirsk, Dmitri Belyaev established an experimental 

breeding program which selectively bred silver foxes, brown rats, and European 

mink (Mustela lutreola) for tameness (Belyaev 1969; Trut et al. 2004, 2009). Captive 
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silver foxes were sourced from fur farms, where they had been selectively bred for their 

unique coat pigmentation (Belyaev 1969). Their level of aggression towards humans was 

tested by attempting to hand feed, stroke or handle the foxes, and those which 

exhibited the least aggressive response were chosen for subsequent breeding (Trut et 

al. 2004). The selective pressures in each generation were very high, with only 3% of 

males and 8–10% of females permitted to breed (Trut et al. 2004). Within 30 

generations, almost half of the experimental foxes had behavioural relationships with 

humans that were analogous to domestic dogs. Interestingly, they also exhibited classic 

symptoms of the domestication syndrome—changes in coat colour and snout length, 

floppy ears, and altered developmental timing (Trut et al. 2004).  

 

Whole-genome sequences for tame, aggressive, and conventional foxes raised under 

these experimental conditions have recently been published (Kukekova et al. 2018). 

Analysis of this data identified more than 100 regions showing signatures of selection in 

one or more of the experimental populations, and the SorCS1 gene was identified as a 

strong candidate gene for tame behaviour. 

 

1.8.2 Genetic changes during domestication 

Many researchers have investigated the genetic basis for the phenotypic and 

behavioural changes seen in the domestication syndrome (Dobney and Larson 2006; 

Trut et al. 2009; Albert et al. 2009; Driscoll et al. 2009; Axelsson et al. 2013; Jensen 2014; 

Wilkins et al. 2014; Carneiro et al. 2014). With regard to plant domestication, good 

progress has been made in identifying genes linked to domestication and crop 

improvement (reviewed in Doebley et al. 2006; Olsen and Wendel 2013), however, the 

identification of similar genes linked to animal domestication has been more elusive. 

Increasingly, research has suggested that the phenotypic diversity found in domestic 

animal populations is based on complex genetic architectures involving hundreds of 

genes and regulatory regions, each with small effect sizes (Larson et al. 2014; Wilkins et 

al. 2014; Carneiro et al. 2014).  
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Evidence drawn from across the range of domestic taxa, and phenotypic traits, suggest 

complex pleiotropic, polygenic, and epistatic effects (Reissmann and Ludwig 2013; 

Wilkins et al. 2014; Wright 2015). For example, pleiotropy—in which single genes affect 

multiple discrete phenotypic traits—has been putatively identified in behavioural, 

morphological, life-history and sexual ornament traits in domestic chickens (Gallus 

gallus) (Wright et al. 2010; Johnsson et al. 2012). Polygenic traits—in which single 

phenotypic traits are controlled by multiple genes—is most clearly evident in 

pigmentation traits for hair, skin, and eyes, where more than 125 causal genes have 

been identified in domestic mice (Mus musculus) (Bennett and Lamoreux 2003). 

Epistasis—in which the expression of a genetic variant is dependent on the effect of one 

or more variants in modifier regions (Cordell 2002)—has been putatively identified in 

more than a dozen epistatic pairs effecting tameness, flight and startle responses, body 

weight and other traits, in experimentally domesticated brown rats (Albert et al. 2009). 

Among domesticated crops, where the architecture of domestication traits is better 

understood, epistasis is thought to play a key role in phenotypic expression (reviewed 

in Doust et al. 2014). 

 

The identification of genes involved in animal domestication and their mapping to 

complex traits has been achieved via two main approaches: (i) quantitative trait loci 

(QTL) mapping (reviewed in Mackay et al. 2009); and (ii) genome-wide association 

studies (GWAS) (reviewed in McCarthy et al. 2008). Both techniques have been critical 

in identifying candidate genes associated with traits that differentiate domestic 

populations (Goddard and Hayes 2009). This work has been aided by the development 

of online databases, cataloguing known gene associations. The Animal QTLdb now 

contains more than 57,000 trait mappings (Hu et al. 2007, 2016), and the Online 

Mendelian Inheritance in Animals (OMIA) database (Nicholas 2003; Lenffer et al. 2006) 

catalogues thousands of monogenic traits in domestic animals. QTL mapping and GWAS 

studies, however, often focus on traits that are important for food production rather 

than traits that differentiate wild and domestic populations.  

 

Population genomic studies that focus on identifying the signatures of selection in 

genome-wide sequence data from wild and domestic populations have allowed for 
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more candidate genes involved in domestication to be identified. This approach has 

recently been used to identify putative selection in polygenic loci involved in brain and 

neuronal development traits in domestic rabbits (Oryctolagus cuniculus) (Carneiro et al. 

2014), and digestion and nervous system development traits in dogs (Axelsson et al. 

2013). Genome-wide sequencing data has also been used to test the hypothesis of gene-

loss as a driver of rapid evolutionary change (Olson 1999), which has been discounted 

as an important process in the domestication of dogs (Freedman et al. 2016), chickens 

(Rubin et al. 2010), pigs (Rubin et al. 2012) and rabbits (Carneiro et al. 2014). 

 

1.8.3 Temporal pattern of genetic and morphological changes 

Identifying the genetic basis of animal domestication based solely on modern DNA, 

however, can be problematic (Larson and Burger 2013). In order to Identify the genetic 

basis of traits that are associated with early stages of the domestication process it is 

necessary to dissociate these from changes that happened during later stage of the 

process (Vigne 2011). This can be problematic as domestic animals bear little direct 

resemblance to their early forbears, due to thousands of years of artificial selection, 

divergent environmental conditions, and introgression with populations unrelated to 

the initial domestication. More recently, this has been further complicated by intensive 

breeding practices which have made reconstructing the early stages of domestication 

much harder (Larson and Burger 2013).  

 

Recently, a genome-wide selection scan identified a putative domestication locus in the 

thyroid stimulating hormone receptor (TSHR) gene in domestic chickens (Rubin et al. 

2010). Thyroid hormone metabolism has previously been suggested as a key factor in 

animal domestication (Crockford 2002; Dobney and Larson 2006), and the TSHR gene 

has been shown to play an important role in metabolic regulation and control of 

seasonal reproduction in birds (Nakao et al. 2008) and mammals (Hanon et al. 2008). 

Single nucleotide polymorphisms (SNPs) from the TSHR sweep region, including a 

candidate causal missense mutation, were genotyped in hundreds of domestic chickens, 

from dozens of geographically dispersed populations. The missense mutation was found 

to be almost completely fixed in the domestic population, with an allele frequency of 
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0.987 (Rubin et al. 2010). The same SNPs were typed in more than fifty red junglefowl 

(Gallus gallus)—thought to be the primary wild ancestor of the domestic chicken 

(Eriksson et al. 2008). The missense mutation was found with an allele frequency of 0.35, 

which the authors attributed to introgression from domestic chickens into zoo 

populations of red junglefowl (Rubin et al. 2010). 

 

 
Figure 1.3 Pie charts representing the allele frequency of variants at TSHR and BCDO2 

(affecting skin colour) in ancient chickens. This figure demonstrates that the variants 

at those genes, which are thought to influence traits in modern domestic chickens, 

were not found at high frequency in ancient chickens. Their rise in frequency is thought 

to be associated with breeding during the middle age, but not with the domestication 

process (Loog et al. 2017). Adapted after (Girdland Flink et al. 2014). 

 

The identification of the TSHR gene as a domestication locus relies on the assumption 

that selective pressure on the allele that is now almost fixed in domestic chickens took 

place during the early stage of the domestication process. This assumption was directly 

tested when another research group recovered aDNA from 80 domestic chickens, from 

a dozen sites across Europe, with a temporal range of approximately 2,000 years 

(Girdland Flink et al. 2014). The authors were able to genotype the SNP from the TSHR 
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sweep region in 44 ancient samples. The missense mutation was found with an allele 

frequency of just 0.432, and only 18% of the samples were homozygous for the derived 

allele (Girdland Flink et al. 2014). This analysis clearly demonstrated that the fixation of 

the TSHR missense mutation was associated with later trait improvements rather than 

the initial domestication process (Figure 1.3). 

 

In a subsequent study, selection on the TSHR locus was revisited, with an expanded 

ancient DNA dataset, and the application of a novel Bayesian statistical framework for 

modelling the strength of selection over time (Loog et al. 2017). The authors concluded 

that selection on the derived allele began around AD 920, coinciding with Medieval 

religious dietary reforms, which may have increased demand for both chicken and eggs 

(Loog et al. 2017). These findings are supported by zooarchaeological assemblages from 

England and Germany, spanning the medieval period, which show an increase in both 

the overall frequency of chickens and the relative proportion of adult hens—interpreted 

as sign of increased egg production (Serjeantson 2006; Sykes 2007; Holmes 2014). 

Functional genetic investigation of the pleiotropic effects of the TSHR derived allele in 

chickens has shown that it is associated with increased egg production (Karlsson et al. 

2016), decreased aggression and less fearful behaviours (Karlsson et al. 2015)—

consistent with artificial selection for intensified egg production during the Medieval 

period. Evidently, TSHR has played an important role in the evolutionary history of 

domestic chickens, however, its identification as a domestication locus is erroneous and 

it can better be described as an improvement trait. 

 

Similar cases, involving misidentified domestication genes, have been reported in 

domestic dogs and wheat. In the latter, a derived allele, fixed in modern populations of 

wheat, was identified as a putative domestication locus in the NAM-B1 gene (Uauy et 

al. 2006). Ancient DNA recovered from herbarium seeds, however, established that the 

ancestral allele was still commonly found in cultivated populations as recently as 150 

years ago (Asplund et al. 2010). Similarly, a recent genome-wide study of dogs, 

demonstrated that most modern populations harbour a high number of copies of the 

amylase alpha 2B (AMY2B) gene (Axelsson et al. 2013). This high copy number is almost 

fixed in modern dogs (Freedman et al. 2014) and allows them to better process starch 
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(Axelsson et al. 2013). Ancient DNA studies, however, showed that these genetic 

variations only started to occur following the onset of farming, more than 7,000 years 

after dogs were domesticated (Arendt et al. 2016; Ollivier et al. 2016). More recent 

aDNA analysis further suggests that selection on AMY2B copy-number variation did not 

begin until well after the advent of agriculture (Botigué et al. 2017). 

 

These examples clearly demonstrate the importance of ancient DNA in verifying the 

timing of selection during the domestication process, and the pitfalls inherent in 

inference based solely on modern DNA. As the number of aDNA studies increases, the 

geographic range and temporal resolution of these datasets will allow ever more 

detailed studies to investigate which loci were under selection during early phases of 

domestication.  

 

1.8.4 Genes as Domestic Markers  

Genetic markers can potentially be used to evaluate whether animal remains belong to 

a wild or domestic individual, however, the use of genetics is controversial due to the 

disputed importance of genetic changes during the early phases of domestication (Zeder 

2012a; Vigne 2015). These controversies stem from a general lack of consensus 

regarding the definition of domestication, particularly one which unifies both plants and 

animals. This lack of clear definition has recently been identified as one of the key 

challenges in domestication research (Zeder 2015). There are, however, some clear 

examples of genetic (and phenotypic) changes that are highly diagnostic of the 

domestication status of an animal. For example, multiple non-synonymous (protein 

changing) mutations have been found in the melanocortin 1 receptor (MC1R) gene of 

pigs which leads to a black coat colour, or black spotted colour, and loss of their wild-

type camouflage coat pattern (Fang et al. 2009). At least three independent mutations, 

resulting in similar phenotypes exists in pigs, one in European pigs, one in East Asian pigs 

and one in Hawaiian feral pigs (introduced during the Polynesian expansion; Figure 1.4) 

(Linderholm et al. 2016). In modern European domestic pigs, this dominant allele, which 

leads to loss of camouflage, is found at very high frequency, while it is almost absent 
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from wild populations (Koutsogiannouli et al. 2010; Frantz et al. 2013a). This suggests a 

strong negative selection in wild boars. 

 

This European dominant black allele was recently found in four ~6,500 years old pig 

remains from the site of Ertebølle (Mesolithic of northern Germany) (Krause-Kyora et al. 

2013). These animals also had a mtDNA haplogroup originating in Near Eastern domestic 

populations, and geometric morphometric (GMM) analysis revealed they had molars 

with domestic shape characteristics and pathologies (Krause-Kyora et al. 2013). Their 

domestic status, however, conflicted with the cultural context in which they were 

found—Mesolithic hunter-gatherer rather than Neolithic farmers.  

 

 
Figure 1.4 Haplotype network for the MC1R gene coding region. This figure 

demonstrates the existence of three lineages of black pigs, in Hawaii, Europe and East 

Asia. Adapted after (Linderholm et al. 2016). 

 

This sparked a controversy and led to several published replies (Evin et al. 2014; Rowley-

Conwy and Zeder 2014a, b). The principle critique centred on the lack of evidence that 

humans at Ertebølle had a special relationship with these animals, distinct from that of 

wild boar (Rowley-Conwy and Zeder 2014a). The authors argued that domestication 

involves more than the phenotypic expression of genetic traits and requires a 

mutualistic relationship between the domestic and the domesticator. Therefore, even 

unambiguously domestic animals—with the complete set of behavioural and 
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phenotypic traits—identified in this undifferentiated context would shed no light on the 

process of domestication, or the adoption of agriculture in the region (Rowley-Conwy 

and Zeder 2014b). All together this highlights the fact that biological markers, even 

highly discriminative as those described above, cannot on their own provide the sole 

basis for a definition of domestication. 

 

1.8.5 Introgression in Domestication 

Animal domestication is often thought to be defined, not solely by genetic and 

phenotypic characteristics, but also by population processes such as a strong 

bottlenecks, reproductive isolation from wild populations, and directed breeding 

(Marshall et al. 2014). More recently, modern and ancient genomic datasets have 

revealed that these conditions were much less common than previously thought—

revealing complex and varied patterns of introgression between wild and domestic pigs 

(Frantz et al. 2015), goats (Daly et al. 2018), cattle (Park et al. 2015), horses (Schubert et 

al. 2014), dromedary camels (Almathen et al. 2016), cats (Ottoni et al. 2017), and many 

other species (Marshall et al. 2014). As early farmers spread outwards from the major 

centres of domestication, the domestic animals that accompanied them frequently 

interbred with wild populations encountered along their routes of dispersal. Successive 

waves of gene flow over thousands of years have resulted in modern genomes which 

are complex palimpsests, containing traces of many different ancestral populations. For 

researchers that use DNA to re-trace the temporal and geographic origin of domestic 

populations, introgression can be a double-edged sword. Patterns of admixture have 

been useful in untangling routes of animal dispersal and human migration (Larson et al. 

2007b), but they have also led to misleading interpretations, based on limited 

mitochondrial datasets, for multiple independent domestications of cattle (Hanotte et 

al. 2002), pigs (Larson et al. 2005), goats (Luikart et al. 2001), sheep (Pedrosa et al. 2005) 

and horses (Vilà et al. 2001). 

 

The specific patterns of introgression vary between different species, depending on the 

way domestic populations were managed, and the variety of wild populations which 

were encountered. For example, widespread introgression in European pigs has been 
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attributed to loose herd management practices; in which free ranging domestic pigs 

interbred freely with neighbouring wild boar populations, whose offspring were 

adopted into the loosely managed herds (Ottoni et al. 2013; Frantz et al. 2015). These 

patterns of introgression are highly asymmetric in pigs, with wild boars receiving little 

to no gene flow from domestic populations (Frantz et al. 2015). In general, the 

directionality of admixture is biased towards gene flow from local populations into 

migrant groups, especially with increasing distance from the source of the migration 

(Currat et al. 2008). Notable exceptions do occur, however, such as the K-locus variant 

introgressed from dogs into wolves (Schweizer et al. 2018) and MITF gene variants 

introgressed from cattle into yaks (Wu et al. 2018). 

 

African cattle, which early genetic evidence suggested might have been independently 

domesticated (Hanotte et al. 2002), are now better explained by introgression between 

Near Eastern domestic cattle (Bos taurus), wild North African aurochs (Bos primigenius 

africanus) and successive waves of Asian domestic zebus (Bos indicus) (Mwai et al. 2015; 

Brass 2018; Pitt et al. 2018). In domestic chickens, the now ubiquitous yellow leg trait 

was acquired via introgression from the wild grey junglefowl (Gallus sonneratii) 

(Eriksson et al. 2008). For some species, introgression with wild populations continues 

to be an active process—particularly among reindeer (Rangifer tarandus) (Røed et al. 

2008) and honey bees (Apis mellifera) (Harpur et al. 2012), which exhibit very high levels 

of genetic diversity. 

 

An important, but limited, approach to investigating these complex histories is to use 

large genome-wide datasets to characterise the patterns of diversity and admixture 

seen in modern domestic populations—like cattle (Gibbs et al. 2009; Decker et al. 2014), 

sheep (Kijas et al. 2012), goats (Wang et al. 2016; Brito et al. 2017), pigs (Ai et al. 2013), 

horses (McCue et al. 2012; Petersen et al. 2013; Schaefer et al. 2017), chickens (Muir et 

al. 2008; Stainton et al. 2017), dogs (vonHoldt et al. 2010; Shannon et al. 2015) and mice 

(Yang et al. 2011; Staubach et al. 2012). These large modern datasets benefit from the 

relative ease of sampling and low cost of data generation, compared to aDNA. The 

recent development of novel computational methods using phased haplotypes (Lawson 

et al. 2012; Hellenthal et al. 2014) have increased the precision with which the timing, 
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direction and fraction of admixture can be resolved in these high quality modern 

datasets. 

 

The inferences which can be made from modern DNA alone, however, are limited by the 

use of modern genetic variation as a proxy for ancestral populations. Modern DNA can 

be blind to population replacement (e.g. Haak et al. 2015; Gaunitz et al. 2018), because 

the extirpated populations make little contribution to modern variation. Nor can 

modern DNA effectively detect or measure admixture from unsampled extinct species 

(e.g. Prüfer et al. 2014; Park et al. 2015), because the ancestral states of both species 

are unknown—although statistical methods have been developed to infer admixture 

from unsampled archaic populations (e.g. Plagnol and Wall 2006; Vernot and Akey 

2014). The best approaches are those that combine both ancient and modern DNA with 

explicit testable models of evolutionarily processes (Gerbault et al. 2014). The recent 

development of novel Bayesian techniques for modelling serially sampled DNA hold 

particular promise to reveal important insights into the evolutionary process of 

domestication (Schraiber et al. 2016; Ferrer-Admetlla et al. 2016; Loog et al. 2017). 

 

1.9 Future perspectives 

1.9.1 Ancient Epigenomes 

The role of epigenetics in the domestication process, and in regulating domestic 

phenotypes, is a promising area of new research. For example, researchers working on 

the experimental domestication of the silver fox have suggested that observed 

differences in hormonal expression, associated with the domestication syndrome, may 

be linked to epigenetic modifications (Trut et al. 2009). A recent study comparing 

methylation patterns between dogs and wolves found 68 significantly differentially 

methylated sites across the two species, which included sites linked to the GABRB1 and 

SLC17A8 neurotransmitter genes, associated with a range of cognitive functions 

(Janowitz Koch et al. 2016). The role of epigenetics in a wide range of livestock 

phenotypes has also recently garnered a lot of attention (Feeney et al. 2014; Ibeagha-

Awemu and Zhao 2015; Triantaphyllopoulos et al. 2016). 
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As our understanding of epigenetics improves, the ability to retrieve epigenetic 

information from ancient DNA will become increasingly important (reviewed in Hanghøj 

and Orlando 2018). Technical advances have recently made the recovery of ancient 

methylation maps possible (Briggs et al. 2010), which has resulted in the publication of 

the first genome-wide methylation maps for an ancient human (Pedersen et al. 2014), a 

Neandertal and a Denisovan (Gokhman et al. 2014). Specialist computational tools for 

performing these analyses have also recently become available (Hanghøj et al. 2016). 

Presently, an equivalent ancient genome-wide methylation map has yet to be produced 

for domestic animals, however, as the number of ancient whole genome sequences 

increase it is only a matter of time before these become available. 

 

1.9.2 Technical Advances 

On the technical front, palaeogenomics has benefited greatly from the development of 

increasingly cheaper and higher throughput sequencing platforms. As development of 

these machines continues apace, we can expect the cost of DNA sequencing to continue 

to reduce. In some experimental designs the limiting factor is no longer the cost of 

sequencing, but the costs of reagents and skilled labour for sample preparation (Rohland 

and Reich 2012). Protocols and laboratory equipment for automated library 

preparation, using liquid handling robots, are already available (Farias-Hesson et al. 

2010; Lundin et al. 2010), and such approaches will likely become more commonplace 

in the future. As the cost of sequencing and sample preparation continues to drop, the 

number of samples and range of taxa which can be sequenced will increase 

concomitantly. Domestic animals are well represented in many archaeological sites, 

providing the potential for aDNA studies with fine-grained transects through time. 

 

As palaeogenomics studies scale up, increasingly sophisticated population genetic 

models will be necessary to interpret the process of animal domestication (Gerbault et 

al. 2014). Current methods for inferring patterns of admixture will need to be extended 

and improved to deal with more complicated models and larger datasets. Model-based 

clustering techniques, like STRUCTURE (Pritchard et al. 2000) and ADMIXTURE 

(Alexander et al. 2009), are very popular but widely over-interpreted (Lawson et al. 
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2018). Graph fitting approaches, like TreeMix (Pickrell and Pritchard 2012) and 

MixMapper (Lipson et al. 2013), are useful for inferring models of admixture, but lack a 

formal statistical test of fit (Patterson et al. 2012). Formal models of admixture can be 

tested with f-statistics (Reich et al. 2009; Patterson et al. 2012) and D-statistics (Green 

et al. 2010; Durand et al. 2011), but these methods cannot resolve complex admixture 

topologies. Haplotype based methods (Lawson et al. 2012; Hellenthal et al. 2014) work 

well on high quality data but are not suitable for low-coverage ancient data. Bayesian 

techniques, like admixturegraph (Leppälä et al. 2017), can test goodness of fit between 

models using Bayes factors, but computing these factors is computationally expensive, 

making automated model exploration very slow. As datasets continue to increase in size, 

the main constraint on genome analysis will be scaling computation to contend with the 

growth in sequence data (Muir et al. 2016). 

 

1.9.3 Novel Substrates for aDNA 

Palaeogenomics is branching out into the recovery of aDNA from a range of novel 

substrates (reviewed in Green and Speller 2017). For example, the recent demonstration 

that aDNA can be successfully retrieved from historic parchments has opened up a 

whole new avenue for the study of domestic animals (Teasdale et al. 2015). Large 

numbers of historical parchments exist in archival and private collections across Europe. 

These parchments represent an exceptionally well dated source of aDNA for 

reconstructing the evolutionary history of regional landraces of sheep, goat, and cattle 

(Teasdale et al. 2015). Ancient coprolites from domestic animals have also recently been 

shown to be a suitable substrate for the recovery of aDNA. Using a combination of 

microscopy and aDNA sequencing, a recent study of domestic dog coprolites was able 

to establish the major diet components of ancient Polynesian dogs (Wood et al. 2016). 

Additionally, ancient latrines have been shown to contain retrievable quantities of 

parasite aDNA, the host specificity of which can be used to infer the presence of 

domestic animal species (Søe et al. 2018). 

 

Calcified dental plaque, known as dental calculus, has also recently been established as 

an important new substrate for aDNA recovery (Adler et al. 2013; Warinner et al. 2014, 
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2015; Weyrich et al. 2015). Archaeological studies of dental calculus in domestic animals 

have a long history; the earliest of which used light microscopy to study phytoliths 

trapped in dental calculus from cattle, sheep, and horse teeth (Armitage 1975). Other 

early studies identified a broad range of organic substances in dental calculus (Dobney 

and Brothwell 1986), and developed a system for quantifying dental calculus in human, 

cattle and sheep teeth (Dobney and Brothwell 1987). More recently, palaeogenomic 

studies of dental calculus have focused on changes in human health and diet. For 

example, a recent study used aDNA from dental calculus to establish that Mesolithic 

foragers in the Balkans were consuming domesticated plant foods (Cristiani et al. 2016). 

As palaeogenomics broadens its focus away from human centred studies, similar studies 

of animal diet and oral health will no doubt be applied to domestic taxa and their wild 

progenitors. 

 

Environmental and sediment DNA are also showing strong potential for reconstructing 

the movement of domestic animals and their environmental impacts. A recent study 

used DNA metabarcoding of Alpine lake sediments to build a high-resolution picture of 

agricultural land use since the Neolithic (Giguet-Covex et al. 2014). The authors were 

able to identify ancient sediment DNA from cattle, goats, sheep, horses, and chickens, 

and to correlate their abundance with changes in plant cover and erosion. The potential 

of environmental DNA, however, is moderated by the risk of vertical DNA movement 

through sediment stratigraphy. For example, one study identified sheep DNA in a New 

Zealand cave site from layers which pre-dated European contact, demonstrating that 

DNA leaching can be problematic under some soil conditions (Haile et al. 2007). The 

inability to directly date environmental DNA from sediments which lack macrofossils is 

also a significant concern, and has caused some to question the identification of the 

earliest domestic wheat in Britain; from an 8,000 year-old layer of a sediment core 

(Smith et al. 2015a, b; Bennett 2015). 

 

1.10 Conclusion 

The future of palaeogenomics and its application to the study of animal domestication 

looks bright. Ten years ago, the retrieval of a single gene locus from few ancient samples 
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was cause for celebration. Now, studies involving genome-wide data from dozens (Haak 

et al. 2015; Fu et al. 2016; Lazaridis et al. 2016) or even hundreds (Mathieson et al. 2015; 

Lipson et al. 2017) of ancient samples is increasingly commonplace. So far, large 

palaeogenomic studies have favoured retrieval of ancient human DNA, but similarly 

sized studies of domestic animals are certainly on the horizon. As our understanding of 

aDNA preservation (Hansen et al. 2017) and decay kinetics (Kistler et al. 2017) improves, 

more informed choice of skeletal elements and sampling locations will also permit the 

retrieval of aDNA from older time depths and warmer climates. We anticipate that the 

trend will be towards larger studies with many more samples, and much older and finer 

temporal resolution. 
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2.3 Abstract 

The study of animal domestication is an important model system for understanding 

adaptive responses to changes in environmental conditions, demography, and selective 

pressures over time. Despite decades of genetic research into traits associated with 

domestication, our understanding of the underlying genetic basis of adaptation to the 

domestic niche is limited. Using genome-wide modern DNA, previous studies have 

contrasted populations of wild and domestic animals to scan for segregating signatures 

of selection in their respective genomes. Due to the intensive nature of modern 

breeding practices, it is unclear which candidate genes identified by these methods were 

under selection during the initial process of domestication, and which represent more 

recent improvement traits. Time series data, obtained from ancient DNA, can resolve 

these questions by directly observing changes in allele frequencies over time. Here, we 

model the allelic trajectory of >2,000 genome-wide association study (GWAS) variants 

linked to quantitative traits in taurine cattle (Bos taurus) and horses (Equus ferus 

caballus). Using a dataset of 369 ancient nuclear genomes, spanning >10,000 years of 

evolutionary history, we attempt to quantify the temporal origins and strength of 

selection for genetic variants associated with health, reproductive, performance, 

production, aesthetic and behavioural traits in cattle and horse populations. Due to 

technical difficulties with the Markov Chain Monte Carlo (MCMC) convergence, the 

majority of modelled variants (75%)  did not pass quality control. Of those that met 

convergence metrics, only two SNPs in horses showed credible signs of selection, and 

none in cattle. 

 

2.4 Introduction 

The domestication of animals was one of the most important transformations in human 

history. It supported the transition from hunting and gathering to pastoralism and 

settled agricultural communities (Larson et al., 2014), and ushered in changes that 

ultimately transformed the entire biosphere (Vigne, 2011). Due to its central importance 

to evolutionary and population genetics, the domestication of animals has been widely 

studied (e.g. Gerbault et al., 2014; Irving-Pease et al., 2018; Jensen, 2014; Larson and 



 70 

Burger, 2013). However, the underlying genetic basis of traits differentiating domestic 

animals them from their wild counterparts remains elusive. 

 

Previous studies have advanced our understanding of the genetic architecture of 

domestication by comparing genome-wide data from populations of wild and domestic 

animals, to scan for segregating signatures of selection. This comparative approach has 

been critical in demonstrating that animal domestication did not occur through strong 

selection on common variants with high effect sizes. Instead, selection during animal 

domestication is  likely to result in subtle shifts in the allele frequencies of variants at 

hundreds of loci, each with low effect size. For example, a recent study on European 

rabbit (Oryctolagus cuniculus) domestication compared genome-wide data from wild 

rabbits in France and Iberia, to six breeds of domestic rabbits (Carneiro et al., 2014). The 

authors scanned for signatures of selection shared across all rabbit breeds and identified 

more than 100 sweep regions exclusive to domestic rabbits but found very few fixed 

derived alleles. A similar study comparing modern sheep and goats found 90 selective 

sweep regions which segregated between domestic and wild populations of Capra and 

Ovis, but very few fixed variants (Alberto et al., 2018). 

 

One of the principle limitations of studies of selection based on modern DNA is that they 

are unable to resolve the temporal component of selection, and therefore cannot 

distinguish between loci under selection during the early stages of domestication and 

those selected for in subsequent processes. For example, a genome-wide study 

comparing European domestic pigs and wild boar identified more than 300 selective 

sweep loci unique to the domestic populations (Frantz et al., 2015). However, analysis 

of ancient DNA from across Europe and the Near East showed that these selected 

haplotypes originated in the local European wild boar population, and only introgressed 

into domestic pigs following their arrival from the Near East, more than ~2,000 years 

after their initial domestication (Frantz et al., 2019). Similarly, ancient DNA studies of 

domestic chickens (Girdland Flink et al., 2014; Loog et al., 2017) and dogs (Arendt et al., 

2016; Ollivier et al., 2016) have established that putative domestication loci, identified 

in modern populations, were not under selection until thousands of years after each 

species’ initial domestication (see Section 1.8.3). More recently, the intensive nature of 
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modern breeding practices has made it exceedingly difficult to identify the genomic loci 

which were targeted by selection in the distant past. 

 

Time series data, obtained from ancient DNA, can resolve these issues by directly 

observing changes in allele frequencies over time. The recent development of novel 

techniques for modelling serially sampled DNA (e.g. Bollback et al., 2008; Ferrer-

Admetlla et al., 2016; Gory et al., 2018; Loog et al., 2017; Malaspinas et al., 2012; 

Mathieson and McVean, 2013; Paris et al., 2019; Sackman et al., 2019; Schraiber et al., 

2016; Terhorst et al., 2015) allow inference of selection coefficients and other 

parameters of interest. By modelling the trajectories of alleles with known trait 

associations, ascertained in genome-wide association studies (GWAS), it is possible to 

infer the strength of selection and the age of the allele under selection for hundreds of 

polygenic traits. Here, we apply a modified version of the Schraiber et al. (2016) method 

to reconstruct the allelic trajectory of >2,000 GWAS variants linked to quantitative traits 

in cattle and horses. Using a dataset of 369 ancient nuclear genomes, spanning >10,000 

years of evolutionary history, we attempt to quantify the temporal origins and strength 

of selection for genetic variants associated with health, reproductive, performance, 

production, aesthetic and behavioural traits in cattle and horse populations.  

 

2.5 Methods and Materials 

2.5.1 Computational Pipeline 

The computational pipeline built to perform all analyses was written in the Python 

scripting language, using the Luigi (v. 2.8.3) (Spotify, 2019) pipeline framework and GNU 

parallel (Tange, 2018), with supporting code written in bash, R and SQL. All analyses are 

fully reproducible, with the code made available online in a GitHub repository 

(https://github.com/ekirving/alleletraj). 

 

A MySQL database (v. 5.7.21) (Widenius and Axmark, 2002) was used to organise project 

metadata and sequencing results, as well as for hosting local builds of the AnimalQTL 

database (Hu and Reecy, 2007), and the Ensembl gene and variants (dbSNP) databases 

(Hubbard et al., 2002). 
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2.5.2 Reference genomes 

Reference genomes for cattle (UMD3.1) (Zimin et al., 2009) and horses (EquCab2) (Wade 

et al., 2009) were downloaded from Ensembl (Hubbard et al., 2002), and indexed with 

the samtools faidx  command from SAMtools (v. 1.3.1) (Li et al., 2009) and the 

CreateSequenceDictionary  command from Picard (v. 2.5.0) (Broad Institute, 2016). 

 

Table 2.1 Genome assemblies used for each species 

Species Assembly GenBank Accession 

Cattle Bos taurus UMD3.1 GCA_000003055.3 (Zimin et al., 2009) 

Horse Equus f. caballus EquCab2 GCA_000002305.1 (Wade et al., 2009) 

 

Whilst newer reference genomes exist for horses (EquCab3.0) (Kalbfleisch et al., 2018), 

and cattle (ARS-UCD1.2) (USDA ARS, 2018), earlier builds were specifically chosen to 

maintain compatibility with older resources used in downstream processing. 

 

2.5.3 Modern Samples 

2.5.3.1 Published data 

Modern reference panels for cattle (n=22) and horses (n=30) were compiled from 

publicly available whole-genome sequencing (WGS) libraries deposited with the 

Sequence Read Archive (SRA) (Leinonen et al., 2011). Samples were chosen to broadly 

represent a diversity of modern breeds. The River buffalo (Bubalus bubalis) and Somali 

wild ass (Equus africanus somaliensis) were used as outgroup species for cattle and 

horses, respectively. For the full list of BioSample codes for each species see Table S2.1 

and Table S2.2. 

 

Table 2.2 Summary of modern reference panels 

Species Samples Mean DoC Outgroup  

Cattle 22 8.78x River buffalo Bubalus bubalis 
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Species Samples Mean DoC Outgroup  

Horse 30 15.37x Somali wild ass Equus africanus somaliensis 

 

Individual libraries, and their corresponding SRA run accession codes, were identified by 

querying the SRA with the BioSample code of each respective sample, using the 

esearch , efetch  and xtract  workflow from the Entrez Direct software package (v 

11.6) (Kans, 2013). SRA run accessions were downloaded and split into single- and 

paired-end FASTQ files, where appropriate, using the fasterq-dump  tool from the SRA 

Tools software package (v. 2.9.6) (Leinonen et al., 2011). 

 

2.5.3.2 Trimming 

Single- and paired-end libraries were trimmed of adapters, and low-quality bases (Phred 

scaled base quality score < 20) were removed from both the 5' and 3’ ends using 

TrimGalore! (v. 0.4.3) (Krueger, 2015), which functions as a wrapper around Cutadapt 

(v. 1.17) (Martin, 2011). Any trimmed reads shorter than 25 bases in length were 

discarded from further processing. Summary statistics and quality control checks were 

produced for all trimmed libraries using FastQC (v. 0.11.7) (Andrews, 2010), with default 

settings, as implemented in TrimGalore! 

 

2.5.3.3 Alignment 

Trimmed reads were aligned to their respective reference genomes using the Burrows-

Wheeler Aligner (BWA) (v. 0.7.5) (Li and Durbin, 2009), with the bwa mem  command (Li, 

2013), after indexing the reference genome with bwa index -a bwtsw . 

 

For paired-end libraries, bwa mem  can produce invalid FLAG information on Sequence 

Alignment Map (SAM) records (Li et al., 2009), so mate pair flags were reset using the 

samtools fixmate  command. SAM output was filtered to remove unaligned reads 

using the samtools view  command; and sorted into coordinate order and converted 
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into Binary Alignment Map (BAM) format using the samtools sort  command. Sorted 

BAM files were indexed using the samtools index  command. 

 

2.5.3.4 Deduplication 

Potential PCR duplicates were removed using the MarkDuplicates  command from 

Picard (v. 2.5.0) (Broad Institute, 2016), by grouping duplicate reads using their 5’ 

alignment, and only retaining the read with the largest sum of base quality scores. 

 

2.5.3.5 Indel realignment 

As short read sequence aligners like bwa mem  can produce suboptimal alignments in the 

vicinity of insertions and deletions (indels), all BAM files had their indels realigned using 

the RealignerTargetCreator  and IndelRealigner  workflow from the Genome 

Analysis ToolKit (GATK) software package (v. 3.6-0) (McKenna et al., 2010). 

 

2.5.3.6 Merging libraries 

For samples with multiple SRA run accessions, all BAM files were merged using the 

samtools merge  command and deduplicated a second time using MarkDuplicates . 

This strategy was adopted because some BioSample codes were linked to SRA run 

accessions with extensive duplication across libraries, likely caused by duplicate uploads 

to the SRA. To avoid systematic overestimation of sequencing depth, a small increase in 

the false positive rate for PCR duplicates was preferred. 

 

All processed BAM files were checked for strict standards compliance with the 

ValidateSamFile  command from Picard., The depth of coverage was calculated using 

the samtools depth  command with the flags -q 30  and -Q 30,  specifying minimum 

Phred-scaled base and map qualities of 30. 
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2.5.3.7 Variant calling 

Variant calling was performed jointly, across all samples for a given species, using the 

bcftools mpileup  and bcftools call  workflow from BCFtools (v. 1.7) (Li, 2011) and 

the multiallelic calling model ( -m ) (Danecek et al., 2016). Sex based ploidy files were 

specified for each reference genome, along with the sex of each sample, to constrain 

the ploidy of calls made in sex chromosomes. The command bcftools norm  was used 

to left align indels and collapse all multiallelic sites, followed by bcftools +fill-tags  

to recalculate the AC and AN tags; as these are not automatically updated during 

normalisation. The resulting callset was stored in gzipped Variant Call Format (VCF) 

(Danecek et al., 2011). 

 

2.5.3.8 Variant filtering 

Variants were filtered for a minimum Phred-scaled genotype quality of 30, and a per-

site read depth falling within the 5%–95% interquantile range of each respective 

chromosome. For each species, the bcftools query  command was used to extract 

the joint read depth across all samples at each position in the genome, and the function 

numpy.quantile  from the Python package NumPy (v. 1.16.2) (Oliphant, 2006) was 

used to calculate the 5% and 95% read depth quantiles of each chromosome. The 

bcftools filter  command was used to apply the genotype quality and read depth 

filters to each chromosomal VCF. 

 

2.5.3.9 Variant polarisation 

To support downstream analysis, variants were polarised for the ancestral allele using 

the aligned sequence from the outgroup sample for each species. The pysam library (v. 

0.15.0) (Heger and Jacobs, 2018), a Python wrapper around htslib (Li et al., 2009), was 

used to step through each position in the filtered callset and output a new VCF file in 

which the REF allele was replaced with the outgroup allele, where necessary. All sites 

where the outgroup had either no call, or was heterozygous, were dropped from further 

processing as the ancestral allele could not be reliably determined. All sites which were 
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private to the outgroup sample were also dropped, including cases were the REF and 

outgroup allele were in concordance, as these have a high chance of being mispolarised. 

 

2.5.3.10 Polarised biallelic SNPs 

The polarised VCF was further filtered with bcftools view  to include only single 

nucleotide polymorphisms (SNPs) ( --types snps ), with exactly two alleles ( --min-

alleles 2 --max-alleles 2 ), and a minimum minor allele count of one ( --min-ac  

1:minor ). All sites containing an INDEL or polyallelic SNP were excluded from further 

processing. This dataset is hereafter referred to as the modern polarised biallelic SNP 

callset. 

 

Table 2.3 Summary of polarised biallelic SNPs 

Species Autosomal SNPs X chrom SNPs Total SNPs 

Cattle 13,148,188 242,824 13,391,012 

Horse 16,447,686 518,197 16,965,883 

 

2.5.3.11 Derived allele frequency (DAF) 

For each species, the modern polarised biallelic SNP callset was used to estimate the 

derived allele frequency (DAF) for every SNP in each modern population, and the results 

were loaded into a local MySQL database. 

 

2.5.4 Demographic modelling 

2.5.4.1 Site frequency spectra (SFS) 

Site frequency spectra (SFS) were estimated from all autosomal SNPs in the modern 

polarised biallelic SNP callset, using the easySFS Python script (Overcast, 2016), with no 

downwards projection of samples. The folded and unfolded SFS were estimated 

separately for each modern population in each species. 
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2.5.4.2 Diffusion Approximation for Demographic Inference (∂a∂i) 

To determine the population size history of each domestic species, five sequential epoch 

demographic models were fitted for each modern population using the Diffusion 

Approximation for Demographic Inference (∂a∂i) software package (v. 1.7.0) 

(Gutenkunst et al., 2009). 

 

 
Figure 2.1 Schematic of the first three sequential epoch ∂a∂i models 

 

Each sequential epoch in the ∂a∂i models had two parameters, an epoch duration (ti) 

and a constant population size (Nui). Epoch transitions were modelled as instantaneous 

size changes in the subsequent epoch. Models with 1, 2, 3, 4 and 5 sequential epochs 

were fitted. To avoid models getting stuck in local maxima, each model was run 1,000 

times from dispersed starting positions, drawn at random from a uniform distribution 

bounded by the lower and upper limits of each parameter in the model. The set of 

parameters with the lowest log-likelihood for each epoch model was used to choose the 

best overall fitting model, using the Akaike Information Criterion (AIC) (Akaike, 1973). 
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2.5.5 Ancient Samples 

2.5.5.1 Published Data 

Previously published ancient samples for horses (n=245) and cattle (n=35) were 

obtained from the Sequence Read Archive (SRA) (Leinonen et al., 2011). Individual 

libraries, and their corresponding SRA run accession codes, were identified by querying 

the SRA with the BioSample code of each respective sample, using the esearch , 

efetch  and xtract  workflow from the Entrez Direct software package (v 11.6) (Kans, 

2013). Individual SRA run accessions were downloaded and split into single- and paired-

end FASTQ files, where appropriate, using the fasterq-dump  tool from the SRA Tools 

software package (v. 2.9.6) (Leinonen et al., 2011). The full list of BioSample codes for 

horses and cattle are provided in supplementary tables Table S2.3 and Table S2.4. 

 

2.5.5.2 Unpublished data 

Unpublished ancient cattle data (n=89) were provided by Dr Victoria E. Mullin (Natural 

History Museum, London) and Prof Daniel G. Bradley (Trinity College Dublin) (Mullin et 

al. in prep). Unpublished data was provided in BAM file format, and differences in pre-

processing have been noted throughout. 

 

Table 2.4 Summary of published and unpublished ancient samples 

Species Samples Mean DoC References 

Cattle 124 1.53x (Verdugo et al., 2019) 
(Mullin et al. in prep) 

Horse 245 2.57x (Fages et al., 2019) 

 

2.5.5.3 Trimming 

Single- and paired-end libraries were trimmed of adapters, and low-quality bases (Phred 

scaled base quality score < 20) were removed from both the 5' and 3’ ends using 

AdapterRemoval (v. 2.3.0) (Schubert et al., 2016). Any trimmed reads shorter than 25 

bases in length were discarded from further processing. All overlapping paired-end 
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reads were merged into consensus reads and aligned as if they were single-end. For the 

pre-processed cattle data, trimming was performed by Dr Mullin using cutadapt  (v. 

1.1) (Martin, 2011). 

 

2.5.5.4 Alignment 

Trimmed reads were aligned to their respective reference genomes using BWA (v. 

0.7.5a-r405) (Li and Durbin, 2009), with the bwa aln  and bwa samse  workflow, using 

flags -l 1024 -n 0.01 -o 2  to improve alignment of ancient reads (Taron et al., 

2018). 

 

2.5.5.5 Deduplication 

Potential PCR duplicates were removed using the FilterUniqueSAMCons  script 

(Kircher, 2012), by calling a consensus sequence across reads with the same 5’ 

alignment. For the pre-processed cattle data, deduplication was performed by Dr Mullin 

using the samtools rmdup  command (version 0.1.19). 

 

2.5.5.6 Indel realignment 

For all BAM files, reads in the vicinity of indels were locally realigned using the 

RealignerTargetCreator  and IndelRealigner  workflow from GATK (v. 3.6-0) 

(McKenna et al., 2010), to correct for read misalignments from BWA. 

 

2.5.5.7 Merging libraries 

For samples with multiple libraries, all BAM files were merged using the samtools  

merge  command and deduplicated a second time using FilterUniqueSAMCons . This 

strategy was adopted because some ancient libraries were built from the same PCR 

products, and therefore required deduplication after merging. BAM files prepared by Dr 

Mullin were not deduplicated a second time. 
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2.5.5.8 Base quality rescaling 

All ancient BAM files were tested for characteristic patterns of ancient DNA damage 

using mapDamage2 (v. 2.0.8) (Jónsson et al., 2013). To avoid misincorporation of 

ancient DNA damage, base quality scores were rescaled based on observed patterns of 

damage, using the mapDamage --rescale  command. For the pre-processed cattle 

data, no base quality rescaling was performed by Dr Mullin. Instead, USER treated 

libraries were soft-clipped by 6 bp at read termini, and non-USER treated libraries were 

soft-clipped by 8 bp. 

 

All fully processed BAM files were checked for strict standards compliance with the 

ValidateSamFile  command from Picard. The depth of coverage was calculated for all 

samples using the samtools depth  command with flags specifying all bases ( -a ), and 

a minimum Phred scaled base quality of 30 ( -q 30 ) and map quality of 30 ( -Q 30 ). 

 

2.5.5.9 Variant calling with ANGSD 

For all species, pseudo-haploid calls were made for all samples across the whole-

genome with the angsd -dohaplocall 1  command from ANGSD (v. 0.929) 

(Korneliussen et al., 2014). A base was chosen at random from each sample’s pileup, 

provided it met the following criteria: 

• Mapping quality ≥ 30 ( -minMapQ 30 ) 

• Base quality ≥ 30  ( -minQ 30 ) 

• Distance from read termini > 5  ( -trim 5 ) 
 

The haploid output from angsd  was converted into PLINK transposed text format 

(TPED) using the haploToPlink  command in ANGSD. Transposed text files were 

filtered for only those positions found in the modern polarised biallelic SNP callset, and 

converted into PLINK binary format (BED) using PLINK (v. 1.90) (Chang et al., 2015), with 

the flags --missing-genotype N  and --output-missing-genotype 0 , to correct for 

the non-standard representation of missing genotypes in haploToPlink . Any sites 

which were polyallelic in the resulting TPED files were dropped from further processing. 
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2.5.6 Combined dataset  

The modern polarised biallelic SNP callset was converted from VCF format into Binary 

PLINK format using the plink --vcf --make-bed  command. The modern and ancient 

PLINK files were merged with the plink --merge-list  command, and any sites which 

were polyallelic in the merged dataset were dropped from further processing. 

 

Table 2.5 Summary of combined modern and ancient datasets 

Species Samples SNPs Genotyping Rate 

Cattle 147 13,258,749 0.53 

Horse 276 16,824,863 0.62 

 

2.5.7 Genome-Wide Association Studies (GWAS) 

For all species, GWAS associations of quantitative traits and genomic variants were 

obtained from the Animal QTLdb (Hu and Reecy, 2007), release 38 (24 Apr 2019) (Hu et 

al., 2019). Using the public application programming interface (API) (Hu et al., 2016), 

records which met the following conditions were loaded into a local MySQL database: 

• Study type of GWAS 
• Statistically significant association 
• dbSNP RefSeq (rs) ID for the association peak 
• PubMed identifier for the publication 

 

Table 2.6 Summary of unique GWAS associations, variants, and traits 

Species GWAS Associations Unique Variants Unique Traits 

Cattle 101,952 51,054 393 

Horse 1,424 1,258 46 

Total 103,376 52,312 439 
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2.5.8 Ensembl genes and variants 

For each species, a list of genes and annotated transcripts (in general transfer format 

[GTF]), and germline variants (in genome variation format [GVF]) were downloaded 

from Ensembl (Hubbard et al., 2002). In each case, the most recent Ensembl release that 

matched the genome assembly for that species was used. 

 

Table 2.7 Ensembl release versions, dates, and assemblies 

Species Assembly Ensembl Genes Variants Release date 

Cattle UMD3.1 rel. 94 24,616 102,153,108 Oct 2018 

Horse EquCab2 rel. 94 26,991 21,546,500 Oct 2018 

 

2.5.9 SNP array metadata 

For each species, the metadata from the main commercial SNP arrays was downloaded 

from the SNPchiMp (v. 3) database (Nicolazzi et al., 2014), which links commercial 

SNPchip IDs to their respective dbSNP RefSeq IDs. 

 

 

Table 2.8 Summary of commercial SNP arrays 

Species Company Product SNPs 

Cattle Illumina BovineHD BeadChip 777,962 

Horse Illumina Infinium PorcineSNP60 v2 61,565 

 

2.5.10 Selection analysis 

An analysis of the strength of selection, and the age of the allele under selection, was 

performed for all GWAS variants using a customised version of the Selection (Schraiber 

et al., 2016) software package. The pipeline for performing this analysis is summarised 

in Figure 2.2. 
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Figure 2.2 Flow chart summary of the pipeline to perform the selection analyses 

 

2.5.10.1 Ancient SNP calling 

A two-stage process was used for ancient variant calling, to extract the maximum 

amount of information from each sample. Sites with sufficient coverage to call unbiased 

diploid genotypes (i.e. ≥ 10x (Maruki and Lynch, 2017)) were genotyped with bcftools , 

and all other sites were called as pseudo-haploid genotypes—by randomly selecting a 

base from the pileup that passed all quality filters. This combined dataset is hereafter 

referred to as the ancient selection SNP callset. 
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2.5.10.1.1 Diploid genotyping 

Diploid genotypes were called, for each sample individually, at sites with a read depth ≥ 

10 using the bcftools mpileup  and bcftools call  workflow from BCFtools (v. 1.7) 

(Li, 2011), and the multiallelic calling model ( -m ) (Danecek et al., 2016). Diploid 

genotyping was only performed at sites corresponding to the polarised biallelic SNPs 

ascertained in the modern reference panels (see Section 2.5.3.10), and the calling 

algorithm was constrained to only call the two ascertained alleles at each site. Sites for 

which the diploid genotype could not be constrained were excluded from further 

processing. Sex based ploidy files were specified for each reference genome, along with 

the sex of each sample, to constrain the ploidy of calls made in sex chromosomes. Only 

sites with a minimum Phred-scaled genotype quality of 30 were retained for further 

processing. All diploid calls which passed these conditions were loaded into a local 

MySQL database for downstream processing. 

 

2.5.10.1.2 Pseudo-haploid genotyping 

Pseudo-haploid genotypes were called, for each sample individually, at sites with a read 

depth < 10, and for all sites which did not pass diploid genotype quality filters. For each 

target site, a random read was chosen from all reads that met the following conditions: 

• Mapping quality ≥ 30 

• Base quality ≥ 30 

• Distance from read termini ≥ 5 

• Base belongs to one of the two ascertained alleles at that site 

 

All pseudo-haploid calls which passed these conditions were loaded into a local MySQL 

database for downstream processing. 

 

2.5.10.2 Temporal binning of samples 

For each ancient sample, date estimates were obtained from a mixture of direct and 

indirect radiocarbon dating, and cultural dating of archaeological contexts (Fages et al., 

2019; Verdugo et al., 2019; Mullin et al. in prep). Each sample was grouped into 
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contiguous 500-year-long bins, based on the median age estimate of the sample. All 

modern samples were placed in a modern time bin, with no age uncertainty.  

 

Table 2.9 Summary of cattle temporal bins 

Bin # Upper Range Lower Range Number of Samples Pooled DoC 

0 0 BP 0 BP 22 202.05x 

1 1,000 BP 501 BP 17 19.92x 

2 1,500 BP 1,001 BP 7 22.30x 

3 2,000 BP 1,501 BP 8 19.98x 

4 2,500 BP 2,001 BP 9 14.44x 

5 3,000 BP 2,501 BP 8 21.19x 

6 3,500 BP 3,001 BP 10 6.02x 

7 4,000 BP 3,501 BP 4 4.87x 

8 4,500 BP 4,001 BP 10 8.78x 

9 5,000 BP 4,501 BP 12 27.11x 

10 5,500 BP 5,001 BP 3 3.61x 

11 6,000 BP 5,501 BP 2 2.07x 

12 6,500 BP 6,001 BP 1 0.03x 

13 7,000 BP 6,501 BP 16 11.96x 

14 7,500 BP 7,001 BP 5 1.51x 

15 8,000 BP 7,501 BP 8 14.81x 

16 8,500 BP 8,001 BP 3 9.81x 

 

For cattle, this resulted in 16 contiguous ancient time bins spanning the period from 500 

BP to 8,500 BP, with a median of 8 samples per bin, and a median pooled coverage of 

10.89x per bin. 
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Table 2.10 Summary of horse temporal bins 

Bin # Upper Range Lower Range Number of Samples Pooled DoC 

0 0 BP 0 BP 30 476.62x 

1 500 BP 1 BP 17 46.78x 

2  1,000 BP  501 BP  10 22.98x 

3  1,500 BP   1,001 BP  43 109.40x 

4  2,000 BP   1,501 BP  47 89.91x 

5  2,500 BP   2,001 BP  31 87.05x 

6  3,000 BP   2,501 BP  17 26.27x 

7  3,500 BP   3,001 BP  16 52.30x 

8  4,000 BP   3,501 BP  11 13.44x 

9  4,500 BP   4,001 BP  3 1.28x 

10  5,000 BP   4,501 BP  8 37.58x 

11  5,500 BP   5,001 BP  28 107.43x 

12  14,500 BP   14,001 BP  1 0.01x 

13  16,000 BP   15,501 BP  1 6.04x 

14  24,000 BP   23,501 BP  1 5.11x 

15  32,000 BP   31,501 BP  1 0.01x 

16  36,000 BP   35,501 BP  1 0.47x 

17  43,000 BP   42,501 BP  1 21.98x 

 

For horses, this resulted in 17 non-contiguous ancient time bins spanning the period 

from 1 BP to 43,000 BP, with a median of 10 samples per bin, and a median pooled 

coverage of 22.98x per bin. 

 

2.5.10.3 Demographic history 

The demographic history of each species was parameterised for Selection using the best 

fitting ∂a∂i model for the autosomal modern polarised biallelic SNP callset (Section 

2.5.3.10). The output from ∂a∂i was converted into the population history file format 
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used by Selection, by cumulatively summing the ∂a∂i epoch durations and appending a 

final epoch of infinite duration with an effective population size of 1. 

 

2.5.10.4 Allele frequency estimates 

For each modelled variant, input files for Selection were created by querying the ancient 

selection SNP callset. For each input file, a count of observations of the ancestral and 

derived alleles was made across all samples in each time bin. The age range for each bin 

was converted from chronological time into diffusion units, via the equations given 

below. Lastly, observations of the ancestral and derived alleles from the modern 

polarised biallelic SNP callset were appended to the input files, with an age of 0 diffusion 

units and no time uncertainty. SNPs with sample observations in less than three time 

bins were excluded from further processing. 

 

In ∂a∂i, time is measured in units of $ = &	/	(2+,-.), where & is the time in generations 

and +,-. is the reference effective population size—used as a scaling unit for all other 

population size parameters (Gutenkunst et al., 2009). To solve for +,-., use +,-. =

1	/	434, where 1 is Watterson’s estimator (Watterson, 1975) (estimated directly from 

the data using ∂a∂i), 3 is the per site mutation rate, and 4 is the length of sequence used 

to estimate the SFS, accounting for sequence dropout from mapping issues and quality 

filtering. To convert generations to chronological time, an estimate of the average 

generation time for each species was also used. 

  

Table 2.11 Mutation rates and generation times for each species 

Species Mutation rate Generation time Reference 

Cattle 1.260 × 10:; 6 years (Chen et al., 2018) 

Horse 7.242 × 10:= 8 years (Schubert et al., 2014) 

 

2.5.10.5 Identifying mispolarised SNPs 

Sites with a high chance of being mispolarised were identified in the ancient selection 

SNP callset, via the following procedure. Firstly, we define >?@ABCDEBF to be the derived 
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allele frequency of the ten oldest ancient haploid observations for each SNP. Secondly, 

we define >?@GECEBF to be the derived allele frequency of the ten most recent ancient 

haploids (i.e. exclusive of all modern samples). SNPs were then flagged as potentially 

mispolarised which met the following two conditions: 

• >?@ABCDEBF 	≥ 0.80 

• >?@ABCDEBF 	> >?@GECEBF 

 

2.5.10.6 Pairing GWAS variants with neutral controls 

All GWAS variants were paired with a unique set of neutral controls. To be considered 

neutral, SNPs were required to have been ascertained in the modern polarised biallelic 

SNP callset, have a dbSNP RefSeq ID, and meet the following conditions: 

• ≥ 100 Kb from the nearest GWAS peak 

• ≥ 100 Kb from the nearest gene 

• ≥ 100 Kb from the nearest selective sweep 

 

Potential neutral SNPs were paired with GWAS variants, based on the following 

minimum conditions: 

• Same chromosome 

• Same ancestral and derived alleles 

• Same modern DAF (rounded to two decimal places) 

• Not flagged as mispolarised 

 

To find SNPs with the most similar coverage across all time bins, within the set of 

potential neutral SNPs, we calculate the sum of the squared difference in the number of 

haploid observations per time bin, divided by the number of time bins, and rounded to 

the nearest integer. 

 

.(K) 	= ⌊MN(OD − +D)Q
B

DRS

T	/	U⌉ 
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Where U is the number of time bins, OD  is the count of ancient haploids for the GWAS 

SNP in the Wth bin, +D is the count of ancient haploids for the neutral SNP in the Wth bin. 

 

The final set of neutral SNPs were then chosen based on the following sort conditions: 

• XWU∀Z∈\		.(K), where ] is the set of all SNPs considered 
• Random sort order 

 

2.5.10.7 Modifications to the Selection software 

To account for the uncertainty of the age of the samples within a time bin, and the 

ascertainment scheme used to select variants, modifications were made by Dr Joshua 

G. Schraiber (Temple University, Philadelphia) to the published version of the Selection 

(Schraiber et al., 2016) software package. The software was extended to allow sample 

input files to express a date range for each set of allele frequency observations, and for 

these sampling dates to be jointly estimated as parameters of the Markov Chain Monte 

Carlo (MCMC) model. The software was further extended to account for ancient 

population structure, using the Balding–Nichols model (Balding and Nichols, 1995), and 

to explicitly model the ascertainment scheme used in this study. Specifically, that the 

derived allele is observed at least once in the ancient data, and all variants found within 

the modern reference panel have a minimum DAF of 0.05. Additionally, I made various 

bug fixes to the C++ code, adjusted proposal frequencies and tuning, implemented 

speed improvements and added gzip compression of the MCMC output. The updated 

code is publicly available in a forked GitHub repository (https://github.com/ekirving/ 

selection). 

 

2.5.10.8 Modelling selection 

For each modelled variant, Selection was run six times, with different starting seeds, a 

burn-in of 50%, and the following flags: 

• Infer allele age ( -a ) 

• Model ascertainment of DAF ≥ 0.05 ( -A 0.05 )  

• Run for 1 × 10^ MCMC cycles ( -n 10000000 ) 

• Sample every 100th value from the posterior ( -s 100 ) 
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• Assume an additive model ( -h 0.5 ) 

• Log every 1000th iteration ( -f 1000 ) 
 

The majority of the models were run on the University of Oxford’s Advanced Research 

Computing (ARC) cluster (Richards, 2015), which provided free access to their computing 

resources. 

 

2.5.10.9 MCMC Diagnostics 

For each MCMC run, parameter mixing was assessed by calculating the effective sample 

size (ESS) for each parameter, and plotting the ESS vs. burn in, autocorrelation and 

traces, using the CODA R package (Best et al., 1995). Convergence was assessed 

between pairs of independent replicates, by calculating the potential scale reduction 

factors (PSRF) for each parameter (Gelman and Rubin, 1992) and the multivariate PSRF 

across all parameters (Brooks and Gelman, 1998), using CODA. 

 

2.6 Results 

2.6.1 Demographic modelling 

2.6.1.1 Site frequency spectra (SFS) 

For all species, running ∂a∂i on the unfolded SFS produced unstable results across the 

1,000 independent replicates. Comparisons between the folded and unfolded SFS 

showed a high degree of discordance between their respective maximum likelihood 

parameters. Under perfect conditions, with no mispolarisation error, it is expected that 

∂a∂i results from the unfolded SFS would be broadly comparable to those obtained from 

the folded SFS. As this was not the case, these results suggest an excess of mispolarised 

SNPs in the unfolded SFS. Consequently, only demographic histories estimated from the 

folded SFS were used for downstream analyses. 
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2.6.1.2 Cattle demography 

For cattle, the four-epoch model provided the best fit for the folded SFS, with an AIC of 

3035.46, and a relative likelihood > 5 × 10`a greater than the next best model (see 

Table 2.12), using the equation ,-4	 = 	-Kbc(?defDB − ?deD)	/	2g (Wagenmakers and 

Farrell, 2004). 

 

Table 2.12 ∂a∂i results for cattle using the folded SFS 

Epochs Log-likelihood (lnL) AIC Relative likelihood (relL) 

1x -3017.6582 6039.31 0.0 

2x -1569.4508 3146.90 6.34 x 10-25 

3x -1562.7918 3137.58 6.69 x 10-23 

4x -1509.7337 3035.46 1 

5x -1540.6473 3101.29 5.08 x 10-15 

 

The best fitting model has a pre-domestication effective population size (Ne) of 233,735, 

which was reduced in an instantaneous bottleneck (by a factor of 21) to an Ne of 11,123 

around ~7,000 years ago. 

 

Table 2.13 Cattle demography with 4 epochs 

Epoch Effective population size (Ne) Epoch end date 

1 11,123 7,282 BP 

2 233,735 16,402 BP 

3 23,353 110,821 BP 

4 47,099 593,596 BP 

∞ 19,806 -Inf 
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2.6.1.3 Horse demography 

For horses, the five-epoch model provided the best fit for the folded SFS, with an AIC of 

411.38, and a relative likelihood > 1 × 10; greater than the next best model (see Table 

2.14). 

 

Table 2.14 ∂a∂i results for horses using the folded SFS 

Epochs Log-likelihood (lnL) AIC Relative likelihood (relL) 

1x -34748.314 69500.62 0.0 

2x -501.17867 1010.35 8.59 x 10-131 

3x -218.71305 449.42 5.48 x 10-9 

4x -215.77722 447.55 1.40 x 10-8 

5x -195.69056 411.38 1 

 

The best fitting model has a pre-domestication Ne of 139,114, which was reduced in an 

instantaneous bottleneck (by a factor of 14) to an Ne of 9,981 around ~4,000 years ago. 

 

Table 2.15 Horse demography with 5 epochs 

Epoch Effective population size (Ne) Epoch end date 

1 9,981 4,303 BP 

2 139,114 78,553 BP 

3 63,558 427,796 BP 

4 1,562,401 1,163,389 BP 

5 46,154 1,742,305 BP 

∞ 17,150 -Inf 
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2.6.2 Selection analysis 

2.6.2.1 Identifying mispolarised SNPs 

For all species, potentially mispolarised SNPs were identified by flagging SNPs with both 

a high ancient DAF and a negative gradient relative to the recent past (see Section 

2.5.10.5). Using this conservative measure, many SNPs with a high modern DAF were 

flagged as mispolarised (see Table 2.16 and Table 2.17). This potentially high rate of 

mispolarisation is consistent with the unstable ∂a∂i results observed when using the 

unfolded SFS. Consequently, all SNPs flagged as mispolarised were excluded from 

downstream processing due to the high chance of error. 

 

Table 2.16 Frequency of putatively mispolarised SNPs for cattle 

DAF # SNPs # Mispolarised SNPs Frequency 

≤ 0.05 2,828,744 238 0.0001 

≤ 0.10 1,568,155 1,452 0.0009 

≤ 0.15 1,036,715 2,572 0.0025 

≤ 0.20 783,847 4,144 0.0053 

≤ 0.25 882,893 9,340 0.0106 

≤ 0.30 520,380 9,405 0.0181 

≤ 0.35 446,244 12,802 0.0287 

≤ 0.40 404,853 16,444 0.0406 

≤ 0.45 394,208 21,713 0.0551 

≤ 0.50 510,460 40,291 0.0789 

≤ 0.55 292,632 30,957 0.1058 

≤ 0.60 315,035 41,926 0.1331 

≤ 0.65 312,356 49,760 0.1593 

≤ 0.70 301,809 57,765 0.1914 

≤ 0.75 421,271 98,757 0.2344 

≤ 0.80 311,843 84,523 0.2710 
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DAF # SNPs # Mispolarised SNPs Frequency 

≤ 0.85 316,754 99,681 0.3147 

≤ 0.90 357,687 125,113 0.3498 

≤ 0.95 433,337 169,797 0.3918 

≤ 1.00 951,789 456,319 0.4794 

 

For cattle, between ~31%–48% of SNPs with a modern DAF ≥ 0.80 were flagged as 

putatively mispolarised. Interestingly, 1,690 SNPs with a modern DAF ≤ 0.10 were also 

flagged as putatively mispolarised, suggesting that there might be some mispolarised 

SNPs which underwent very strong selection during domestication. 

 

Table 2.17 Frequency of putatively mispolarised SNPs for horses 

DAF # SNPs # Mispolarised SNPs Frequency 

≤ 0.05 6,344,052 157 2.5e-5 

≤ 0.10 2,360,330 187 0.0001 

≤ 0.15 2,029,113 622 0.0003 

≤ 0.20 878,073 796 0.0009 

≤ 0.25 905,293 1,598 0.0018 

≤ 0.30 438,337 1,765 0.0040 

≤ 0.35 368,089 2,372 0.0064 

≤ 0.40 427,650 4,849 0.0113 

≤ 0.45 250,999 4,704 0.0187 

≤ 0.50 324,049 8,091 0.0250 

≤ 0.55 199,589 7,069 0.0354 

≤ 0.60 193,382 8,888 0.0460 

≤ 0.65 267,983 15,735 0.0587 

≤ 0.70 185,438 13,617 0.0734 

≤ 0.75 267,531 23,582 0.0881 
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DAF # SNPs # Mispolarised SNPs Frequency 

≤ 0.80 191,063 19,629 0.1027 

≤ 0.85 203,194 21,736 0.1070 

≤ 0.90 332,011 40,890 0.1232 

≤ 0.95 264,587 34,713 0.1312 

≤ 1.00 535,120 78,428 0.1466 

 

For horses, between ~10%–15% of SNPs with a modern DAF ≥ 0.80 were flagged as 

mispolarised. Similar to the pattern seen in cattle, 344 SNPs with a modern DAF ≤ 0.10 

were also flagged as putatively mispolarised. 

 

2.6.2.2 Effective Sample Size (ESS) 

For each MCMC run, parameter mixing was assessed by calculating the effective sample 

size (ESS) for each parameter. A minimum ESS threshold of 100 for each parameter was 

used as a cut-off for determining acceptable parameter mixing (see Table 2.18). 

 

Table 2.18 Summary of ESS metrics 

Species MCMC chains h]]fDB 	≥ 	100 Frequency 

Cattle 9,185 2,712 0.2953 

Horse 13,188 1,682 0.1275 

 

Despite adjustments to chain length, burn in, thinning and the proposal frequency for 

each parameter, it was not possible to consistently raise the ESS for all models. Only 

4,394 MCMC chains (19.64%) passed this threshold (including both GWAS and neutral 

SNPs). 

 

2.6.2.3 Multivariate potential scale reduction factor (MPSRF) 

To assess if MCMC runs which passed the minimum ESS threshold had also reached the 

standing distribution of the posterior, six independent replicates were run with different 
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starting seeds, and the Gelman–Rubin convergence diagnostic was computed for each 

pair of replicate chains. A minimum multivariate potential scale reduction factor 

(MPSRF) of ≤ 1.2 was used as a cut-off for assessing model convergence (Brooks and 

Gelman, 1998). Only 1,084 models (21%) had a pair of chains (out of 6 replicates) with 

passed both the ESS and MPSRF thresholds (including both GWAS and neutral SNPs) (see 

Table 2.19). 

 

Table 2.19 Summary of MPSRF metrics 

Species MCMC Models ijk ≤ 1.2 Frequency 

Cattle 2,750 698 0.2538 

Horse 2,365 386 0.1632 

 

For a complete list of the successful MCMC models for GWAS associated variants in 

cattle (n=408) and horses (n=183), including their dbSNP RefSeq IDs, chromosomes and 

positions in the relevant genome assembly, ancestral and derived alleles, and the 

minimum ESS and MPSRF for each model, see Table S2.5 and Table S2.6. 

 

2.6.2.4 Maximum a posteriori 

The results of each MCMC analysis are posterior probability distributions for all 

parameters, which can be summarised by computing the maximum a posteriori estimate 

of each parameter. 

 

For cattle, negligible selection was detected at any successfully modelled SNP (maximum 

s1 = 1.36 x 10-4). Of the ten SNPs with the largest maximum a posteriori selection 

coefficients, 3 were linked to milk traits (Iso-Touru et al., 2016; Olsen et al., 2016), 2 to 

reproduction traits (Fortes et al., 2013), 2 to production traits, 2 to exterior traits and 1 

to meat and carcass traits  (Berkowicz et al., 2012) (see Table 2.20). The average age of 

the allele across all modelled SNPs was ~125,000 BP. 
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Table 2.20 Ten largest maximum a posteriori selected traits for cattle 

dbSNP ID Class Trait s1 s2 Age BP DAF 

rs378261830 Milk Milk fat yield 0.000132 0.000265 134,943 0.88 

rs137567750 Milk Milk fat 
percentage 

0.000124 0.000247 147,549 0.88 

  Milk protein 
percentage 

    

rs134839836 Reproduction Age at 
puberty 

0.000120 0.000239 137,737 0.91 

  Scrotal 
circumference 

    

rs41623544 Production Body depth 0.000115 0.000229 135,826 0.73 

 Exterior Stature     

 Production Rump width     

 Exterior Angularity     

 Meat and 
Carcass 

Carcass 
weight 

    

 

For horses, moderate selection was detected for two SNPs (rs68689852 and 
rs68628642), with the remainder of the successfully modelled SNP showing negligible 
signs of selection. Of the ten SNPs with the largest maximum a posteriori selection 
coefficients, 5 were associated with the polygenic growth trait “Withers height” (Skujina 
et al., 2018), 2 were associated with the exterior trait “White markings” (Haase et al., 
2013; Kim et al., 2017), and 1 each were associated with reproduction (Gottschalk et al., 
2016), health (Metzger et al., 2012) and performance traits (Velie et al., 2018) (see Table 
2.21). The average age of the allele across all modelled SNPs was ~695,000 BP. 
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Table 2.21 Ten largest maximum a posteriori selected traits for horses 

dbSNP ID Class Trait s1 s2 Age BP DAF 

rs68689852 Growth Withers height 0.005025 0.010049 12,957 0.52 

rs68628642 Reproduction Number of 
progressively 
motile sperm 

0.004965 0.009930 12,268 0.40 

rs68619452 Growth Withers height 0.000163 0.000326 13639 0.17 

rs68967275 Growth Withers height 0.000082 0.000164 646,778 0.79 

rs68591872 Exterior White 
markings 

0.000082 0.000163 626,131 0.81 

 Health Guttural 
pouch 
tympany 

    

rs69602496 Growth Withers height 0.000078 0.000157 692,900 0.72 

rs68714332 Growth Withers height 0.000077 0.000154 640,891 0.81 

rs68713389 Exterior White 
markings 

0.000076 0.000153 700,918 0.67 

rs397128183 Performance Racing 
performance 

0.000076 0.000153 751,509 0.73 

 

2.6.2.5 Selection trajectories 

To summarise the allele trajectories of the modelled variants, the maximum a posteriori 

estimate of the path was plotted against the observed allele frequencies in each 

temporal bin (e.g. Figure 2.3). The black line shows the maximum a posteriori path, and 

the red and green lines show the 65% and 95% credible intervals. The blue line shows 

the posterior for the age of the allele, which for some models is outside the 25,000-year 

range shown in the plots. Grey dots represent estimated allele frequencies in the past, 

and the dot size is proportional to the log10 of the sample size in that temporal bin. 
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2.6.2.5.1 Cattle 

The SNP with the largest maximum a posteriori selection coefficient in cattle (s1 = 1.36 

x 10-4) was rs378261830 (see Figure 2.3), which has been associated with milk fat yield 

in Nordic Red cattle (Iso-Touru et al., 2016). This GWAS study genotyped 4,280 Nordic 

Red cattle bulls on the Illumina BovineSNP50 BeadChip, then imputed them to whole 

genomes using a two-step process. Firstly, they imputed the BovineSNP50 array to the 

larger 777K BovineHD array, and then imputed the BovineHD array into whole genomes 

(Brøndum et al., 2014; van Binsbergen et al., 2014) using data from the 1000 Bull 

Genomes Project (Daetwyler et al., 2014; Hayes et al., 2014). SNP rs378261830 was one 

of 3,594 variants significantly associated with milk fat yield—using a Bonferroni 

corrected threshold of −mno`S(b) 	≥ 8.50 (Iso-Touru et al., 2016). The MCMC results 

for this SNP suggest it slowly rose to high frequency (DAF = 0.88) over ~135,000 years. 

 
Figure 2.3 Selection trajectory for ‘Milk fat yield’ (rs378261830) in cattle. The black line 

is the maximum a posteriori path, the red and green lines are the 65% and 95% 

credible intervals, and the blue line is the posterior for the age of the allele. Grey dots 

show estimated DAF in each time bin, and sizes are proportional to the log10 of the 

sample size. 
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The SNP with the second largest maximum a posteriori selection coefficient in cattle (s1 

= 1.24 x 10-4) was rs137567750 (see Figure 2.4), which has recently been associated with 

both milk fat percentage and milk protein percentage (Olsen et al., 2016). This fine 

mapping study investigated a QTL in chromosome 6, previously associated with clinical 

mastitis and milk production (Nilsen et al., 2009). Olsen et al. (2016) genotyped 3,096 

Norwegian Red cattle, on a combination of the Affymetrix 25K SNP array, and the 

Illumina BovineSNP50 and BovineHD arrays, and imputed them to full sequence within 

the QTL locus. SNP rs137567750 was one of 220 variants significantly associated with 

milk fat percentage, and one of 381 variants significantly associated with milk protein 

percentage (after Bonferroni correction). The MCMC results for this SNP suggest it 

slowly rose to high frequency (DAF = 0.88) over ~148,000 years. 

 

 
Figure 2.4 Selection trajectory for ‘Milk fat percentage’ and ‘Milk protein percentage’ 

(rs137567750) in cattle. The black line is the maximum a posteriori path, the red and 

green lines are the 65% and 95% credible intervals, and the blue line is the posterior 

for the age of the allele. Grey dots show estimated DAF in each time bin, and sizes are 

proportional to the log10 of the sample size. 
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The SNP with the third largest maximum a posteriori selection coefficient in cattle (s1 = 

1.20 x 10-4) was rs134839836 (see Figure 2.5), which has been associated with age at 

puberty and scrotal circumference (Fortes et al., 2013). This GWAS study genotyped 

1,085 Tropical Composite bulls, on the BovineSNP50 array, and imputed them to the 

BovineHD array. SNP rs134839836 was one of 8,490 variants significantly associated 

with age at puberty, and one of 8,101 variants significantly associated with scrotal 

circumference (after Bonferroni correction). The MCMC results for this SNP suggest it 

slowly rose to high frequency (DAF = 0.91) over ~138,000 years. 

 

 
Figure 2.5 Selection trajectory for ‘Age at puberty’ and ‘Scrotal circumference’ 

(rs134839836) in cattle. The black line is the maximum a posteriori path, the red and 

green lines are the 65% and 95% credible intervals, and the blue line is the posterior 

for the age of the allele. Grey dots show estimated DAF in each time bin, and sizes are 

proportional to the log10 of the sample size. 
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2.6.2.5.2 Horses 

The SNP with the largest maximum a posteriori selection coefficient in horses (s1 = 5.025 

x 10-3) was rs68689852 (see Figure 2.6), which has been associated with withers height 

(Skujina et al., 2018). This GWAS study genotyped 105 horses from 4 breeds of British 

Isles ponies on the Illumina EquineSNP50 array. SNP rs68689852 was one of 402 variants 

significantly associated with withers height (after Bonferroni correction). The MCMC 

results for this SNP suggest it rose, under moderate selection, to mid frequency (DAF = 

0.52) over ~13,000 years. 

 

 

 
Figure 2.6 Selection trajectory for ‘Withers height’ (rs68689852) in horses. The black 

line is the maximum a posteriori path, the red and green lines are the 65% and 95% 

credible intervals, and the blue line is the posterior for the age of the allele. Grey dots 

show estimated DAF in each time bin, and sizes are proportional to the log10 of the 

sample size. 
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The SNP with the second largest maximum a posteriori selection coefficient in horses 

(s1 = 4.965 x 10-3) was rs68628642 (see Figure 2.7), which has been associated with the 

number of progressively motile sperm (Gottschalk et al., 2016). This GWAS study 

genotyped 109 German Warmblood stallions on the Illumina EquineSNP50 array. SNP 

rs68628642 was one of 29 variants significantly associated with the number of 

progressively motile sperm (after applying the max (T) permutation procedure (Rempala 

and Yang, 2013)). The MCMC results for this SNP suggest it rose, under moderate 

selection, to mid frequency (DAF = 0.40) over ~12,000 years. 

 

 
Figure 2.7 Selection trajectory for ‘Number of progressively motile sperm’ 

(rs68628642) in horses. The black line is the maximum a posteriori path, the red and 

green lines are the 65% and 95% credible intervals, and the blue line is the posterior 

for the age of the allele. Grey dots show estimated DAF in each time bin, and sizes are 

proportional to the log10 of the sample size. 
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The SNP with the third largest maximum a posteriori selection coefficient in horses (s1 

= 1.63 x 10-4) was rs68619452 (see Figure 2.8), which has been associated with withers 

height in British Isles ponies (Skujina et al., 2018). The MCMC results for this SNP suggest 

it gradually rose to medium-low frequency (DAF = 0.17) over ~14,000 years. 

 
Figure 2.8 Selection trajectory for ‘Withers height’ (rs68619452) in horses. The black 

line is the maximum a posteriori path, the red and green lines are the 65% and 95% 

credible intervals, and the blue line is the posterior for the age of the allele. Grey dots 

show estimated DAF in each time bin, and sizes are proportional to the log10 of the 

sample size. 
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2.6.3.1 Cattle 

 
Figure 2.9 Joint posterior distribution of the selection coefficient !"for Exterior, 

Health, Meat and Carcass, and Reproduction traits in cattle  
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Figure 2.10 Joint posterior distribution of the selection coefficient !"for Milk and 

Production traits in cattle  
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2.6.3.2 Horses 

 
Figure 2.11 Joint posterior distribution of the selection coefficient !"for Behaviour, 

Exterior, Growth, Health, Performance and Reproduction traits in horses 
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determined. The maximum parsimony approach used here, of a single outgroup sample 

to polarise each allele, has several limitations. Firstly, it can mispolarise SNPs which are 

homozygous in the outgroup individual but segregating at the population or species 

level. This is especially problematic if the outgroup individual has low genetic diversity, 

as would be expected among marginalised wild populations. Secondly, it cannot polarise 

variants where the outgroup is heterozygous, leading to dropout of these variants from 

the polarised callset. Thirdly, it cannot polarise variants in regions where the outgroup 

reads cannot be aligned to the ingroup reference. Similarly, mapping issues can cause 

allelic dropout, making the outgroup appear falsely homozygous and leading to further 

mispolarisation. 

 

Even with the conservative measure used here to exclude putatively mispolarised SNPs 

(see Section 2.5.10.5), it is likely that many remain in the dataset. For example, 

rs137567750 (see Figure 2.4) looks suspiciously like a mispolarised SNP which rose under 

mild selection from 0.0 to 0.22 frequency, over the last ~10 Kya. It is likely that 

undetected mispolarisation is a contributing factor to the overall low rate of model 

convergence. 

 

An alternative, and less principled approach to polarisation, used by Ye et al. (2017) in 

their Schraiber et al. (2016) modelling, is to assume that the ancestral allele always 

increases in frequency between the first and last sampled time points, and to use that 

assumption to polarise the alleles. However, such an approach would systematically bias 

inference toward selection, by flipping neutral alleles which are drifting towards lower 

frequency. 

 

Recently, a more sophisticated method for polarising variants was published, which 

incorporates up to three outgroup species, and fits an explicit model of DNA evolution 

(Keightley and Jackson, 2018). Future work might consider using such an approach to 

reduce the high rate of mispolarisation, which would (i) permit demographic inference 

using the unfolded SFS; (ii) increase the number of variants eligible for modelling in the 

ancient selection SNP callset; and (iii) improve model convergence by fixing presently 

undetected mispolarisation. 
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2.7.2 Sample binning 

To allow us to estimate allele frequencies at discrete time points, samples were grouped 

into contiguous 500-year-long bins, based on the median age estimate of the sample 

(see Section 2.5.10.2). The results of this binning scheme are frequency observations 

that can vary substantially in sample size and produce noisy estimates of the ancestral 

allele frequency. An alternative approach, used in Fages et al. (2019), is to smooth the 

allele frequency estimates using a sliding window approach. They calculated allele 

frequencies over 1,000 year sliding windows, with a step size of 250 years. This approach 

counts each sample multiple times, as every sample falls into four overlapping bins. 

Future work might consider applying a sliding window approach, especially since the 

modified version of the Schraiber et al. (2016) method now explicitly models the age 

uncertainty of the samples. This would allow the overlapping nature of the bins to be 

explicitly modelled by the MCMC. 

 

2.7.3 MCMC modelling 

Overall, the MCMC models mixed very poorly, which greatly limited the number of 

interpretable results. Most of the MCMC chains (n=19,777; 73.62%) had below 

threshold ESS values for at least one parameter, as well as exhibiting generally high 

variance in ESS between replicate runs. This poor mixing was further evidenced by high 

MPSRF scores, resulting in most of the models  (n=3,381; 75.72%) failing to achieve the 

target convergence metric, excluding them from further analysis.  

 

Extensive testing of the MCMC hyperparameters, including (i) chain length; (ii) 

parameter update proposal frequency; (iii) path granularity; (iv) path update fraction; 

and (v) the sigma values for proposal tuning; did not lead to consistent improvements 

across the subset of models used for hyperparameters testing. This suggests that the 

systematic issues with model convergence are not related to misconfiguration of the 

MCMC hyperparameters. 
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Manual inspection of hundreds of parameter traces showed that even when chain 

length is increased to 100 million iterations (i.e. 100x longer than used by Schraiber et 

al. (2016) and Ye et al. (2017)), most models failed to escape the local maxima near to 

their randomly drawn starting parameters. Parameter mixing was improved when 

models were run with a constant population size demographic model; suggesting that 

the complicated demographic history of these species is a contributing factor to the 

poor mixing. Schraiber et al. (2016) report that under a misspecified demographic model 

the posterior distributions of selection coefficients can be biased. However, these biases 

have been shown to be relatively mild in effect (Jewett et al., 2016). In practice, other 

publications using the Schraiber et al. (2016) method have used a constant population 

demographic model (e.g. Gelabert et al., 2017; Ye et al., 2017). Future work might 

consider firstly modelling all variants using a constant population size and reserving the 

use of the fully specified demography for only those variants were significant selection 

is detected. 

 

To further address the poor parameter mixing and convergence, future work might 

consider an implementation of the Metropolis-Coupled MCMC (MC³) algorithm, which 

uses heated chains to better traverse widely dispersed local maxima (Geyer, 1991). 

Efficient parallelised algorithms for MC³ have been used in phylogenetics for some time 

(Aberer et al., 2014; Altekar et al., 2004), and their adaptation to this problem should 

improve the current problem where models become quickly stuck in local optima, and 

cannot traverse the flat likelihood surface in the surrounding regions. 

 

Once mixing has been improved, future work might also consider replacing the arbitrary 

minimum ESS threshold with a more principled multivariate ESS metric—which accounts 

for the cross-correlations between parameters (Vats et al., 2015). Here, we use a 

minimum ESS threshold of 100, whereas Schraiber et al (2016) use both 50 and 150, and 

Ye et al. (2017) use 50. Instead, Vats et al. (2015) provide formulae for calculating an a 

priori minimum multivariate ESS threshold (h]q]), based on the number of parameters 

in the model and the acceptable level of error in the estimator. This metric has recently 

been implemented in the mcmcse (v. 1.3-2) R package (Flegal et al., 2012). The h]q] 
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metric could, in principle, be implemented as a runtime stopping condition in the 

MCMC, such that instead of specifying the number of iterations in the chain, the model 

runs until it reaches either (i) the specified multivariate ESS threshold, or (ii) the 

acceptable level of error. 

 

A separate cause of poor model convergence is the long default length of the trajectory 

path updates. Currently, the portion of the trajectory that is updated in each MCMC 

proposal is configured as a fraction of the total path length (default -F 20 , or 5% of the 

path). When the path is long (i.e. the allele is old), or when there is dense sampling of 

the allele, this fractional length of the trajectory can easily span the entirety of the 

ancient observations. For horses, the mean maximum a posteriori inferred age of the 

allele is ~695,000 years old, which corresponds to a default path update length of 

~35,000 years. Trajectory updates to such a long segment of the path poorly fit the finer 

temporal resolution of domestication and reduce the speed at which the trajectory 

converges on the observed frequency changes seen for many SNPs. This is especially 

problematic when modelling sudden changes between the most recent ancient time bin 

and the modern era. Due to the intensive nature of modern selective breeding, 

>?@frsEGB can often be substantially higher (or lower) than >?@GECEBF. As these 

movements occur across a single time bin, with a 500-year resolution, a proposal update 

length of ~35,000 years is disproportionate. However, when the path update size is 

decreased (e.g. -F 1000 , or 0.1% of the path), the model requires a much longer chain 

length for the path to converge, as each update moves a much smaller portion of the 

trajectory. Additionally, the model adds by default ( -M 10 ) an extra 0.01 diffusion units 

onto the fractional path update length—equating to 2,377 years for cattle and 2,744 

years for horses. Consequently, even for very large values of -F , the minimum update 

size prevents updates shorter than ~2.5 thousand years. 

 

A potential solution to this problem would be to tune the length of the trajectory 

updates, in a manner similar to the tuning of sigma values in the prior distributions of 

other parameters. For example, where the acceptance rate for trajectory updates falls 

below the target of 0.234 (Roberts et al., 1997), then the length of the update would be 
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shortened to attempt to increase the acceptance rate. As with other parameters, the 

step size of tuning changes would decay with chain length, such that tuning ceases in 

time to ensure proper MCMC convergence. This would address a commonly seen 

problem where the modelled trajectory fails to fit the observed changes in allele 

frequency because they occur too rapidly for long trajectory updates to properly 

accommodate. 

 

Another potential improvement would be to increase the sample size of the modern 

reference panels. The extent to which any single estimate of the allele frequency 

constrains the posterior distribution of the trajectory is proportional to the number of 

haploid observations. Consequently, an increase in the number of modern samples will 

force the trajectory to converge on the high-confidence estimate of the modern 

frequency. This may help address the current problem where the inferred modern allele 

frequency can vary considerably from the empirical estimate. However, as >?@GECEBF 

and >?@frsEGB can differ substantially, future work might also consider replicating each 

model without >?@frsEGB to see how this changes the estimates of the parameters of 

interest. 

 

2.7.4 GWAS associations 

Modelling selection on variants ascertained via GWAS has the advantage that the trait 

association of each variant is already known—making it relatively straightforward to 

interpret selection coefficients without having to rely on Gene Ontology (GO) term 

enrichment analysis, or other post hoc methods of annotating putatively selected loci. 

However, there are also distinct limitations to this approach. 

 

There is a systematic bias in the animal quantitative genetics literature towards traits 

with contemporary commercial relevance. Whilst it is plausible that many traits⁠—
especially those related to health, development, or reproduction—may also have been 

of interest to early farmers and pastoralists, many other traits have such modern 

specificity that their relevance outside of contemporary animal breeding is limited (e.g. 

lifetime earnings (Velie et al., 2018), or drip loss (Ponsuksili et al., 2014)). As such, many 
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GWAS traits are unlikely to have undergone selection outside of modern commercial 

breeding. 

 

Within much of the animal quantitative genetics literature, GWAS associations have 

been performed in medium or high-density SNP array panels. The cost effectiveness of 

such an approach has facilitated large sample sizes, which in turn have increased 

statistical power to identify variants with small effect sizes. However, the use of SNP 

array data is reliant on the causal variant being in linkage disequilibrium (LD) with the 

observed genotype (Visscher et al., 2017). This dependency on LD can be problematic if 

haplotype structure differed substantially in the past (e.g. Frantz et al., 2019), in which 

case the trajectory of the modelled variant might differ greatly from that of the causal 

variant. 

 

Similarly, many of the GWAS associations used here were ascertained in specific 

domestic breeds or populations, and it is unclear how robustly GWAS associations hold 

outside of the tested populations (e.g. Kim et al., 2018; Kuchenbaecker et al., 2019; 

Palmer and Pe’er, 2017). This is especially problematic in ancient individuals with 

potentially divergent genetic background. Epistasis is likely to be a major confounding 

factor in applying trait associations outside of their test populations. Similarly, gene–

environment interactions (GxE) are likely to play a confounding role on trait associations 

as domestic animals spread outside of their natural ranges during the Neolithic 

expansion. 

 

Another limitation of this approach is that GWAS can only be performed on traits which 

are variable in the test populations. This is a major issue for behavioural traits which are 

already fixed in modern domestic populations (e.g. loss of aggression). This makes them 

unsuitable for GWAS discovery unless wild or primitive populations are included in the 

studies. Consequently, behavioural traits represent a mere 0.02% of the total GWAS 

associations for livestock specues in the AnimalQTL database (Hu and Reecy, 2007). 
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2.7.5 Modelling assumptions 

The Schraiber et al. (2016) method has two inference modes: (i) where the age of the 

allele is inferred, by modelling the complete trajectory, from the mutation of the allele 

to the present ( -a ); and (ii) where the trajectory of the allele is modelled only within 

the range of the sample observations, and the starting frequency of the allele is drawn 

from a uniform prior distribution. When inferring the age of the allele ( -a ), this method 

assumes that the selection coefficients apply uniformly across the history of the allele. 

As we are specifically sampling from within the timeframe of domestication, the 

assumption of constant selection through time will systematically bias the inferred age 

of the allele towards a more recent origin. 

 

This method also assumes that our ancient samples are drawn from a single panmictic 

population with genetic continuity through time. Whilst care has been taken in selecting 

samples which best fit these assumptions⁠—e.g. by only using horses from the lineage 

leading to modern domestics (Fages et al., 2019) and excluding cattle with Zebu 

admixture (Verdugo et al., 2019)⁠—we cannot rule out the possibility of geographic or 

temporal structure creating spurious signals. Similarly, this method cannot model the 

effect of admixture from a divergent population (e.g. Frantz et al., 2019). If an 

introgressing population has a significantly different allele frequency, then changes to 

the ingroup frequency are sensitive to the degree of admixture, independently of 

selection. 

 

Lastly, the Schraiber et al. (2016) method uses a diffusion approximation to the Wright– 

Fisher model (Fisher, 1930; Wright, 1931). It has been shown that in scenarios with 

skewed offspring distributions, inference based on the Wright–Fisher model can be 

strongly biased (Eldon and Wakeley, 2006; Matuszewski et al., 2018). The extent to 

which this is a problem among ancient domestic animal populations remains unclear, 

however, modern breeding practices suggest this might be a cause for concern—e.g. the 

use of sires in cattle and horse breeding. Recently, a time-series method has been 

developed to specifically model demography and selection under skewed offspring 
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distributions (Sackman et al., 2019), and future work might consider testing how such a 

model effects inference of selection in these datasets. 

 

2.8 Conclusions 

In this study we modelled the allelic trajectory of >2,000 GWAS variants linked to 

quantitative traits in cattle and horses. Using a dataset of 369 ancient nuclear genomes, 

spanning >10,000 years of evolutionary history, we attempted to quantify the temporal 

origins and strength of selection for genetic variants associated with health, 

reproductive, performance, production, aesthetic and behavioural traits in cattle and 

horse populations. By modelling the strength and timing of selection for GWAS variants 

in these species, we aimed to discover which traits were important during the initial 

phase of domestication and which traits were selected for more recently. 

 

Due to technical difficulties with MCMC convergence, the majority of modelled variants 

(75%) did not pass quality control. Of those that met convergence metrics, only two 

SNPs in horses showed any signs of selection and none in cattle. To address the technical 

issues with this modelling, we have made detailed suggestions for how best to advance 

this work in the future.  

 

Specifically, we have identified substantial issues with mispolarisation, for which we 

intend to use the method of Keightley and Jackson (2018) that incorporates three 

outgroup species and fits an explicit model of DNA evolution. To address variable 

sampling density, we intend to use a sliding window approach to sample binning, similar 

to Fages et al. (2019). To improve MCMC parameter mixing, we intend to implement the 

Metropolis-Coupled MCMC (MC³) algorithm (Geyer, 1991), and to use a minimum 

multivariate ESS (Vats et al., 2015) as the stopping condition for the chain lengths. We 

also intend to implement a system for tuning the length of trajectory updates to achieve  

the target acceptance rate. 

 

Given the low rate of model convergence in our results, no broad conclusions about 

selection for GWAS traits in ancient domestic animal populations can be made. Whilst 
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we have identified very little selection in this dataset, it remains possible that model 

convergence issues have systematically biased against identifying selection. Similarly, 

the large number of putatively mispolarised variants may be obscuring many selected 

traits. 
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2.10 Supplementary Materials 

2.10.1 Sample accessions 

2.10.1.1 Modern cattle samples 

Table S2.1 Modern cattle samples 

Sample BioProject BioSample Sex Reference 

Angus_19 PRJNA238491 SAMN02671514 M (Daetwyler et al., 2014) 

Angus_28 PRJNA238491 SAMN02671523 M (Daetwyler et al., 2014) 

Angus_33 PRJNA238491 SAMN02671528 M (Daetwyler et al., 2014) 

Angus_39 PRJNA238491 SAMN02671534  M (Daetwyler et al., 2014) 

Angus_40 PRJNA238491 SAMN02671535 M (Daetwyler et al., 2014) 

Fleckvieh_39 PRJNA238491 SAMN02671663  M (Daetwyler et al., 2014) 

Fleckvieh_40 PRJNA238491 SAMN02671664  M (Daetwyler et al., 2014) 

Fleckvieh_42 PRJNA238491 SAMN02671666 M (Daetwyler et al., 2014) 

Fleckvieh_5 PRJNA238491 SAMN02671629 M (Daetwyler et al., 2014) 

Holstein_116 PRJNA238491 SAMN02671669  M (Daetwyler et al., 2014) 

Holstein_71 PRJNA238491 SAMN02671465  M (Daetwyler et al., 2014) 

Holstein_79 PRJNA238491 SAMN02671473 M (Daetwyler et al., 2014) 

Holstein_88 PRJNA238491 SAMN02671482 M (Daetwyler et al., 2014) 

Holstein_90 PRJNA238491 SAMN02671484 M (Daetwyler et al., 2014) 

Jersey_12 PRJNA238491 SAMN02671608  M (Daetwyler et al., 2014) 

Jersey_2 PRJNA238491 SAMN02671598 M (Daetwyler et al., 2014) 

Jersey_4 PRJNA238491 SAMN02671600 M (Daetwyler et al., 2014) 

Jersey_5 PRJNA238491 SAMN02671601  M (Daetwyler et al., 2014) 

Jersey_7 PRJNA238491 SAMN02671603 M (Daetwyler et al., 2014) 

Aln_12 PRJEB31621 SAMEA5577153 M (Verdugo et al., 2019) 

Hl_8059 PRJEB31621 SAMEA5577150 M (Verdugo et al., 2019) 

Wag_1a PRJEB31621 SAMEA5577012 M (Verdugo et al., 2019) 

Bbub PRJNA350833 SAMN05949030 F (Whitacre et al., 2017) 
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2.10.1.2 Modern horse samples 

Table S2.2 Modern horse samples 

Sample Bioproject Biosample Sex Reference 

Prze_0150A PRJEB10098 SAMEA3498579 F (Der Sarkissian et al., 2015) 

Prze_0151A PRJEB10098 SAMEA3498580 M (Der Sarkissian et al., 2015) 

Prze_0157A PRJEB10098 SAMEA3498586 M (Der Sarkissian et al., 2015) 

Prze_0158A PRJEB10098 SAMEA3498587 F (Der Sarkissian et al., 2015) 

Prze_0159A PRJEB10098 SAMEA3498588 M (Der Sarkissian et al., 2015) 

Prze_0160A PRJEB10098 SAMEA3498589 M (Der Sarkissian et al., 2015) 

Arab_0237A PRJNA230019 SAMN02439777 M (Metzger et al., 2014) 

Conn_0004A PRJNA273402 SAMN03291442 M (Finno et al., 2015) 

Duel_0238A PRJNA230019 SAMN02422919 F (Metzger et al., 2014) 

Frie_0296A PRJEB13863 SAMEA3951218 M (Leegwater et al., 2016) 

FrMo_0065A PRJEB10098 SAMEA3498888 M (Der Sarkissian et al., 2015) 

Hano_0235A PRJNA230019 SAMN02439779 M (Metzger et al., 2014) 

Heav_0269A PRJNA291776 SAMN03955412 M (Metzger et al., 2014) 

Icel_0144A N/A SAMN00857894 M (Andersson et al., 2012) 

Icel_0247A PRJEB8911 SAMEA3311207 M (Haase et al., 2015) 

Jeju_0275A PRJNA169102 SAMN01057172 M (Do et al., 2014) 

Marw_0239A PRJNA246445 SAMN02767683 M (Jun et al., 2014) 

Mong_0153A PRJEB10098 SAMEA3498582 M (Der Sarkissian et al., 2015) 

Mong_0215A PRJNA277815 SAMN04002338 M (Do et al., 2014) 

Morg_0096A PRJEB10098 SAMEA3499838 F (Der Sarkissian et al., 2015) 

Quar_0073A PRJEB10098 SAMEA3499837 M (Der Sarkissian et al., 2015) 

Shet_0249A PRJEB9269 SAMEA3367610 F (Frischknecht et al., 2015) 

Shet_0250A PRJEB9267 SAMEA3367609 F (Frischknecht et al., 2015) 

Sorr_0236A PRJNA230019 SAMN02439778 M (Metzger et al., 2014) 

Stan_0081A PRJEB10098 SAMEA3499832 M (Warmuth et al., 2011) 

Thor_0145A PRJNA277815 SAMN04002340 F (Orlando et al., 2013) 
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Sample Bioproject Biosample Sex Reference 

Thor_0290A PRJNA168142 SAMN01047706 M (Kim et al., 2013) 

Yaku_0163A PRJEB10854 SAMEA3542237 M (Librado et al., 2015) 

Yaku_0170A PRJEB10854 SAMEA3542244 M (Librado et al., 2015) 

Yaku_0171A PRJEB10854 SAMEA3542245 M (Librado et al., 2015) 

Esom_0226A PRJEB7446 SAMEA2802531 F (Jónsson et al., 2014) 

 

2.10.1.3 Ancient cattle samples 

Table S2.3 Ancient cattle samples 

Sample BioProject BioSample Sex Reference 

Ace1 PRJEB31621 SAMEA5577346 F (Verdugo et al., 2019) 

Bal1 N/A N/A F (Mullin et al. in prep) 

Bal2 N/A N/A F (Mullin et al. in prep) 

Bel1 PRJEB31621 SAMEA5577349 F (Verdugo et al., 2019) 

Bel2 PRJEB31621 SAMEA5577350 M (Verdugo et al., 2019) 

Bis1 N/A N/A M (Mullin et al. in prep) 

Bis2 N/A N/A M (Mullin et al. in prep) 

Bla1 PRJEB31621 SAMEA5577353 M (Verdugo et al., 2019) 

Bla2 PRJEB31621 SAMEA5577354 M (Verdugo et al., 2019) 

Bor1 N/A N/A M (Mullin et al. in prep) 

Bri1 N/A N/A M (Mullin et al. in prep) 

Bub1 PRJEB31621 SAMEA5577355 F (Verdugo et al., 2019) 

Bun1 N/A N/A F (Mullin et al. in prep) 

Bun2 N/A N/A M (Mullin et al. in prep) 

Ch22 PRJEB31621 SAMEA5577358 M (Verdugo et al., 2019) 

Cla1 N/A N/A F (Mullin et al. in prep) 

Cla2 N/A N/A M (Mullin et al. in prep) 

Cla3 N/A N/A F (Mullin et al. in prep) 

Cla4 N/A N/A F (Mullin et al. in prep) 
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Sample BioProject BioSample Sex Reference 

Cla5 N/A N/A F (Mullin et al. in prep) 

Cla6 N/A N/A F (Mullin et al. in prep) 

Cla7 N/A N/A F (Mullin et al. in prep) 

Cla8 N/A N/A F (Mullin et al. in prep) 

Cla9 N/A N/A F (Mullin et al. in prep) 

Da1 N/A N/A F (Mullin et al. in prep) 

Da2 N/A N/A M (Mullin et al. in prep) 

Da3 N/A N/A F (Mullin et al. in prep) 

Da4 N/A N/A F (Mullin et al. in prep) 

Da5 N/A N/A F (Mullin et al. in prep) 

Da6 N/A N/A F (Mullin et al. in prep) 

Dro1 N/A N/A M (Mullin et al. in prep) 

Dub1 N/A N/A F (Mullin et al. in prep) 

Dub2 N/A N/A M (Mullin et al. in prep) 

Dur1 N/A N/A F (Mullin et al. in prep) 

Dur2 N/A N/A F (Mullin et al. in prep) 

Dur3 N/A N/A F (Mullin et al. in prep) 

Dyr1 N/A N/A F (Mullin et al. in prep) 

Dzh1 N/A N/A M (Mullin et al. in prep) 

Dzh2 N/A N/A F (Mullin et al. in prep) 

Els1 N/A N/A M (Mullin et al. in prep) 

Far1 PRJEB31621 SAMEA5577360 F (Verdugo et al., 2019) 

Fir1 N/A N/A F (Mullin et al. in prep) 

Fis1 N/A N/A F (Mullin et al. in prep) 

Fis2 N/A N/A F (Mullin et al. in prep) 

Gen1 N/A N/A F (Mullin et al. in prep) 

Gil1 PRJEB31621 SAMEA5577361 F (Verdugo et al., 2019) 

Gyu2 PRJEB31621 SAMEA5577362 M (Verdugo et al., 2019) 
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Sample BioProject BioSample Sex Reference 

Has3 PRJEB31621 SAMEA5577364 M (Verdugo et al., 2019) 

HF1 N/A N/A F (Mullin et al. in prep) 

Hou1 N/A N/A M (Mullin et al. in prep) 

Hou2 N/A N/A F (Mullin et al. in prep) 

Hxh1 N/A N/A F (Mullin et al. in prep) 

Kie1 N/A N/A M (Mullin et al. in prep) 

Kie2 N/A N/A M (Mullin et al. in prep) 

Kil1 N/A N/A F (Mullin et al. in prep) 

Lud1 N/A N/A F (Mullin et al. in prep) 

Lud2 N/A N/A F (Mullin et al. in prep) 

Lud3 N/A N/A M (Mullin et al. in prep) 

Lud4 N/A N/A F (Mullin et al. in prep) 

Mar1 N/A N/A M (Mullin et al. in prep) 

Men1 PRJEB31621 SAMEA5577376 M (Verdugo et al., 2019) 

Men2 PRJEB31621 SAMEA5577377 F (Verdugo et al., 2019) 

Mon1 PRJEB31621 SAMEA5577378 F (Verdugo et al., 2019) 

Nah1 PRJEB31621 SAMEA5577379 M (Verdugo et al., 2019) 

Ness2 N/A N/A F (Mullin et al. in prep) 

Ness3 N/A N/A F (Mullin et al. in prep) 

Ness4 N/A N/A F (Mullin et al. in prep) 

Ness5 N/A N/A M (Mullin et al. in prep) 

New1 N/A N/A M (Mullin et al. in prep) 

New2 N/A N/A M (Mullin et al. in prep) 

New3 N/A N/A M (Mullin et al. in prep) 

New4 N/A N/A F (Mullin et al. in prep) 

New5 N/A N/A M (Mullin et al. in prep) 

Otb1 N/A N/A M (Mullin et al. in prep) 

Par1 N/A N/A F (Mullin et al. in prep) 
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Sample BioProject BioSample Sex Reference 

Par2 N/A N/A M (Mullin et al. in prep) 

Plo1 PRJEB31621 SAMEA5577380 F (Verdugo et al., 2019) 

Plo2 PRJEB31621 SAMEA5577381 F (Verdugo et al., 2019) 

Plo3 PRJEB31621 SAMEA5577382 M (Verdugo et al., 2019) 

Plo4 PRJEB31621 SAMEA5577383 M (Verdugo et al., 2019) 

Plo5 PRJEB31621 SAMEA5577384 M (Verdugo et al., 2019) 

Plo6 PRJEB31621 SAMEA5577385 M (Verdugo et al., 2019) 

Plo7 PRJEB31621 SAMEA5577386 F (Verdugo et al., 2019) 

Plo8 PRJEB31621 SAMEA5577387 F (Verdugo et al., 2019) 

Pot1 N/A N/A F (Mullin et al. in prep) 

Pot2 N/A N/A F (Mullin et al. in prep) 

Pot3 N/A N/A M (Mullin et al. in prep) 

Pot4 N/A N/A F (Mullin et al. in prep) 

Pot5 N/A N/A F (Mullin et al. in prep) 

Pot6 N/A N/A M (Mullin et al. in prep) 

Pro1 PRJEB31621 SAMEA5577388  (Verdugo et al., 2019) 

Qaz1 PRJEB31621 SAMEA5577389 F (Verdugo et al., 2019) 

Rou1 N/A N/A F (Mullin et al. in prep) 

Rou2 N/A N/A F (Mullin et al. in prep) 

Rou3 N/A N/A F (Mullin et al. in prep) 

Rou4 N/A N/A F (Mullin et al. in prep) 

Sac3 PRJEB31621 SAMEA5577390 F (Verdugo et al., 2019) 

Sar38 PRJEB31621 SAMEA5577391  (Verdugo et al., 2019) 

Sch1 N/A N/A F (Mullin et al. in prep) 

Snu1 N/A N/A F (Mullin et al. in prep) 

Ste1 N/A N/A F (Mullin et al. in prep) 

Stu1 PRJEB31621 SAMEA5577392 M (Verdugo et al., 2019) 

Sub1 PRJEB31621 SAMEA5577393 M (Verdugo et al., 2019) 
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Sample BioProject BioSample Sex Reference 

Tda1 PRJEB31621 SAMEA5577394 M (Verdugo et al., 2019) 

Thr1 PRJEB31621 SAMEA5577396 M (Verdugo et al., 2019) 

Tqa1 PRJEB31621 SAMEA5577401 M (Verdugo et al., 2019) 

Tqa2 PRJEB31621 SAMEA5577402 F (Verdugo et al., 2019) 

Tqa3 PRJEB31621 SAMEA5577403 F (Verdugo et al., 2019) 

Tsa3 PRJEB31621 SAMEA5577409 F (Verdugo et al., 2019) 

Viz1 N/A N/A M (Mullin et al. in prep) 

Viz2 N/A N/A M (Mullin et al. in prep) 

Win1 N/A N/A F (Mullin et al. in prep) 

Yor1 N/A N/A F (Mullin et al. in prep) 

Yor10 N/A N/A F (Mullin et al. in prep) 

Yor11 N/A N/A F (Mullin et al. in prep) 

Yor12 N/A N/A M (Mullin et al. in prep) 

Yor2 N/A N/A M (Mullin et al. in prep) 

Yor3 N/A N/A M (Mullin et al. in prep) 

Yor4 N/A N/A F (Mullin et al. in prep) 

Yor5 N/A N/A M (Mullin et al. in prep) 

Yor6 N/A N/A F (Mullin et al. in prep) 

Yor7 N/A N/A M (Mullin et al. in prep) 

Yor8 N/A N/A M (Mullin et al. in prep) 

Yor9 N/A N/A F (Mullin et al. in prep) 

 

2.10.1.4 Ancient horse samples 

Table S2.4 Ancient horse samples 

Sample BioProject BioSample Sex Reference 

Borly4_PAVH11 PRJEB22390 SAMEA104233651 F (Gaunitz et al., 2018) 

Borly4_PAVH4 PRJEB22390 SAMEA104233652 F (Gaunitz et al., 2018) 

Borly4_PAVH6 PRJEB22390 SAMEA104233653 F (Gaunitz et al., 2018) 
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Sample BioProject BioSample Sex Reference 

Borly4_PAVH8 PRJEB22390 SAMEA104233654 M (Gaunitz et al., 2018) 

Borly4_PAVH9 PRJEB22390 SAMEA104233655 M (Gaunitz et al., 2018) 

Botai_1 PRJEB22390 SAMEA104233656 M (Gaunitz et al., 2018) 

Botai_2 PRJEB22390 SAMEA104233657 M (Gaunitz et al., 2018) 

Botai_3 PRJEB22390 SAMEA104233658 M (Gaunitz et al., 2018) 

Botai_4 PRJEB22390 SAMEA104233659 M (Gaunitz et al., 2018) 

Botai_5 PRJEB22390 SAMEA104233660 M (Gaunitz et al., 2018) 

Botai_6 PRJEB22390 SAMEA104233661 M (Gaunitz et al., 2018) 

Botai_8 PRJEB22390 SAMEA104233662 F (Gaunitz et al., 2018) 

Botai_A PRJEB31613 SAMEA5408166 F (Fages et al., 2019) 

Botai_B PRJEB31613 SAMEA5408167 F (Fages et al., 2019) 

Botai_C PRJEB22390 SAMEA104233663 M (Fages et al., 2019) 

Botai_D1 PRJEB22390 SAMEA104233664 M (Gaunitz et al., 2018) 

Botai_D2 PRJEB31613 SAMEA5408168 F (Fages et al., 2019) 

Botai_D4 PRJEB22390 SAMEA104233665 F (Gaunitz et al., 2018) 

Botai_D5 PRJEB22390 SAMEA104233666 M (Gaunitz et al., 2018) 

Botai_D6 PRJEB22390 SAMEA104233667 F (Gaunitz et al., 2018) 

Botai_E PRJEB31613 SAMEA5408169 F (Fages et al., 2019) 

Botai_F PRJEB22390 SAMEA104233668 M (Gaunitz et al., 2018) 

Botai_G PRJEB22390 SAMEA104233669 M (Fages et al., 2019) 

Botai_I PRJEB22390 SAMEA104233670 M (Fages et al., 2019) 

Botai_K PRJEB22390 SAMEA104233671 M (Fages et al., 2019) 

Botai_L PRJEB22390 SAMEA104233672 F (Gaunitz et al., 2018) 

Botai_N PRJEB31613 SAMEA5408170 F (Fages et al., 2019) 

Botai_NB18 PRJEB31613 SAMEA5408171 F (Fages et al., 2019) 

Botai_O PRJEB31613 SAMEA5408172 M (Fages et al., 2019) 

Botai_P PRJEB22390 SAMEA104233673 M (Gaunitz et al., 2018) 

Botai_Petrous PRJEB22390 SAMEA104233674 F (Gaunitz et al., 2018) 
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Botai_R PRJEB22390 SAMEA104233675 F (Gaunitz et al., 2018) 

Botai_T PRJEB31613 SAMEA5408173 F (Fages et al., 2019) 

Actiparc_GVA124 PRJEB31613 SAMEA5408142 M (Fages et al., 2019) 

Actiparc_GVA307 PRJEB31613 SAMEA5408143 M (Fages et al., 2019) 

Actiparc_GVA308 PRJEB31613 SAMEA5408144 F (Fages et al., 2019) 

Actiparc_GVA309 PRJEB31613 SAMEA5408145 M (Fages et al., 2019) 

Actiparc_GVA310 PRJEB22390 SAMEA104233649 F (Fages et al., 2019) 

Actiparc_GVA311 PRJEB31613 SAMEA5408146 M (Fages et al., 2019) 

Altata_NB31 PRJEB31613 SAMEA5408147 M (Fages et al., 2019) 

ArzhanI_Arz3 PRJEB31613 SAMEA5408149 M (Fages et al., 2019) 

ArzhanI_I-K2_Arz1 PRJEB31613 SAMEA5408150 M (Librado et al., 2017) 

ArzhanI_I-K3_Arz2 PRJEB31613 SAMEA5408151 M (Librado et al., 2017) 

ArzhanII_Arz15 PRJEB31613 SAMEA5408152 M (Fages et al., 2019) 

ArzhanII_Arz17 PRJEB31613 SAMEA5408148 M (Fages et al., 2019) 

ArzhanII_Rus11 PRJEB19970  
PRJEB20000 

SAMEA103910522 M (Fages et al., 2019) 

ArzhanII_Rus9 PRJEB19970 
PRJEB20000 

SAMEA103910523 M (Fages et al., 2019) 

AugustaRaurica_JG160 PRJEB31613 SAMEA5408154 M (Fages et al., 2019) 

AugustaRauricaSchmid
matt_NBxK9279 

PRJEB31613 SAMEA5408155 M (Fages et al., 2019) 

AugustaRauricaSchmid
matt_NBxP9261 

PRJEB31613 SAMEA5408153 M (Fages et al., 2019) 

Balagansk_Rus19 PRJEB31613 SAMEA5408156 M (Fages et al., 2019) 

BapskaGradac_BAPSK
A 

PRJEB31613 SAMEA5408157 M (Fages et al., 2019) 

Bateni_Rus14 PRJEB22390 SAMEA104233650 M (Gaunitz et al., 2018) 

Bateni_Rus16 PRJEB31613 SAMEA5408158 M (Fages et al., 2019) 

Beauvais_GVA122 PRJEB31613 SAMEA5408159 M (Fages et al., 2019) 

Beauvais_GVA375 PRJEB31613 SAMEA5408160 M (Fages et al., 2019) 



 136 

Sample BioProject BioSample Sex Reference 

Belgheis_TrBWBX116 PRJEB31613 SAMEA5408161 M (Fages et al., 2019) 

Belkaragay_NB13 PRJEB31613 SAMEA5408162 M (Fages et al., 2019) 

Belkaragay_NB15 PRJEB31613 SAMEA5408163 F (Fages et al., 2019) 

Berel_BER01_A PRJEB19970 SAMEA103910511 M (Librado et al., 2017) 

Berel_BER02_B PRJEB19970 SAMEA103910512 M (Librado et al., 2017) 

Berel_BER04_D PRJEB19970 
PRJEB20000 

SAMEA103910513 M (Librado et al., 2017) 

Berel_BER05_E PRJEB19970 
PRJEB20000 

SAMEA103910514 M (Librado et al., 2017) 

Berel_BER06_F PRJEB19970 
PRJEB20000 

SAMEA103910515 M (Librado et al., 2017) 

Berel_BER07_G PRJEB20000 
PRJEB19970 

SAMEA103910516 M (Librado et al., 2017) 

Berel_BER08_H PRJEB19970 
PRJEB20000 

SAMEA103910517 M (Librado et al., 2017) 

Berel_BER09_I PRJEB19970 
PRJEB20000 

SAMEA103910518 M (Librado et al., 2017) 

Berel_BER10_K PRJEB20000 
PRJEB19970 

SAMEA103910519 M (Librado et al., 2017) 

Berel_BER11_L PRJEB19970 
PRJEB20000 

SAMEA103910520 M (Librado et al., 2017) 

Berel_BER12_M PRJEB19970 
PRJEB20000 

SAMEA103910521 M (Librado et al., 2017) 

Berufjordur_VHR102 PRJEB31613 SAMEA5408164 M (Fages et al., 2019) 

Boves_GVA191 PRJEB31613 SAMEA5408174 F (Fages et al., 2019) 

BozAdyr_KYRH10 PRJEB31613 SAMEA5408175 M (Fages et al., 2019) 

BozAdyr_KYRH8 PRJEB31613 SAMEA5408176 M (Fages et al., 2019) 

BroughOfDeerness_VH
R010 

PRJEB31613 SAMEA5408177 F (Fages et al., 2019) 

BroughOfDeerness_VH
R011 

PRJEB31613 SAMEA5408178 M (Fages et al., 2019) 

BroughOfDeerness_VH
R037 

PRJEB31613 SAMEA5408179 M (Fages et al., 2019) 
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BroughOfDeerness_VH
R062 

PRJEB31613 SAMEA5408180 F (Fages et al., 2019) 

Bruszcewo_Bru4 PRJEB31613 SAMEA5408181 M (Fages et al., 2019) 

CaminoDeLasYeseras_
CdY2 

PRJEB31613 SAMEA5408182 M (Fages et al., 2019) 

Cantorella_UE2275x2 PRJEB31613 SAMEA5408183 F (Fages et al., 2019) 

Capesterre_LIS2 PRJEB31613 SAMEA5408184 F (Fages et al., 2019) 

Capote_Cap102 PRJEB31613 SAMEA5408185 F (Fages et al., 2019) 

Charregass_NBxRa849 PRJEB31613 SAMEA5408186 M (Fages et al., 2019) 

Chartres_GVA1 PRJEB31613 SAMEA5408187 M (Fages et al., 2019) 

Chartres_GVA111 PRJEB31613 SAMEA5408188 F (Fages et al., 2019) 

Chartres_GVA112 PRJEB31613 SAMEA5408189 M (Fages et al., 2019) 

Chartres_GVA115 PRJEB31613 SAMEA5408190 M (Fages et al., 2019) 

Chartres_GVA26 PRJEB31613 SAMEA5408192 M (Fages et al., 2019) 

Chartres_GVA28 PRJEB31613 SAMEA5408193 M (Fages et al., 2019) 

Chartres_GVA36 PRJEB31613 SAMEA5408194 M (Fages et al., 2019) 

Chartres_GVA4 PRJEB31613 SAMEA5408196 M (Fages et al., 2019) 

Chartres_GVA43 PRJEB31613 SAMEA5408197 F (Fages et al., 2019) 

Chartres_GVA47 PRJEB31613 SAMEA5408198 M (Fages et al., 2019) 

Chartres_GVA48 PRJEB31613 SAMEA5408199 M (Fages et al., 2019) 

Chartres_GVA53 PRJEB31613 SAMEA5408200 M (Fages et al., 2019) 

Chartres_GVA56 PRJEB31613 SAMEA5408201 M (Fages et al., 2019) 

Chartres_GVA60 PRJEB31613 SAMEA5408202 M (Fages et al., 2019) 

Chartres_GVA75 PRJEB31613 SAMEA5408206 M (Fages et al., 2019) 

Chartres_GVA81 PRJEB31613 SAMEA5408208 F (Fages et al., 2019) 

Chartres_GVA9 PRJEB31613 SAMEA5408209 M (Fages et al., 2019) 

Dariali_Georgia2 PRJEB31613 SAMEA5408211 F (Fages et al., 2019) 

Derkul_NB2 PRJEB31613 SAMEA5408212 M (Fages et al., 2019) 

Derkul_NB4 PRJEB31613 SAMEA5408213 F (Fages et al., 2019) 
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Dunaujvaros_Duk2 PRJEB22390 SAMEA104233676 M (Gaunitz et al., 2018) 

ElAcequion_Spain38 PRJEB31613 SAMEA5408214 F (Fages et al., 2019) 

ElAcequion_Spain39 PRJEB31613 SAMEA5408215 M (Fages et al., 2019) 

ElsVilars_UE4618 PRJEB31613 SAMEA5408216 F (Fages et al., 2019) 

Evreux_GVA133 PRJEB31613 SAMEA5408219 M (Fages et al., 2019) 

Evreux_GVA135 PRJEB31613 SAMEA5408220 M (Fages et al., 2019) 

Evreux_GVA140 PRJEB31613 SAMEA5408221 M (Fages et al., 2019) 

Fengtai_Fen4 PRJEB31613 SAMEA5408222 M (Fages et al., 2019) 

Fmontauban_GVA126 PRJEB22390 SAMEA104233677 M (Gaunitz et al., 2018) 

FrankfurtHeddenheim
_Fr1 

PRJEB31613 SAMEA5408223 M (Fages et al., 2019) 

Garbovat_Gar3 PRJEB22390 SAMEA104233678 M (Gaunitz et al., 2018) 

GolModII_Mon23 PRJEB31613 SAMEA5408224 F (Fages et al., 2019) 

GolModII_Mon24 PRJEB31613 SAMEA5408225 F (Fages et al., 2019) 

GolModII_Mon25 PRJEB31613 SAMEA5408226 F (Fages et al., 2019) 

GolModII_Mon26 PRJEB31613 SAMEA5408227 F (Fages et al., 2019) 

GolModII_Mon27 PRJEB31613 SAMEA5408228 F (Fages et al., 2019) 

GolModII_Mon28 PRJEB22390 SAMEA104233679 M (Gaunitz et al., 2018) 

Goyet_Vert293 PRJEB31613 SAMEA5408229 F (Fages et al., 2019) 

Goyet_Vert300 PRJEB31613 SAMEA5408230 F (Fages et al., 2019) 

Goyet_Vert304 PRJEB31613 SAMEA5408231 F (Fages et al., 2019) 

Granastadir_VHR031 PRJEB31613 SAMEA5408233 F (Fages et al., 2019) 

Gregorevka4_PAVH2 PRJEB22390 SAMEA104233680 M (Gaunitz et al., 2018) 

Halvai_KSH4 PRJEB31613 SAMEA5408234 F (Fages et al., 2019) 

Halvai_KSH5 PRJEB31613 SAMEA5408235 M (Fages et al., 2019) 

Haunstetten PRJEB22390 SAMEA104233681 M (Gaunitz et al., 2018) 

Khatuu_Kha2_t1 PRJEB31613 SAMEA5408236 M (Fages et al., 2019) 

Khotont_UCIE2012x85 PRJEB31613 SAMEA5408237 M (Fages et al., 2019) 

Kokorevo_Rus3 PRJEB31613 SAMEA5408238 M (Fages et al., 2019) 
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KoulianCave_MV178 PRJEB31613 SAMEA5408242 F (Fages et al., 2019) 

KrasnayaGorka_Rus48 PRJEB31613 SAMEA5408239 M (Fages et al., 2019) 

Krasnokamenka_NB10 PRJEB31613 SAMEA5408240 M (Fages et al., 2019) 

Krasnokamenka_NB9 PRJEB31613 SAMEA5408241 F (Fages et al., 2019) 

LebyazhinkaIV_NB35 PRJEB31613 SAMEA5408243 M (Fages et al., 2019) 

LongueilAnnel_GVA12
9 

PRJEB31613 SAMEA5408244 M (Fages et al., 2019) 

Macon_GVA201 PRJEB31613 SAMEA5408245 M (Fages et al., 2019) 

Mainz_Mzr1 PRJEB31613 SAMEA5408246 M (Fages et al., 2019) 

Marvele_1 PRJEB31613 SAMEA5408247 M (Fages et al., 2019) 

Marvele_16 PRJEB31613 SAMEA5408250 M (Fages et al., 2019) 

Marvele_18 PRJEB31613 SAMEA5408251 M (Fages et al., 2019) 

Marvele_2 PRJEB31613 SAMEA5408248 M (Fages et al., 2019) 

Marvele_21 PRJEB31613 SAMEA5408252 M (Fages et al., 2019) 

Marvele_22 PRJEB31613 SAMEA5408253 M (Fages et al., 2019) 

Marvele_27 PRJEB31613 SAMEA5408254 M (Fages et al., 2019) 

Marvele_32 PRJEB31613 SAMEA5408255 M (Fages et al., 2019) 

Marvele_5 PRJEB31613 SAMEA5408249 M (Fages et al., 2019) 

MerzlyYar_Rus45 PRJEB31613 SAMEA5408256 M (Fages et al., 2019) 

Metz_GVA321 PRJEB31613 SAMEA5408257 M (Fages et al., 2019) 

Miciurin_Mic2 PRJEB31613 SAMEA5408258 M (Fages et al., 2019) 

Museum_Earb5 PRJEB31613 SAMEA5408259 M (Fages et al., 2019) 

Museum_Earb6 PRJEB31613 SAMEA5408260 M (Fages et al., 2019) 

Noyon_GVA123 PRJEB31613 SAMEA5408261 F (Fages et al., 2019) 

Nustar_4 PRJEB31613 SAMEA5408262 M (Fages et al., 2019) 

Nustar_5 PRJEB31613 SAMEA5408263 M (Fages et al., 2019) 

Oktyabrsky_Rus37 PRJEB31613 SAMEA5408264 M (Fages et al., 2019) 

Oktyabrsky_Rus38 PRJEB31613 SAMEA5408265 M (Fages et al., 2019) 

OlonKurinGol_OKG1 PRJEB31613 SAMEA5408266 M (Fages et al., 2019) 
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OlonKurinGol_OKG2 PRJEB31613 SAMEA5408267 M (Fages et al., 2019) 

Otepaa_Ote2 PRJEB31613 SAMEA5408268 M (Fages et al., 2019) 

Otok_OTOK16 PRJEB31613 SAMEA5408269 F (Fages et al., 2019) 

PotapovkaI_1 PRJEB31613 SAMEA5408270 F (Fages et al., 2019) 

Quoygrew_VHR017 PRJEB31613 SAMEA5408271 M (Fages et al., 2019) 

Ridala_Rid1 PRJEB22390 SAMEA104233682 M (Gaunitz et al., 2018) 

Ridala_Rid2 PRJEB31613 SAMEA5408272 M (Fages et al., 2019) 

Saadjarve_Saa1 PRJEB31613 SAMEA5408273 M (Fages et al., 2019) 

Sagzabad_SAGS27 PRJEB31613 SAMEA5408274 M (Fages et al., 2019) 

SaintJust_GVA242 PRJEB31613 SAMEA5408279 M (Fages et al., 2019) 

SaintQuentin_GVA237 PRJEB31613 SAMEA5408280 M (Fages et al., 2019) 

Santarem_254 PRJEB31613 SAMEA5408282 F (Fages et al., 2019) 

Sayangorsk_Rus41 PRJEB31613 SAMEA5408283 F (Fages et al., 2019) 

Schloßvippach_Svi6 PRJEB31613 SAMEA5408284 M (Fages et al., 2019) 

Sebastovce_131 PRJEB31613 SAMEA5408285 M (Fages et al., 2019) 

SharIQumis_AM115 PRJEB31613 SAMEA5408286 M (Fages et al., 2019) 

SharIQumis_AM181 PRJEB22390 SAMEA104233683 M  (Gaunitz et al., 2018) 

Sintashta_NB44 PRJEB31613 SAMEA5408287 M (Fages et al., 2019) 

Sintashta_NB45 PRJEB31613 SAMEA5408288 M (Fages et al., 2019) 

Sintashta_NB46 PRJEB19970 
PRJEB10532 

SAMEA3514287 F (Librado et al., 2017) 

SolothurnVigier_NB17
5 

PRJEB31613 SAMEA5408289 M (Fages et al., 2019) 

SolothurnVigier_NB63 PRJEB31613 SAMEA5408290 F (Fages et al., 2019) 

Syrgal_Syr1t1c3 PRJEB22390 SAMEA104233684 M (Gaunitz et al., 2018) 

Syrgal_Syr1t1c4 PRJEB31613 SAMEA5408292 M (Fages et al., 2019) 

TachtiPerda_TP4 PRJEB22390 SAMEA104233685 M (Gaunitz et al., 2018) 

TavanTolgoi_GEP13 PRJEB31613 SAMEA5408293 M (Fages et al., 2019) 

TavanTolgoi_GEP14 PRJEB31613 SAMEA5408294 M (Fages et al., 2019) 
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TavanTolgoi_GEP21 PRJEB31613 SAMEA5408295 M (Fages et al., 2019) 

TepeHasanlu_1140 PRJEB31613 SAMEA5408296 F (Fages et al., 2019) 

TepeHasanlu_2327 PRJEB31613 SAMEA5408297 M (Fages et al., 2019) 

TepeHasanlu_2405 PRJEB22390 SAMEA104233686 M (Fages et al., 2019) 

TepeHasanlu_2529 PRJEB31613 SAMEA5408298 F (Fages et al., 2019) 

TepeHasanlu_2689 PRJEB31613 SAMEA5408299 F (Fages et al., 2019) 

TepeHasanlu_3394 PRJEB31613 SAMEA5408300 M (Fages et al., 2019) 

TepeHasanlu_3398 PRJEB31613 SAMEA5408301 F (Fages et al., 2019) 

TepeHasanlu_3461 PRJEB31613 SAMEA5408303 F (Fages et al., 2019) 

TepeHasanlu_368 PRJEB31613 SAMEA5408304 M (Fages et al., 2019) 

Tumeski_CGG101397 PRJNA225855 SAMN02383958 M  (Der Sarkissian et al., 
2014) 

Uppsala_Upps02 PRJEB31613 SAMEA5408306 M (Fages et al., 2019) 

UushgiinUvur_Mon37 PRJEB31613 SAMEA5408307 M (Fages et al., 2019) 

UushgiinUvur_Mon39 PRJEB31613 SAMEA5408308 F (Fages et al., 2019) 

UushgiinUvur_Mon40 PRJEB31613 SAMEA5408309 M (Fages et al., 2019) 

UushgiinUvur_Mon41 PRJEB31613 SAMEA5408310 M (Fages et al., 2019) 

UushgiinUvur_Mon42 PRJEB31613 SAMEA5408311 F (Fages et al., 2019) 

UushgiinUvur_Mon43 PRJEB31613 SAMEA5408312 F (Fages et al., 2019) 

UushgiinUvur_Mon44 PRJEB31613 SAMEA5408313 M (Fages et al., 2019) 

UushgiinUvur_Mon45 PRJEB31613 SAMEA5408314 F (Fages et al., 2019) 

UushgiinUvur_Mon79 PRJEB31613 SAMEA5408315 M (Fages et al., 2019) 

UushgiinUvur_Mon84 PRJEB22390 SAMEA104233687 M (Gaunitz et al., 2018) 

UushgiinUvur_Mon86 PRJEB22390 SAMEA104233688 M (Gaunitz et al., 2018) 

UushgiinUvur_Mon87 PRJEB31613 SAMEA5408316 F (Fages et al., 2019) 

UushgiinUvur_Mon89 PRJEB31613 SAMEA5408317 M (Fages et al., 2019) 

Vermand_GVA199 PRJEB31613 SAMEA5408318 F (Fages et al., 2019) 

Vicerrectorado_VIR17
5 

PRJEB31613 SAMEA5408319 M (Fages et al., 2019) 
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WhitehallRomanVilla_
UK08 

PRJEB31613 SAMEA5408320 M (Fages et al., 2019) 

WitterPlace_UK15 PRJEB31613 SAMEA5408321 F (Fages et al., 2019) 

WitterPlace_UK16 PRJEB31613 SAMEA5408322 F (Fages et al., 2019) 

WitterPlace_UK17 PRJEB31613 SAMEA5408323 F (Fages et al., 2019) 

WitterPlace_UK18 PRJEB31613 SAMEA5408324 F (Fages et al., 2019) 

WitterPlace_UK19 PRJEB31613 SAMEA5408325 M (Fages et al., 2019) 

WitterPlace_UK20 PRJEB31613 SAMEA5408326 F (Fages et al., 2019) 

Yenikapi_Tur140 PRJEB31613 SAMEA5408328 M (Fages et al., 2019) 

Yenikapi_Tur141 PRJEB31613 SAMEA5408329 M (Fages et al., 2019) 

Yenikapi_Tur142 PRJEB31613 SAMEA5408330 M (Fages et al., 2019) 

Yenikapi_Tur145 PRJEB31613 SAMEA5408332 M (Fages et al., 2019) 

Yenikapi_Tur146 PRJEB31613 SAMEA5408333 M (Fages et al., 2019) 

Yenikapi_Tur150 PRJEB31613 SAMEA5408336 M (Fages et al., 2019) 

Yenikapi_Tur170 PRJEB31613 SAMEA5408339 M (Fages et al., 2019) 

Yenikapi_Tur171 PRJEB31613 SAMEA5408340 M (Fages et al., 2019) 

Yenikapi_Tur172 PRJEB22390 SAMEA104233689 M (Gaunitz et al., 2018) 

Yenikapi_Tur173 PRJEB31613 SAMEA5408341 M (Fages et al., 2019) 

Yenikapi_Tur175 PRJEB31613 SAMEA5408342 M (Fages et al., 2019) 

Yenikapi_Tur176 PRJEB31613 SAMEA5408343 M (Fages et al., 2019) 

Yenikapi_Tur181 PRJEB31613 SAMEA5408344 M (Fages et al., 2019) 

Yenikapi_Tur193 PRJEB31613 SAMEA5408347 M (Fages et al., 2019) 

Yenikapi_Tur194 PRJEB31613 SAMEA5408348 M (Fages et al., 2019) 

Yenikapi_Tur229 PRJEB31613 SAMEA5408350 M (Fages et al., 2019) 

Yenikapi_Tur243 PRJEB31613 SAMEA5408351 M (Fages et al., 2019) 

Yerqorqan_YER28 PRJEB31613 SAMEA5408358 M (Fages et al., 2019) 

Zhanaturmus_Issyk1 PRJEB22390 SAMEA104233690 M (Gaunitz et al., 2018) 

Przewalski_Paratype PRJEB10098 SAMEA3498593 F (Der Sarkissian et al., 
2015) 
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Batagai PRJNA222593 SAMN02371510 M  (Librado et al., 2015) 

Goyet_Vert311 PRJEB31613 SAMEA5408232 F (Fages et al., 2019) 

Taymyr_CGG10022 PRJEB7537 SAMEA2821680 F (Schubert et al., 
2014) 

Taymyr_CGG10023 PRJEB7537 SAMEA2821681 M  (Schubert et al., 
2014) 
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2.10.2 MCMC convergence metrics 

2.10.2.1 Cattle GWAS SNPs 

Table S2.5 MCMC convergence metrics for cattle GWAS SNPs 

dbSNP RefSeq ID Chr Position Ancestral Derived MPSRF Min ESS 

rs41637122 1 9852198 A G 1.04 335 

rs29024890 1 68175028 C T 1.02 237 

rs110607430 1 78564007 A G 1.01 393 

rs42355462 1 109284636 A G 1.01 322 

rs134242409 1 111056711 A G 1.07 296 

rs41751194 1 112551212 G A 1.02 426 

rs42218645 1 113745976 G A 1.01 294 

rs110308751 1 119749415 T C 1.05 245 

rs133868000 2 80276795 C T 1.02 243 

rs133782951 2 94268065 A G 1.01 283 

rs110959205 2 96410491 C A 1.02 401 

rs110348122 2 105139011 C A 1.00 356 

rs42201608 2 128589016 G A 1.03 232 

rs136647965 2 128672069 T C 1.02 214 

rs132678958 3 3427943 A G 1.04 232 

rs110423687 3 8945826 G A 1.02 295 

rs41565903 3 10640386 G A 1.01 331 

rs109543144 3 13689610 T C 1.04 291 

rs109428825 3 21128533 C T 1.03 295 

rs110855192 3 34098046 C T 1.02 305 

rs109502268 3 34310875 A C 1.02 436 

rs29019303 3 65924617 G A 1.02 312 

rs43357991 3 89311070 C T 1.01 225 

rs43350961 3 92015484 C T 1.06 348 

rs110127380 4 47737653 G A 1.01 382 
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rs42756348 4 48028619 G A 1.03 242 

rs110713885 4 56846638 G A 1.03 234 

rs29004485 4 93261877 G C 1.01 283 

rs29019448 4 102109006 G A 1.01 360 

rs41652792 4 113584710 T G 1.09 291 

rs109290308 4 115946071 C T 1.06 307 

rs41621927 5 9837147 A G 1.01 328 

rs42448768 5 10856853 T C 1.01 251 

rs43431798 5 11314799 G A 1.01 287 

rs110895486 5 12438670 T C 1.01 246 

rs29003499 5 30374517 T C 1.02 287 

rs111008601 5 37901579 T G 1.04 273 

rs111032218 5 86641601 A G 1.04 318 

rs41653536 5 90255244 T C 1.02 428 

rs380754745 5 92383941 G T 1.02 483 

rs378261830 5 92414844 T A 1.02 267 

rs109538481 5 92417032 T C 1.03 426 

rs109061046 5 92763518 G T 1.04 272 

rs110818412 5 92764049 G C 1.03 291 

rs135938702 5 93768316 A G 1.02 264 

rs110187948 5 93773787 C T 1.01 344 

rs209397140 5 93945058 T A 1.01 408 

rs110292191 5 113468743 C T 1.08 322 

rs43007076 6 426582 C T 1.03 324 

rs41257336 6 3574803 T C 1.01 365 

rs109137267 6 14597357 G A 1.01 296 

rs385849404 6 16458976 A G 1.01 245 

rs42189414 6 20578947 T G 1.01 303 
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dbSNP RefSeq ID Chr Position Ancestral Derived MPSRF Min ESS 

rs42189387 6 20582550 T C 1.00 334 

rs41649876 6 27433375 T C 1.02 274 

rs41620119 6 28213461 T G 1.01 459 

rs41595105 6 32904847 C T 1.03 366 

rs109566008 6 34457042 C T 1.05 311 

rs111012626 6 34889220 C T 1.01 252 

rs109243604 6 37870319 G A 1.01 274 

rs135260513 6 38818283 T C 1.01 401 

rs43458270 6 39837065 A G 1.08 307 

rs137567750 6 42924558 G A 1.01 234 

rs136984149 6 44294488 C T 1.03 287 

rs41665298 6 44459263 A G 1.01 414 

rs43461031 6 44692207 T C 1.01 313 

rs41595994 6 44975057 G A 1.03 244 

rs43458005 6 45017700 A C 1.07 254 

rs110253547 6 46774053 T C 1.01 321 

rs109495237 6 46777671 G A 1.01 379 

rs109109118 6 47054628 G T 1.01 321 

rs42675214 6 51588791 G A 1.02 347 

rs110746806 6 59620476 T C 1.13 330 

rs41653413 6 61364700 C T 1.00 297 

rs135578329 6 63648858 A G 1.02 341 

rs109594486 6 65093783 C T 1.01 382 

rs135668414 6 67204004 T C 1.04 262 

rs133180598 6 67555985 T C 1.04 462 

rs110875592 6 68059441 G T 1.09 367 

rs41605943 6 73601110 C T 1.01 314 

rs110220717 6 74849823 G A 1.03 223 
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rs134254312 6 76822977 T C 1.05 248 

rs110985084 6 78298832 C T 1.03 236 

rs109101513 6 82792569 C T 1.01 313 

rs41597420 7 8860921 C T 1.01 416 

rs109003743 7 20500709 G T 1.02 383 

rs136935442 7 25923497 G T 1.03 438 

rs42361379 7 43029354 T C 1.02 244 

rs43521213 7 48089488 G A 1.02 272 

rs110569150 7 55345542 G A 1.01 270 

rs42284419 7 58255324 G T 1.00 394 

rs41656938 7 90655911 T G 1.01 304 

rs110059753 7 93218452 A T 1.01 359 

rs137018675 7 94181023 A G 1.02 267 

rs109324223 7 97292917 T C 1.03 445 

rs383592398 7 97544465 C A 1.02 273 

rs110803813 7 103074895 C T 1.02 426 

rs41597368 7 109970008 C G 1.02 425 

rs136844821 8 1782458 A G 1.08 327 

rs137257775 8 2200430 A G 1.02 315 

rs134487663 8 5800547 C T 1.02 334 

rs41654633 8 37604683 T C 1.02 325 

rs41858642 8 42551771 C A 1.01 295 

rs42718723 8 68340517 G A 1.05 393 

rs43565085 8 73680263 A G 1.02 257 

rs41658330 8 83048502 T C 1.01 230 

rs43584717 9 2048367 T C 1.06 298 

rs137136823 9 9276802 C A 1.03 263 

rs109910252 9 36191579 T C 1.02 309 
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rs110184218 9 36960364 C A 1.03 377 

rs136046475 9 37724159 G A 1.03 502 

rs41593345 9 45303296 T G 1.02 288 

rs109113936 9 86556291 G A 1.04 304 

rs41623544 9 97703867 G A 1.04 223 

rs110798626 X 20758679 T C 1.02 216 

rs135614039 X 32201695 G A 1.00 246 

rs137194221 X 38433216 G A 1.02 273 

rs132710921 X 53616449 G A 1.02 291 

rs132650062 X 54033526 C T 1.03 435 

rs137168395 X 54040600 C A 1.02 337 

rs109469328 X 54617594 A G 1.02 238 

rs137243134 X 58910783 A C 1.04 371 

rs135982667 X 58982113 G A 1.01 252 

rs110393463 X 60454458 C T 1.03 242 

rs134346798 X 61378939 C T 1.01 294 

rs41609600 X 62311454 C T 1.04 239 

rs134879327 X 63103584 C T 1.02 331 

rs109296672 X 64798892 T C 1.03 257 

rs137022787 X 66211397 C T 1.01 263 

rs133787631 X 80744475 A C 1.03 310 

rs134839836 X 93368909 C T 1.03 289 

rs109360280 X 94399529 C T 1.03 257 

rs110285027 10 3343140 C T 1.03 357 

rs136980328 10 12669210 C T 1.02 246 

rs134854665 10 34784433 T C 1.01 334 

rs43710033 10 43669993 A G 1.03 349 

rs136986107 10 76832220 G A 1.02 332 
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rs134979955 10 77104114 G A 1.02 376 

rs109887835 10 86036359 G A 1.02 336 

rs110386638 10 86089652 C A 1.01 245 

rs43657898 11 3589846 A T 1.02 241 

rs43672740 11 16412384 G A 1.05 382 

rs110744803 11 47629102 G T 1.02 368 

rs41629959 11 56112585 T C 1.03 364 

rs109636797 11 67059602 G A 1.00 405 

rs133187703 11 71401938 G A 1.04 213 

rs109018444 11 75352649 C T 1.03 249 

rs43708493 11 77235847 C T 1.00 385 

rs134776118 11 96445983 C T 1.09 274 

rs108956157 11 100883976 T G 1.05 216 

rs41622482 12 23340411 G A 1.02 230 

rs110146441 12 88202582 G A 1.01 229 

rs41659130 13 6434606 G A 1.02 306 

rs41682296 13 16562560 G A 1.02 235 

rs41679667 13 19697650 G T 1.03 319 

rs109275885 13 20788173 T G 1.02 292 

rs133954577 13 29027517 G A 1.01 381 

rs41701255 13 67309183 G A 1.10 536 

rs209058440 14 1752281 T C 1.03 307 

rs465770218 14 1797137 C T 1.02 334 

rs110749653 14 2138926 C T 1.03 332 

rs110716848 14 2311270 T A 1.01 239 

rs110058092 14 2546280 C T 1.03 324 

rs108992746 14 2951045 C T 1.02 308 

rs137068630 14 3640627 C G 1.04 420 
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rs109264011 14 4734579 G A 1.02 231 

rs109230014 14 4943963 G A 1.03 386 

rs110006921 14 4984674 A G 1.02 386 

rs109567244 14 5769804 T C 1.01 495 

rs108938638 14 6964980 A G 1.02 333 

rs136062085 14 7084443 G A 1.03 263 

rs43138052 14 7203134 T C 1.01 411 

rs110737431 14 7478147 G T 1.02 303 

rs109176086 14 7566056 C T 1.02 348 

rs110547220 14 9508873 G C 1.01 362 

rs109383111 14 9606819 A G 1.02 277 

rs137730758 14 21069733 T C 1.01 374 

rs29021868 14 31014368 C T 1.00 373 

rs41730924 14 46921191 A G 1.02 284 

rs110813155 14 48158499 A G 1.03 267 

rs41727727 14 64689471 C T 1.02 251 

rs133892263 15 28013280 A G 1.00 260 

rs208575577 15 34802991 C T 1.02 264 

rs109092953 16 1690484 T C 1.01 314 

rs41609061 16 20099741 G A 1.01 309 

rs41802694 16 36001082 G A 1.03 312 

rs41640569 16 57529654 A G 1.03 246 

rs41625414 16 67703949 T G 1.02 284 

rs41634183 16 71208967 G A 1.02 430 

rs41634367 17 6295259 T C 1.01 231 

rs41838716 17 12288221 A G 1.03 236 

rs41575617 17 14357124 A C 1.02 381 

rs110897513 17 20336068 A G 1.01 302 
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rs110937773 17 35247491 T C 1.00 292 

rs136889580 17 40959536 C T 1.02 466 

rs43328777 17 45255651 T G 1.02 225 

rs43326617 17 45284754 C T 1.02 314 

rs109640232 17 46405498 C T 1.02 364 

rs136937699 17 49004586 T C 1.03 232 

rs110623921 17 53718022 C T 1.02 212 

rs41845088 17 59554302 G A 1.01 209 

rs110293277 17 66725739 T C 1.05 427 

rs41850492 17 66736462 C T 1.01 253 

rs42277010 17 68788808 G A 1.03 262 

rs109646517 17 71120078 C T 1.01 374 

rs42684745 17 71853112 C T 1.02 455 

rs134679535 17 72718021 A G 1.06 377 

rs110199636 17 72739135 G A 1.01 235 

rs110402225 17 72747746 C T 1.10 235 

rs29009603 18 19037363 A G 1.04 338 

rs41636773 18 53970861 G A 1.03 309 

rs132769295 18 58123525 C T 1.03 334 

rs135009925 18 58669053 T C 1.02 256 

rs135456047 19 1942110 A G 1.02 293 

rs136325239 19 8833056 C T 1.02 234 

rs207768378 19 10371440 C T 1.02 241 

rs109165512 19 29811964 A G 1.14 398 

rs108976591 19 33941547 C T 1.02 341 

rs41636123 19 46075773 C T 1.05 295 

rs133786569 19 58597255 T C 1.00 362 

rs29013174 20 11139158 G A 1.01 299 
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rs42246125 20 12879068 G C 1.10 336 

rs109397111 20 24985074 G A 1.06 258 

rs110576856 20 29995228 C T 1.01 518 

rs41639260 20 31904078 C A 1.04 254 

rs43021487 20 36152608 T C 1.03 438 

rs41581068 20 36336225 C T 1.01 354 

rs210962013 21 900664 G A 1.13 397 

rs109223213 21 1766094 G A 1.10 476 

rs42964821 21 1794556 G A 1.01 237 

rs134650763 21 2790290 G T 1.03 288 

rs136134264 21 2807802 C T 1.02 285 

rs41643809 21 2831075 G A 1.03 269 

rs134748436 21 2927369 A G 1.04 289 

rs42769474 22 2086012 C T 1.01 291 

rs110331907 22 25076967 C T 1.02 267 

rs41587560 23 2965430 T C 1.03 322 

rs108941415 23 3972340 C T 1.01 314 

rs110248306 23 7398527 C A 1.00 212 

rs109408667 23 8714121 G A 1.02 268 

rs41583098 23 10167082 G A 1.01 342 

rs109121210 23 13623324 A G 1.02 287 

rs110495370 23 14394214 C A 1.03 305 

rs41640104 23 15768513 T C 1.01 297 

rs109916764 23 28054444 G A 1.01 357 

rs110450042 23 30096862 A G 1.02 223 

rs29011699 23 32975635 G A 1.01 315 

rs110684599 23 35114464 G T 1.01 334 

rs41641410 23 40703070 T C 1.05 292 
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rs109752755 24 1401886 A G 1.03 349 

rs42037422 24 3471386 T C 1.03 267 

rs41612383 24 5486959 A G 1.02 477 

rs110828071 24 26974278 T C 1.01 298 

rs29027126 24 43500292 T C 1.06 396 

rs109205642 25 1104544 A G 1.01 317 

rs110066931 25 1105508 G A 1.01 430 

rs109985869 25 1111293 T C 1.01 393 

rs110480449 25 1132326 C T 1.02 345 

rs109087616 25 1135306 G A 1.01 357 

rs110446187 25 1136024 A G 1.05 377 

rs110028146 25 1147232 A G 1.04 253 

rs136525746 25 1185329 G A 1.05 323 

rs110963327 25 1194125 G A 1.04 386 

rs109981439 25 1212489 C T 1.02 380 

rs111016512 25 1331969 G A 1.06 297 

rs111008794 25 1431881 T C 1.03 299 

rs109720251 25 1461390 T G 1.01 330 

rs136531545 25 1474546 G A 1.00 644 

rs110465674 25 1549991 C T 1.01 350 

rs110112679 25 1611399 C T 1.01 339 

rs109513627 25 1632935 G A 1.04 227 

rs110914965 25 1665327 A C 1.02 294 

rs209546511 25 1824775 C T 1.02 420 

rs210431907 25 1825003 T C 1.01 252 

rs384900477 25 1891613 A G 1.01 320 

rs110749311 25 3498960 G A 1.01 431 

rs109595393 25 3555431 C T 1.00 291 
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rs109393691 25 3559329 C T 1.01 280 

rs110250832 25 4589105 C T 1.02 340 

rs385294664 25 8864280 A G 1.01 305 

rs444166770 25 9348092 T C 1.02 307 

rs110303715 25 9350410 C T 1.04 315 

rs385201321 25 9563772 G A 1.01 406 

rs137614716 25 9710233 C T 1.02 234 

rs133199082 25 9838940 C T 1.02 318 

rs137356061 25 9890595 C T 1.03 228 

rs137050873 25 9898361 A G 1.03 284 

rs135397399 25 9898664 G A 1.01 257 

rs135478256 25 9901100 C T 1.01 348 

rs134383773 25 9901890 C T 1.03 334 

rs136164611 25 9903378 C A 1.04 316 

rs380088064 25 9903605 C T 1.02 360 

rs136457906 25 9940813 T C 1.01 273 

rs381368598 25 9960972 C G 1.01 332 

rs380047300 25 9965071 G A 1.03 336 

rs211395087 25 9969596 A C 1.02 422 

rs379376340 25 9979371 C T 1.01 387 

rs135211343 25 9983745 T C 1.02 301 

rs384553361 25 9984599 G A 1.01 275 

rs137105505 25 10077046 C T 1.04 287 

rs109934816 25 13510306 C T 1.03 251 

rs110969500 25 15539265 C T 1.03 314 

rs110933959 25 24331537 G A 1.00 306 

rs42071221 25 26316640 A G 1.00 334 

rs41587739 25 33345774 T C 1.03 412 
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rs111009159 25 33852697 C T 1.01 332 

rs41567529 25 35342491 C T 1.05 302 

rs135783257 26 6259435 A G 1.01 293 

rs134797277 26 6970122 A G 1.03 359 

rs29015731 26 8769852 G A 1.01 232 

rs42366847 26 9078964 C T 1.02 330 

rs42375643 26 12067863 G A 1.02 317 

rs133664558 26 13243687 T C 1.00 313 

rs137399384 26 13637163 A G 1.01 219 

rs110287393 26 16662006 T C 1.01 326 

rs42087774 26 17042328 T C 1.02 283 

rs43047902 26 17125312 G A 1.04 322 

rs42088194 26 17638682 T C 1.02 319 

rs42088152 26 17646892 G A 1.00 271 

rs42084524 26 18259297 G A 1.02 298 

rs137226762 26 18488870 T C 1.01 297 

rs42088561 26 18691383 G T 1.08 414 

rs110982357 26 19065046 A G 1.04 297 

rs132764360 26 19090353 A G 1.02 426 

rs110406912 26 20391606 G A 1.03 377 

rs42092324 26 20474308 A G 1.05 262 

rs41255691 26 21144884 C T 1.01 262 

rs41255688 26 21148111 T C 1.03 448 

rs42092174 26 21363670 G A 1.05 250 

rs42092165 26 21365778 A C 1.00 240 

rs42094442 26 21800887 G A 1.08 253 

rs134960396 26 23922332 G A 1.02 279 

rs134408889 26 23989648 A G 1.04 359 
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rs109195079 26 24378302 C T 1.00 248 

rs137744436 26 24380331 C T 1.02 280 

rs42091614 26 24387381 G C 1.01 339 

rs41646524 26 24391410 G A 1.02 321 

rs42091567 26 24394671 T G 1.01 311 

rs42091548 26 24399559 A G 1.01 303 

rs42091534 26 24408492 G A 1.05 315 

rs42090833 26 24537058 G A 1.02 238 

rs42095892 26 24544308 G A 1.02 358 

rs209052351 26 24647414 G A 1.01 348 

rs42095368 26 24747566 A G 1.02 342 

rs207663344 26 25126927 G C 1.01 339 

rs42094411 26 25143992 C A 1.03 230 

rs109257502 26 25253444 G A 1.02 205 

rs110570159 26 25321229 G A 1.02 378 

rs109650179 26 25322990 C T 1.03 236 

rs110275411 26 29972396 T G 1.06 283 

rs110212716 26 30329201 T G 1.02 351 

rs42699577 26 30339282 T C 1.06 306 

rs42699555 26 30352858 C T 1.01 398 

rs42099466 26 34270114 A G 1.01 271 

rs134696790 26 38192805 G A 1.05 313 

rs109930382 26 47852501 C T 1.02 244 

rs42106668 26 47957153 G A 1.02 418 

rs109490826 26 49394472 G A 1.01 334 

rs110781068 27 3081686 G A 1.01 229 

rs42116249 27 14650855 T C 1.04 288 

rs109615803 27 20757482 G A 1.01 309 
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rs42123527 27 24516466 G A 1.06 329 

rs42123979 27 25850995 C T 1.07 420 

rs41593538 27 28298862 T C 1.02 390 

rs457527504 27 35930734 G A 1.02 335 

rs137486809 27 36131079 C T 1.05 328 

rs209855549 27 36211708 C T 1.02 333 

rs109248310 27 36258043 G A 1.01 226 

rs137583429 27 36276567 G A 1.02 400 

rs109929384 27 37019464 C T 1.01 239 

rs110072942 27 37030084 G A 1.02 391 

rs210032345 27 37073667 A G 1.01 265 

rs383134052 27 37480137 A G 1.03 311 

rs209674186 27 38034553 C T 1.01 246 

rs134451152 27 38188191 G A 1.01 301 

rs382585984 27 40100234 C T 1.07 464 

rs41586304 27 41872925 G A 1.01 278 

rs43680506 28 5506637 A G 1.01 357 

rs110674951 28 6556095 T C 1.02 413 

rs42138037 28 7823597 A C 1.03 332 

rs109873278 28 8346709 G T 1.00 295 

rs41612930 28 18173916 G A 1.02 373 

rs41587042 28 20197058 G A 1.04 271 

rs41606880 28 24423785 G A 1.03 391 

rs42315935 28 36289049 C T 1.06 426 

rs209251861 28 39080987 G A 1.01 241 

rs109830972 28 43350234 C T 1.06 236 

rs41621937 29 5265850 A G 1.03 313 

rs134861001 29 9063897 G A 1.01 347 



 158 

dbSNP RefSeq ID Chr Position Ancestral Derived MPSRF Min ESS 

rs109969230 29 13242840 T C 1.02 288 

rs110849642 29 13277661 G A 1.05 328 

rs134834406 29 13335947 C T 1.03 294 

rs109611361 29 13456917 C T 1.02 380 

rs43046837 29 13935802 T C 1.02 257 

rs109352104 29 15110952 A G 1.02 309 

rs41613164 29 15487637 G A 1.00 380 

rs108965864 29 19234709 C T 1.02 280 

rs42169108 29 19332759 A G 1.00 279 

rs42169423 29 20587268 C A 1.01 331 

rs42181608 29 29254185 G A 1.01 469 

rs110950145 29 37515087 A G 1.01 221 

rs29016922 29 40430062 A G 1.01 368 

rs42189852 29 41778946 G A 1.01 280 

rs383678427 29 41895289 G A 1.00 237 

rs41615211 29 42763775 G C 1.02 281 

rs42194242 29 43130312 G A 1.01 315 

rs109943243 29 44279347 G A 1.05 348 

rs42190003 29 44612074 A G 1.01 342 

 

2.10.2.2 Horse GWAS SNPs 

Table S2.6 MCMC convergence metrics for horse GWAS SNPs 

dbSNP RefSeq ID Chr Position Ancestral Derived MPSRF Min ESS 

rs68478481 1 1644004 C T 1.04 303 

rs68481232 1 2176819 C T 1.00 367 

rs68527356 1 12056924 A C 1.03 331 

rs68609471 1 33484987 C A 1.01 280 

rs68619452 1 37686973 G A 1.03 291 
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rs68628642 1 55909321 T C 1.12 231 

rs68512519 1 77958896 T G 1.03 314 

rs68444275 1 94215030 G A 1.00 271 

rs68516240 1 104634430 G A 1.05 336 

rs68445321 1 149273182 C T 1.01 319 

rs68487449 1 160479717 C T 1.01 273 

rs68497754 1 161466540 G A 1.03 260 

rs68534139 1 178879422 C T 1.02 285 

rs68552412 2 17767350 A G 1.02 233 

rs68629874 2 51218408 T C 1.03 260 

rs68704438 2 53350245 A C 1.02 356 

rs68618144 3 16221997 G A 1.01 305 

rs68458115 3 33216203 T C 1.01 218 

rs68458424 3 33889026 G A 1.01 255 

rs68651622 3 37540091 C T 1.04 242 

rs68651630 3 37548550 C T 1.02 265 

rs68651630 3 37548550 C T 1.02 265 

rs68651700 3 37789700 G A 1.01 301 

rs68676984 3 38050768 A G 1.11 303 

rs68678346 3 38502764 A G 1.01 242 

rs68678346 3 38502764 A G 1.01 242 

rs68667770 3 39861536 T C 1.02 258 

rs68595457 3 40523770 T G 1.00 265 

rs68597974 3 41631052 A G 1.02 337 

rs68624770 3 43022497 G A 1.06 262 

rs68626066 3 43265818 T C 1.02 242 

rs68625745 3 44944877 C T 1.02 256 

rs68626831 3 45228417 A C 1.02 240 

rs68562819 3 47219906 A G 1.02 250 
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rs68562866 3 47452823 A G 1.01 321 

rs68550262 3 47766129 T C 1.01 231 

rs68559755 3 49923098 T G 1.00 234 

rs68498097 3 51729578 T C 1.02 360 

rs68499582 3 51782286 G A 1.02 334 

rs68588906 3 52272374 T C 1.00 279 

rs68591872 3 52638506 C T 1.01 345 

rs68557684 3 53396596 A G 1.01 348 

rs68528525 3 55940167 T C 1.02 325 

rs68528525 3 55940167 T C 1.02 325 

rs68539950 3 58026750 T C 1.02 321 

rs68546930 3 58379826 G A 1.01 266 

rs68599693 3 59874495 A G 1.00 386 

rs68525931 3 70453544 T C 1.02 306 

rs68469741 3 72464545 T C 1.02 345 

rs68540522 3 75416339 G A 1.01 237 

rs68631483 3 76206156 G A 1.02 343 

rs68713389 3 78402249 C T 1.02 282 

rs68512502 3 88493417 T C 1.03 308 

rs68596759 3 104403770 T G 1.03 263 

rs68517783 3 110933709 T C 1.07 304 

rs69595642 4 37862469 T C 1.03 331 

rs69595664 4 38074016 C T 1.04 225 

rs69592767 4 43678861 G A 1.01 297 

rs69567454 4 55937477 C T 1.01 348 

rs69602444 4 72076243 C T 1.01 240 

rs69602496 4 72263223 A G 1.03 266 

rs69578919 4 75637735 C T 1.01 328 

rs69578919 4 75637735 C T 1.01 328 
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rs69581644 4 76807199 G A 1.02 295 

rs69587062 4 77084810 C A 1.04 323 

rs69588583 4 77454283 C T 1.05 285 

rs69577877 4 78412704 G A 1.04 333 

rs69480556 5 2449200 A G 1.03 224 

rs69497377 5 6851934 C T 1.03 261 

rs69481428 5 25902912 A G 1.10 233 

rs69570288 5 90129827 G A 1.01 324 

rs68679421 6 4645464 G A 1.02 298 

rs1147380069 6 20020914 T C 1.05 698 

rs68706495 6 75454449 G A 1.01 286 

rs68689852 7 19856060 C T 1.07 228 

rs68812621 7 76899332 G A 1.01 332 

rs68696531 7 81884331 G A 1.02 251 

rs68750361 8 11014804 A G 1.03 251 

rs68681009 8 19118089 T C 1.01 353 

rs68862716 8 36632827 C A 1.02 341 

rs68781333 8 48391504 C T 1.01 318 

rs68714332 8 50351947 T C 1.02 238 

rs68770018 8 51551764 A G 1.03 222 

rs68766799 8 54131804 T C 1.04 249 

rs68767947 8 56115677 A G 1.08 287 

rs68728843 8 68601294 G A 1.02 272 

rs68767154 8 69525181 T C 1.01 344 

rs68760204 8 70132806 G A 1.01 318 

rs68719723 9 2793185 C T 1.02 225 

rs68801114 9 19578673 T C 1.01 289 

rs68851316 9 34689915 T C 1.01 297 

rs68956271 9 34966747 G A 1.00 260 
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rs68748134 9 74798143 G A 1.03 306 

rs69559518 X 23410847 A G 1.04 256 

rs68976249 10 30107493 C A 1.08 302 

rs396750816 11 21579177 T C 1.01 312 

rs1141844779 11 21751182 T C 1.02 261 

rs1150445524 11 22006773 A G 1.02 352 

rs68947757 11 32753122 T C 1.03 284 

rs1148094638 11 35414844 T G 1.07 282 

rs68964369 11 42975749 C T 1.08 315 

rs68967275 11 43560763 C T 1.01 367 

rs68960562 11 44420199 T C 1.02 251 

rs68910867 11 46064651 C T 1.02 267 

rs68888914 11 49589952 G A 1.08 696 

rs69030304 12 15778263 G A 1.06 293 

rs68903614 14 8134649 G A 1.01 265 

rs68948168 14 12656702 C T 1.01 287 

rs68986591 14 17534553 C T 1.02 348 

rs69029523 14 57685603 C T 1.01 282 

rs69029571 14 57995649 T C 1.03 290 

rs69029571 14 57995649 T C 1.03 290 

rs68974670 14 87254688 C A 1.01 349 

rs68975893 14 87408235 A C 1.02 256 

rs68995618 15 6057803 G A 1.01 266 

rs69013380 15 10927348 C T 1.01 245 

rs69031610 15 27542702 A G 1.02 212 

rs69050876 15 30758520 C A 1.02 268 

rs69017477 15 54419913 A C 1.01 265 

rs69074138 15 64551633 C T 1.02 276 

rs69000510 15 65519182 T C 1.05 282 
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rs69007375 15 66547035 A C 1.04 312 

rs68969310 15 73009720 G A 1.02 291 

rs69008495 15 76004165 G A 1.04 268 

rs69023779 15 80654797 T C 1.01 278 

rs69031080 15 81143358 C A 1.02 339 

rs69052679 15 88693017 C T 1.01 302 

rs69038642 16 4488665 A G 1.03 267 

rs69057893 16 19887946 A G 1.14 311 

rs69027064 16 21282004 G A 1.01 303 

rs69022802 16 27201329 G A 1.07 296 

rs69089470 16 31837350 C T 1.03 364 

rs69089471 16 31837487 T G 1.02 243 

rs69090736 16 32011126 T A 1.02 265 

rs69012389 16 32561589 C A 1.01 244 

rs69015221 16 32879992 T C 1.01 254 

rs69109811 16 34541548 A G 1.02 283 

rs69227354 16 38564627 T C 1.02 324 

rs69068932 16 73393693 A C 1.03 248 

rs397128183 17 20813164 A G 1.03 250 

rs69108105 17 42932974 C T 1.05 260 

rs69149880 17 54213676 G T 1.03 402 

rs69178248 18 21601340 T C 1.03 266 

rs69171012 18 49758616 A G 1.05 298 

rs69125208 18 54328550 C T 1.03 222 

rs69186944 18 55476961 C T 1.03 287 

rs69192318 18 62054146 A G 1.04 166 

rs69196531 18 64252426 T C 1.02 277 

rs69223815 19 33380654 A C 1.02 265 

rs69250631 19 37674757 T C 1.01 322 
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rs69135967 20 42679616 G A 1.01 341 

rs69127806 20 43195488 C A 1.01 264 

rs69127835 20 43319368 C T 1.05 370 

rs69129203 20 43520722 T C 1.08 241 

rs69167803 20 47313526 A G 1.03 256 

rs69234285 20 54561140 G T 1.02 239 

rs69201713 20 55757789 C T 1.03 283 

rs69155494 20 60629010 C T 1.04 270 

rs69201241 21 38275055 G T 1.04 259 

rs69257978 21 49202410 T C 1.01 313 

rs69216416 22 8781707 T G 1.01 246 

rs69307505 22 39170079 A G 1.03 230 

rs69450070 23 16796559 G T 1.01 261 

rs69272233 23 21277387 C T 1.03 231 

rs69272273 23 21304138 G T 1.05 392 

rs69274511 23 21512716 T C 1.00 296 

rs69275936 23 21689609 C T 1.01 225 

rs1142335494 23 22461979 T C 1.01 316 

rs1142335494 23 22461979 T C 1.01 316 

rs69236907 23 23202421 A G 1.10 313 

rs69238354 23 23389693 C T 1.01 325 

rs69328176 23 27480326 C T 1.02 265 

rs69324033 23 28542968 T C 1.01 298 

rs69267408 23 30185805 T G 1.03 334 

rs69271986 23 32891960 C A 1.01 321 

rs69364573 23 37851841 T G 1.07 255 

rs69364573 23 37851841 T G 1.07 255 

rs69338284 23 45845318 T C 1.01 373 

rs69261914 24 37501259 C T 1.02 383 
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rs69291607 25 12939295 A C 1.03 264 

rs69291607 25 12939295 A C 1.03 264 

rs69319908 25 34218757 A C 1.01 277 

rs69312200 25 38546385 C T 1.02 298 

rs69342642 26 14009076 A G 1.01 302 

rs69269074 26 35703955 C T 1.01 292 

rs69359229 27 10676851 C T 1.09 258 

rs69384495 27 14840127 A G 1.02 218 

rs69332109 28 32996239 C T 1.01 222 

rs69374801 28 40749346 T C 1.02 285 

rs69429256 29 16812990 G A 1.04 246 

rs69450917 31 17012751 T C 1.01 290 
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3.3 Abstract 

Dogs were present in the Americas prior to the arrival of European colonists, but the 

origin and fate of these pre-contact dogs are largely unknown. We sequenced 71 

mitochondrial and seven nuclear genomes from ancient North American and Siberian 

dogs spanning ~9,000 years. Our analysis indicates that American dogs were not 

domesticated from North American wolves. Instead, American dogs form a 

monophyletic lineage that likely originated in Siberia and dispersed into the Americas 

alongside people. After the arrival of Europeans, native American dogs almost 

completely disappeared, leaving a minimal genetic legacy in modern dog populations. 

Remarkably, the closest detectable extant lineage to pre-contact American dogs is the 

canine transmissible venereal tumour, a contagious cancer clone derived from an 

individual dog that lived up to 8,000 years ago. 

 

3.4 Main Text 

The history of the global dispersal of dogs remains contentious (Larson et al., 2012). In 

North America, the earliest confirmed dog remains have been radiocarbon dated to 

~9,900 calibrated years before present (cal. BP) (Koster, Illinois; (Driggers, 2015; Perri, 

n.d.)), approximately 6,000 years after the earliest unambiguous evidence of humans 

arriving in North America (Goebel et al., 2008). While these early dogs were most likely 

not domesticated in situ (Leonard et al., 2002), the timing of their arrival and their 

geographic origins are unknown. Studies of the control region of mitochondrial DNA 

have suggested that the pre-contact American dog population was largely replaced 

following the introduction of European dogs after the arrival of Europeans, and Eurasian 

Arctic dogs (e.g., Siberian huskies) during the Alaskan gold rush (Brown et al., 2015; 

Leonard et al., 2002; Witt et al., 2015). It remains possible, however, that some modern 

American dogs retain a degree of ancestry from the pre-contact population (Shannon et 

al., 2015; van Asch et al., 2013). 

 

We sequenced complete mitochondrial genomes (mitogenomes) from 71 

archaeological dog remains collected in North America and Siberia (Figure 3.1a; Table 

S3.1) and analysed these with 145 mitogenomes derived from a global dataset of 
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modern and ancient canids (Driggers, 2015). A phylogenetic tree constructed from the 

mitogenomes indicated that all sampled pre-contact dogs (spanning ~9,000 years) 

formed a monophyletic group within dog haplogroup A (Figure 3.1b; Figure S3.3; Figure 

S3.6), which we refer to as pre-contact dogs (PCD). This analysis indicated that the most 

closely related mitochondrial lineage to the PCD clade are ~9,000 year-old dogs from 

Zhokhov Island in Eastern Siberia (Driggers, 2015) (Figure 3.1b; Figure S3.3; Figure S3.6). 

In addition, molecular clock analyses suggest that all PCD dogs shared a common 

ancestor ~14,600 years ago (95% high posterior density [HPD]: 16,484-12,965;  Figure 

3.1b; Figure S3.6), which diverged from a shared ancestor with the Zhokhov Island dogs 

~1,000 years earlier (95% HPD:17,646-13,739; Figure 3.1b; Figure S3.6). Interestingly, 

these time frames are broadly coincident with early migrations into the Americas (Graf 

and Buvit, 2017; Moreno-Mayar et al., 2018; Raghavan et al., 2015). 

 

To further investigate the evolutionary history of PCD, we generated low coverage 

nuclear genome sequences (~0.005-2.0x) from seven pre-contact dogs sampled in six 

locations in North America spanning ~9,000 years (Table S3.1). We analysed these 

nuclear data alongside publicly available datasets including 45 modern canid whole 

genomes sampled from Eurasia and the Americas (Table S3.2) (Fan et al., 2016; Frantz 

et al., 2016; Freedman et al., 2014; Wang et al., 2016). A neighbour-joining tree 

constructed using single nucleotide polymorphism (SNP) revealed that, like the 

mitogenome phylogeny, PCD individuals clustered in a distinct monophyletic lineage 

that is more closely related to dogs than to either Eurasian or North American wolves 

(Figure 3.1c). Furthermore, our nuclear genome analysis indicated that the closest-

related sister clade to PCD consists of modern Arctic dogs from the Americas (including 

Alaskan malamutes, Greenland dogs and Alaskan huskies) and Eurasia (Siberian huskies; 

Figure 3.1c). TreeMix (Driggers, 2015) (Figure 3.1d), outgroup f3-statistics (Figure S3.13) 

and D-statistics (Figure S3.14; Figure S3.15) also supported this phylogenetic structure. 

Combined, our mitochondrial and nuclear results indicate that PCD were not 

domesticated in situ from North American wolves, but were instead introduced by 

people into the Americas via Beringia from a population that was related to modern 

Arctic dogs. 
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Figure 3.1 Sample location and ancestry of pre-contact dogs. a. A map depicting the 

location and age of the archaeological remains analysed in this study. Each dot 

represents a single sample, and multiple samples per archaeological site are grouped 

in boxes. Sites mentioned in the text are labelled. b. A tip calibrated Bayesian 

mitochondrial phylogenetic tree of dogs, within haplogroup A. This analysis was 

conducted with 71 novel ancient mitogenomes together with 145 publicly available 

mitogenomes from both modern and ancient canids (Driggers, 2015) (Figure S3.6). Red 

branches represent modern dogs. Blue horizontal bars on nodes represent 95% High 

Density Posterior age. The grey shaded area represents the time frame during which 

people entered the Americas (Graf and Buvit, 2017; Moreno-Mayar et al., 2018; 

Raghavan et al., 2015) c. A neighbour-joining tree built with whole genomes (Driggers, 

2015). d An admixture graph constructed with TreeMix (based on transversions; 

Supplementary Material) depicting the relationship between PCD (including the Port 

Du Choix [AL3194] and Weyanoke Old Town [AL3223] samples) and other dog and wolf 

populations. We only used Greenland dogs and Malamute (American Arctic dogs) for 

this analysis as these are the least admixed with Western Eurasian dogs (Driggers, 

2015). 
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Studies of nuclear data have identified two modern clades of global dogs: an East Asian 

clade (including dingoes) and a Western Eurasian clade (including European, Indian, and 

African dogs) (Frantz et al., 2016; Shannon et al., 2015; Wang et al., 2016). These 

analyses placed modern Arctic dogs with either Western Eurasian (Frantz et al., 2016; 

Vonholdt et al., 2010)  or East Asian dogs (Shannon et al., 2015; Wang et al., 2016). Our 

analyses of nuclear data revealed a close relationship between Arctic dogs and PCD 

which together form a clade (PCD/Arctic) that is basal to both Western Eurasian and East 

Asian dogs and suggests the existence of a third monophyletic clade of dogs (Figure 

3.1c). Though all three clades are well-supported, the relationships between them are 

ambiguous. For example, our outgroup f3-statistics analysis (Figure S3.13) indicated that 

the PCD/Arctic clade is basal to the two other Eurasian dog clades. However, when 

excluding specific East Asian dogs that possess evidence of gene flow from European 

dogs (Table S3.7; (Wang et al., 2016)), East Asian dogs became the most basal clade in a 

neighbour joining tree, and the PCD/Arctic clade became the sister clade to Western 

Eurasian dogs (Figure S3.11). Conversely, admixture graphs ((Driggers, 2015); Figure 

S3.25) and TreeMix (Pickrell and Pritchard, 2012) (Figure 3.1d) suggested that the 

PCD/Arctic clade is closest to East Asian dogs and West Eurasian dogs are the most basal. 

Conflicting phylogenies based on nuclear data have been reported on numerous 

occasions (Frantz et al., 2016; Larson et al., 2012; Wang et al., 2016), and these 

inconsistent topologies could result either from substantial post-divergence gene flow 

among Eurasian dogs (Figure 3.1c; Figure S3.25; (Driggers, 2015; Wang et al., 2016)), or 

from a near simultaneous divergence of all three lineages. 

 

Our nuclear data indicates that modern Arctic dogs sampled from both Siberia and North 

America cluster in a distinct phylogenetic group that forms a sister taxon to PCD (Figure 

3.1c). This close phylogenetic relationship between modern American Arctic dogs 

(Alaskan malamutes, Alaskan huskies, and Greenland dogs) and modern Eurasian Arctic 

dogs (Siberian huskies; Figure 3.1c; Figure S3.11; Figure S3.13) suggests that PCD are not 

the direct ancestor of modern American Arctic dogs. It is possible that modern American 

Arctic dogs are the descendants of dogs brought by the Paleo-Eskimo (~6,000 years ago) 

or by the Thule (~1,000 years ago) (Raghavan et al., 2014). However, both mitogenomic 

and low coverage nuclear data from a late Paleo-Eskimo dog from Kodiak Island, Alaska 
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(Uyak: AL3198; Figure 3.1a; Table S3.1) indicate that this dog is more closely related to 

PCD than to modern American Arctic dogs (Figure S3.10; Figure S3.4). This suggests that 

modern American Arctic dogs are not the descendants of Paleo-Eskimo dogs and that 

Paleo-Eskimos likely acquired local dogs in North America or brought Siberian dogs that 

were genetically indistinguishable from PCD. Our sampling did not include dogs from 

sites associated with the Thule culture, so it is plausible that the modern American Arctic 

dogs included in our analysis, such as Alaskan malamutes and Greenland dogs, are the 

descendants of dogs introduced by the Thule. Alternatively, the modern American Arctic 

dogs that we sampled may be the descendants of recently introduced Eurasian Arctic 

dogs, many of which were introduced during the 19th-century Alaskan gold rush and as 

sled dog racing stock (Brown et al., 2015).  

 

Interestingly, genomic analyses of canine transmissible venereal tumour (CTVT) 

genomes indicated a close affinity with modern Arctic dogs (Murchison et al., 2014). 

CTVT is a contagious cancer clone that manifests as genital tumours and spreads 

between dogs by the transfer of living cancer cells during mating. This clone first 

originated from the cells of an individual dog, the “CTVT founder dog,” which lived 

several thousand years ago, and still carries the genome of this individual (Murchison et 

al., 2014). To investigate the relationship between the CTVT founder dog and PCD, we 

analysed two CTVT genomes alongside a panel of modern and ancient canid genomes.  

 

In order to accommodate for the fact that CTVT is a cancer, and to limit the impact of 

somatic mutations, we confined our genotyping analysis to SNPs which mapped to 

genomic regions that have retained both parental chromosomal copies in CTVT 

(Murchison et al., 2014), and excluded singleton SNPs exclusively called in CTVT 

genomes. Remarkably, CTVT clustered with PCD on neighbour-joining trees (Figure 3.1c; 

Figure S3.10; Figure S3.11), a Bayesian tree (Figure S3.12), TreeMix (Figure 3.1d) and 

admixture graphs (Figure S3.25). This result is further supported by both outgroup f3 

(Figure S3.13) and D-statistics (Figure S3.14; Figure S3.15). These findings indicate that 

the CTVT founder dog is more closely related to PCD than to modern Arctic dogs. 

Multiple horizontal transfers of mitochondrial genomes from dog hosts to CTVT tumours 

has led to the replacement of the founder dog’s mitogenome (Rebbeck et al., 2011; 



 181 

Strakova et al., 2016), thus we could not determine the mitochondrial haplogroup of the 

CTVT founder dog and we limited our analyses to the nuclear genome.  

 

To assess whether the CTVT founder dog lived prior to, or after dogs entered North 

America, we re-estimated its temporal origin by sequencing the nuclear genomes of two 

CTVT tumours, 608T and 609T. 608T is a CTVT tumour from the skin of a ten-month-old 

puppy which was likely engrafted from its mother’s vaginal tumour (609T) during birth. 

We identified mutations with a clock-like mutational process which were present in 

608T, but not detectable in 609T, and used these to derive a lower bound for a somatic 

mutation rate for CTVT (Driggers, 2015). Applying this rate to the total burden of clock-

like somatic mutation in the CTVT lineage (Driggers, 2015), we estimated that the CTVT 

founder dog lived up to 8,225 years ago (Driggers, 2015). This time frame postdates the 

initial arrival of dogs into the Americas, raising the possibility that CTVT may have 

originated in a dog living in North America. 

 

To further assess this scenario, we quantified the degree of introgression between North 

American endemic canids (coyotes and North American wolves), PCD dogs, modern 

Arctic dogs, and the CTVT founder dog. Our analyses indicated that, unlike Arctic dogs, 

PCD dogs share a number of derived alleles with coyotes and North American wolves, 

indicative of admixture (Figure S3.16; Figure S3.17). The CTVT founder dog also showed 

some weak evidence of coyote ancestry, but did not appear to possess admixture with 

North American wolves (Figure S3.16; Figure S3.17). Because coyotes are restricted to 

North America, this suggests that CTVT may have originated there. Since we did not 

ascertain the degree of coyote ancestry in ancient PCD-related dogs in Northern Siberia 

(such as the Zhokhov Island dogs, Figure 3.1), however, this analysis does not establish 

the location in which CTVT originated. Furthermore, studies that used somatic 

mutations to reconstruct the phylogeography of the CTVT clone indicated a deep 

divergence in Asia and a recent introduction to the Americas (Strakova et al., 2016). 

Altogether, these results suggest a scenario in which CTVT originated in Asia from a dog 

that was closely related to PCD, although we cannot exclude the possibility that the 

clone arose in America, then dispersed early into Asia before being reintroduced to 

America. 
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The legacy of PCD in modern American dog populations is uncertain. It has been 

suggested that some North American wolves obtained a mutation leading to black coat 

colour possibly via admixture with early American dogs (Anderson et al., 2009). This 

allele was not present, however, in either of the two higher coverage ancient PCD dogs 

in this study (Driggers, 2015) or in CTVT (Murchison et al., 2014). Additional ancient 

genomes are necessary to determine if this allele was present in the PCD population.  

 

In addition, previous studies have argued that some modern American dog populations 

possess a genetic signature from indigenous American dogs (Parker et al., 2017; 

Shannon et al., 2015; van Asch et al., 2013). To test this hypothesis, we analysed nuclear 

data obtained from more than 5,000 modern dogs (including American village dogs) 

genotyped on a 180K SNP array (Shannon et al., 2015). We found 7-20% PCD ancestry 

in modern American Arctic dogs using f4 ratios (Alaskan husky, Alaskan malamute, and 

Greenland dogs; Table S3.10 & S3.11; Supplementary Material). This result, however, 

could reflect ancient population substructure in Arctic dogs rather than genuine 

admixture (Supplementary Material). Our f4 ratio analysis did not detect a significant 

admixture signal from PCD into any modern American dogs of European ancestry (Table 

S3.10). 

 

Our ADMIXTURE analysis detected varying degrees of PCD/Arctic ancestry in three 

individual Carolina dogs (0-33%; Figure S3.20). This analysis, however, could not 

distinguish between PCD and Arctic ancestry, and we cannot rule out that this was result 

of admixture from modern Arctic dogs and not from PCD (Driggers, 2015).The majority 

of modern American dog populations, including 138 village dogs from South America 

and multiple “native” breeds (e.g., hairless dogs and Catahoulas), possess no detectable 

traces of PCD ancestry (Figure S3.20; Table S3.10; Figure 3.2a), though this analysis may 

suffer from ascertainment bias. 

 

To further assess the contribution of PCD to modern American dog populations, we also 

analysed 590 additional modern dog mitogenomes, including 169 village and breed dogs 

that were sampled in North and South America (Strakova et al., 2016). We identified 
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two modern American dogs (a chihuahua and a mixed breed dog from Nicaragua) that 

carried PCD mitochondrial haplotypes (Figure S3.5); consistent with a limited degree of 

PCD ancestry (<2%) in modern American dogs. We also identified three East Asian dogs 

that carried a PCD haplotype, possibly as a result of ancient population substructure or 

recent dog dispersal (Figure S3.5; (Driggers, 2015)). Although greater degrees of PCD 

ancestry may remain in American dogs which have not yet been sampled, our results 

suggest that European dogs almost completely replaced native American dog lineages. 

This near disappearance of PCD likely resulted from the arrival of Europeans, which led 

to shifts in cultural preferences and the persecution of indigenous dogs (Derr, 2005). 

Introduced European dogs may also have brought infectious diseases to which PCD were 

susceptible. 

 
Figure 3.2 Legacy of pre-contact dogs in modern American dogs. a. A map showing the 

locations of dog populations obtained from (Shannon et al., 2015) and their degree of 
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relatedness (D-statistics) with the ~4ky old Port au Choix dog (AL3194; see (Driggers, 

2015) and Figure S3.14). Higher values (in red) represent closer relatedness. b. A map 

depicting the multiple introductions of dogs into the Americas. 

 

The first appearance of dogs in the North American archaeological record occurs ~6,000 

years after the earliest evidence of human activity (Goebel et al., 2008; Graf and Buvit, 

2017). In addition, our molecular clock analysis indicates that the PCD lineage appeared 

~6,500 years after North American human lineages (Figure 3.1b) (Raghavan et al., 2015). 

These discrepancies suggest that dogs may not have arrived into the Americas alongside 

the first human migration. A recent human genetic study suggests that Northern Native 

American populations admixed with an East Siberian population ~11,500 years 

ago(Moreno-Mayar et al., 2018). This timing is compatible with both the archaeological 

record and our PCD divergence time estimate and suggests a scenario in which dogs 

were brought to the Americas several thousand years after the first people arrived. 

 

This initial dog population entered North America then dispersed throughout the 

Americas where it remained isolated for at least 9,000 years. Within the past 1,000 

years, however, there have been at least three independent re-introductions of dogs. 

The first may have consisted of Arctic dogs that arrived with the Thule culture ~1,000 

years ago (Brown et al., 2015). Then, beginning in the 15th century, Europeans brought 

a second wave of dogs that appear to have almost completely replaced indigenous dogs. 

Lastly, Siberian huskies were introduced to the American Arctic during the Alaskan gold 

rush (Derr, 2005). As a result of these more recent introductions, the modern American 

dog population is largely derived from Eurasian breeds, and the closest known extant 

vestige of the first American dogs now exists as a worldwide transmissible cancer. 
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3.6 Supplementary Materials 

The following is an extract from the Supplementary Materials, covering the areas of 

analysis which I led. The complete 97-page supplement can be viewed online. 

http://science.sciencemag.org/content/suppl/2018/07/03/361.6397.81.DC1 

 

3.6.1 Nuclear ancestry analyses 

3.6.1.1 PCA 

Using SmartPCA (Patterson et al., 2006) we performed Principal Components Analysis 

(PCA) using various projections and data sets on our 2.03M SNPs: 

• All canids (including wolves and coyotes) - PCD samples projected (Figure S3.7) 

• Only dogs (excluding wolves and coyotes) -  PCD samples projected (Figure S3.8) 

• Only dogs (excluding wolves and coyotes) - PCD and CTVT samples projected 

(Figure S3.9) 

 

For PCD we used all 7 samples for which we could call at least 10,000 sites (minimum 

number of sites suggested for ancient DNA analysis (Allentoft et al., 2015)). We used all 

available sites (sites covered in at least 1 ancient sample; ~1.5M SNPs) to compute the 

eigenvectors and then projected PCD onto that space. We also projected CTVT to ensure 

that their placement was not an artefact of somatic mutations. 

 

Figure S3.7 shows that PCD are more closely related to dogs (except for one sample, 

AL2135 from Koster; see below) than wolves or coyotes. It also shows that dogs are less 

variable than wolves or coyotes. Figure S3.8 shows a distinction between Arctic, East 

Asian, and European dogs. Lastly, Figure S3.9 recapitulates the same results 

demonstrating that this result is not induced by somatic mutations in CTVT and also 

shows how PCD and CTVT are more closely related to each other, and fall in between 

Arctic dogs and all other dogs. A PCD sample (AL2135; Koster, Illinois) was projected in 

between dogs and wild canids (Figure S3.7). This suggests that this sample is admixed 

with wild canids (see D-statistics analyses below). Its mtDNA haplotype, however, 

clusters with other PCD dogs (Figure S3.3). 
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3.6.1.2 Neighbour joining tree 

We used plink v1.9 (Purcell et al., 2007) to compute an Identity By State (IBS) matrix 

using all 2.03M SNPs. This matrix was used to build a neighbour joining tree (NJ) using 

the R package “ape” (Paradis et al., 2004); (Figure S3.10). The tree recapitulates the deep 

split between East Asian and Western Eurasian dogs (Frantz et al., 2016a) and confirms 

that CTVT is more closely related to the PCD dogs than to any other dog population 

(bootstrap=100). It also shows that CTVT/PCD form a monophyletic group with Arctic 

breeds that fall outside of the rest of the dogs. The tree also confirms that PCD form a 

monophyletic clade with high support (bootstrap = 100). 

 

Admixture analyses (see D-statistics below) show that all East Asian dogs, excluding 

Vietnamese Village dogs, are significantly admixed with European dog populations. Such 

disproportionate admixture could affect the topology of the tree. To test this, we built 

a tree excluding all East Asian dogs except Vietnamese. This tree shows a different 

topology with Vietnamese still grouping with Dingoes, however, PCD, Arctic dogs and 

CTVT are now more closely related to Western dogs than to Asian Dogs (Figure S3.11). 

 

3.6.1.3 Bayesian Tree 

We built a phylogeny using nuclear genotypes with MrBayes 3.2 (Ronquist and 

Huelsenbeck, 2003). To do so we used PGDSpider 2.0.9.2 (Lischer and Excoffier, 2012) 

to build a Nexus file with discrete SNP format (0=reference, 1=heterozygous, 

2=homozygous alternative). We used the Mkv model (Lewis, 2001) implemented in 

MrBayes (Ordered character), which provides a likelihood framework for data sets that 

contain only variable characters. We also imposed a minimum distance of 10Kb between 

SNPs to limit the influence of linkage disequilibrium (LD) and lastly included only PCD 

samples with higher coverage (AL3194 and AL3223; Table S3.1; ~26K SNP total).  

 

We ran two independent runs of four MCMC chains with two million samples. Trees 

were summarized discarding 25% as burn-in. To limit biases from missing data we 
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limited this analysis to transversions that were covered in 90% of our samples. 

Convergence was assessed by ensuring that average standard deviation of split 

frequencies was below 0.01 and that the potential scale reduction factor was close to 1 

for all parameters. This analysis confirms that CTVT and PCD are monophyletic with high 

support (Posterior probability [PP] = 1; Figure S3.12) and the basal placement of the 

CTVT/PCD clade. However, this analysis suggests that modern Arctic dogs are more 

closely related to Eurasian dogs than to PCD. This is most likely due to the complex 

ancestry of Arctic dogs such as admixture from European dogs (see below; Table S3.4). 

 

3.6.1.4 f3 statistics 

We computed outgroup f3-statistics as f3(pre-contact dogs [PCD], X; outgroup) using 

ADMIXTOOLS (Patterson et al., 2012) where X is any other dog population (see Table 

S3.2), to quantify the amount of genetic drift shared between pre-contact dogs and 

other dogs using only transversions (Figure S3.13). For this analysis, we used only two 

PCD samples (AL3194 and AL3223; Table S3.1), with ~1.9x and ~0.5x coverage, 

respectively. Our results support our NJ tree (Figure S3.10) demonstrating that PCD is 

more closely related to CTVT and Arctic dogs than any other dog population. These 

results also support the observation that PCD/CTVT and Arctic breeds are equally related 

to all other dogs, except for Basenji and one Indian dog, which could be due to admixture 

from wolves into these two samples (e.g. Indian wolf or golden wolf).  

  

3.6.1.5 D-statistics 

We only used two PCD samples with ~1.9x and ~0.5x coverage (AL3194 and AL3223; 

Table S3.1) for these analyses, except when explicitly mentioned (e.g. Koster dog 

AL2135; see below). We used all 2.03M SNPs.  

 

3.6.1.5.1 PCD is more closely related to CTVT and Arctic breeds 

We computed D(Outgroup, PCD, Pop3, Pop4) using ADMIXTOOLS (Patterson et al., 2012) 

where Pop3 was fixed as either European dogs, Asian dogs, Arctic dogs, or CTVT and 

Pop4 represented any possible other sample. We plotted, as box plots, the results of 
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these combinations (Figure S3.14; Figure S3.15). Positive values imply that PCD shares 

more derived alleles with the population on the y axis, while negative values imply that 

pre-contact dogs are closer to the other dog populations. The results indicate that PCD 

do not share any more derived alleles with European dogs than they do with Asian dogs, 

suggesting that they are equally related to both. This result supports our f3-statistics 

and NJ tree finding that PCD and CTVT are equally related to European and Asian dogs 

(Figure S3.10; Figure S3.13). Arctic breeds also appear more closely related to PCD/CTVT 

than any other dog population (Figure S3.14; Figure S3.15; Figure S3.13). 

 

3.6.1.5.2 Admixture between Coyote / North American wolves and PCD 

We tested for admixture from wild North American canids into higher coverage PCD 

genomes (AL3194; AL3223). To do so we computed D(Outgroup, Coyote/North 

American Wolf, Pop3, Pop4) where Pop3/4 can be any dog genome. We found that in 

both cases Z values were mostly above 3 in most cases (Figure S3.16; Figure S3.17) for 

both AL3194 and AL3223 indicating admixture from Coyotes / North American Wolves 

in PCD samples. We also tested for extra admixture from wild canids into our higher 

coverage PCD genomes (AL3194; AL3223). To do so we computed D(Outgroup, Coyote, 

AL3194,  AL3223) and D(Outgroup, American Wolf, AL3194,  AL3223). We found no 

evidence of extra admixture from wild canids into these samples (Table S3.3).  

 

We computed D(Outgroup, Coyote, CTVT, B) and D(Outgroup, American Wolf, CTVT, B) 

where B represented every possible pair of populations to determine whether there was 

any detectable admixture from Coyote and American wolf populations into the CTVT 

founder dog (Figure S3.16; Figure S3.17). We also found evidence that the CTVT founder 

dog shared more derived alleles with Coyotes than other non-PCD population suggestive 

of admixture. This is consistent with TreeMix and qpGraph analyses (see below). We 

note, however, that this pattern could be consistent with admixture in both direction 

(dogs to wolves / wolves to dogs; e.g. see (Anderson et al., 2009)).  
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3.6.1.5.3 Estimating Eurasian ancestry in Arctic dogs 

Using D-statistics based on whole genome data we found evidence that all Arctic breeds 

are a mixture of the basal lineage (that leads to CTVT and PCD) and of the Eurasian dog 

lineage (Table S3.4).  

 

3.6.1.5.4 Taimyr admixture into Arctic dogs, PCD and CTVT 

We used whole genome data to assess Taimyr wolf admixture into PCD, Arctic dogs and 

CTVT (Skoglund et al., 2015). We found few values with |Z| > 3 (AL3194 and Alaskan 

malamute; Table S3.5). Lowering the threshold to |Z|>2.5, we found admixture from 

the Taimyr wolf into PCD (both AL3194 and AL3223) as well as in all Arctic dogs (husky, 

Greenland sledge dog, and Alaskan malamute) and CTVT. We find no evidence for 

additional admixture from the Taimyr wolf into either CTVT, PCD or Arctic breed (Table 

S3.6). This suggests that Taimyr admixture into Arctic dogs suggested in (Skoglund et al., 

2015) may have taken place after the PCD, Arctic dog and CTVT lineage diverged from 

Eurasian dogs but before the divergence of the Arctic dog and PCD/CTVT lineages.   

 

3.6.1.5.5 Admixture from European dogs into East Asian dogs 

We tested for admixture from European dogs into east Asian dogs. Following (Frantz et 

al., 2016a; Shannon et al., 2015) we used Vietnamese village dogs as the reference East 

Asian population to test for by computing D(Outgroup, Portugal, Vietnam, X). We found 

evidence of admixture in all East Asian populations test in this study (Table S3.7).  

                       

3.6.1.5.6 Potential evidence for Coyote admixture in Koster dog (AL2135)  

Our PCA analysis suggests that AL2135 is admixed with wild canids. To test this 

hypothesis, we computed D(Outgroup, North American canid / Taimyr wolf, AL2135, 

AL3194). We restricted this analysis to AL3194 as it is the highest coverage PCD dog 

available in this study. We found borderline significant results (|Z|>2; Table S3.8) 

suggestive of admixture from Coyote into AL2135. This sample, however, is very low 

coverage (only ~17K SNPs were called). Its placement on the PCA and this positive 

admixture signal might therefore be due to this low coverage.  
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3.6.1.6 Estimating pre-contact ancestry in modern North American and Arctic dogs 

We used the SNP array data obtained from (Shannon et al., 2015) to assess the degree 

to which modern dog populations found in North America retained ancestry from pre-

contact dogs. This SNP panel contained 28 genotyped populations from North America, 

such as Peruvian village dogs, Alaskan village dogs or Carolina dogs (see Table S3.9 for 

the full list). We computed f4 ratios using ADMIXTOOLS (Patterson et al., 2012; Reich et 

al., 2009) to estimate admixture proportion (α) from pre-contact dogs into these 

populations by computing: 

 

t = .4(?,u; w, e) 	÷ .4(?, u; 	y, e) 

 

Where A is CTVT, O is the Andean fox (outgroup), B is PCD (AL3194 and AL3223), C is any 

European or East Asian population (see Table S3.9) and X is any American dog (see Table 

S3.9 and Figure S3.18). We computed α for all combinations of European/Asian and 

modern North American populations (jack-knifing was performed with a block sizes of 1 

cM). 

 

Besides the Alaskan Village dogs, we found no significant signal of pre-contact ancestry 

in modern North American populations (α always <4% and  Z always < 3; Table S3.10). 

Alaskan Village dogs, on the other hand, have ~17% (11-20% and Z always > 4.5; Table 

S3.10) ancestry derived from pre-contact dogs. We also used outgroup f3 statistics to 

assess the degree of shared drift between various populations available on the SNP array 

and PCD (Figure 2b). 

 

To further assess this result we used ADMIXTURE (Alexander et al., 2009) on a subset of 

the SNP array samples including all modern North American populations as well as Arctic 

dogs, “basal” breeds (Larson et al., 2012) and selected European and Asian populations 

(e.g. Boxer and Chow-Chow). K=4 was selected as the best K value based on 10 fold cross 

validation (Figure S3.19). This analysis support previous f4 ratio analysis showing that 

most modern North American dog populations have little pre-contact ancestry (<4%; 
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Figure S3.20). ADMIXTURE, however, detects some evidence of limited PCD/Arctic 

ancestry in Carolina dogs ranging from 0-33% (Figure S3.20; population CD). Such signal 

might not have been detected by our F4 analysis as a result of the variable amount of 

ancestry in this population. This analysis also reveals an affinity between Chinook and 

PCD/Arctic breeds (12-15%; Figure S3.20). This is not surprising given that Chinook dogs 

are considered as Sledge dogs. With K=4, however, we cannot distinguish between PCD 

and Arctic dogs’ ancestry. This PCD/Arctic component in Carolina dogs and Chinook 

might therefore be the result of admixture with Arctic dogs rather than PCD. To test this, 

we tried to separate PCD/Arctic ancestry with higher K values. Both K=10 and K=15, 

however, failed to differentiate PCD and Arctic dog ancestry (Figure S3.20) but instead 

differentiated New World Arctic dogs (Alaskan malamute and Greenland sledge dogs) 

from Old World Arctic dogs/PCD (Figure S3.20).  

 

Alaskan Village dogs were the population of north American village dog with the most 

PCD admixture. This is not surprising as these are closely related to Arctic breeds (Brown 

et al., 2015; Shannon et al., 2015). The f4 ratio conducted above is thus not appropriate 

for this population (as it assumes close relatedness to Eurasian dogs; see Figure S3.18). 

Here we wanted to test whether these dogs have any pre-contact ancestry (interbred 

with pre-contact dogs). To do so we computed every possible combination of the same 

f4 ratio as above but using only Arctic breeds. We found that both Alaskan malamute 

and Greenland sledge dog have a significant amount of ancestry from PCD (~4-14%; 

Table S3.11). This however, might be the result of substructure among Arctic dogs (see 

below). 

 

We assessed whether these results could be affected by the ascertainment of the SNP 

array by repeating the analysis above (PCD admixture fraction into Alaskan malamute 

and Greenland sledge dogs) using whole genome data. We used only transversions for 

this analysis (~600K SNPs). We found very little difference in admixture fraction (~7-14%; 

Table S3.11) indicating that the ascertainment of the array did not introduce much bias. 

 

We also used D-statistics on genome-wide data to test for admixture from PCD into 

Arctic breeds since their MRCA. As for the f4 ratio we found that both Alaskan malamute 
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and Greenland sledge dogs have a significant amount of ancestry from PCD (Table 

S3.12). We tested whether this signal could be due to admixture from Eurasian dogs into 

Siberian husky dogs (making derived alleles in Alaskan malamute and Greenland sledge 

dogs (GSD) match PCD more often; Table S3.13). We found evidence that the Siberian 

husky and Alaskan malamute genomes that we analysed here received gene-flow from 

European dogs (Table S3.13). However, we found no evidence that GSD received gene-

flow since the MRCA of Arctic breeds. This suggests that Eurasian admixture did not 

affect our result. As stated above, this could also be the result of ancient substructure 

within Arctic dogs. 

 

We found, however, no signal that either Alaskan malamute or Greenland sledge dogs 

shared an excess of derived alleles with PCD compared with each other (D(Outgroup, 

AL3194, Alaskan malamute, Greenland sledge dog)=-0.0001, sd=-0.010). This shows that 

these dog lineages did not receive additional gene-flow from PCD since their divergence 

from each other. This result suggest that the signal detected above (excess shared 

derived alleles between American Arctic dogs and PCD) is due to  ancient substructure 

within Arctic dogs (Eriksson and Manica, 2012). More precisely, we hypothesise that the 

Eurasian Arctic dogs that were recently brought into the Americas, all the way to 

Greenland, originated from a population that was more closely related to PCD dogs than 

other Arctic dogs. The high degree of mtDNA divergence within ancient Eurasian Arctic 

dogs from Zhokhov (~9,000 BP; Figure 1b) suggests that ancient substructure with Arctic 

dogs is a plausible scenario. 

  

3.6.1.7 TreeMix 

In order to test the topology suggested by our phylogenetics and f3 statistics analyses 

we used TreeMix (Pickrell and Pritchard, 2012) to build a tree with admixture edges. We 

only used 3 representatives from each  major dog group: 

 

• Western Eurasian dogs - Portuguese village dogs (DEU), German Shepherd (DGS) 

• East Asian dogs - Vietnamese village dogs (DVN) because they lack admixture 

from European dogs (see above) and Tibetan village dogs (DTI) 
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• Pre-contact dogs (PCD), including both Port au Choix (AL3194) and Weyanoke 

Old Town (AL3223; Table S3.1) 

• Arctic dogs - Malamute (DMA) and Greenland dogs (DGL) because they seem 

least admixed with Western dogs (see above) and  

• CTVT - (79T and 24T) 

• Eurasian wolves (WEU) from Spain and Portugal 

• North American wolves (WAM) from Yellowstone 

• Coyotes (COY) as an outgroup 

 

We only used transversions in order to limit the effect of DNA damage on the analysis  

and only used sites that were covered in all samples (~60,000 SNPs). 

 

The results of these analyses are presented in Figure S3.21, Figure S3.22, Figure S3.23 

and Figure S3.24. The placement of the East Asian dog (DVN) population was affected 

by adding admixture edges (Figure S3.22, Figure S3.23). With two admixture edges DVN 

outgroup PCD/CTVT and Arctic dogs but has strong admixture into DTI. This support 

results from our D-statistics analysis (Table S3.7) and NJ analysis (Figure S3.10; Figure 

S3.11) that suggests that DTI is mixed with European ancestry. We also found evidence 

for European ancestry in Arctic dogs, supporting our D-statistics analyses (Table S3.4). 

Lastly, we also found admixture from COY into PCD/CTVT, consistent with D-statistics 

(Figure S3.16). 

 

3.6.1.8 qpGraph 

We used qpGraph (Patterson et al., 2012) to fit admixture graphs to nine populations 

representing PCD, CTVT, and each of the three major dog groups, plus wolves and 

coyotes. 

 

Western Eurasian dogs - Portuguese village dogs (DEU) 

East Asian dogs - Vietnamese village dogs (DVN)  

Pre-contact dogs (PCD), including both Port au Choix (AL3194) and Weyanoke Old Town 

(AL3223; Table S3.1) 
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Canine transmissible venereal tumour (CTVT), including C_24T, C_79T and C_399T 

Arctic dogs - Alaskan malamute (DMA)  

Eurasian wolves (WEU) from Spain and Portugal 

North American wolves (WAM) from Yellowstone 

Coyotes (COY) from California 

Andean Fox (OUT) as the outgroup 

 

We only used transversions in order to limit the effect of DNA damage on the analysis. 

This resulted in 600,991 high quality SNPs. 

 

To explore the space of all possible admixture graphs we implemented a heuristic search 

algorithm. Given an outgroup with which to root the graph, a stepwise addition order 

algorithm was used for adding leaf nodes to the graph. At each step, insertion of a new 

node was tested at all branches of the graph, except the outgroup branch. Where a node 

could not be inserted without producing f4 outliers (i.e. |Z| >=3) then all possible 

admixture combinations were also attempted. If a node could not be inserted via either 

approach, that sub-graph was discarded. If the node was successfully inserted, the 

remaining nodes were recursively inserted into that graph. All possible starting node 

orders were attempted to ensure full coverage of the graph space. 

 

As the number of possible graphs grows super-exponentially with each additional leaf 

node, we initially excluded CTVT from the search space and looked for models with fit 

the remaining eight populations. We fitted 480,166 unique admixture graphs for these 

8 populations and recorded the 892 graphs that left no f4 outliers (i.e. |Z| < 3). We then 

fitted a further 309,525 unique models, testing all possible insertions of CTVT into the 

892 eight-population graphs, and recorded the 1,655 graphs that left no f4 outliers.  

 

TreeMix analysis was also performed using the same nine populations, with six 

admixture edges (the maximum number seen in the qpGraph analyses). We chose the 

most plausible qpGraph model (Figure S3.25) by comparing all fitted models to the 

TreeMix tree with the same sampling (Figure S3.26), Neighbour joining tree (Figure 

S3.10), Bayesian tree (Figure S3.12) and D-statistics analyses (see above). 
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Figure S3.1 Per library C to T (red) and G to A (blue) frequency of mis-incorporation at 

3’ and 5’ end of read for samples used in nuclear genome analyses.  
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Figure S3.2 Per library C to T (red) and G to A (blue) frequency of mis-incorporation at 

3’ and 5’ end of read for samples used in mtDNA analyses. Lack of 5’ damage in some 

libraries is due to library preparation protocol (see Ancient DNA Illinois section).  
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Figure S3.2 (continued) Per library C to T (red) and G to A (blue) frequency of mis-

incorporation at 3’ and 5’ end of read for samples used in mtDNA analyses. Lack of 5’ 

damage in some libraries is due to library preparation protocol (see Ancient DNA 

Illinois section).  
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Figure S3.2 (continued) Per library C to T (red) and G to A (blue) frequency of mis-

incorporation at 3’ and 5’ end of read for samples used in mtDNA analyses. Lack of 5’ 

damage in some libraries is due to library preparation protocol (see Ancient DNA 

Illinois section).  
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Figure S3.3 Maximum likelihood tree based on mtDNA data. The four major dog 

haplogroups are indicated: A (red; includes all but one pre-contact dogs), B (purple), C 

(yellow), D (green). Blue tip label represents newly sequenced samples (this study). 

Dark blue highlighted clade represents American dogs (monophyletic, bootstrap 

support value=87). Light blue highlighted clades (CGG1-10) represent Zhokhov Island 

samples (~9Kya sled dogs from Eastern Siberia; see Table S3.1). CGG10-11 (outside of 

the Zhokhov / pre-contact clade) are more recent sled dogs from Siberia (~1.5kya; 

Table S3.1). Node labels indicate bootstrap replicates.  
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Figure S3.4 Maximum likelihood tree based on 605bp of the control region. All samples 

starting with prefix HQ were obtained from (7)  while all samples starting with prefix 

AY were obtained from (Leonard et al., 2002). The four major dog haplogroups are 

indicated with different branch colours: A (red; includes all but one pre-contact dogs), 

B (purple), C (yellow), D (green). All pre-Columbian dogs from this study are 

highlighted in light blue. Node labels indicate bootstrap replicates.  
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Figure S3.5 Maximum likelihood tree based on mtDNA data including data from 

(Strakova et al., 2016). Red branches represent ancient pre-contact dogs. Node labels 

indicate bootstrap replicates.  
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Figure S3.6 Bayesian tree (BEAST) of mtDNA data. Red, purple, and green circle 

represent nodes with >0.9, >0.7 and >0.5 posterior probability respectively. Blue bar 

represents confidence interval of divergence time (scaled in year before present). 
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Figure S3.7 Principal Components Analysis (PC1 versus PC2) of 57 canid samples 

(including wolves and coyotes) based on 2,063,129 SNPs ascertained using the 

genome-wide data-set. All pre-contact dog samples were projected. 
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Figure S3.8 Principal Components Analysis (PC1 versus PC2) of 44 dog samples 

(excluding wolves and coyotes) based on 2,063,129 SNPs ascertained using the 

genome-wide data-set. All pre-contact dog samples were projected.  
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Figure S3.9 Principal Components Analysis (PC1 versus PC2) of 44 dog samples 

(excluding wolves and coyotes) based on 2,063,129 SNPs ascertained using the 

genome-wide data-set. All pre-contact dog and CTVT samples were projected.  
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Figure S3.10 Neighbour Joining (NJ) tree based on Identity By State (IBS). This figure is 

the same as in Figure 1c. Confirms that CTVT is more closely related to pre-contact 

dogs than any other dog population. Confirms that PCD form a monophyletic clade. 
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Figure S3.11 Neighbour Joining (NJ) tree based on Identity By State (IBS). Same as 

Figure S3.3 but without East Asian dogs that are admixed with European dogs i.e. 

excluding all East Asian dogs except Vietnamese. PCD, Arctic dogs and CTVT founder 

now appear more closely related to Western dogs. 
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Figure S3.12 Bayesian tree based on ~26K transversions. Confirms that CTVT and PCD 

are monophyletic with high support and supports the basal placement of the 

CTVT/PCD clade. Support values represent posterior probability. 
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Figure S3.13 Shared genetic drift measured by f3(Outgroup; Y, X) where Y is either Port 

au Choix dog (AL3194), Weyanoke Old town dog (AL3223), Alaskan Malamute 

(D_Mal68), Greenland sledge dog (D_Green) and X represents modern dog 

populations. Error bars represent 1 SE.  
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Figure S3.14 Box plot representing a. D-statistics and b. significance of D-statistics (Z) 

for every combination of D(Outgroup, AL3194[Port au Choix], Pop3, Pop4), where 

Pop3 is fixed and Pop4 represents any other genome. Positive values support a close 

relationship between Pop3 and PCD while negative values imply PCD are closer to 

other dog populations. If Pop3 is not admixed with PCD, we expect -4<Z<4 (x-axis). 
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Figure S3.15 Box plot representing a. D-statistics and b. significance of D-statistics (Z) 

for every combination of D(Outgroup, AL3223[Weyanoke Old town], Pop3, Pop4), 

where Pop3 is fixed and Pop4 represents any other genome. Positive values support a 

close relationship between Pop3 and PCD while negative values imply PCD are closer 

to other dog populations. If Pop3 is not admixed with PCD, we expect -4<Z<4 (x-axis). 
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Figure S3.16 Box plot representing a. D-statistics and b. significance of D-statistics (Z) 

for every combination of D(Outgroup, Coyote, Pop3, Pop4), where Pop3 is fixed (x-

axis) and Pop4 represents any other genome. Positive values support a close 

relationship between Pop3 and coyotes while negative values imply coyotes are closer 

to other dog populations. If Pop3 is not admixed with coyotes, we expect -4<Z<4 (x-

axis). 
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Figure S3.17 Box plot representing a. D-statistics b. significance of D-statistics (Z) for 

every combination of D(Outgroup, north American wolf, Pop3, Pop4), where Pop3 is 

fixed and Pop4 represents any other genome. Positive values support a close 

relationship between Pop3 and north American wolves while negative values imply 

NA wolves are closer to other dog populations. If Pop3 is not admixed with north 

American wolves, we expect -4<Z<4 (x-axis). 
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Figure S3.18 Schematic representation of the assumed phylogeny for the f4 ratio test 

used to estimate pre-contact ancestry into modern North American dogs. Alpha 

represents the degree of ancestry from pre-contact dogs.  
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Figure S3.19 Cross validation (CV) values for ADMIXTURE analysis of SNP array data. 

●

● ●

●

●

●

●

● ●

●

●

●

●

●

●

2 4 6 8 10 12 14

0.
62

0.
64

0.
66

0.
68

0.
70

K

C
V



 230 

 

Figure S3.20 ADMIXTURE results based on SNP array data for K=4, 10 and 15 (see Table 

S3.9 for population codes). 
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Figure S3.21 Admixture graph without migration edge and matrix of residuals, 

expressed as the number of standard errors, inferred using TreeMix (based on 

transversions). Western Eurasian dogs - Portuguese village dogs (DEU), German 

Shepherd (DGS), East Asian dogs - Vietnamese village dogs (DVN) and Tibetan village 

dogs (DTI), Pre-contact dogs (PCD), including both Port au Choix (AL3194) and 

Weyanoke Old Town (AL3223), Arctic dogs - Malamute (DMA) and Greenland dogs 

(DGL), CTVT - (79T and 24T), Eurasian wolves (WEU) from Spain and Portugal, North 
American wolves (WAM) from Yellowstone, Coyotes (COY) as an outgroup. 
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Figure S3.22 Admixture graph with a single migration edge and matrix of residuals, 

expressed as the number of standard errors, inferred using TreeMix (based on 

transversions). We see evidence for admixture from coyotes (COY) into the pre-

contact dog lineage (PCD/CTVT), consistent with Figure S3.16. Western Eurasian dogs 

- Portuguese village dogs (DEU), German Shepherd (DGS), East Asian dogs - 

Vietnamese village dogs (DVN) and Tibetan village dogs (DTI), Pre-contact dogs (PCD), 

including both Port au Choix (AL3194) and Weyanoke Old Town (AL3223), Arctic dogs 

- Malamute (DMA) and Greenland dogs (DGL), CTVT - (79T and 24T), Eurasian wolves 

(WEU) from Spain and Portugal, North American wolves (WAM) from Yellowstone, 

Coyotes (COY) as an outgroup. 
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Figure S3.23 Admixture graph with two migration edges and matrix of residuals, 

expressed as the number of standard errors, inferred using TreeMix (based on 

transversions). Western Eurasian dogs - Portuguese village dogs (DEU), German 

Shepherd (DGS), East Asian dogs - Vietnamese village dogs (DVN) and Tibetan village 

dogs (DTI), Pre-contact dogs (PCD), including both Port au Choix (AL3194) and 

Weyanoke Old Town (AL3223), Arctic dogs - Malamute (DMA) and Greenland dogs 

(DGL), CTVT - (79T and 24T), Eurasian wolves (WEU) from Spain and Portugal, North 
American wolves (WAM) from Yellowstone, Coyotes (COY) as an outgroup. 
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Figure S3.24 Admixture graph with three migration edges and matrix of residuals, 

expressed as the number of standard errors, inferred using TreeMix (based on 

transversions). Western Eurasian dogs - Portuguese village dogs (DEU), German 

Shepherd (DGS), East Asian dogs - Vietnamese village dogs (DVN) and Tibetan village 

dogs (DTI), Pre-contact dogs (PCD), including both Port au Choix (AL3194) and 

Weyanoke Old Town (AL3223), Arctic dogs - Malamute (DMA) and Greenland dogs 

(DGL), CTVT - (79T and 24T), Eurasian wolves (WEU) from Spain and Portugal, North 
American wolves (WAM) from Yellowstone, Coyotes (COY) as an outgroup. 
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Figure S3.25 qpGraph model with admixture fractions. Western Eurasian dogs - 

Portuguese village dogs (DEU), East Asian dogs - Vietnamese village dogs (DVN), Pre-
contact dogs (PCD), including both Port au Choix (AL3194) and Weyanoke Old Town 

(AL3223), Arctic dogs - Malamute (DMA), CTVT - (79T and 24T), Eurasian wolves (WEU) 

from Spain and Portugal, North American wolves (WAM) from Yellowstone, Coyotes 

(COY) as an outgroup. 
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Figure S3.26 Admixture graph and matrix of residuals, expressed as the number of 

standard errors, inferred using TreeMix  for the same population as in Figure S3.25. 

Western Eurasian dogs - Portuguese village dogs (DEU), East Asian dogs - Vietnamese 

village dogs (DVN), Pre-contact dogs (PCD), including both Port au Choix (AL3194) and 

Weyanoke Old Town (AL3223), Arctic dogs - Malamute (DMA), CTVT - (79T and 24T), 

Eurasian wolves (WEU) from Spain and Portugal, North American wolves (WAM) from 

Yellowstone, Coyotes (COY) as an outgroup.  
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Figure S3.27 A. CTVT mutation spectrum. 1,925,779 tumour-only mutations in CTVT 

are displayed by mutation type (in pyrimidine context) with immediate 5’ and 3’ 

context. Each of the 96 mutation classes is displayed on the horizontal axis. Mutation 

proportions are displayed relative to CanFam3.1 B. Fraction of CTVT tumour-only 

mutations attributable to COSMIC Signatures 1, 5, 7, and the dog germline signature, 

as estimated using sigfit. C. Reconstruction of CTVT tumour-only spectrum using 

COSMIC signatures 1,5 and 7 and the dog germline signature. 

  

AC
A>
AA
A

AC
C>
AA
C

AC
G>
AA
G

AC
T>
AA
T

CC
A>
CA
A

CC
C>
CA
C

CC
G>
CA
G

CC
T>
CA
T

GC
A>
GA
A

GC
C>
GA
C

GC
G>
GA
G

GC
T>
GA
T

TC
A>
TA
A

TC
C>
TA
C

TC
G>
TA
G

TC
T>
TA
T

AC
A>
AG
A

AC
C>
AG
C

AC
G>
AG
G

AC
T>
AG
T

CC
A>
CG
A

CC
C>
CG
C

CC
G>
CG
G

CC
T>
CG
T

GC
A>
GG
A

GC
C>
GG
C

GC
G>
GG
G

GC
T>
GG
T

TC
A>
TG
A

TC
C>
TG
C

TC
G>
TG
G

TC
T>
TG
T

AC
A>
AT
A

AC
C>
AT
C

AC
G>
AT
G

AC
T>
AT
T

CC
A>
CT
A

CC
C>
CT
C

CC
G>
CT
G

CC
T>
CT
T

GC
A>
GT
A

GC
C>
GT
C

GC
G>
GT
G

GC
T>
GT
T

TC
A>
TT
A

TC
C>
TT
C

TC
G>
TT
G

TC
T>
TT
T

AT
A>
AA
A

AT
C>
AA
C

AT
G>
AA
G

AT
T>
AA
T

CT
A>
CA
A

CT
C>
CA
C

CT
G>
CA
G

CT
T>
CA
T

GT
A>
GA
A

GT
C>
GA
C

GT
G>
GA
G

GT
T>
GA
T

TT
A>
TA
A

TT
C>
TA
C

TT
G>
TA
G

TT
T>
TA
T

AT
A>
AC
A

AT
C>
AC
C

AT
G>
AC
G

AT
T>
AC
T

CT
A>
CC
A

CT
C>
CC
C

CT
G>
CC
G

CT
T>
CC
T

GT
A>
GC
A

GT
C>
GC
C

GT
G>
GC
G

GT
T>
GC
T

TT
A>
TC
A

TT
C>
TC
C

TT
G>
TC
G

TT
T>
TC
T

AT
A>
AG
A

AT
C>
AG
C

AT
G>
AG
G

AT
T>
AG
T

CT
A>
CG
A

CT
C>
CG
C

CT
G>
CG
G

CT
T>
CG
T

GT
A>
GG
A

GT
C>
GG
C

GT
G>
GG
G

GT
T>
GG
T

TT
A>
TG
A

TT
C>
TG
C

TT
G>
TG
G

TT
T>
TG
T

0.00

0.05

0.10

0.15

0.20

0.25

M
ut

at
io

n 
Pr

ob
ab

ilit
y

C>A C>G C>T T>A T>C T>G

A

Signature 1 Signature 5 Signature 7 Germline

0.
0

0.
1

0.
2

0.
3

0.
4

0.
5

Signature 1

Signature 5

Signature 7

Germline

B

A[
C>
A]
A

A[
C>
A]
C

A[
C>
A]
G

A[
C>
A]
T

C[
C>
A]
A

C[
C>
A]
C

C[
C>
A]
G

C[
C>
A]
T

G[
C>
A]
A

G[
C>
A]
C

G[
C>
A]
G

G[
C>
A]
T

T[
C>
A]
A

T[
C>
A]
C

T[
C>
A]
G

T[
C>
A]
T

A[
C>
G]
A

A[
C>
G]
C

A[
C>
G]
G

A[
C>
G]
T

C[
C>
G]
A

C[
C>
G]
C

C[
C>
G]
G

C[
C>
G]
T

G[
C>
G]
A

G[
C>
G]
C

G[
C>
G]
G

G[
C>
G]
T

T[
C>
G]
A

T[
C>
G]
C

T[
C>
G]
G

T[
C>
G]
T

A[
C>
T]
A

A[
C>
T]
C

A[
C>
T]
G

A[
C>
T]
T

C[
C>
T]
A

C[
C>
T]
C

C[
C>
T]
G

C[
C>
T]
T

G[
C>
T]
A

G[
C>
T]
C

G[
C>
T]
G

G[
C>
T]
T

T[
C>
T]
A

T[
C>
T]
C

T[
C>
T]
G

T[
C>
T]
T

A[
T>
A]
A

A[
T>
A]
C

A[
T>
A]
G

A[
T>
A]
T

C[
T>
A]
A

C[
T>
A]
C

C[
T>
A]
G

C[
T>
A]
T

G[
T>
A]
A

G[
T>
A]
C

G[
T>
A]
G

G[
T>
A]
T

T[
T>
A]
A

T[
T>
A]
C

T[
T>
A]
G

T[
T>
A]
T

A[
T>
C]
A

A[
T>
C]
C

A[
T>
C]
G

A[
T>
C]
T

C[
T>
C]
A

C[
T>
C]
C

C[
T>
C]
G

C[
T>
C]
T

G[
T>
C]
A

G[
T>
C]
C

G[
T>
C]
G

G[
T>
C]
T

T[
T>
C]
A

T[
T>
C]
C

T[
T>
C]
G

T[
T>
C]
T

A[
T>
G]
A

A[
T>
G]
C

A[
T>
G]
G

A[
T>
G]
T

C[
T>
G]
A

C[
T>
G]
C

C[
T>
G]
G

C[
T>
G]
T

G[
T>
G]
A

G[
T>
G]
C

G[
T>
G]
G

G[
T>
G]
T

T[
T>
G]
A

T[
T>
G]
C

T[
T>
G]
G

T[
T>
G]
T

0.00

0.05

0.10

0.15

0.20

M
ut

at
io

n 
pr

ob
ab

ilit
y

Signature 1

Signature 5

Signature 7

Germline

C>A C>G C>T T>A T>C T>G

C



 238 

3.7 Acknowledgments and Notes 

Acknowledgments: We thank L. Orlando, R. K. Wayne and D. Meltzer for their valuable 

comments, B. M. Kemp, M. Masson and J. Chupasko for support and J. Southon (Keck 

Carbon Cycle Accelerator Mass Spectrometer, University of California, Irvine) for the 

radiocarbon date on the Port au Choix dog. We would like to acknowledge the use of 

the University of Oxford Advanced Research Computing (ARC) facility for providing 

computing time. We thank the Illinois State Museum, the Illinois State Archaeological 

Survey, the G. A. Black Laboratory of Archaeology at Indiana University Bloomington, 

the Instituto Nacional de Antropologia e Historia and the Ohio Historical Society for 

access to material. We thank The Rooms (Museum Division), Board Executive and 

Government of Newfoundland and Labrador for permission to access and sample the 

Port au Choix material. We are grateful to M. Ptaszynska for useful information and to 

S. Zhang for assistance with samples.  

 

Funding: L.A.F.F. was supported by the Wellcome Trust (210119/Z/18/Z) and by Wolfson 

College (University of Oxford). L.A.F.F., J.H, A.L., A. H-B, O.L., K.M.D. and G.L. were 

supported either by a European Research Council grant (ERC-2013-StG-337574-

UNDEAD) or Natural Environmental Research Council grants (NE/K005243/1 and 

NE/K003259/1), or both. M.N.L. and E.P.M. were supported by the Wellcome Trust 

(102942/Z/13/A). A.R.P. was supported by the Max Planck Society. E.K.I.P. was 

supported by a Clarendon Fund Scholarship, University of Oxford. M.T.P.G was 

supported by European Research Council grant (ERC-2015-CoG-681396 – Extinction 

Genomics). A.M. was supported by the Muséum national d’Histoire naturelle. K.E.W. 

and R.S.M were supported by a National Science Foundation grant (BCS-1540336) and a 

Wenner-Gren grant. V.G. was supported by a Social Sciences and Humanities Research 

Council Insight Grant. V.V.P., E.Y.P., and P.A.N. were supported by Russian Science 

Foundation project N16-18-10265-RNF. Y.M.K was supported by a Herchel Smith 

Research Fellowship, S.J.C was supported by Millennia Research Limited, J.J was 

supported by the Santa Barbara Museum of Natural History and A.B. supported by the 

American Kennel Club and the NIH (R01GM103961). We thank the staff of the Danish 



 239 

National High-Throughput Sequencing Centre for assistance in data generation and the 

Illinois State Museum Society for funding.  

 

Author contributions: L.A.F.F, G.L. and E.P.M  conceived the project and designed 

research; A.P., K.D. and G.L. coordinated the archaeological analyses and sampling 

collection efforts with input from R.P.M, C.A., A.B-H and K.E.W.; A.P., C.A, J.B, E.G., A.J.H, 

M-H.S.S., S.J.S, M.E., V.G., J.J, A.K.K, P.A.N, C.P.L, A.M.. T.M., K.N.M., M.O., E.Y.P, P.S, 

V.V.I., C.W. and V.V.P provided/collected samples; K.W.E, A.L., J.H., O.L., S.B., A.D. E.A.D., 

J.E., J-M. R., M-H.S.S. conducted the ancient laboratory work with input from R.P.M., 

G.L., L.A.F.F, E.W., I.B., and M.T.P.G.; M.M., E.P.M., and A.S. provided/collected CTVT 

samples; M.N.L. and Y-M.K. conducted the CTVT analyses with input from E.P.M., K.G., 

and L.A.F.F.; M.N.L., L.A.F.F and E.K.I.P conducted the analyses of ancient data with input 

from S.G., A.K., A.B. and E.P.M.; L.A.F.F., G.L., E.P.M., M.N.L. and A.P., wrote the paper 

with input from all other authors.  

 

Competing interests: A.D., J.E, and J-M.R. are employees of Arbor Biosciences which 

provided target enrichment kits used in this study. J-M.R. is also a founder of Arbor 

Biosciences. KD currently holds honorary Professor positions in the Departments of 

Archaeology at both the University of Aberdeen and Simon Fraser University. A 

significant portion of the research included in this paper (along with associated NERC 

funding) was also undertaken whilst KD was a full-time member of faculty at the 

University of Aberdeen. A.R.B. is founder and CSO of Embark Veterinary.  

 

Data and materials availability: The reads for the ancient data have been deposited at 

the European Nucleotide Archive (ENA) with project number PRJEB22026. Reads for 

new CTVT genomes were deposited at the European Nucleotide Archive (ENA) with 

project number PRJEB22148. Mitochondrial sequences alignments, genotype files (in 

plink format), and phylogenetic trees were deposited on Dryad 

(doi:10.5061/dryad.s1k47j4). 

  



 240 

3.8 Permission from Co-authors 

  



 241 

 
  



 242 

 
  



 243 

 
  



 244 

 
  



 245 

 
  



 246 

 
  



 247 

 
  



 248 

 
  



 249 

 
  



 250 

 
 

  



 251 

4 Genetic Analysis of the Dwarf Shorthorn Cattle of Socotra 

 

4.1 Statement of Authorship 

Design: I designed the research, with input from of L.A.F.F and G.L. 

 

Data: I curated the modern genome-wide sequencing data and performed all quality 

checks and filtering. 

 

Analysis: I performed all the computational analyses, and interpreted the results with 

input from L.A.F.F. and G.L. 

 

Manuscript: I wrote the manuscript, with input from L.A.F.F and G.L. 

 

4.2 Authors and Affiliations 

Authors 

Evan K. Irving-Pease1, Laurent A. F. Frantz1,2, Greger Larson1 

 

Affiliations 

1 The Palaeogenomics & Bio-Archaeology Research Network, Research Laboratory for 

Archaeology and History of Art, The University of Oxford, Oxford, UK. 

2 School of Biological and Chemical Sciences, Queen Mary University of London, London, UK 

 

 

  



 252 

4.3 Abstract 

The island of Socotra, in the Arabian Sea, was a remote trading post throughout 

antiquity. Multilingual inscriptions, found in coastal cave sites, testify to the island's use 

by sailors writing in Indian, Arabian, Ethiopian, Greek, Palmyran and Kushan languages 

between the 1st century BC and the 6th century AD. Since the earliest scientific 

expeditions to the island in the 19th century, Socotra has been famed for the uniqueness 

of its endemic flora. It is also home to an unusual breed of humpless, dwarf shorthorn 

cattle. These cattle are unlike any other found in neighbouring East Africa or the Arabian 

Peninsula, except in the highlands of Oman. To investigate the ancestry of these dwarf 

cattle, and their implications for the history of domestic cattle in the region, we 

sequenced five modern individuals from two populations in Socotra and the Dhofar 

Mountains, Oman. Using a reference panel of 793 modern samples, from 68 

populations, analysis shows that Socotran and Dhofari dwarf cattle form a monophyletic 

clade, unique to any known breed of cattle. Admixture analyses indicates that the breed 

is mostly Eurasian taurine (Bos taurus) in origin, with a unique pattern of introgression 

from zebu (Bos indicus) and African taurine cattle. 

 

4.4 Introduction 

4.4.1 Cattle domestication 

Cattle are one of the most economically important domestic animals, and the history of 

their domestication and rise to global dominance is deeply intertwined with 

intercontinental trade and environmental change. Genome-wide studies of modern 

domestic cattle have shown that cattle form three divergent clades: two groups of 

taurine cattle (Bos taurus), from Eurasia and Africa, and zebu or indicine cattle (Bos 

indicus), from South Asia (Decker et al., 2014; Gibbs et al., 2009). 

 

The earliest evidence for the domestication of taurine cattle comes from the Neolithic 

site of Dja'de el Mughara, in the middle Euphrates Valley (Syria), dated to ~10,500 BP 

(Helmer et al., 2005). Archaeological evidence indicates that taurine cattle were 

domesticated from the Eurasian aurochs (Bos primigenius primigenius) (Conolly et al., 
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2011), and mitochondrial evidence suggests the initial recruitment may have involved 

as few as 80 female aurochs (Bollongino et al., 2012). Taurine cattle subsequently 

migrated outwards from their centre of domestication, leaving a characteristic pattern 

of decreased mitochondrial (mtDNA) genetic diversity along their axes of migration 

(Scheu et al., 2015). 

 

A recent study published the first whole-genome sequence of an extinct Eurasian 

aurochs, recovered from a 6,750-year-old British specimen (Park et al., 2015). Analysis 

of the genome-wide data revealed localised nuclear gene flow into the ancestors of 

British and Irish taurine cattle. A larger study, of 67 ancient nuclear cattle genomes from 

across the Near East, revealed localised aurochs introgression also occurred in the 

Levant and was likely a common process throughout the range expansion of domestic 

cattle (Verdugo et al., 2019). 

 

The domestication of zebu cattle occurred in South Asia, approximately 8,000 years ago, 

from the Asian aurochs (Bos primigenius namadicus) (Chen et al., 2010; Utsunomiya et 

al., 2019), although it remains unclear whether this was a fully independent 

domestication or a secondary recruitment of local aurochs (Larson and Burger, 2013). 

Mitochondrial evidence suggests that the Indus Valley was the principal region of zebu 

domestication, although the origin of the second major mtDNA haplogroup is unclear 

(Chen et al., 2010). Zebu cattle expanded out of South Asia and into Africa, East Asia, 

and Europe between 4,000–1,300 BP; forming a cline of admixture with taurine cattle 

across Africa and Eurasia (Utsunomiya et al., 2019). The suggested origins of this 

intercontinental dispersal are linked to a multi-century drought, beginning around 4,200 

BP (Sharifi et al., 2015). Evidence from ancient genomes, sampled across Southwest 

Asia, show a sudden influx of male biased zebu ancestry coinciding with this climate 

anomaly (Verdugo et al., 2019). Zebu cattle are generally better adapted to hot and arid 

climates (Hansen, 2004), and it is suggested that this dispersal was an intentional 

process of adaptive introgression in response to rapid climate change (Verdugo et al., 

2019). 
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4.4.2 African cattle 

African cattle form the third major clade of domestic cattle, and a hypothesised 

independent domestication of African aurochs (Bos primigenius africanus), in the 

Western Desert of Egypt, has long been suggested (Bradley et al., 1996; Hanotte et al., 

2002a; Stock and Gifford-Gonzalez, 2013; Wendorf and Schild, 2005). However, recent 

analyses of modern genetic data (Decker et al., 2014; Pitt et al., 2018) and reanalysis of 

the Egyptian archaeological material (Brass, 2018) has largely discounted this possibility. 

Instead, the deep divergence between African and Eurasian taurine cattle most likely 

originated through admixture between Near Eastern domestic cattle and local African 

aurochs (Decker et al., 2014). 

 

Taurine cattle are thought to have first arrived in North Africa from the Near East 

between 7,000–9,000 years ago (Brass, 2018; Edwards et al., 2017), and reached the 

forests of West Africa by around 4,000 years ago (MacDonald and MacDonald, 2000). 

The earliest evidence for zebu cattle in Africa, comes from Egyptian tomb paintings of 

the Twelfth Dynasty, in the second millennium BC (Hanotte et al., 2002b; Marshall, 

2000). However, the main influx of zebu ancestry in Africa is thought to have arrived 

with the Swahili civilization, via the Horn of Africa, from the 7th century AD onwards 

(Mwai et al., 2015). This is supported by a prominent East–West cline of zebu admixture, 

with the highest proportions of zebu ancestry found in East Africa (Decker et al., 2014). 

Some relatively unadmixed populations of indigenous taurine cattle can still be found in 

West Africa  (e.g. N'Dama and Lagune), where they preferentially survive over sanga and 

zebu breeds because of their tolerance to infection from disease carrying trypanosomes 

(Mwai et al., 2015; Smetko et al., 2015; Tijjani et al., 2019). 

 

Presently, there are more than 150 recognised breeds of cattle in Africa, with three main 

groupings recognised: (i) humpless taurine cattle, found mostly in West Africa; (ii) sanga 

cattle, an ancient mixture of African taurine and zebu; and (iii) zenga, a more recent 

mixture of sanga and zebu. Despite the broad diversity of African cattle, all indigenous 

breeds have taurine mtDNA (mostly the T1 haplogroup), suggesting that both waves of 

zebu admixture were primarily driven by male zebu introgression (Edwards et al., 2017). 
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This is contrasted with Y-chromosome and autosomal markers, which show an 

abundance of zebu ancestry across Africa (Decker et al., 2014; Pérez-Pedal et al., 2018). 

Interestingly, the Y3B haplogroup, which is now found exclusively in West Africa, appears 

to be a relic of the first zebu migration out of South Asia (Pérez-Pedal et al., 2018). 

 

The prevalence of zebu ancestry in Africa was further consolidated by the rinderpest 

panzootic of the 1890s, in which as much as 90% of African cattle were wiped out 

(Sunseri, 2018). Following the panzootic, zebu cattle were reintroduced from along the 

eastern coastline of Africa. 

 

4.4.3 Arabian cattle 

Based on rock art and faunal remains, taurine cattle may have arrived in Arabia as early 

as the seventh millennium BC (McCorriston and Martin, 2010), and likely reached the 

highlands of Yemen by the early sixth millennium BC (Boivin and Fuller, 2009; Edens and 

Wilkinson, 1998; McCorriston and Martin, 2010). The sporadic distribution of early 

cattle finds across Arabia suggest their dispersal did not occur in a single wave of 

migration across the peninsula (McCorriston and Martin, 2010). Based on circumstantial 

evidence, Arabian cattle are thought to have originated in the Near East rather than 

Africa, as they generally arrived alongside sheep and goats (Boivin and Fuller, 2009). 

Indeed, cattle might not have arrived in nearby Ethiopia until as late as ~2000 BC (Boivin 

and Fuller, 2009; Fattovich, 2005; Marshall, 2000). 

 

The earliest evidence for zebu cattle in Arabia is less clear; however, they are present in 

coastal Eastern Arabia form around ~2000 BC, at the site of Tell Abraq (Uerpmann, 

2001). The contemporaneous arrival of African crops in Gujarat, India, point to maritime 

trade links between Africa, Arabia and South Asia that likely facilitated the reciprocal 

movement of zebu cattle at this time (Boivin and Fuller, 2009). This maritime dispersal 

is thought to have occurred independently of the overland movement of zebu cattle 

(Boivin and Fuller, 2009), which was occurring in parallel across Iran and the Levant 

(Verdugo et al., 2019). 
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4.4.4 Socotra 

The island of Socotra, in the Arabian Sea (east of Somalia and south of Yemen), was in 

the direct path of maritime trade between Africa, Arabia and South Asia (Cheung et al., 

2006). The discovery in 2000 of a large corpus of multilingual inscriptions, in Hoq cave 

on the island’s north-east coast, demonstrates the geographic extent of Socotra’s role 

in maritime trade (Strauch, 2012). Between the 1st century BC and the 6th century AD, 

sailors left hundreds of inscriptions written in Indian, Arabian, Ethiopian, Greek, 

Palmyran and Kushan languages. Socotra is also mentioned in the Periplus of the 

Erythraean Sea, and was likely an important part of the regional incense trade; as 

frankincense (Boswellia spp.), myrrh (Commiphora spp.) and Dragon's blood (Dracaena 

cinnabari) resin are all produced on the island (Cheung et al., 2006). The incense was of 

great economic value, and used for religious, funerary, cosmetic, and medicinal 

purposes across South Asia, the Middle East, and the Mediterranean regions (Seland, 

2014). The extent of Socotra’s ancient trade links are noteworthy, as the island is 

currently considered one of the most isolated places in the world (Seland, 2014). 

Because Socotra lacks any naturally protected harbours, it was routinely cut off from the 

outside world by the southwestern summer monsoon (Botting, 1958; Scholte and De 

Geest, 2010). 

 

Since the earliest scientific expeditions to the island in the 19th century, Socotra has 

been famed for the uniqueness of its endemic flora and fauna. It is also home to an 

unusual breed of humpless, dwarf shorthorn cattle. These cattle are unlike any other 

found in the neighbouring Horn of Africa or the Arabian Peninsula—except for cattle 

from the Dhofar Mountains, Oman (Cheung et al., 2006). Socotran cattle are an 

important part of the island’s pastoral economy, producing a prized ghee (clarified 

butter) which was a well-known export product from the island (Botting, 1958; Forbes 

and Ogilvie-Grant, 1903; Miller, 1912; Wellsted, 1835). 

 

The incongruous appearance of these humpless, dwarf shorthorn cattle has long been 

noted by European visitors to Socotra, who described them as resembling Alderney 

(Ravenstein, 1876; Wellsted, 1835) or Jersey cattle (Botting, 1958; Meinertzhagen, 
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1958)—distinctive breeds of dairy cattle from the Channel Islands. The leading 

hypothesis for their incongruous appearance is that Socotran cattle are a relict 

population of African taurine cattle, predating the arrival of zebu cattle; like those still 

found in West Africa (Cheung et al., 2006; Gwynne, 1967). To investigate the ancestry 

of these dwarf cattle, and their implications for history of domestic cattle in the region, 

we sequenced five modern individuals from two populations in Socotra and the Dhofar 

Mountains, Oman. 

 

4.5 Materials and methods 

4.5.1 Sample collection and sequencing 

4.5.1.1 Low-coverage shotgun sequencing 

Hair samples were acquired from Socotran (n=3) and Dhofari (n=2) cattle by Dr Kay van 

Damme (Senckenberg Institute, Frankfurt). DNA extraction and Illumina library 

preparation were performed by Dr Anna Linderholm (Texas A&M University, College 

Station). Single-end shotgun sequencing was performed at the Danish National High-

throughput Sequencing Centre, Copenhagen. 

 

4.5.1.2 Published data 

Global reference panels for cattle, comprising Eurasian taurine, African taurine, zebu, 

and hybrid populations, were obtained from previously published studies. Datasets 

genotyped on both the Illumina BovineSNP50v1 (n=1,328) and Illumina BovineHD 

(n=649) arrays were downloaded from the WIDDE database (Sempéré et al., 2015).  

 

Additional reference samples, genotyped on the Illumina BovineHD array, comprising 

cattle from various primitive European cattle breeds (n=144) (Upadhyay et al., 2017) and 

a whole-genome sequence from an ancient British aurochs (Bos primigenius) (Park et 

al., 2015) was downloaded from the Dryad database (Upadhyay et al., 2016). As were 

populations of indigenous Thai cattle, genotyped on the BovineSNP50v1 array 

(Wangkumhang et al., 2015). 
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Table 4.1 Summary of modern reference panels 

Ref. Panel SNP array Populations Samples References 

Widde50K BovineSNP50v1 53 1,328 (Gautier et al., 2009) 
(Matukumalli et al., 2009) 

(Gautier et al., 2010) 

Thai50K BovineSNP50v1 4 28 (Wangkumhang et al., 2015) 

WiddeHD BovineHD 30 649 (Illumina, 2016) 

PrimitiveHD BovineHD 38 144 (Upadhyay et al., 2017) 

 

4.5.2 Computational Pipeline 

The computational pipeline built to perform all analyses was written using the Luigi (v. 

2.8.3) (Spotify, 2019) pipeline framework, in the Python scripting language, with 

supporting code written in bash and R. 

 

4.5.3 Alignment and variant calling 

4.5.3.1 Alignment and pre-processing 

The cattle reference genome, UMD3.1 (Zimin et al., 2009), was downloaded from 

Ensembl (Hubbard et al., 2002) and indexed with the samtools faidx  command from 

SAMtools (v. 1.3.1) (Li et al., 2009) and the CreateSequenceDictionary  command 

from Picard (v. 2.5.0) (Broad Institute, 2016). 

 

Single-end libraries were trimmed of adapters using Trimmomatic (v. 0.36) (Bolger et al., 

2014). Trimmed reads were aligned to the cattle reference genome using the Burrows-

Wheeler Aligner (BWA) (v. 0.7.5) (Li and Durbin, 2009), with the bwa mem  command (Li, 

2013). Aligned records were sorted into coordinate order and converted into Binary 

Alignment Map (BAM) format using the samtools sort  command. PCR duplicates 

were removed using the MarkDuplicates  command from Picard (v. 2.5.0) (Broad 

Institute, 2016), by grouping duplicate reads using their 5’ alignment, and only retaining 
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the read with the largest sum of base quality scores. Deduplicated BAM files were 

indexed using the samtools index  command. 

 

4.5.3.2 Variant calling 

For the low-coverage shotgun libraries, pseudo-haploid genotypes were called for each 

sample individually. The pysam library (v. 0.15.0) (Heger and Jacobs, 2018), a Python 

wrapper around htslib (Li et al., 2009), was used to step through each position in each 

BAM file. For each target site, a random read was chosen from all reads that met the 

following conditions: 

• Mapping quality ≥ 30 

• Base quality ≥ 30 

• Distance from read termini > 5 

• Base belongs to one of the two ascertained alleles at that site 

 

Alleles were ascertained from either the BovineSNP50v1 or BovineHD arrays. All 

pseudo-haploid calls which passed these conditions were converted into BED format 

using the PLINK (v. 1.90) software package (Chang et al., 2015). 

 

Table 4.2 Sequencing depth and number of intersecting SNPs per array 

Sample Population Mean DoC (≥ q30) BovineSNP50 BovineHD 

AL2002 SOC 0.1406 1,294 26,187 

AL2003 SOC 0.0842 792 15,266 

AL2004 SOC 1.6480 6,595 134,013 

AL2007 OMN 0.1600 1,351 28,011 

AL2008 OMN 0.0926 893 17,999 

 

4.5.3.3 Combined datasets 

The low-coverage shotgun dataset was intersected and merged with the BovineSNP50 

and BovineHD reference panels using the plink --merge-list  command. Any sites 
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which were polyallelic in the merged dataset were dropped from further processing. 

The cattle recombination map (Ma et al., 05-Nov-2015) was downloaded from the Dryad 

database (Ma et al., 2015), and used to annotate the combined datasets with the plink  

--cm-map  command. 

 

Table 4.3 Summary of combined modern datasets 

Reference panel Populations Samples SNPs Genotyping Rate 

Bovine50kMerged 59 1,361 52,870 0.97 

BovineHDMerged 70 798 736,071 0.86 

 

4.5.3.4 Genotyping rates 

The reference panels were filtered for only high quality sites, using the plink --make-

bed  command and the following flags: 

• Maximum missing per-sample 30% ( --mind 0.70 ) 

• Maximum missing per-variant 65% ( --geno 0.35 ) 

• Minimum minor allele frequency 1% ( --maf 0.01 ) 
 

4.5.4 Neighbour-joining tree 

A neighbour-joining phylogenetic tree (Saitou and Nei, 1987) was constructed using the 

APE package (Paradis and Schliep, 2018) in R, from an identity-by-state (IBS) distance 

matrix made with the plink --distance square 1-ibs  command in PLINK, and 

rooted on the branch leading to the lowland anoa. 

 

4.5.5 Principal component analysis 

Principal component analysis (PCA) was performed using SmartPCA (v. 13050) from the 

EIGENSOFT software package (Patterson et al., 2006), by first calculating the 

eigenvectors for the reference populations and then projecting the low coverage 

samples on top, using the least squares projection method. PCA scatter plots were 

plotted in R, using the ggplot2 (Wickham, 2016) package. 
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4.5.6 Model-based clustering 

4.5.6.1 ADMIXTURE 

To produce a list of SNPs with high discriminating power, sites under linkage 

disequilibrium were filtered out, using the plink --indep-pairwise  and plink --

extract  workflow in PLINK, with flags specifying a window size of 50 SNPs, a step size 

of 10 SNPs and an r2 ≤ 0.25. Model-based clustering was performed on the resulting 

SNPs, for values of K ranging from 1 to 22 including cross-validation (CV), using the 

ADMIXTURE (v. 1.3.0) software package (Alexander et al., 2009). Admixture components 

were plotted in R, using the ggplot2 (Wickham, 2016) and tess3r (Caye et al., 2018) 

packages. 

 

4.5.7 Admixture graphs 

4.5.7.1 TreeMix 

In order to test the topology suggested by our neighbour-joining tree, an admixture 

graph analyses was performed using the TreeMix (v. 1.13) software package (Pickrell 

and Pritchard, 2012), for values of M ranging from 1 to 10.  

 

4.5.7.2 qpGraph 

Admixture graphs were also fitted using qpBrute (Liu et al., 2019), a python package I 

developed for automatically fitting qpGraph (v. 6050) models (Patterson et al., 2012)  

(code available at https://github.com/ekirving/qpbrute). Given an outgroup with which 

to root the graph, a stepwise addition order algorithm is used for adding leaf nodes to a 

graph. At each step, insertion of a new node is tested at all branches of the graph, except 

the outgroup branch. Where a node cannot be inserted without producing f4 outliers 

(i.e., |Z| ≥ 3) then all possible admixture combinations are also attempted. If a node 

cannot be inserted via either approach, that sub-graph is discarded. If the node is 

successfully inserted, the remaining nodes are recursively inserted into the graph. All 

possible starting node orders are attempted to ensure full coverage of the graph space. 
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For this analysis, only 8 cattle populations were used  (i.e. GIR, NEL, JER, LAG, NDA, SHK, 

SOC and OMN), because the number of possible admixture graphs grows super-

exponentially with each additional population. This process fitted 141,878 unique 

admixture graphs, of which 3,671 graphs left no f4 outliers (i.e., |Z| < 3). This set of 

graphs was filtered to retain only graphs in which SOC was admixed and JER was not 

admixed (based on results from the NJ tree, PCA, ADMIXTURE, and TreeMix analyses). 

This resulted in 156 unique admixture graphs. 
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4.6 Results 

4.6.1 Principal component analysis 

In the principal component analysis for the BovineHD array (see Figure 4.1), PC1 (19.2%) 

separates between the Eurasian and African taurine (Bos taurus) populations on the left, 

and the zebu (Bos indicus) populations on the right. The outgroup species—domestic 

yak (Bos grunniens), Gaur (Bos gaurus) and lowland anoa (Bubalus depressicornis)—

cluster with the zebu cattle, due to the ascertainment bias of the BovineHD array. PC2 

(2.5%) separates between Eurasian taurine in the middle to top, and African taurine at 

the bottom. PC2 is partially dominated by the intra-population variation of Hereford 

cattle (HFD), on the top left, due to the ascertainment bias of the BovineHD array. The 

projected Socotran (SOC) and Dhofari (OMN) populations cluster tightly together, 

nearest to Beefmaster cattle (BMA)—a commercial crossbreed of Eurasian taurine 

(Hereford and Shorthorn) and zebu (Brahman) (Decker et al., 2014). 

 

 
Figure 4.1 Principal Components Analysis (PC1 vs. PC2) of 798 cattle samples (from 70 

populations) based on 736,071 SNPs ascertained using the BovineHD SNP array. All 

Socotran and Dhofari samples were projected. 
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In the principal component analysis for the BovineSNP50 array (see Figure 4.2), PC1 

(10.8%) separates between Eurasian and African taurine (Bos taurus) populations on the 

right, and zebu (Bos indicus) populations on the left. PC2 (5%) separates between African 

taurine at the bottom, and their cline of admixture with zebu cattle (top left). The 

projected Socotran (SOC) and Dhofari (OMN) populations cluster together, closest to 

HFD and BMA.  

 

Despite the low number of callable SNPs for four of the five SOC and OMN samples in 

the BovineSNP50 array, their tight clustering in the projected PCA space suggests that 

the low genotyping rate is not a biasing factor in this analysis. 

 

 
Figure 4.2 Principal Components Analysis (PC1 vs. PC2) of 1,361 cattle samples (from 

59 populations) based on 52,870 SNPs ascertained using the BovineSNP50 SNP array. 

All Socotran and Dhofari samples were projected. 
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4.6.2 Neighbour-joining tree 

In the neighbour-joining tree (see Figure 4.3), the Socotran (AL2002, AL2004 and 

AL2003) and Dhofari (AL2007 and AL2008) samples form a monophyletic clade to the 

exclusion of all other sampled populations; with the two Dhofari samples nested inside 

the variation of the three Socotran samples. The branch leading to the Socotran and 

Dhofari samples sits intermediate between Sheko (SHK), an Ethiopian native breed 

known to be an admixture of African taurine and zebu (Bahbahani et al., 2018), and 

Beefmaster (BMA), a commercial crossbreed of Eurasian taurine (Hereford and 

Shorthorn) and zebu (Brahman) (Decker et al., 2014). The long branch length leading to 

the Socotran and Dhofari samples is most likely an artefact of false homozygosity from 

the pseudo-haploid calling. 
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Figure 4.3 Neighbour Joining (NJ) tree built from Identity By State (IBS) matrix of 247 

cattle samples (including 15 populations) based on 736,071 SNPs ascertained using the 

BovineHD SNP array. 
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4.6.3 Model-based clustering 

4.6.3.1 ADMIXTURE 

For the ADMIXTURE analysis (see Figure 4.5), all populations in the BovineHD array were 

used, except for OMN (due to insufficient SNPs) and the outgroup samples. The 

BovineSNP50 array was not used for model-based clustering, due to insufficient SNPs in 

both the SOC and OMN populations. 

 

When K=3, the clustering recapitulates the main split between Eurasian taurine, African 

taurine, and zebu cattle. Both SOC and the British aurochs (AU) are modelled as an 

admixture of Eurasian taurine, African taurine, and zebu like ancestry clusters. SHK is 

modelled as an admixture of African taurine and zebu like ancestry clusters. 

 

When K=12, the clustering shows the population structure within the non-primitive 

Eurasian taurine populations, and within the Eurasian taurine portion of the zebu-

taurine cross populations. SOC and AU continue to be modelled as an admixture of 

Eurasian taurine, African taurine, and zebu like clusters, however, the Eurasian taurine 

cluster is further split into a Hereford (HFD) like cluster and a primitive taurine like 

cluster. Similarly, the zebu like cluster in SHK is split into separate Nelore (NEL) and 

Brahman (BRM) like clusters. 

 

When K=20 (the best fitting K value by cross-validation error; see Figure 4.4), the 

clustering shows further structure within the non-primitive Eurasian taurine 

populations. SOC is modelled as a combination of HFD, SHK and primitive taurine like 

clusters. 
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Figure 4.4 Cross-validation error for ADMIXTURE analysis, K between 1 and 22. K = 20 

has the lowest cross-validation error. 

 

To explore the geographic distribution of population ancestry, the ADMIXTURE clusters 

were interpolated onto a world map showing the sampling locations for each population 

(see Figure 4.6). At K = 6, the regional distinctiveness of the SOC and OMN populations 

are clearly demonstrated, where they cluster with HFD and JER despite being 

geographically very distant. 
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Figure 4.5 ADMIXTURE clusters, for K = 3, 12 and 20, from 788 cattle samples (including 67 populations) based on 236,614 SNPs ascertained 
using the BovineHD SNP array and pruned for LD. Population tiles are shows with a fixed width, regardless of sample size. 
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Figure 4.6 Interpolated map of ADMIXTURE clusters for K = 6, from 798 cattle samples (including 70 populations) based on 236,614 SNPs 
ascertained using the BovineHD SNP array and pruned for LD. Dots represent sampling locations for each population. SOC and OMN 
populations shown as square dots. 
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4.6.4 Admixture graphs 

4.6.4.1 TreeMix 

For the TreeMix analyses, a subset of representative populations from the BovineHD 

array were used. The BovineSNP50 array was not used for the TreeMix analyses, due to 

insufficient callable SNPs in the SOC and OMN populations. 

 

When modelled with no migration branches (see Figure 4.7), the topology of the 

maximum likelihood tree recapitulates that of the neighbour-joining tree, such that the 

SOC and OMN populations form a monophyletic clade, and the branch leading to that 

clade sits intermediate between the admixed populations SHK (African taurine x zebu) 

and BMA (Eurasian taurine x zebu). 

 

When modelled with one migration branch (see Figure 4.8), SHK repositions to join the 

zebu clade with a migration branch from the root of the African taurine populations NDA 

and LAG.  

 

When modelled with two migration branches (see Figure 4.9), the SOC and OMN clade 

receives a migration branch from HFD, with a migration weight of almost 50%. 

 

When modelled with three migration branches (see Figure 4.10), BMA receives a 

migration branch from BRM. This additional migration branch alters the balance of 

admixture into the SOC and OMN clade, causing the clade to reposition to be a sibling 

to HFD with a migration branch from near the split between taurine and zebu cattle. 
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Figure 4.7 Admixture graph with no migration edges and matrix of residuals, expressed as the number of standard errors, inferred using 
TreeMix (based on BovineHD array).  
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Figure 4.8 Admixture graph with one migration edges and matrix of residuals, expressed as the number of standard errors, inferred using 
TreeMix (based on BovineHD array). 
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Figure 4.9 Admixture graph with two migration edges and matrix of residuals, expressed as the number of standard errors, inferred using 
TreeMix (based on BovineHD array). 
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Figure 4.10 Admixture graph with three migration edges and matrix of residuals, expressed as the number of standard errors, inferred using 
TreeMix (based on BovineHD array). 
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4.6.4.2 qpGraph 

For the qpGraph analyses, manual inspection of the 156 admixture graphs revealed that 

the graph topologies differed primarily in the arrangement of the zebu admixture into 

the African taurine clade. In all graphs, LAG and NDA were siblings and received 

admixture from the zebu clade. SHK was always a sibling to the LAG and NDA clade, and 

received a substantially larger portion of admixture from the zebu clade. The models 

differed in whether this admixture happened twice independently into the African 

lineages (see Figure 4.11), or consecutively into the SHK lineage (see Figure 4.12). The 

models also differed in the positioning of the migration branch from the zebu clade (e.g. 

before, between or after the split between GIR and NEL). In all graphs, SOC and OMN 

were siblings, and modelled as an admixture of the taurine lineage—after the split with 

Eurasian but basal to African—and a ghost lineage basal to the split between zebu and 

taurine. 
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Figure 4.11 Admixture graph, inferred using qpGraph, with no f4 outliers (i.e., |Z| < 3), 
based on SNPs from the BovineHD array, showing two independent zebu 
introgressions into African taurine. 
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Figure 4.12 Admixture graph, inferred using qpGraph, with no f4 outliers (i.e., |Z| < 3), 
based on SNPs from the BovineHD array, showing two consecutive zebu introgressions 
into African taurine. 
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4.7 Discussion 

The humpless, dwarf shorthorn cattle of Socotra are unlike any other cattle breed found 

in the neighbouring Horn of Africa or the Arabian Peninsula—except for cattle from the 

Dhofar Mountains, Oman (Cheung et al., 2006). Previous publications have 

hypothesised that Socotran cattle are a relict population of African taurine cattle, free 

from zebu introgression; similar to those still found in West Africa (Cheung et al., 2006; 

Gwynne, 1967).  

 

From the neighbour-joining tree, the PCA, and the TreeMix analyses, it is clear that 

Socotran cattle are very closely related to Dhofari cattle. In the NJ tree, the nesting of 

the Dhofari samples within the clade of the Socotran samples suggests that they are 

drawn from the same geographically dispersed population. Socotra is frequently beset 

with droughts that affect the viability of local cattle populations, and as recently as 1999 

a major drought killed off a large proportion of the cattle on the island (Cheung et al., 

2006). Consequently, it seems likely that there is restocking or trade of cattle between 

Socotra and the Dhofar Mountains. It is already well established that cattle are regularly 

traded between the Horn of Africa and southern Arabia (Di Nardo et al., 2011), and 

therefore evidence of movement between Socotra and the Dhofar Mountains would not 

be surprising. Interestingly, analyses of human mitochondrial diversity in Socotra and 

southern Arabia genetically link the people of Socotra to those of the Dhofar Mountains 

(Al-Abri et al., 2012; Černý et al., 2011, 2009; Gandini et al., 2016). 

 

The hypothesis that Socotran cattle are an unadmixed relict population of taurine cattle, 

free from the widespread introgression of zebu ancestry in the region, is not upheld by 

the analyses performed here. In the NJ tree, the branch leading to the SOC and OMN 

clade sits intermediate between SHK and BMA, two populations known to be admixtures 

of zebu and taurine cattle. This is supported by the BovineHD PCA, in which SOC and 

OMN are located between BMA and SHK in PC1. In PC2, they are located much closer to 

BMA than to SHK, suggesting that the origin of their taurine admixture is Eurasian, rather 

than African. In the BovineSNP50 PCA they are placed between BMA and HFD in PC1, 

and in PC2 they are far closer to zebu than African taurine. 
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It should be noted that the BovineSNP50 has a much stronger Eurasian taurine 

ascertainment bias than the BovineHD array (Utsunomiya et al., 2019), and therefore 

has less power to identify African taurine and zebu ancestry. Nevertheless, the 

BovineSNP50 analysis includes 9 populations of African cattle, all of which are clearly 

distinguishable from the Eurasian and zebu populations, and none are proximal to SOC 

or OMN. 

 

In the ADMIXTURE analysis, K = 3 models SOC as an admixture of a Eurasian taurine like 

cluster, with smaller fractions of African taurine and zebu like clusters. At K = 12, SOC is 

modelled as an admixture of an HFD or JER like cluster, with varied fractions of other 

ancestries. These results are consistent with both the NJ tree and PCA analyses, and 

suggest that SOC and OMN are of primarily Eurasian taurine descent. Contrastingly, at K 

= 20 this changes, and SOC is modelled as an admixture of a primarily SHK like cluster, 

with a substantial HFD or JER like fraction. However, this African ancestry is not 

supported by any of the other analyses. Interestingly, the ADMIXTURE  clustering for the 

ancient British aurochs (AU) shows a similar pattern to SOC, but with different 

proportions of the admixed clusters. In both cases, this may be due to small sample 

sizes, and a lack of other closely related populations. 

 

The Eurasian taurine origin of SOC and OMN is further supported by the TreeMix analysis 

with three migration branches, in which they are a sibling to HFD with a large fraction 

of admixture from basal zebu, just inside the split with the taurine lineage. This 

unexpected topology is supported by the qpGraph analysis, where SOC and OMN are 

modelled as an admixture of the taurine lineage—after the split with JER but basal to 

African—and a ghost lineage basal to the split between zebu and taurine. 

 

Consistent across all analyses are the findings that SOC and OMN have substantial zebu 

ancestry, despite their humpless phenotype. However, the source of their zebu ancestry 

is unclear, as is the origin of their taurine ancestry. 

 



 281 

A recent study of 67 ancient cattle genomes from across the wider Near East revealed a 

sudden influx of zebu ancestry beginning around 4,200 years ago (Verdugo et al., 2019). 

In their PCA analysis, the resulting admixed cattle from the Near East were projected 

into a very similar PCA space to that of SOC and OMN. Furthermore, their qpGraph 

analyses suggest that the zebu introgression into these Near Eastern cattle is basal to all 

modern cattle (mirroring the qpGraph analyses in this study), and that modern zebu 

cattle have introgression from ancient taurine cattle. To resolve the nature of the zebu 

introgression into SOC and OMN, and to resolve the origin of their taurine ancestry, 

future work should consider rerunning these analyses with the ancient cattle from 

Verdugo et al. (2019) to see how those samples affect the inference. Additionally, larger 

reference panels of modern cattle are now available, including more African cattle 

populations genotyped on the BovineHD array, and future work should make use of 

these extra samples. 

 

In summary, Socotran and Dhofari cattle form a single geographically dispersed 

population which is mostly Eurasian taurine in origin, with a unique pattern of admixture 

with zebu and African taurine cattle. However, the origin of these ancestries is unclear, 

and the Socotran and Dhofari samples need to be reanalysed alongside the recently 

published ancient Near Eastern cattle genomes to resolve the evolutionary history of 

this unique breed of cattle. 
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5 Conclusions 

The domestication of plants and animals was one of the most important transformations 

in human prehistory. Much of the literature on animal domestication has focussed on 

livestock species that dominate modern global food economies—i.e., cattle, pigs, sheep, 

and goats. These species were among the earliest animals to be domesticated, and their 

significance throughout history has given rise to a predominance of teleological 

interpretations regarding causality. Domestication has often been posited as the result 

of human intentionality—a deliberate action to solve a problem, or to respond to a novel 

incentive. These directed models of domestication often characterise the process not 

solely by genetic and phenotypic characteristics, but also by population processes such 

as a strong bottlenecks, reproductive isolation, and directed breeding (Marshall et al., 

2014). With the development of high-throughput, or so-called “next generation 

sequencing” (NGS) platforms, in the mid-2000s (Bentley et al., 2008; Margulies et al., 

2005), a wealth of new sequence has data become available to test these assumptions.  

 

5.1 Characterising modern patterns of diversity 

Large studies of genome-wide modern DNA have characterised the global patterns of 

diversity and admixture seen in modern domestic populations—e.g., cattle (Decker et 

al., 2014; Gibbs et al., 2009), sheep (Kijas et al., 2012), goats (Brito et al., 2017; Wang et 

al., 2016), pigs (Ai et al., 2013), horses (McCue et al., 2012; Petersen et al., 2013; 

Schaefer et al., 2017), chickens (Muir et al., 2008; Stainton et al., 2017), and dogs 

(Shannon et al., 2015; vonHoldt et al., 2010). These large modern datasets benefit from 

the relative ease of sampling and low cost of data generation, however, modern 

populations are often a poor proxy for past diversity. 

 

In Chapter 4 of this thesis, modern genome-wide sequence data was analysed from a 

rare breed of humpless, dwarf shorthorn cattle found on the remote island of Socotra. 

The leading hypothesis for their incongruous appearance is that Socotran cattle are a 

relict population of African taurine cattle, free from zebu introgression; like those still 

found in West Africa (Cheung et al., 2006; Gwynne, 1967). The results showed that these 
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regionally incongruous cattle come from a single geographically dispersed population, 

found on the island of Socotra and in the Dhofar Mountains, Oman. In comparison to a 

global reference panel of >1,000 cattle, results showed that this population is unlike any 

other cattle sampled in the region. Admixture analyses revealed that they are 

predominantly Eurasian taurine in ancestry, and contrary to expectations, have only 

partial African taurine ancestry. Furthermore, preliminary evidence suggests possible 

admixture with a basal clade of zebu cattle, previously unseen in modern populations. 

 

Native cattle breeds are being rapidly lost around the world, as globalised food 

production replaces traditional pastoral lifestyles (Mwai et al., 2015). Identifying the 

extant patterns of diversity in regional landraces is an important first step towards 

preserving their unique genetic heritage. 

 

5.2 Introgression and population turnover 

The results presented in this thesis highlights how modern domestic animal genomes 

are often complex palimpsests—containing traces of many different ancestral 

populations—due to successive waves of gene flow over thousands of years. Indeed, 

recent ancient DNA studies have shown that reproductive isolation was much less 

common than previously thought, revealing complex and varied patterns of 

introgression among domestic pigs (Frantz et al., 2019), goats (Daly et al., 2018), cattle 

(Verdugo et al., 2019), horses (Fages et al., 2019), cats (Ottoni et al., 2017), and many 

other species. As people spread outwards from the major centres of domestication, the 

domestic animals that accompanied them frequently interbred with wild populations 

encountered along their routes of dispersal. In many cases, these initial domestic 

populations were later replaced by subsequent waves of migration, or their ancestry 

substantially diluted by protracted introgression from sympatric wild populations (e.g. 

Frantz et al., 2019). 

 

In Chapter 3 of this thesis, the first whole-genome sequence data from ancient North 

American dogs was analysed. The results showed that pre-contact dogs were not 

independently domesticated in the Americas, although they do contain introgression 
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from North American wolves. Dogs likely arrived in the Americas accompanying humans 

during the peopling of the continent, from a source population of Arctic dogs originating 

in Eastern Siberia. Following the arrival of European colonists, pre-contact dogs were 

quickly replaced by European dogs, and have left almost no genetic legacy in modern 

populations. Indeed, no detectable traces of pre-contact ancestry was found in >100 

village dogs from South America or in putatively “native” breeds (e.g., hairless dogs and 

Catahoulas). Surprisingly, the most closely related living organisms to these pre-contact 

dogs is not a dog, but is instead an 8,000-year-old contagious cancer clone, known as 

Canine Transmissible Venereal Tumour (CTVT). These findings were published in the 

journal Science. 

 

5.3 Ancient DNA time-series 

These results demonstrate how ancient DNA can resolve big questions about the origins 

of domestic populations, and reveal population turnovers or replacements that are 

otherwise undetectable with modern DNA alone. As the field of palaeogenomics 

progresses, and the sizes of the aDNA datasets increase, broad-brush studies of 

continental scale population movements are on the wane, and the field is beginning to 

address more complex and fine-grained questions, such as the strength and timing of 

selection for polygenic traits. Recent publications on the evolutionary history of goats 

(Daly et al., 2018), horses (Fages et al., 2019) and cattle (Verdugo et al., 2019) have, for 

the first time, produced time-series datasets of sufficient depth and density that we can 

now begin to directly observe fine scale evolutionary processes like selection. 

 

Understanding the process of natural selection is one of the defining problems of 

evolutionary biology, and many methods have been developed to infer selection from 

the indirect patterns that they leave in modern genomes. By analysing wild and 

domestic animal genomes for segregating signatures of selection, previous studies have 

identified hundreds of soft sweep loci, putatively associated with domestication. These 

analyses have been formative in establishing an empirical model of animal 

domestication that is highly polygenic; involving subtle shifts in the allele frequencies of 

variants at hundreds of loci, each with low effect size. Very few fixed derived genetic 
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variants have been identified in domestic populations, and none have been associated 

with important functional effects. In short, empirical data has shown that animal 

domestication did not occur through strong selection on common variants with large 

effect sizes, and so-called ‘domestication genes’ do not exist. 

 

Genome-wide association studies (GWAS) have also been pivotal in revealing the highly 

polygenic nature of quantitative traits underlying domestic phenotypes. The 

development of cost-effective medium and high density SNP arrays, coupled with 

statistical imputation techniques, have made GWAS for quantitative traits in domestic 

livestock increasingly commonplace. For the first time, we now have both large 

databases of GWAS trait associations and ancient DNA datasets of sufficient resolution 

to track the allele frequency changes in those variants. 

 

In Chapter 2 of this thesis, an ancient DNA time-series analysis of selection for 

quantitative traits in cattle and horses was performed. Using a Bayesian modelling 

approach, the allele frequency trajectories of thousands of GWAS variants was 

reconstructed, along with estimates of the age of the allele under selection, and the 

selection coefficients for hundreds of polygenic traits. Technical issues with the MCMC 

model convergence confounded much of the analyses, however, detailed 

recommendations for improvements to the computational modelling software were 

made. 

 

5.4 Future perspectives 

5.4.1 Larger sample sizes  

A decade ago, ancient DNA studies of animal domestication were focused on the 

retrieval of a single gene locus from few ancient samples. Now, studies involving 

genome-wide data from tens (Daly et al., 2018; Frantz et al., 2019; Verdugo et al., 2019) 

or even hundreds (Fages et al., 2019) of ancient domestic animals are being published, 

and in the future larger studies with thousands of samples are likely to become common. 
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These increases in sample size have been driven by both technological and 

methodological improvements. For example, the cost of sequencing has fallen 

dramatically, as each new generation of sequencing platform has increased overall 

throughput. Endogenous aDNA yields have also increased, because of an improved 

understanding of DNA preservation in different skeletal elements—especially petrous 

bones and tooth cementum (Hansen et al., 2017). Additionally, improvements in 

extraction protocols (e.g. Rohland et al., 2018) and single-stranded DNA library 

preparation (e.g. Gansauge et al., 2017) are pushing the boundaries of aDNA recovery. 

 

5.4.2 Computational advancements 

As both ancient and modern datasets grow in size, they are creating computational 

bottlenecks which prevents their information content from being exploited to its full 

potential. For example, in Chapter 2 of this thesis, 250,000 CPU hours (28.5 years) were 

expended on computing the MCMC chains, and only a fraction of the total GWAS 

associations for cattle were modelled. 

 

Most computational methods designed for use directly on whole-genome data can only 

handle small sample sizes. Methods that can accommodate large sample sizes often 

sacrifice precision and accuracy by using computational approximations, or by operating 

on summary statistics. The potential of ancestral recombination graphs (ARGs) (Griffiths 

and Marjoram, 1996) to fully characterise the genealogical history of a set of samples, 

has long been recognised. Until recently, the most accurate method for inferring ARGs 

could only scale to a few dozen samples (Rasmussen et al., 2014). This has now changed 

dramatically with the publication of two new methods, which can accurately infer ARGs 

for thousands (Speidel et al., 2019) and hundreds of thousands (Kelleher et al., 2019) of 

samples.  

 

Currently, no ARG inference methods are designed to specifically accommodate ancient 

DNA, however, these features are under active development. Once these new methods 

become available, the potential for palaeogenomics is hard to overstate. Many ancient 

DNA samples have both direct radiocarbon dates and GPS coordinates, which would 
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allow inference of population genetic parameters across both space and time. The 

ability of infer demography, migration and selection within an explicit temporal and 

geographic framework would be transformational for the study of evolutionary biology 

in general, and animal domestication, in particular. 

 

5.4.3 Multidisciplinary perspectives 

Larger sample sizes and better computational methods are not, in and of themselves, a 

panacea for all questions related the domestication of animals. Palaeogenomics can tell 

us much about the ancestry of domestic animal populations, and identify which genetic 

variants increased in frequency over time, however, these topics are often tangential to 

the questions of direct interest to archaeologists.  

 

What social, ecological and economic factors were involved in the emergence of animal 

domestication? What subsequent processes led to the adoption of agriculture? Why did 

agricultural lifestyles lag behind the emergence of domestication? Are there unifying 

theoretical models which can explain the diversity of causal factors leading to animal 

domestication? How did the resulting mutualism between people and their 

domesticates influence human culture and our relationship to the natural word? 

 

Palaeogenomic approaches to domestication can assist in addressing such questions, 

but only when genetic perspectives are integrated into a broader multidisciplinary 

synthesis. A widespread criticism of paleogenomic research has been its perceived 

scientific chauvinism, in which genetic evidence is seen to be privileged above all other 

sources. Animal domestication involves much more than just the phenotypic expression 

of genetic traits, and tracing its origins requires an understanding of the broader cultural 

context in which the relationship developed. 

 

5.4.4 Detailed transects  

One avenue for achieving better multidisciplinarity would be to conduct fine-scale 

paleogenomic studies of domestic animal remains from sites which have already been 
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well-studied archaeologically. For example, the site of Çatalhöyük (Turkey) was occupied 

for ~1,500 years during the Neolithic and Chalcolithic, and the long running excavations 

there have produced an exemplary zooarchaeological record. By conducting 

paleogenomic analyses on such a collection, observations of genetic changes over time 

could be jointly interpreted alongside the extensive archaeological evidence. 

 

Another promising direction for future animal domestication research is to survey the 

historical and archaeological records to identify the timing of shifts in the management 

and manipulation of domestic species, and to establish when people first began to make 

use of specialised material culture (e.g. rabbit hutches, pigeon dovecotes, horse bridles, 

etc.) to actively manage and adapt domestic animals to a human niche. We know these 

interventions had a dramatic effect on the physiology, behaviour and reproductive traits 

of domestic animals, as efforts to force wild animals to reproduce in captivity frequently 

fail. By obtaining ancient DNA from dated and contextualised archaeological remains, it 

would be possible to establish which genes were under selection during these pivotal 

changes in the domestic relationship. Such data would reveal much about the way in 

which changes in technology, and social, economic and religious practices have shaped 

the genomes of our pets and livestock. 

 

The pace of change in palaeogenomics is showing no signs of abatement, and the rapid 

increase in ancient sequence data holds the potential to greatly expand our 

understanding of both animal domestication and the underlying genomic architecture 

of complex traits. However, the greatest potential for new insights are to be had when 

palaeogenomic data is interpreted in conjunction with historical and archaeological 

evidence. 
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6 Appendix 

In addition to the research presented in the main body of this thesis, I also contributed 

to other research projects throughout my doctoral studies. The following are a selection 

of the published co-authored papers I have contributed to. 

A. Rabbits and the Specious Origins of Domestication 

In this paper, based on my MSc project, I led the historical research, performed all the 

computational analyses, and wrote the manuscript. 
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B. Synchronous diversification of Sulawesi's iconic artiodactyls driven by recent 

geological events 

In this paper, I led the spatial analysis of the mitochondrial and microsatellite data from 

the babirusa (Babyrousa spp.), Sulawesi warty pig (Sus celebensis) and anoa (Bubalus 

spp.); see Figure 4. 
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C. Genomic analysis on pygmy hog reveals extensive interbreeding during wild 

boar expansion 

In this paper, I lead the qpGraph analysis of the pygmy hog data, and developed a Python 

package for automating the fitting of qpGraph models and comparison of the fitted 

models by computing their Bayes factors with the R package admixturegraph. 
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D. Ancient pigs reveal a near-complete genomic turnover following their 

introduction to Europe 

In this paper, I assisted in the spatial modelling of the ancient and modern pig data (see 

Figure 1), and assisted in the phylogenetic analyses of the selective sweep loci. 
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