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Abstract 

 
The domestic dog was probably the first domesticated animal, and the only one to spread to all 

continents in ancient times. The dog is one of the most phenotypically diverse animals, a result 

of human selection throughout dog history. Studies of the genetic origins and early spread of 

domestic dogs is important to gather information about biological and cultural mechanisms 

behind domestication but also to investigate early human history. The step from a hunter and 

gatherer lifestyle to farming is one of the most important steps in human history. In this thesis I 

will present work aimed at understanding both domestic dog origins and dispersal. In order to 

be able to investigate dog origins based on a second haploid chromosome we identified 14,437 

bp of Y-chromosomal DNA sequence. Based on this we show that dogs in Asia south of 

Yangtze River (ASY) has the highest genetic diversity and was founded from a large number of 

wolf founders confirming earlier mtDNA results. Early dog dispersal is tightly coupled to 

human history with the dog brought along as a cultural item. We have for the first time 

investigated the dog dispersal into Polynesia and Australia and our data can be used as evidence 

for a more complex settlement of Polynesia than earlier indicated from archaeological and 

linguistic studies. Analysis of Y-chromosome SNPs in Australian dingoes confirms earlier 

mtDNA genetic studies that the dingo is part of the domestic dog phylogeny and was founded 

from a small population of domestic dogs. We have also for the first time investigated the dog 

population on Madagascar and our data strongly indicates a mainland African origin for the 

Madagascan dogs. Finally, we have investigated the American dog population sampled from 

throughout the continent and also for the first time included putative indigenous breed dogs 

such as Chihuahua and Pero Sín Pelo del Peru, and the free-ranging Carolina dogs from 

southern USA. Our data clearly indicates a primarily Old World origin for the indigenous breed 

dogs and also for the free-ranging Carolina dogs in USA. We can also for the first time present 

evidence for continuity between the ancient and extant dog population with e.g. exclusive 

sharing of a haplotype between a modern sample of Chihuahua and an ancient Mexican sample. 
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1 BACKGROUND 

 

1.1 Introduction   

The domestic dog (Canis familiaris) is one of our most beloved animals. The 

Fédération Cynologique Internationale currently recognizes 343 breeds sorted into 10 

different breed groups, based on the breeds morphological appearance or special utility 

(Fédération Cynologique Internationale).  

 

The dog is unique among our domestic animals in their exceptional variation with dogs 

as morphologically different as Great Dane and Chihuahua which differ nearly 40-fold 

in size (Parker, Shearin and Ostrander 2010). The domestic dog is also unique in its 

many different uses, compared to other domestic animals having only a few specific 

uses. For example, dogs are used as assistants to disabled people, by police to find 

missing persons or illegal substances, by hunters to track down prey, by the military to 

find land mines, or they are used as sled dogs, as guards or to herd flocks of sheep or 

even as a source of food. Beyond all these qualities they are also our loyal companions 

and are treated as family members.  

 

There is evidence, both archaeological and genetic, that the dog was one of the first or 

possibly the first animal to be domesticated thousands of years before the transition 

from a hunter and gatherer to an agricultural lifestyle (Savolainen et al. 2002, Pang et 

al. 2009, Dayan 1994, Clutton-Brock 1995, Chaix 2000). Other domesticates emerged 

later, from approximately 10,000 years ago to the present day. At 10,000 years ago the 

dog was already domesticated and had started to spread around the world. The dog is 

also unique among domesticates in being the only animal which accompanied humans 

to all continents in ancient time.  

 

However, where and when the dog was domesticated and whether it was domesticated 

from a single wolf population or from multiple populations is debated. 

 

Archaeological and genetic studies tend to give different answers to these questions. 

Also different genetic studies do not agree on these questions; see for example (Pang et 

al. 2009) and (Vonholdt et al. 2010). Within the past 35 years major leaps in the field of 

molecular biology has made it possible to read the genetic code (Sanger, Nicklen and 
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Coulson 1977, Sanger 1988) and to copy specific segments of DNA (Saiki et al. 1985, 

Mullis and Faloona 1987). The development of these techniques and their use have 

made it possible to investigate DNA to trace domestication events and subsequent 

spread of domesticates. 

 

In this thesis I will investigate the origin and early spread of the domestic dog using 

data obtained from dog mtDNA and Y-chromosome DNA.  

 

The analysis of Y-chromosome DNA sequence in domestic dog agree with data 

obtained from earlier studies of mtDNA (Savolainen et al. 2002, Pang et al. 2009) 

indicating a single origin in Asia South of Yangtze River (ASY) from numerous wolves 

(paper I, paper II). Investigation of mtDNA in Australian dingoes, ancient Polynesian 

dogs and the extant dog population in Island Southeast Asia (ISEA) indicates an 

introduction route for dingoes and Polynesian dogs through ISEA (paper III). Y-

chromosome SNP analysis in Australian dingoes indicates an ancestry from few 

domestic dog founders (paper IV) in agreement with mtDNA data (Savolainen et al. 

2004). Investigation of mtDNA in the dog population of Madagascar indicates a largely 

mainland African origin for Madagascan dogs (paper V) and the mtDNA in the extant 

American dog population indicates an Old World origin and also continuity between 

the ancient and extant dog populations (paper VI).  

 

1.2 From wolf/coyote to dog 

Morphological, behavioral and genetic evidence clearly indicates an origin of the 

domestic dog from wolves (Clutton-Brock 1995, Wayne 1993, Vilà et al. 1997). 

 

The lineages leading to coyote and wolf split from their common ancestor 1.5-4.5 

Million years ago (MYA) according to fossil evidence (Nowak 2003, Tedford, Wang 

and Taylor 2009). After the split between coyotes and wolves on the North American 

continent one branch led to modern day coyotes (Canis latrans) and the other one led to 

modern day wolves (Canis lupus) (Nowak 2003). 

 

A closer look at the branch leading to modern wolf suggests that the branch split again 

with one branch evolving in America and leading to the dire wolf, a large variant of 

wolf which later became extinct (Nowak 2003), and the other branch evolving in the 
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Old World leading to the modern day gray wolves (Nowak 2003) . The modern gray 

wolf seems to have repopulated the American continent less than 130,000 years ago 

(Nowak 2003). 

 

The physical appearance of wolves in different regions and echological niches varies 

extensively (Nowak 1996). For example the Eurasian wolf (Canis lupus lupus) weighs 

between 32-80 kg while the Chinese wolf (Canis lupus chanco) is much smaller, rarely 

exceeding 45kg in weight (Heptner et al. 1967) .  

 

1.3 The fossil record 

Before the advent of molecular techniques the only means of studying dog 

domestication was through the fossil record. 

 

Archaeological researchers use both metric and non-metric observations in fossilized 

bones from excavated material to distinguish between dogs and other canid species. 

Also, the material excavated is usually radiocarbon dated. Dating of archaeological 

material can be made either directly on the fossilized bones or indirectly by association 

to a cultural layer or radiocarbon dating of the layer. Obviously, direct dating on the 

specimen is preferred since objects can be transferred between different layers in an 

archaeological site (Clutton-Brock 1995). 

 

For a long time the oldest specimen identified as a domestic dog was the Bonn-

Oberkassel dog (Nobis 1979, Street 2002), based on a single jaw fragment which was 

radiocarbon dated at 14,000 years ago. Other old dog specimens have been excavated 

in Israel from the Natufian sites of Ein Mallah and Hayonim terrace dated at 

approximately 11,500 years ago (Davis and Valla 1978, Tchernov and Valla 1997, 

Dayan 1994) . Recently a cranial fragment and a tooth identified as domestic dog were 

detected in material from Kesslerloch cave, Switzerland and dated at 14,100-14,600 

years ago (Napierala and Uerpmann 2010). 

 

Recently, canid remains excavated in Eliseevichi I, Russia, radiocarbon dated at 

13,000-17,000 years ago (Sablin and Khlopachev 2002) , Goyet, Belgium, 31,700 years 

BP (Germonpré et al. 2009), and  Razboinichya cave, Siberia, 33,000 years ago 

(Ovodov et al. 2011) have been reported. This means that the earliest findings of 



 

4 

domestic dogs can be pushed back approximately 19,000 years. However, the status of 

these canids is not entirely clear and archaeologists have contested some of the findings 

(Napierala and Uerpmann 2010, Pionnier-Capitan et al. 2011, Wang and Tedford 

2008). Therefore, the earliest reasonably firm evidence for domestic dogs is about 

14,000 years old and is found on the European continent (Napierala and Uerpmann 

2010). However, Europe and SW Asia are well investigated while other areas such as 

the southern part of China remains relatively poorly investigated, and therefore early 

domestic dogs might remain undetected in underrepresented areas.  

 

An origin of dogs in China earlier than 10,000 years BP has been suggested (Underhill 

1997). However, the morphological features of the putative dog are not presented and 

the dating is not entirely reliable. An interesting trait shared between dogs and Chinese 

wolves is the “turned back” apex of the coronoid process of the ascending ramus. This 

might be an indication that the domestic dog has an ancestry from Chinese wolves 

(Olsen and Olsen 1977). However, data for the occurrence of the trait in a world-wide 

collection of domestic dogs was not presented. 

 

Except for the earlier mentioned bias in the fossil record, another problem with the 

fossil record is the preservation of ancient material which is largely dependent on soil 

conditions and humidity in the environment, with humid environment and acidic soils 

degrading ancient specimens. 

 

Another obvious problem is how to distinguish between wolf and dog remains in 

archaeological excavations. This problem has led to debates among archaeologists (see 

below). Except for a diminution in size, some other traits usually used to distinguish 

between wolves and dog are shortened snout and mandibles, crowded teeth, increased 

snout width to length ratio and smaller carnassial teeth (Clutton-Brock 1995, Musil 

2000, Raisor 2005). However, crowding of teeth has also been detected in wolves 

(Musil 2000). Also, differences in size might be an effect of climatic oscillations, a 

phenomenon called the Bergmann rule (Dayan 1994), or sexual dimorphism (Musil 

2000). 
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1.3.1 Europe  

For a long time the earliest dated archaeologically excavated dog remains from the 

European continent was a single mandible from Bonn-Oberkassel in Germany, 

radiocarbon dated at 14,000 years ago (Nobis 1979, Street 2002). Measurements of the 

mandible indicates that it is different from a wolf mandible. 

Recently during a reexamination of faunal remains from the Kesslerloch cave, 

Switzerland, dog remains were found and a single maxilla fragment was radiocarbon 

dated at 14,100-14,600 years ago, the earliest reasonably firm evidence for dogs on the 

European continent (Napierala and Uerpmann 2010). The body size and the teeth from 

the specimen are significantly smaller than among wolves (Napierala and Uerpmann 

2010).  

 

Other early canid remains on the European continent have been excavated in France, 

St. Thibaud, dated at 10,050 ±100 years BP (Chaix 2000) and numerous small canid 

remains in northern and southern France, dating between approximately 11,500-15,000 

years ago based on dating of layers associated with the dog remains (Pionnier-Capitan 

et al. 2011). One of the small canids was directly dated at 12,451-12,952 years ago. The 

canid remains were claimed to be early dogs based on measurements of the bones 

clearly falling below the size variation among extant and ancient European wolves 

(Pionnier-Capitan et al. 2011). 

 

Recently, some very old canid specimens have been reported (Germonpré et al. 2009, 

Ovodov et al. 2011, Sablin and Khlopachev 2002). These canids have been excavated 

in Eliseevichi (Russia), dated at 13,000-17,000 years BP (Sablin and Khlopachev 

2002); Goyet (Belgium), the oldest skull dated at approximately 31,700 years BP 

(Germonpré et al. 2009) and Razboinichya cave in Siberia, directly dated at skull and 

mandible to an average age of 33000 years ago (Ovodov et al. 2011).  

 

However, the findings from Eliseevichi and Goyet consisted of large wolf-like 

specimens, and have been contested by other archaeologists (Napierala and Uerpmann 

2010, Pionnier-Capitan et al. 2011, Wang and Tedford 2008). The canids from Goyet  

are identified as dogs based on the resemblance with specimens from Eliseevichi I, 

having short and broad snouts but being large and wolf like and also having wolf sized 

teeth. According to (Napierala and Uerpmann 2010) there are no indications that the 

canids from Eliseevichi I are dogs and analysis shows that these canids fit well into the 
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size variability of wolf teeth and these can therefore not be used as reference for other 

findings of early dogs such as the Goyet findings (Napierala and Uerpmann 2010). 

According to Napierala and Uerpmann (2010) the shorter and broader snout of the 

canids can be an effect of changes in predator-prey relations, where a shorter and 

therefore stronger snout is favored if the prey becomes larger (Napierala and Uerpmann 

2010). The dog from Razboinichya cave has a short snout and the coronoid process of 

the mandible has a hooked profile but the tooth crowding index is wolflike and the 

carnassial tooth size is within the modern and ancient wolf size interval (Ovodov et al. 

2011). The authors suggest that this is an early dog that became extinct and did not 

contribute to the contemporary dog population (Ovodov et al. 2011). 

 

1.3.2 South west Asia  

The earliest dated canid remains supposedly from dog in SW Asia have been excavated 

in northern Israel (Davis and Valla 1978, Dayan 1994, Tchernov and Valla 1997) and 

dated at approximately 11,500 years ago. The remains have been classified as dogs 

based on their short snout, small carnassials and overall small size.  

 

1.3.3 East Asia 

The earliest remains excavated in East Asia supposedly from dog were found in 

northern China and dated older than 10,000 years before present (BP). However, the 

dating is not calibrated and the morphological features of the dog not presented 

(Underhill 1997). 

 

The earliest well described dog remains in China has been dated at approximately 

7,000 years BP and were excavated in the northern part of China (Olsen and Olsen 

1977) . The oldest dog remains from Asia South of Yangtze River (ASY) have been 

excavated at the site of Hemudu. This site was occupied 6,500-7,000 years BP by rice 

cultivators (Underhill 1997). Archaeological remains show that the domestic dog was 

established along the gulf of Thailand 4,000 years ago (Higham 1996) . The 

introduction of the domestic dog to SE Asia could possibly be connected with the 

spread of rice agriculture from China about 4,000-5,000 years ago (Bellwood 2011). 

Domestic dog appears in the archaeological record of Island Southeast Asia 

approximately 3,000 years BP, from remains excavated in the Uattamdi cave in 

northern Molluccas (Bellwood 1997, Bellwood 2005). 
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1.3.4 Australia and the Pacific Islands 

The earliest substantiated evidence for dingoes on the Australian continent comes from 

remains excavated in the south part of the continent dated at approximately 3,500 years 

ago (Milham and Thompson 1976, Gollan 1984). Geological investigations have shown 

that the island of Tasmania was separated from the Australian continent 12,000 years 

ago (Gollan 1984). The absence of dingo remains from Tasmania makes an 

introduction of dingoes between 3,500 and 12,000 years ago plausible. The dog was 

introduced to the Pacific islands relatively recently in connection with the first human 

populations reaching the islands. Indisputable evidence for dogs in Polynesia appears in 

the archaeological record from 2,000 years ago (Matisoo-Smith 2007). 

 

1.3.5 America 

The formerly claimed earliest dated dog remains on the North American continent was 

excavated in Jaguar cave, Idaho, and radiocarbon dated at 10,370 years BP  (Raisor 

2005). The maxillary and mandibular fragments from the remains were metrically 

between wolves and coyotes (Raisor 2005). However, a reexamination of the dog 

remains dating directly on the bones, revealed a much more recent dating than 

previously estimated; the maxilla was dated at 3,200 ± 80 BP and the mandible to 940 

± 80 BP (Clutton-Brock 1995, Raisor 2005).  

 

Excavations at the Koster site in Illinois have resulted in three complete adult canids 

categorized as dogs, based on their wide palates and cranial vaults and crowding of 

teeth (Morey and Wiant 1992). The site has been radiocarbon dated at 8,130 ± 90 BP – 

8,480 ± 110 BP (Morey and Wiant 1992). The Koster site has received special attention 

since the dogs seem to have been intentionally buried by humans and thus indicating a 

close relationship between dogs and humans (Morey and Wiant 1992, Raisor 2005). 

The earliest putative dog remains from South America were excavated in Ecuador and 

dated at approximately 5,100 BP (Raisor 2005). No dog remains older than 3500 BP 

have been excavated elsewhere in South America (Raisor 2005).  

 

Importantly, no dog remains older than remains found in the Old World have been 

excavated and thus an Old World origin for New World dogs seems most probable 

(Raisor 2005). 
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1.4 Domestication  

Farming and domestication of plants and animals is perhaps one of the most important 

“inventions” in human history. The consequence of farming led to a surplus of food and 

spare time which ultimately generated armies, experts and kings and the evolution of 

complex societies. Numerous studies have tried to unravel the history of plant and 

animal domestication. 

 

A domesticated species is defined by Jared Diamond as: “a species bred in captivity 

and thereby modified from its wild ancestors in ways making it more useful to humans 

who control its reproduction and (in the case of animals) its food supply” (Diamond 

2002). 

 

Domestication of plants and animals started almost simultaneously in the Fertile 

Crescent and north and south China approximately 10,000 – 13,000 years ago 

(Diamond 2002, Zeder 2008). 

 

Why domestication arose at this time is not totally clear but an increase in competition 

between humans, new technologies for food collection and extinction of big game prey 

animals has been suggested (Diamond 2002). The first steps towards domestication 

must have been unintentional since knowledge about the outcome of domestication was 

unknown (Diamond 2002). 

 

Farmers and their associated cultures then spread rapidly from their homelands into 

surrounding areas either through expansion of farmer populations into hunter and 

gatherer regions, resulting in admixture or replacement of human genes and culture, or 

through transfer of ideas and technology (Diamond 2002, Zeder 2008, Diamond and 

Bellwood 2003). 

 

The first domestication of wolves must have involved selection for tameness and 

manageability. Possibly wolves gathered around human camps in search for food, and 

the animals least fearful towards humans and being manageable in size were the ones 

being “domesticated” (Crockford 2000). 

 



 

  9 

A long going experiment on domestication of foxes has shown that extreme selection 

for tameness can create foxes showing a domesticated behavior compared to wild foxes 

within 10 generations (Trut, Plyusnina and Oskina 2004, Trut, Oskina and Kharlamova 

2009). Also other traits typical to domestic animals, especially dog like traits, are 

detected within a few generations such as spotted coat colour, floppy ears and curly tail, 

and in later generations also craniological changes (Trut et al. 2004, Trut et al. 2009). 

This suggests that the same genes selected for by tameness are linked to genes 

controlling development leading to the phenotypic variation detected (Trut et al. 2004, 

Trut et al. 2009). 

 

A study of the entire mitochondrial genome in dog, wolf and coyote has indicated that 

the accumulation of nonsynonomous mutations in dog lineages has been faster than 

among wolf lineages (Björnerfeldt, Webster and Vilà 2006). The accumulation has 

been interpreted as a relaxation of selection following the domestication of dog 

(Björnerfeldt et al. 2006). 

 

In the following sections I will mention a few genetic studies of some of our most 

important domestic animals; goat, sheep, cattle, chicken, pig and horse. Dogs will be 

discussed in a later section. 

 

1.4.1 Goat 

Early mtDNA (see section 7 for more information on mtDNA) studies of domestic 

goats suggested that goats were domesticated in at least two geographically separate 

regions (Luikart et al. 2001). Luikart et al. (2001) detected three divergent clusters A, B 

and C among goats of which A was widespread and found in domestic goats from all 

over the Old World, while the two other clusters were geographically restricted B to 

Asia and C to Mongolia, Switzerland and Slovenia (Luikart et al. 2001). This was 

interpreted to suggest at least two domestication centers for domestic goats, one early in 

the Fertile Crescent and one later in Asia (Luikart et al. 2001). However, the possibility 

that the smaller clusters could be due to introgression of wild species was mentioned 

(Luikart et al. 2001). Later mtDNA studies have revealed that the world goat mtDNA 

gene pool actually consists of 6 divergent clusters with the majority of samples 

belonging to haplogroup A (Naderi et al. 2007). In a study using the Bezoar as a 

representative for wild goat populations of the Holocene, all previously detected 

domestic goat haplogroups were found in the Bezoar population (Naderi et al. 2008). 
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Haplotype sharing between domestic goat and Bezoar and the genetic distribution of 

Bezoar haplogroups suggested an origin in Eastern Anatolia for haplogroup A and C. 

The rest of the haplogroups are probably an effect of introgression of wild lineages. 

 

1.4.2 Sheep  

Evidence from mtDNA studies of domestic and wild sheep initially suggested multiple 

domestication events for domestic sheep (Hiendleder et al. 2002, Pedrosa et al. 2005).  

 

A later study suggests that two haplogroups expanded at approximately the same time 

from a Near Eastern homeland (Tapio et al. 2006) with two other haplogroups being 

later introgressions of wild sheep into the domestic stock (Tapio et al. 2006). Analysis 

of a longer region of the mtDNA genome has revealed an additional haplogroup giving 

totally five in domestic sheep (Meadows et al. 2007).  

 

With the two largest haplogroups emerging approximately simultaneously in the Near 

East together with archaeological evidence and the restricted geographic distribution of 

other sheep haplogroups a single origin for the domestic sheep in the Near east from a 

large wild population, with later introgression of wild lineages, cannot be excluded. 

 

1.4.3 Cattle 

mtDNA studies indicates multiple domestication of cattle with two centers of origin, 

one in the Fertile Crescent and one in the Indus Valley (Ajmone-Marsan et al. 2010). 

The highest genetic diversity of Taurine cattle in the Fertile Crescent suggests an origin 

there with subsequent spread to Europe (Anderung et al. 2005, Troy et al. 2001). The 

highest mtDNA genetic diversity for the Zebu cattle is detected in the northern part of 

India indicating an origin for Zebu cattle in this area (Chen et al. 2010). Obviously, 

there were two different domestication events for cattle from two different subspecies 

of the wild ancestor. 

  

1.4.4 Chicken 

Multiple maternal origins and separate domestication events in Southeast Asia and the 

Indus valley have been proposed by mtDNA studies (Tixier-Boichard, Bed'hom and 

Rognon 2011). In a study of 834 domestic chickens sampled throughout Eurasia it was 

revealed that the chickens clustered in eight divergent clades (Liu et al. 2006). Three of 
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the clades were distributed throughout the Eurasian continent while the rest of the 

clades were restricted to South or Southeast Asia (Liu et al. 2006).  

 

1.4.5 Pig  

Studies of mtDNA in domestic pigs and wild boars from Europe and Asia, revaled two 

distinct mtDNA pig clades, one clade containing wild boars from Europe and Israel and 

the majority of European domestic pigs and another, Asian, clade consisting of Asian 

wild boars and Asian domesticates and some European domestic pigs. This was 

interpreted as at least two separate domestications, one in Asia and one in Europe 

(Giuffra et al. 2000). An extended study of mtDNA in wild and domestic pig sampled 

throughout Eurasia revealed several wildboar mtDNA clades throughout the continent 

(Larson et al. 2005). Most of the clades consisted of both domestic pigs and local wild 

pigs and was interpreted as multiple local domestications of pigs throughout Eurasia 

(Larson et al. 2005). However, the occurrence of geographically restricted clades 

among the domestic pigs can also be an indication of introgression of wild boar into an 

already domesticated population, similar to clade D and F in domestic dog (Pang et al. 

2009, Klütsch et al. 2011, Ardalan et al. 2011, Ishiguro, Inoshima and Shigehara 2009). 

 

1.4.6 Horse 

Studies of mtDNA control region sequences in wild and domestic horses indicates 

multiple maternal origins (Vilà et al. 2001) from at least 77 breeding mares (Jansen et 

al. 2002). Complete sequencing of the domestic and wild horse mtDNA in samples 

from throughout the world reveals 18 major haplogroups in horses of which one 

haplogroup was restricted to wild horses (Achilli et al. 2012). The highest haplogroup 

variation was detected in Asia with representation of all haplogroups (Achilli et al. 

2012), thus indicating Asia as a center for domestication of horses. The high diversity 

of horse matrilines is not reflected by Y-chromosome studies. A study of 14.3 kb of Y-

chromosome sequence in 52 horses did not reveal a single SNP. Thus all horses shared 

a single haplotype (Lindgren et al. 2004). This pattern could be explained by a sex-bias 

in the breeding practices of domestic horses and a generally low Y-chromosome 

diversity in pre-domesticated horses or a single origin of horses with extensive 

introgression of matrilineages after domestication (Lindgren et al. 2004). Recently, a 

study of ancient wild and domestic horses detected a high Y-chromosome diversity 
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among ancient wild horses and also a second Y-chromosome haplotype in an ancient 

domestic horse sample dated at 2,800 years ago (Lippold et al. 2011).  

 

The data together indicates a single origin for the domestic horse with extensive 

introgression of wild maternal lineages after domestication, possibly the horse was 

domesticated in Asia, as indicated by the high diversity and presence of all 

haplogroups. 

 

To summarize, even though most of the studies interpret data as indicating multiple 

domestication events, a single origin for some of the domestic animals cannot be ruled 

out, for example the goat, sheep and horse. A single origin for some of the domestic 

animals means that the ancestral wild populations must have been genetically quite 

diverse and that when humans started to domesticate it was not a single small incident 

but rather a common and widespread activity. Dogs were domesticated thousands of 

years before the other domesticates discussed here and mtDNA (Savolainen et al. 2002, 

Pang et al. 2009) together with Y-chromosome (paper II) indicate a single origin for the 

domestic dog in ASY from at least 51 female and 13 male wolf founders. 

 

Studies of population history mainly focus on DNA variants in the genomes of different 

individuals. Here I will mention only two kinds of variations important in studies of 

evolutionary relationships between populations, SNPs and microsatellites.  

 

1.5 Genetic investigations   

I here go through some types of polymorphisms frequently used in population genetic 

studies.  

 

1.5.1 Analysis of DNA sequence variation   

The hallmark of DNA sequencing has long been the Sanger sequencing method 

(Sanger et al. 1977). However, new and improved sequencing technologies have 

recently revolutionized the world of genome sequencing by sequencing millions of 

bases in a single run from small amounts of DNA and without the necessity of cloning 

prior to sequencing (Stoneking and Krause 2011). While these new methods provide 

powerful future perspectives most of the early population genetic studies were based on 
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the Sanger sequencing technique, for example the early studies on human origin and 

migration (Vigilant et al. 1991, Ingman et al. 2000, Torroni et al. 1993). 

 

The most non-biased way of detecting variation between different genomes is to 

resequence the same locus in several individuals from different parts of the world 

(Morin et al. 2004). Single Nucleotide Polymorphisms (SNPs), microsatellites, 

deletions, insertions or other variations are then easily observed in an alignment of the 

sequences. 

 

However, resequencing of a large set of samples has been both time-consuming and 

expensive and therefore faster and cheaper methods of detecting variations between 

individuals or populations, such as DHPLC (Xiao and Oefner 2001) has been used in 

population studies (Thomson et al. 2000, Underhill et al. 2000). 

 

As an alternative to the often expensive and time-consuming resequencing, analysis of 

just SNP positions is common. There are multitudes of SNP genotyping methods 

available (Kim and Misra 2007). A potential problem using SNP genotyping methods 

is the bias that can be introduced when the panel used for discovery of SNPs is different 

from the panel genotyped. Examples of bias have recently been discussed (Schuster et 

al. 2010, Klütsch and Savolainen 2011). Therefore, in the SNP discovery phase it is 

very important to use a large panel of samples from all populations intended to be 

studied. Schuster et al. (2010) could even show that bias in the Illumina SNP array 

indicated that Europeans have higher heterozygosity than Africans (Schuster et al. 

2010). 

 

With the new sequencing technologies, millions of DNA sequences can be read in 

parallel in a single sequencing run. The necessity of a targeted amplification step is 

avoided; instead the DNA is turned into a sequence library, with ligated adaptor 

sequences to both ends of each fragment in the library. The entire library of DNA 

sequences can then be amplified using primers directed at the adaptor sequences 

(Stoneking and Krause 2011). 

 

The technology has been used to sequence almost the entire genomes of extinct species 

such as Neanderthals (Stoneking and Krause 2011, Green et al. 2010) and mammoths 

(Miller et al. 2008). To sequence the entire genome of an extinct species was 
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unthinkable only a few years ago. The possibility to obtain almost the entire nuclear 

genome from ancient and degraded material opens up for studies of genes in ancient 

populations. Recently, the nuclear genome from 5,300 year old human remains was 

investigated giving clues about the phenotype of the specimen (Keller et al. 2012). 

 

Although large amounts of sequence data can be obtained relatively fast, these new 

methods are still relatively expensive, at least for analysis of many samples. Parallell 

targeted sequencing in many samples has been a problem because of difficulties in 

linking reads to specific samples. This has been solved by introducing identifying tags 

to the sequences either through PCR or ligation (Binladen et al. 2007, Meyer, Stenzel 

and Hofreiter 2008). Recently, a method reducing the complexity of analysis of a 

targeted genomic region in a multitude of samples run in parallel in a single run was 

developed employing a two-tag system positioning the sequence to a specific position 

on a specific 96 well plate (Neiman et al. 2011).  

 

1.5.2 SNP 

A single nucleotide polymorphism (SNP) is a single nucleotide difference between two 

individual genomes. SNPs are commonly used in studies of evolutionary history of 

populations (Morin et al. 2004).  

 

There are various causes for mutations in the genome, endogenous (replication errors or 

oxidative free radicals) or exogenous (different kinds of radiation and chemical 

mutagens). The damage to the DNA molecule varies from misincorporations during 

DNA replication to chemical modification of bases or even breakage or cross linking of 

the DNA strands (Jobling, Hurles and Tyler-Smith 2004). 

 

A mutation is a very rare event in the nuclear genome, so rare that it can mostly be 

assumed to have happened only once in the history of a specific lineage. However, 

considering the large amount of humans in the world today recurrent mutations exist 

also in the nuclear genome (Jobling et al. 2004). However, the effect is thought to be 

minor and easy to detect (Jobling et al. 2004). The mtDNA genome is different; 

because of the extremely high mutation rate (Ingman et al. 2000) recurrent mutations 

are not uncommon (Jobling et al. 2004). However, these recurrences can be detected in 

phylogenetic studies; see for example (Savolainen et al. 2004). 
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1.5.3 Microsatellites 

Microsatellites are hypervariable segments of DNA scattered throughout the genome, 

usually in short mono, di-, tri-, tetra-, penta-, or hexanucleotide motifs tandemly 

repeated (Ellegren 2004). Polymorphism of microsatellites is mainly due to allelic 

length differences caused by different number of tandemly repeated units between 

alleles (Ellegren 2000). Microsatellites can arise from a base substitution (Messier, Li 

and Stewart 1996) or through insertions of a duplicated sequence (Zhu, Strassmann and 

Queller 2000). Once a microsatellite is born it tends to mutate in a stepwise fashion, 

with insertion or deletion of a single repeat unit at a time (Ohta and Kimura 1973), 

through a process called replication slippage (Schlötterer and Tautz 1992). However, 

the stepwise mutation model cannot explain why there is an upper limit for 

microsatellite expansion and other models have been suggested. One model suggests 

that there are two opposing mutational forces acting on the microsatellite, length 

mutations leading to longer microsatellites and point mutations breaking down the 

microsatellites (Kruglyak et al. 1998). Microsatellite mutation rates are not uniform and 

can differ between loci and perhaps also between species (Ellegren 2000). A problem 

with microsatellites in studies of population history are that they are very prone to 

mutation and can mutate back and forth within a few generations which can lead to 

homoplasy, i.e. identity by state rather than identity by descent. Therefore, 

microsatellites are mostly used when investigating recent evolutionary events like breed 

history (Bannasch et al. 2005) and hybridization in dog or wolf populations (Iacolina et 

al. 2010), or else microsatellites can be used in combination with SNPs to increase 

phylogenetic resolution (Brown et al. 2011, Sundqvist et al. 2006).  

 

1.6 The Y-chromosome  

The Y-chromosome does not recombine and is therefore a valuable tool in population 

studies since the chromosome is inherited intact from father to son without shuffling 

between each generation (Jobling and Tyler-Smith 2003, Underhill and Kivisild 2007). 

The Y-chromosome has been used to study human migrations (Underhill and Kivisild 

2007) but has also been used in animal studies. The animal studies have mostly focused 

on Y-chromosome microsatellites (Bannasch et al. 2005) but also SNPs have been 

analyzed (Lindgren et al. 2004), mostly in combination with microsatellites (Brown et 

al. 2011, Vilà et al. 2003).  
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The Y-chromosome is a male specific chromosome containing the MSY gene which 

induces maleness and several genes important in spermatogenesis (Jobling and Tyler-

Smith 2003, Hughes and Rozen 2012). The human Y-chromosome is highly repetitive; 

the ampliconic sequence can be up to 1.5 Mb long and consist of repeat units having 

almost 100% identity (Skaletsky et al. 2003). Due to the repetitive nature of the Y-

chromosome and difficulties associated with sequencing and assembling of repetitive 

sequences only three Y-chromosomes have been sequenced to date: The human 

(Skaletsky et al. 2003), the chimpanzee (Hughes et al. 2010, Hughes et al. 2005) and 

the rhesus monkey (Hughes et al. 2012).  

 

The human Y-chromosome consists of 78 different protein coding genes (Skaletsky et 

al. 2003) and the euchromatic sequence of the human Y-chromosome can be divided 

into three classes (Skaletsky et al. 2003), ampliconic sequence consisting of massive 

palindromes (most of the genes on the chromosome are found in these sequences), X-

degenerate sequence and X-transposed sequence (Skaletsky et al. 2003). The X-

transposed sequence stems from transposition from the X-chromosome to the Y-

chromosome (Page et al. 1984), while the X-degenerate sequence is deteriorated X- 

chromosome sequences and the ampliconic sequence is gene dense and highly 

repetitive consisting of duplications and palindromes (Skaletsky et al. 2003).  

The Y-chromosome is mostly non-recombining except for at the two ends of the 

chromosome, in the pseudoautosomal regions, where recombination with the X-

chromosome occurs (Helena Mangs and Morris 2007, Jobling and Tyler-Smith 2003, 

Hughes and Rozen 2012). Even though the Y-chromosome largely escapes the 

recombination process, studies have shown that non-reciprocal recombination occurs 

within the chromosome (Skaletsky et al. 2003, Rozen et al. 2003).  

 

The mutation rate is higher on the Y-chromosome than in the rest of the nuclear 

genome (Xue et al. 2009, Jobling et al. 2004). The balancing effect between high 

mutation rate and low effective population size (only ¼ of the autosomes) leads to Y-

chromosomes having low diversity but being much differentiated between populations 

due to genetic drift (Jobling and Tyler-Smith 2003, Underhill and Kivisild 2007). 
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1.7 Mitochondrial DNA (mtDNA) 

 The high mutation rate and the maternal inheritance without recombination make 

mtDNA an excellent marker for population studies. The molecule is inherited intact 

from mother to offspring without shuffling between each generation making it easy to 

trace lineages. The highly variable and non-coding control region has been a popular 

target to analyze in population studies (Pakendorf and Stoneking 2005). One of the first 

studies on human population history in the pre-PCR era was aimed at the mtDNA 

molecule (Cann, Stoneking and Wilson 1987). 

 

The abundance of mtDNA compared to nuclear DNA in cells also makes it an obvious 

choice for studies of ancient DNA (Pakendorf and Stoneking 2005, Hofreiter et al. 

2001). A human diploid cell has normally two copies of the nuclear genome in the cell 

nucleus but can have several thousands of copies of the mitochondrial genome (White 

et al. 2008). The number of mitochondria in a cell varies depending on cell type. Cells 

requiring energy as muscle cells have thousands of mitochondria while other cells have 

only a few hundred. In addition, each mitochondrion has 2-10 copies of its genome 

(Jobling et al. 2004) explaining the discrepancy in copy number between the mtDNA 

and nuclear DNA in a cell. 

 

Sperms contain about 100 mitochondria (White et al. 2008) but still paternal 

mitochondria are not inherited to the offspring. A mechanism for removal of paternal 

mtDNA during fertilization has been suggested in mice (Shitara et al. 1998) and 

recently removal of paternal mitochondria through autophagy was detected in 

Caenorhabditis elegans embryos (Sato and Sato 2011). However, defects in this 

mechanism can lead to paternal leakage; in humans a mutated mtDNA causing 

mitochondrial myopathy was determined to have a paternal origin (Schwartz and 

Vissing 2002). However, paternal inheritance of mtDNA is extremely rare and 

therefore mtDNA can still in most cases be treated as a maternally inherited molecule 

(Pakendorf and Stoneking 2005).  

 

The main function of the mitochondrion is to provide energy to the cell through the 

oxidative phosporylation pathway (White et al. 2008). Mitochondria have their own 

DNA, a remnant from its early days as a bacterium (Gray, Burger and Lang 1999) later 

taken up by a proto-eukaryotic cell (Margulis 1981). They replicate semi-autonomously 
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from the nuclear genome, the protein machinery needed for replication is encoded by 

the nuclear genome (Ryan and Hoogenraad 2007). 

 

Even though the mitochondrion has lost its independence through transfer of most of its 

genes to the nuclear genome (see below for a discussion how this might affect studies 

of population history) it still retains some of its genes and translation machinery. In 

total, both the human and the dog mitochondrion have 37 genes, most of which are 

involved in the protein translation machinery or in the oxidative phosporylation 

pathway. Thirteen of the genes encode subunits involved in the oxidative 

phosphorylation pathway, 22 encode tRNAs and 2 encode rRNAs (Anderson et al. 

1981, Kim et al. 1998).  

The mtDNA molecule is double stranded, and in contrast to the nuclear genome, a 

circular genome in almost all organisms (Gray et al. 1999). The mtDNA genome size in 

humans has been estimated at 16,569 bp (Anderson et al. 1981) and in dogs to 

approximately 16,728 bp, depending on length heteroplasmy in a repeat sequence of 

the control region (Kim et al. 1998).  

 

The mutation rate of the mitochondrial genome is very high compared to the nuclear 

genome, 1.70*10
-8

 substitutions site
-1

 year
-1

 excluding the control region in humans 

(Ingman et al. 2000) and 6.4*10
-9

 – 1.92*10
-8

 substitutions site
-1

 year
-1

 in dogs (Pang et 

al. 2009). The difference in mutation rate between nuclear and mitochondrial DNA is 

an effect of the presence of by-products from oxidative phosphorylation, error-prone 

polymerase and inefficient DNA repair in the mitochondrion (White et al. 2008, 

Bogenhagen 1999).  

 

The use of mtDNA data to estimate domestication dates has been criticized (Ho and 

Larson 2006). It was observed that the dates obtained from mtDNA data were much 

older than the dates obtained from the archaeological record (Ho and Larson 2006). 

However, these observations were obtained from mtDNA control region data. The low 

resolution of the mtDNA control region underestimates the number of founders in a 

population and therefore the dating will be older than the actual domestication event 

(Pang et al. 2009, Bandelt 2008). However, sequencing of the entire mitochondrial 

genome increases the resolution, giving a better estimation of the date of domestication. 

Sequencing of the entire mitochondrial genome in domestic dogs indicated a 

domestication date in good agreement with the archaeological record (Pang et al. 2009). 
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A potential problem investigating evolutionary history using mtDNA is NUMTs 

(Nuclear Mitochondrial DNA Sequences). The mechanism for incorporation of 

mtDNA segments into the nuclear genome is not known. It has been suggested that 

insertion of NUMTs close to repetitive regions might be caused by an open chromatin 

structure (Mishmar et al. 2004). The NUMTs have a slower mutation rate compared to 

mitochondrial sequences and a failure to detect them will lead to erroneous conclusions 

(Olson and Yoder 2002). NUMTs have a different history from the rest of the 

mitochondrial genome and can therefore be detected by their phylogenetic placement 

(Bensasson et al. 2001). NUMTs can also be detected by PCR ghost bands on agarose 

gels or through sequence ambiguities (Bensasson et al. 2001). Therefore, a NUMT can 

usually be detected and avoided during analysis of mtDNA. 

 

1.8 Dog genetics 

 

1.8.1 Genome sequencing 

At the time of writing two dog genomes have been sequenced but with the rapid 

development of new sequencing technologies more dog genomes are expected. The 

first of the dog genomes to be sequenced was from a male Poodle. It was sequenced 

with 1.5x coverage, implying that there was on average 1.5 sequence reads for each 

nucleotide in the presented sequence. However, because of the random distribution of 

sequence reads large parts of the genome was not sequenced, resulting in a fragmented 

genome and the Y-chromosome sequences could therefore not be definitely identified 

(Kirkness et al. 2003). The second genome sequence was obtained from a female Boxer 

and was sequenced with 7.5x coverage (Lindblad-Toh et al. 2005). With this coverage 

almost the entire genome was obtained. Both dog genome sequences were obtained by 

Sanger sequencing (Kirkness et al. 2003, Lindblad-Toh et al. 2005).    

 

The size of the euchromatic (genetically active) dog genome was estimated at 2.31 to 

2.47 Gb (Kirkness et al. 2003) and 2.4 Gb (Lindblad-Toh et al. 2005). The dog genome 

consists of 39 pairs of chromosomes as opposed to the 23 pairs in humans but still the 

euchromatic genome size of humans, approximately 2.88 Gb (Consortium 2004), is 

larger than in dogs. This size discrepancy is explained by a lower proportion of repeat 

insertions in the dog genome compared to the human genome (Lindblad-Toh et al. 

2005).  
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The SNP rate in the dog genome was investigated by searching for sites with different 

alleles within the Boxer genome and by comparison to the male Poodle genome and a 

set of 9 different breed dogs (sequenced with 0.02x coverage), 4 wolves and one coyote 

(sequenced with 0.004x coverage). The SNP rate between different breeds was 

estimated to approximately 1 SNP per 900 bp. The rate between the Boxer and gray 

wolves was estimated at 1 SNP per 580 bp and 1/420 bp for coyotes (Lindblad-Toh et 

al. 2005). The heterozygozity observed within the Boxer genome was lower than the 

observed variation between breeds, 1 SNP per 1600 bp (Lindblad-Toh et al. 2005). 

 

The genome sequence of the domestic dog has had important implications in medical 

genetics (Parker et al. 2010) and population genetics (Vonholdt et al. 2010). The 

availability of large amounts of SNPs from the entire nuclear genome on hybridizing 

DNA chips makes mapping of traits in dogs or investigation of evolutionary 

relationships less time-consuming and cheaper. 

 

1.8.2 Medical genetics 

The start of intense breeding and the creation of breed clubs in the early 19
th

 century 

with rules and standards on the appearance of dogs have led to strong selection of 

particular phenotypes such as size, shape and color. The strong selection and very 

limited genetic influx makes dog breeds a perfect model for studies of genes because of 

extensive linkage disequilibrium in the dog genome, and also large families available 

for analysis (Sutter and Ostrander 2004, Parker et al. 2010).  

 

There are a couple of success stories where disease genes have been mapped in the dog 

genome and that have led to understanding of disease in humans. One such example is 

the location of the gene responsible for narcolepsy in Doberman pinschers (Lin et al. 

1999). The study showed that disruption of the Hcrtr2 gene leads to narcolepsy in 

Doberman pinschers, indicating hypocretins to be involved in sleep disorders (Lin et al. 

1999). This study highlighted a signalling pathway involved in causing narcolepsy not 

earlier detected in humans. Even though human narcolepsy rarely is caused by 

disruption of the Hcrtr2, decreased levels of hypocretin cells are usually observed 

(Parker et al. 2010). 

 



 

  21 

The hairless dog phenotype has been mapped, to a region on chromosome 17 

containing the FOXI3 gene and a possible duplication causing a frameshift and 

premature stop codon in the gene that might be involved in the phenotype (Drögemüller 

et al. 2008). The duplication was perfectly correlated with the hairless phenotype in 140 

hairless dogs but was absent in 55 coated dogs from the same breeds and in 32 coated 

dogs from other breeds (Drögemüller et al. 2008). 

 

Melanin production and coat colour variation in many vertebrates has been traced to the 

Melanocortin 1 receptor, MC1R gene (Parker et al. 2010). In dogs an additional locus 

has been shown to be important in pigment type switching (Candille et al. 2007). 

Melanism in dogs and wolves could be traced to a particular variant of the K locus 

(Anderson et al. 2009).  

 

Another example of phenotypic variation in canines that has been investigated is the 

ridge in Rhodesian ridgeback  (Salmon Hillbertz et al. 2007) which has been traced to a 

duplicated 133kb segment on chromosome 18 involving three fibroblast growth factor 

genes. Also genes for coat length and curl of hair have been identified (Cadieu et al. 

2009). The combination of distinct mutations in three different genes was shown to 

explain most of the coat length and texture phenotypic diversity among 80 dog breeds 

(Cadieu et al. 2009). 

  

1.9 Human population history (A short summary)   

The history of dogs is tightly coupled to human history. Therefore, knowledge about 

human population history is important. Here I will present a short summary on human 

population history. 

 

The first studies on human genetic diversity were based on the “classical markers” 

consisting of blood proteins (Cavalli-Sforza and Feldman 2003). The first seminal 

paper based on DNA sequence variation in humans was published in 1987, focusing on 

restriction length polymorphisms (RFLPs) in the mtDNA (Cann et al. 1987). After the 

advent of the PCR amplification method (Saiki et al. 1985, Mullis and Faloona 1987) 

most of the studies on human genetic diversity focused on DNA sequence variation in 

the non-coding mtDNA control region. There were two reasons for the popularity of 

the mtDNA as a marker to study human origins and spread. Firstly, mtDNA was 
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maternally inherited without recombination and secondly, mtDNA has a high mutation 

rate especially the hypervariable fragments of the control region (Pakendorf and 

Stoneking 2005). Because the mtDNA only reflects the maternal history analysis of a 

second independently inherited marker was desirable. The obvious choice of marker 

was the Y-chromosome, being paternally inherited and largely non-recombining except 

for the two pseudoautosomal regions in each end of the chromosome (Underhill and 

Kivisild 2007). 

 

mtDNA, Y-chromosome as well as genome-wide autosomal SNP data indicate that 

modern humans evolved in Africa, and that only a few small founder groups 

subsequently dispersed out of Africa (Vigilant et al. 1991, Underhill et al. 2000, Li et 

al. 2008, Oppenheimer 2012). The branches closest to the root of the mtDNA 

phylogenetic tree were exclusively found on the African continent while branches 

found in the rest of the world contain only a subset of this variation (Vigilant et al. 

1991, Reed and Tishkoff 2006).  

 

Fossil evidence indicates that anatomically modern humans were first present on the 

African continent around 130,000 years ago (Jobling et al. 2004). An early expansion 

of human lineages within Africa where mtDNA lineages L2 and L3 largely replaced the 

original L1 lineages (Watson et al. 1997) successively led to the first successful human 

exodus out of Africa approximately 70,000 years ago (Oppenheimer 2012).  

 

Modern humans appear in the archaeological record in Australia about 40,000 years BP 

(Bowler et al. 2003) and genetic evidence shows that aboriginal Australians and New 

Guineans carry the same set of haplogroups as all other non-Africans (Macaulay et al. 

2005) and thus indicates a spread from Africa to Australia following the southern coast 

of Asia. An offspring of this first migration group later colonized northern Asia and 

Europe (Forster 2004). 

 

Modern homo sapiens and Neanderthals coexisted during a couple of thousand years 

after the first arrival of modern humans in Europe approximately 30,000 – 35,000 years 

ago (Finlayson et al. 2006). The earliest studies of ancient Neanderthal DNA showed a 

highly divergent mtDNA haplotype not detected in any of the modern humans 

sequenced and thus proposing that the extent of admixture was low (Krings et al. 1997, 

Krings et al. 1999). Today, with the advent of the new sequencing technologies, 
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investigations can be made also on the nuclear DNA of the Neanderthals. These studies 

have shown that there was some admixture between modern humans and Neanderthals; 

between 1 and 4% of the genome is derived from Neanderthals for all non-Africans 

(Green et al. 2010). The uniform admixture between extant humans worldwide (except 

for sub Saharan Africans) and Neanderthals indicates that humans dispersed from 

Africa in a single exodus and mixed with Neanderthals (Stoneking and Krause 2011). 

A finding of a specimen of archaic human in Siberia, dubbed Denisova after the cave in 

Siberia where it was found, was sequenced and shown to be a sister group to 

Neanderthals (Reich et al. 2010). Admixture between this new group of hominids and 

modern humans has also been indicated to have occurred in southern Asia (Reich et al. 

2010, Reich et al. 2011, Skoglund and Jakobsson 2011).  

 

In America, five mtDNA haplogroups and two Y-chromosome haplogroups have been 

detected all of, which are present also in indigenous Siberian populations (Goebel, 

Waters and O'Rourke 2008). Genetic data suggest a single migration into America 

approximately 15,000-30,000 years ago (Goebel et al. 2008, Forster 2004).  

 

The relatively recent advent of agriculture in several different areas of the world 

(Diamond 2002) led to migrations of farmers from their homelands into new territories 

(Diamond 2002, Diamond and Bellwood 2003). Here I will mention only two of these 

migrations. 

 

The spread of tropical West African Bantu speaking farmers over much of eastern and 

southern Africa largely replaced the original hunter and gatherer inhabitants. Evidence 

from language (Diamond and Bellwood 2003) and genetics (Coelho et al. 2009) show 

that a west/central African population spread east and south approximately 4,000 years 

ago (Coelho et al. 2009).  

The peopling of the Pacific Islands is debated and several different models describing 

the migration based on different evidence have been presented (Hurles et al. 2003). The 

most prominent are the Express train model (which is primarily based on archaeology) 

(Diamond 1988, Diamond 2001), the entangled bank model (based on archaeology) 

(Terrell 1988, Terrell, Kelly and Rainbird 2001) and the slow boat model (based on 

genetics) (Oppenheimer and Richards 2001). The details about these models are 

presented in section three of Present Investigation. 
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1.10 Origin and initial dispersal of the domestic dog   

 

1.10.1 Origin 

The origin of the domestic dog is debated but with the introduction of genetic studies 

giving a complement to the archaeological studies a pattern is starting to be revealed. 

 

The archaeological evidence has favored a European and/or SW Asian origin for the 

domestic dog (Clutton-Brock 1995, Dayan 1994), primarily based on the earliest dog 

bones being excavated in Bonn-Oberkassel (Germany) (Nobis 1979, Street 2002) and 

in Ein Mallah and Hayonim Terrace (Israel) (Dayan 1994, Davis and Valla 1978, 

Tchernov and Valla 1997). However, difficulties in interpreting the archaeological 

evidence makes it hard to distinguish between bones from wolf and dog in 

archaeological assemblages (Musil 2000). This is not the only problem with the 

archaeological record. Some parts of the world such as Europe and SW Asia have been 

extensively investigated while other parts of the world have been largely neglected 

(Underhill 1997). East Asia is a region that has been poorly investigated. The oldest 

well described archaeological material from domestic dog has been dated at 7,000 BP 

and has been excavated in the northern part of China (Olsen and Olsen 1977, Underhill 

1997), while the earliest remains from domestic dog in Southern China has been dated 

at 6,500 – 7,000 BP at the Hemudu site (Underhill 1997). However, poorly investigated 

remains in northern China claimed to be from dog has been dated at >10,000 years ago 

(Underhill 1997). Recently, some very old canid remains have been excavated in 

Belgium, and radiocarbon dated at 31,700 BP (Germonpré et al. 2009). These findings 

bear similarities to other early dog remains from Russia, Eliseviichi I, dated at 13,000 

to 17,000 BP (Sablin and Khlopachev 2002), suggesting that dogs were domesticated 

long before the usually accepted date of approximately 14,000 BP (Clutton-Brock 

1995). 

 

However, these early remains of domestic dog have not been fully accepted by the 

archaeological community; see for example (Napierala and Uerpmann 2010). Napierala 

et al. writes that there is nothing indicating that the remains from Russia and Belgium 

are dogs and that the measurements obtained fits within the natural variation of wolves, 

and also cautions against using these specimens as reference for early domestic dog 

(Napierala and Uerpmann 2010). 
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Altogether, archaeologists seem to favour the theory that dogs have multiple origins in 

different parts of the world with the oldest being in Germany 14,000 years old and later 

in the Near East about 11,500 years old or ancient domestications of dogs later extinct 

and not contributing to the extant dog population (Ovodov et al. 2011). 

 

The earliest genetic studies on the origin of the domestic dog focused on the 

mitochondrial DNA control region (Okumura et al. 1996, Vilà et al. 1997, Savolainen 

et al. 2002, Tsuda et al. 1997). mtDNA has a high mutation rate (Ingman et al. 2000, 

Pang et al. 2009) and a maternal inheritance without recombination between 

generations, which makes it easy to trace mtDNA lineages and also to obtain a lot of 

diversity from relatively short sequences compared to the nuclear genome. The first 

large scale study of mtDNA sequence in domestic dogs and wolves was published in 

1997 (Vilà et al. 1997). Analysis of the mtDNA control region in 140 domestic dogs 

revealed that dog sequences grouped into 4 different clades numbered I-IV with wolf 

samples clustering in between (Vilà et al. 1997). Dog and wolf haplotypes differed with 

at most 12 mutations while dog and coyote/dhole haplotypes differed by at least 20 

mutations. Thus, indicating that wolf is the founder for the domestic dog (Vilà et al. 

1997).  

 

Based on the divergence within the oldest clade (I) a domestication date was estimated 

to 135,000 BP, predating the appearance of modern humans outside Africa (Vilà et al. 

1997). However, the calculation of this domestication date assumes an origin for all 

dog lineages in clade I from a single wolf lineage.  

 

In a later study of mtDNA control region sequences in dogs, samples covering all parts 

of the world were included. All of the former domestic dog clades were detected I-IV 

(A-D) but also two new dog clades, E and F (Savolainen et al. 2002). Clades D, E and 

F were all small, consisting of a few haplotypes and restricted to particular regions of 

the world. Clade D to Scandinavia and the Near East, clade E to Korea, SE Asia and 

Japan and clade F to Japan (Savolainen et al. 2002) and thus indicating introgression of 

wolves rather than separate domestication events.  

 

However, clade E being distributed over a relatively large area could be interpreted as 

having an origin together with clades A, B and C but with a restricted spread (Pang et 
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al. 2009). Separate domestication of clade D and F and subsequent isolation seems 

unlikely and these clades are probably an effect of wolf introgression into the domestic 

dog gene pool (see below).  

 

With the observation that the domestic dog originated from several wolf lineages a new 

date of origin was calculated to 15,000-40,000 BP. The older age was calculated 

assuming a single origin for clade A while the younger age was calculated assuming an 

origin for clade A from several wolf lineages. Three different subgroups could be 

superficially detected (Savolainen et al. 2002). The younger age fitted very well with 

the archaeological record (Savolainen et al. 2002). The study also showed that the East 

Asian dog population had the highest genetic diversity and dog populations in other 

parts of the world carried only a subset of this diversity (Savolainen et al. 2002). The 

general conclusions were that the domestic dog had a single origin in East Asia 

approximately 15,000 years ago from numerous wolves (Savolainen et al. 2002). 

 

The most comprehensive study on dog origins this far investigated mtDNA control 

region sequences in 1,543 domestic dogs and 40 wolves sampled throughout the world. 

In addition the entire mitochondrial genome was sequenced in 169 domestic dogs and 8 

wolves selected to represent all parts of the mtDNA phylogeny (Pang et al. 2009). 

The increased resolution obtained from sequencing of the entire mtDNA genome 

revaled 10 subclades among the three main clades A, B and C. The only region in the 

world with all 10 subclades represented was ASY (Asia South of Yangtze River) while 

the rest of the world carried only a subset of these subclades (Pang et al. 2009, Brown 

et al. 2011, Ardalan et al. 2011), Asia north of Yangtze had only 7 subclades, SW Asia 

and Africa 5, and Europe 4 (Pang 2009). 

 

Almost all dogs sampled had a haplotype belonging to either clade A, B or C, 

indicating a single origin for the domestic dog (Pang et al. 2009). Most of the dogs in 

Europe and SW Asia had a Universal Haplotype (UT) which is a haplotype present at 

high frequency in all parts of the world. Simulation showed that for clade A, B and C to 

have the same proportion in all parts of the world, a single origin in ASY with a 

subsequent spread of dogs throughout the world is very likely while all other scenarios 

would need extremely high rates of migrations to explain the frequencies of clades and 

subclades in the extant dog population (Pang et al. 2009).  
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This study confirms earlier mtDNA studies showing that the highest genetic diversity is 

found among dogs in East Asia. With the improved sampling and sequencing of the 

entire mtDNA genome, the region with highest genetic diversity and the only region 

where all 10 subclades were detected could be pinpointed to ASY (Asia South of 

Yangtze River). Thus, indicating an origin for the domestic dog in ASY. 

  

With the improved resolution from sequencing of the entire mitochondrial genome a 

new mutation rate was calculated, and a domestication date was estimated to between 

5,000 and 16,000 years ago from at least 51 female wolf lineages (Pang et al. 2009). 

The domestic dogs origin from a large number of wolf founders is in agreement with 

studies of the MHC locus (at least 21 wolf founders) (Vilà, Seddon and Ellegren 2005) 

and autosomal SNPs in dogs and wolves (Gray et al. 2009a).  

 

Dog-wolf crossbreeding does not seem to have contributed extensively to the domestic 

dog mtDNA gene pool (Pang et al. 2009). However, perhaps mating between male 

domestic dogs and female wolves is less likely because of the difference in size and 

also the offspring of such a mating would most likely be raised as a wolf rather than a 

dog and therefore other markers are more suitable for detecting crossbreeding, such as 

the Y-chromosome (Vilà et al. 2003). mtDNA data indicate at least three dog-wolf 

hybridizations, clade F in Japan, clade d2 in SW Asia and clade d1 in Scandinavia 

(Pang et al. 2009, Klütsch et al. 2011). All of these clades are found in geographically 

restricted areas and have a low frequency in the total dog population. A local dog 

domestication event in North America has been indicated by a group of North 

American dogs, dated at a few hundred years ago, clustering in a group together with 

local wolf (Koop et al. 2000). However this might be an example of local dog-wolf 

hybridization (Klütsch and Savolainen 2011). Recent wolf-dog hybridization has also 

been detected using Y-chromosome microsatellites in the Italian (Iacolina et al. 2010) 

and Scandinavian (Vilà et al. 2003) wolf populations.  

 

Recently, more than 48,000 autosomal SNPs were investigated in domestic dog and 

wolf samples from most parts of the world (Vonholdt et al. 2010) but importantly 

samples from South Chinese wolves were not included, the possible source population 

for domestic dogs (Pang et al. 2009) and therefore an origin of dogs from Southern 

Chinese wolves could not be detected in this study. Also the collection of SNPs used in 

this study suffers from ascertainment bias (Morin et al. 2004) since most of the SNPs 
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were collected using European dogs and therefore a lot of genetic diversity in other 

populations will remain undetected (Morin et al. 2004). The study compared SNP 

haplotypes between 64 dog breeds and wolves from Europe, the Middle East and East 

Asia and based on the largest fraction of shared haplotypes, the Middle East was 

indicated as a primary source for domestic dog genome diversity but also Europe and 

East Asia for a few breeds (Vonholdt et al. 2010). However, the results should be 

treated with caution because of the possibility of missing the correct source population 

due to ascertainment bias and lack of representative samples.  

 

A study of mtDNA in a comprehensive sample from SW Asia indicated as a possible 

source region for the domestic dog (Dayan 1994, Vonholdt et al. 2010) detected no 

signs of a domestication event (Ardalan et al. 2011). On the contrary, the data 

confirmed the data from Pang et al. (2009), indicating that the SW Asian dog 

population was created from a subset of the East Asian genetic diversity and that 

subsequent bottlenecks and drift have created the genetic structure of the SW Asian dog 

population (Ardalan et al. 2011).  

 

In a study investigating the mtDNA genetic diversity in African village dogs (Boyko et 

al. 2009), the mtDNA genetic diversity was claimed to be similar to that observed in 

East Asian village dogs, contradictory to the (Savolainen et al. 2002, Pang et al. 2009) 

results. However, Pang et al. (2009) disprove this showing that the genetic diversity is 

actually higher in the East Asian village dogs which is the only dog population in the 

world with the full set of mtDNA diversity. Recently, mtDNA diversity in village dogs 

from the Middle East and Southeast Asia (mainly consisting of samples from Bali and 

surrounding islands) confirmed previous results of a higher genetic diversity in 

Southeast Asian village dogs (Brown et al. 2011). Thus, even though the samples were 

mainly from a region outside ASY (the area where the domestic dog has been proposed 

to have its origin), the genetic diversity was higher than in Middle Eastern village dogs 

(Brown et al. 2011). 

 

The first study of the domestic dog Y-chromosome sequence phylogeny (paper I) 

identified 14 SNPs in 10 dog Y-chromosomes from different parts of the world. These 

SNPs were used to create a maximum parsimony phylogenetic tree, consisting of 9 

haplotypes. No phylogeographic pattern was observed among the 9 haplotypes (paper 

I).  
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A large study of NRY SNPs, identified in Paper I, and microsatellites in 300 village 

dogs and Australian dingoes along with 7 wolves revealed that the village dogs cluster 

in two clades, one mainly consisting of Middle Eastern (Iranian) dogs and the other 

mainly of Southeast Asian dogs (mainly from Bali and surrounding islands) and 

Australian dingoes (Brown et al. 2011).  

 

Studies of mtDNA from ancient dog material in Europe (Malmström et al. 2008, 

Deguilloux et al. 2009), have indicated continuity between modern and ancient mtDNA 

haplogroups. Haplogroups A, B and C were present in both ancient and extant dogs 

(Malmström et al. 2008, Deguilloux et al. 2009). 

 

Different haplogroup frequencies in the extant compared to the ancient dog population 

of Europe was indicated (Malmström et al. 2008, Deguilloux et al. 2009). However, it 

is not known how these ancient specimens are related, especially when the samples are 

taken from a single locality there is a high risk of relatedness. Investigation of more 

ancient samples collected from well separated places over the entire European 

continent would be neccesary to either confirm or reject the hypothesis of a lineage 

replacement. 

 

1.10.2 Dispersal 

The oldest archaeological remains from dingo have been radiocarbon dated at 3,500 

years ago (Milham and Thompson 1976). An early study of mtDNA sequence detected 

20 haplotypes in 211 dingoes sampled from all parts of the Australian continent. 

Among the 20 haplotypes one was shared with domestic dog, haplotype A29, the other 

19 haplotypes were dingo specific (except one A9, see below) and separated from A29 

by one mutational step. The dingo specific haplotypes were arranged in a star shaped 

pattern surrounding the central haplotype A29 indicating a population expansion from a 

small set of founders possibly only a single maternal founder lineage, A29 (Savolainen 

et al. 2004). One of the derived haplotypes, A9, is also shared between a single dingo 

and domestic dog but this was interpreted as a recurrent mutation, due to the high 

degree of homoplasy detected in the data set (Savolainen et al. 2004). The dataset was 

used to calculate ρ (rho) and date the introduction of dingoes to Australia to 4,600-

10,800 years ago based on a dog/wolf and coyote split 1-2 MY ago (Savolainen et al. 

2004). Several studies have indicated a possible shared history for Australian dingoes 
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and NGSD (Savolainen et al. 2004, Runstadler, Angles and Pedersen 2006) based on 

sharing of mtDNA haplotypes (Savolainen et al. 2004), and DLA alleles (Runstadler et 

al. 2006) as well as some similarities in morphology and behavior (Koler-Matznick et 

al. 2003).  

 

Knowledge about the pre-European Polynesian dog population is sparse and only 19 

pre-european ancient dog remains have been investigated from Cook Island, Hawaii 

and New Zealand (Savolainen et al. 2004). Two haplotypes were detected in 19 

samples, both represented on each of the islands (Savolainen et al. 2004). 

 

The origin of New World dogs has been investigated in ancient material from 19 

specimens from several locations of the New World (Leonard et al. 2002). All of the 

ancient samples carried haplotypes belonging to clade A and B already detected in the 

Old World (Leonard et al. 2002). A cluster within clade A consisting of 50% of the 

ancient Latin American samples was detected and had not been described before 

(Leonard et al. 2002). However, see paper VI for a discussion. In a recent study 

investigating mtDNA in the extant dog population none of the haplotypes belonging to 

the ancient subclade were detected, suggesting an almost total replacement of ancient 

American dogs with introduced European dogs (Castroviejo-Fisher et al. 2011). 

However, in paper VI we present data contradicting some of these conclusions. 
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2 PRESENT INVESTIGATION 
The domestic dog is one of our most beloved animals. It is used both as a working 

companion and a life companion. The interest in dogs, their health and history is 

overwhelming with clubs for almost each dog breed existing. Early history of dogs has 

been largely unknown with a sparse archaeological record, at least for some regions, 

and genetic studies with conflicting results. To get more knowledge about early dog 

history, new genetic markers and improved samples from recently neglected areas, is 

important. We have used a new marker, the Y-chromosome, to analyse the paternal 

history of dogs and also to get a first insight into the paternal history of the Australian 

dingo. We have also analysed the maternally inherited mtDNA in improved samples 

from regions which were only sparsely sampled earlier to get further information on the 

early spread of dogs. Finally, we have analysed mtDNA in the Scandinavian dog 

population to be used in forensic investigations. This research is also interesting 

because it can give clues to human and dog relationships in ancient times and also on 

early human migrations, assuming dogs were brought along as a cultural item. 

 

Why have we used Y-chromosome and mtDNA sequences instead of autosomal DNA 

markers e.g. SNPs? First of all, mtDNA and the Y-chromosome are uniparently 

inherited without recombination while the autosomal chromosomes are shuffled 

through recombination between each generation. Therefore, the autosomal regions of 

the genome have different genealogical histories while mtDNA and the Y-chromosome 

have a single and deep genealogical history. Secondly, the number of SNPs per 

sequenced base is higher in the mitochondrial genome and the Y-chromosome 

compared to the autsomal chromosomes, and thus the resolution is better using the 

uniparentally inherited mtDNA and Y-chromosome (Underhill and Kivisild 2007). 

 

 I hope that my research can contribute to the general knowledge of early dog history 

and that the dog finally gets the attention that it deserves also from researchers.  

 

2.1 Paper I 

The Y-chromosome is an important second independent marker when investigating the 

origin of the domestic dog since there might be a risk that the pattern revealed by 

mtDNA actually reflects selection, sex-bias or stochastic variation instead of dog 

history. Since mtDNA is maternally inherited it only reflects the female history of dogs. 
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The best choice would be to study the non-recombining part of the Y-chromosome 

since it is strictly paternally inherited and haplotypes are easy to deduce because of the 

haploid state of the Y-chromosome.  

 

When we started this work only 3,200 bp of dog Y-chromosomal sequence was 

available in Genbank (Olivier and Lust 1998, Pujar et al. 2005). Two dog genomes had 

been sequenced. One was from a male Poodle (Kirkness et al. 2003) and the other from 

a female Boxer (Lindblad-Toh et al. 2005). However, due to the low sequence coverage 

in the male Poodle genome the Y-chromosome sequence could not be directly 

identified (Kirkness et al. 2003). 

 

To be able to deduce which of all the fragmentary shotgun sequences stemmed from 

the Y-chromosome we made a comparison using BLAST between the male Poodle 

genome, the human Y-chromosome and the female Boxer genome and we were able to 

select some of the clones that had a high similarity to the human Y-chromosome but 

did not match sequences in the female Boxer genome. We were able to isolate 43 

putative dog Y chromosomal sequences. In order to further deduce the reliability that 

the sequence was indeed dog Y-chromosome we tested the different sequences against 

a panel of male and female dogs by PCR screening. We designed primers for the 

different fragments and ran a first test with 2 males and 2 females and analyzed the 

resulting amplification products on an agarose gel electrophoresis. Thus, we could see 

if the male sample amplification products had distinct bands of correct size and also if 

the female samples were blank. For a fragment to be selected as putative Y-

chromosome product it had to be amplified in both male dogs and have distinct bands 

and should not amplify in any of the female samples. In the first round of tests we were 

able to identify 35 putative Y-chromosome sequences. The sequences that failed were 

either not amplified at all or amplified in both males and females. We also tested 

sequences excluded in the Blast analysis due to a match to the female genome and all of 

these sequences failed in the test showing that our exclusion method was reliable. We 

then further tested the different sequences towards a panel of three male dogs and three 

female dogs, again with the same criteria and in the end we had 24,159 bp of Y 

chromosomal dog sequence. In the last step 3 sequences failed, two having bands only 

for one of the male dogs and the third not amplifying at all.  

To get a first insight into the Y-chromosome phylogeny and also provide a backbone 

for other population studies of the Y-chromosome in dogs we sequenced a set of dogs 
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from different parts of the world to avoid bias in the sample. We selected 10 dogs from 

6 different regions (Europe, SW Asia, Siberia, East Asia, Africa and America). We 

detected totally 14 SNPs and one indel in the sample. The 14 SNPs defined 9 different 

haplotypes which could be constructed into a maximum parsimony phylogenetic tree. 

Because of the low sample size and the fact that no wolves or coyotes were included in 

the sample we could not calculate any mutation rate and as a gross simplification we 

used the Y-chromosome mutation rate for humans (Schaffner 2004) to calculate the 

minimum number of founders. The minimum number of founders was estimated to at 

least 5 based on a domestication date of 15,000 years ago which was in accordance 

with mtDNA and DLA data (Savolainen et al. 2002, Pang et al. 2009, Vilà et al. 2005). 

No phylogeographic pattern could be detected with this low sample size. 

 

In conclusion, we were able to increase the available dog Y-chromosome sequence 

from 3,200 bp to 24,159 bp and also constructed a first Y-chromosome phylogenetic 

tree for domestic dogs based on 14,437 bp of Y chromosomal sequence from ten dogs 

originating in different parts of the world. We calculated the minimum number of 

founders to at least 5 wolf lineages although the lack of a species specific mutation rate 

makes this calculation uncertain. We could not detect any phylogeographic pattern with 

this limited sample. 

 

2.2 Paper II  

The next step was to use the Y-chromosome sequence to study a larger sample 

covering the whole world and also include wolf and coyote samples with the main aim 

to study the first origins of the domestic dog and also to calculate the Y-chromosome 

mutation rate in domestic dogs. We also wanted to investigate if there were any signs of 

introgression of wolf Y-chromosomes into the dog population. 

 

In paper II we analyzed the same Y-chromosome region as in paper I. We sequenced 

the 14,437 bp in 165 canids (151 dogs, 12 wolves and 2 coyotes) in order to investigate 

the origin and spread of the domestic dog and to confirm or refute earlier mtDNA 

sequence data (Savolainen et al. 2002, Pang et al. 2009). 

 

We had a large sample bank consisting of thousands of hair samples collected globally 

from earlier studies (Savolainen et al. 1997, Savolainen et al. 2002, Angleby and 
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Savolainen 2005, Pang et al. 2009) but since we wanted to amplify nuclear DNA the 

hair samples were of limited use because of the low DNA content in hair roots. 

Therefore, we collected buccal epithelial cell samples stored on Whatman FTA cards 

(Whatman Inc.) The samples were collected from virtually all parts of the world to 

avoid geographical bias and usually only a single sample per region. In order to avoid 

bias due to breed specific bottlenecks in the European dog population we collected only 

a single sample per breed, from breeds originating in different parts of the European 

continent and also having different morphologies. 

 

Since the Y-chromosome sequence was obtained from shotgun sequences (paper I) it 

was analyzed in 18 different amplification products. In total, we detected 49 SNPs 

among 165 canids defining 28 haplotypes in domestic dog, one shared with wolves, 2 

haplotypes in wolves and 2 haplotypes in coyote.  

 

We detected variation resembling diploid variation in one of the fragments (fragment 

G) at three different sites; the haplotypes formed partly by this variation grouped in 

three different positions in the phylogeny. The most parsimonious explanation for this 

is that the fragment has been duplicated and that one of the copies has acquired a 

mutation. If the diploid variation was due to recombination we would not expect the 

mutations to appear clustered in three parts of the tree. As observed earlier (Wayne 

1993, Clutton-Brock 1995), results clearly indicate that wolves are the ancestors of 

dogs. Dog and wolf haplotypes differed by 0-4 substitutions while the dog and coyote 

haplotypes differed by at least 15 substitutions. 

 

The Y-chromosomal dog haplotypes formed 5 different clusters in the tree which we 

denoted HG1, HG3, HG6, HG9 and HG23 consisting of one or two high frequency 

central haplotypes surrounded by less frequent haplotypes in a star shaped pattern 

indicating population expansion. Haplotype 2* could not be assigned to a specific 

haplogroup because of its position between two haplogroups separated by a single 

substitutional step from each haplogroup. 

 

We calculated the mutation rate for the dog Y-chromosome by relating the average 

genetic distance between coyotes and dog/wolf to the time since the lineages leading to 

wolf/dog and coyote shared a most recent common ancestor. We used a date for the 

split between wolves and coyotes established from paleontological research to 1.5 – 4.5 
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MYA (Nowak 2003, Tedford et al. 2009), a broad range since the fossil record is 

incomplete, giving a mutation rate of 1.39*10
-10

 – 4.31*10
-10

 substitutions per site per 

year. This rate is much lower than for the human Y-chromosome which has been 

estimated to 1.0*10
-9

 substitutions per nucleotide per year (Xue et al. 2009). One 

possible explanation for the lower mutation rate in the dog Y-chromosome is an effect 

of bias introduced in the selection process of Y chromosomal DNA. We used the 

human Y-chromosome for comparison and therefore we might have selected regions of 

the Y-chromosome which are the best conserved between dog and human and 

consequently the slowest diverging parts of the Y-chromosome. 

 

We used the mutation rate to estimate the most conservative number of founders 

assuming that all 151 dog lineages lead back to wolf founders. We made the 

assumption that dogs were domesticated 11,500 – 16,000 years ago based on 

archaeology as well as genetics (Dayan 1994, Chaix 2000, Raisor 2005, Wang and 

Tedford 2008, Pang et al. 2009, Napierala and Uerpmann 2010, Skoglund, Götherström 

and Jakobsson 2011) and calculated the number of wolf founders to at least 13. Since 

we detected 28 haplotypes among domestic dogs, this means that part of the Y-

chromosome phylogeny is intact from the founding wolf population(s).  

Among the 5 haplogroups two were universally present, HG1 and HG23, and detected 

in 62% of all domestic dogs analysed. The other haplogroups had restricted 

distributions but included dogs sampled from distant parts of the world. For example 

the minor haplogroup HG9 consisted of two haplotypes, haplotype 9 found in three 

Central African Basenjis (sampled at three different localities) and haplotype 18 found 

in one East Siberian Laika. Possibly this haplogroup is rare and has not been detected 

elsewhere due to the low sample sizes. 

 

Generally, HG3 and HG6 were rare or absent west of the Himalayas and the Urals 

while HG1 and HG23 were frequent in the western part of the world but also found in 

moderate frequencies in the eastern part of the world. 

 

We then compared the genetic diversity in the three regions suggested by different 

studies to be the domestication center(s) for the domestic dog, ASY (Pang et al. 2009), 

SW Asia (Dayan 1994, Vonholdt et al. 2010) and Europe (Clutton-Brock 1995). 

Among these areas ASY had the highest haplotype diversity and number of haplotypes 

(0.901, 13 haplotypes) compared to SW Asia (0.863, 9.58 haplotypes adjusted for 
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sample size, resampling size 23) and Europe (0.734, 6.50 haplotypes adjusted for 

sample size, resampling size 23). However, the sample sizes are too small to get 

significant results. We observed that all haplotypes throughout the world differ at most 

by one substitutional step from a haplotype in ASY, except for the HG9 haplotypes, 

and therefore can possibly have been derived from haplotypes in ASY. 

 

The Southwestern part of ASY (SE Asia and the Chinese provinces of Guangxi and 

Yunnan) had the highest genetic diversity observed in this study, 0.950 and also the 

highest number of haplotypes 10.10 when adjusted for sample size, resampling size 14. 

The genetic diversity in Europe was low 5.31 haplotypes (resampling size 14), reflected 

by a high frequency of haplotypes H1 and H1* in the northern and southern part of the 

continent as well as in Britain. In SW Asia 7.35 haplotypes (resampling size 14) was 

detected, the most frequent haplogroup being HG23, while haplogroups HG3 and HG6 

were rare. Within SW Asia, the Fertile Crescent region (Fertile Crescent, western Iran, 

Israel and eastern Turkey) had an especially high genetic diversity, haplotype diversity 

0.923 exceeding the diversity in ASY, but a lower number of haplotypes (8) than ASY.  

 

The European population had an extremely low haplotype diversity reflected by the 

high frequency of H1 (47% of all individuals) and H1* (22%). From the pattern 

revealed it is not possible to reject a European origin for HG1. If HG1 had a European 

origin we expect to find more HG1 haplotypes in Europe than in other regions. We 

calculated the rate of substitutions supposed to have occurred since domestication 

among the 26 European lineages assuming domestication between 11,500 – 16,000 

years ago. This calculation revealed that 0.57 – 2.60 (95% confidence limit) 

substitutions would have occurred since domestication. This indicates that only two 

founder haplotypes, H1 and H1* were inherited from wolf and the other haplotypes 

were derived from substitutions within the European dog population. Therefore, an 

origin outside Europe for these haplotypes and a later introduction is possible. Since 

these haplotypes are universally present at moderate frequencies, the origin of HG1 is 

not possible to establish. 

 

HG23 had the highest diversity in SW Asia (5 haplotypes) but also appears at a rather 

high diversity in ASY, 3 individuals having three different HG23 haplotypes, but is 

largely absent in Europe. We calculated the expected substitutions to have occurred 

since domestication to 0.37 – 1.70 (95% confidence limits) thus indicating a possible 
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origin for HG23 in SW Asia. However, if this haplogroup originated in SW Asia we 

would expect to see more HG23 haplotypes in Europe since farming and the related 

domestic animals were introduced from the Fertile Crescent to Europe (Bellwood 

2005). The high diversity and frequency of HG23 could alternatively reflect a local 

wolf-dog crossbreeding but then only a low frequency of the resulting haplotypes is 

supposed to be detected unless the crossbreeding results in a superior phenotype 

(Klütsch et al. 2011). Since HG23 is present at about 50% rendering a possible 

crossbreeding unlikely. 

 

The frequency of HG3 and HG6 was highest in East Asia and these two haplogroups 

have a clear origin in East Asia and also the origin for HG1 and HG23 in East Asia 

cannot be ruled out.  

 

We could not see any signs of local wolf-dog crossbreeding in our dataset since none of 

the haplogroups had a local distribution. It is possible that such crossbreedings remain 

undetected due to the low sample sizes since the resulting haplotypes are supposed to 

have a low frequency in a worldwide sample (Klütsch et al. 2011). However, 

crossbreedings does not seem to have had a major effect on the domestic dog 

population. Only three cases have been reported for mtDNA adding only approximately 

2% of the total worldwide mtDNA diversity (Ishiguro et al. 2009, Pang et al. 2009, 

Klütsch et al. 2011, Ardalan et al. 2011) and a possible fourth has been discussed 

(Klütsch and Savolainen 2011). There is a possibility that there were many “small” 

crossbreedings for both mtDNA and Y-chromosome, such events are hard to detect 

since the frequency will be very low and restricted to particular regions. 

 

To conclude, we have for the first time investigated Y-chromosome sequences in a 

worldwide sample of domestic dogs, wolves and coyotes. We could confirm that the 

domestic dog has a large number of wolf founders, at least 13, in agreement with earlier 

studies of mtDNA (Pang et al. 2009) and MHC (Vilà et al. 2005) sequence analysis. 

The Y-chromosome phylogeny formed 5 different haplogroups, two of which are 

universally distributed, two have a restricted distribution and one is rare and was only 

detected in 4 samples. The difference in genetic diversity was generally low between 

different regions but the highest diversity was observed in Southwestern ASY. All 

haplotypes (except HG9 haplotypes) outside ASY were at most separated by one 

substitutional step from a haplotype found in ASY. Thus, all haplotypes outside ASY 
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might have been derived from a haplotype in ASY. In combination with the mtDNA 

data (Pang et al. 2009) the Y-chromosome data provides strong evidence for a single 

origin of the domestic dog in ASY. Excluding the Y-chromosome HG9 and the 

mtDNA clade D and F, ASY is the only region harbouring the full set of diversity of 

both the maternal and paternal gene pools. No sign of local dog-wolf crossbreeding was 

detected in our sample. 

 

 

2.3  Paper III    

Earlier studies have shown that archaeological dog samples from Polynesia had only 

two mtDNA haplotypes and that the dingo population possibly had a single founder 

haplotype A29 (Savolainen et al. 2004) but due to low sample coverage of mainland 

and island Southeast Asia the introduction route for these dogs is largely unknown. An 

introduction with the Austronesian expansion from Taiwan has been suggested 

(Savolainen et al. 2004). Therefore, we wanted to investigate by which route dogs were 

introduced to Polynesia and Australia with a new and improved sample. We also 

wanted to test general hypotheses about the introduction of dogs into Polynesia. An 

often cited model for Polynesian human and cultural origins is the express train model 

(Diamond 1988, Diamond 2001). This model suggests that domestic dog along with 

other domesticates as well as pottery and human genes were introduced to Polynesia 

from a Taiwanese homeland. Lastly, we also wanted to investigate the relation between 

NGSD and Australian dingoes. Earlier studies have detected haplotype sharing between 

these dogs (Savolainen et al. 2004, Runstadler et al. 2006).  

 

The question of who the first Polynesians were and where they came from has been 

debated for a long time and several different models for the population expansion into 

Polynesia (Remote Oceania) have been suggested based on different kinds of evidence 

(Hurles et al. 2003); Archaeology, linguistics, genetics and recently also genetics on 

commensal and domestic animals used as proxies for human dispersal (Matisoo-Smith 

and Robins 2004, Larson et al. 2007, Diamond 1988, Oppenheimer and Richards 2001, 

Gray, Drummond and Greenhill 2009b). 

 

The express train model was suggested by Diamond in 1988 and is based primarily on 

archaeological and linguistic evidence. The model proposes an origin for Polynesian 
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people on the island of Taiwan about 6,000 BP with a subsequent rapid spread into 

Near Oceania with minor or no admixture with local indigenous people and then a final 

leap out into the uninhabited Polynesia (Diamond 1988, Diamond 2001). 

 

The entangled bank model suggests that the Polynesian culture derived from a complex 

network of contacts between different indigenous populations and not through a 

diaspora of people (Terrell 1988, Terrell et al. 2001). Several other models have also 

been suggested to explain how humans reached Polynesia, a slow spread from Taiwan 

(Kayser et al. 2006, Kayser et al. 2008), and a model suggesting an origin for the 

Polynesian population in the region of Wallacea (Oppenheimer and Richards 2001). 

 

The archaeological record traces the Polynesian culture back to Lapita which is a 

culture that appears in Near Oceania about 3,500 BP (Kirch and Weisler 1994). The 

pottery and language of Lapita can be traced back to the island of Taiwan (Bellwood 

2005, Blust 1995, Diamond and Bellwood 2003).  

 

Dogs appear in the archaeological record in mainland Southeast Asia around 4,000 BP 

(Higham 1996) and in Island Southeast Asia about 3,000 BP (Bellwood 2005, 

Bellwood 1997). Also pigs appear in the archaeological record of eastern Indonesia at 

about the same time (Bellwood and White 2005).  

 

However, the genetic evidence generally does not support a Taiwanese origin for 

Polynesian people. Most of the studies show a Melanesian origin for Polynesian Y- 

chromosomes and mtDNAs with only a minor contribution from Taiwan (Kayser et al. 

2000, Oppenheimer and Richards 2001, Redd et al. 1995, Hagelberg et al. 1999, Soares 

et al. 2011, Capelli et al. 2001, Hurles et al. 2002, Kayser et al. 2006, Kayser et al. 

2008).  

 

Studies using domestic and commensal animals as proxies for human migrations agree 

with an origin for these animals in Near Oceania (Matisoo-Smith and Robins 2004, 

Larson et al. 2007). In the pig study a Pacific clade was detected and could be traced 

through mainland and island Southeast Asia and not found at all on Taiwan or the 

Philippines (Larson et al. 2007). 
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Earlier studies have shown that among 19 pre-European domestic dogs from all parts of 

Polynesia (New Zealand, Cook Island and Hawaii) two mtDNA haplotypes were 

detected, Arc1 and Arc2 in 100% of the samples (Savolainen et al. 2004). Both 

haplotypes were found in all three locations (Savolainen et al. 2004). The 

archaeological assemblages were dated at 400-1,000 BP and thus clearly predate any 

European contact (Savolainen et al. 2004). 

 

We investigated the extant dog population with samples from Australia, New Guinea, 

Taiwan, the Philippines and Indonesia to trace the origin and spread of haplotypes 

Arc1, Arc2 and A29 in order to investigate the origin and introduction routes of early 

Polynesian domestic dogs and Australian dingoes. All samples were collected from 

rural areas with a low influx of foreign dogs and mainly from indigenous populations. 

 

All three haplotypes were generally confined to the eastern part of the world, Arc2 and 

A29 found solely east of the Himalayas and Arc1 found sparsely west of the 

Himalayas, in a global sample of dogs (Pang et al. 2009).  

 

 

We traced the Polynesian Arc haplotypes from a low frequency in mainland SE Asia 

(16%), through a higher frequency in ISEA (42%) to reach a maximum frequency 

(100%) in Polynesia. Neither of the Arc haplotypes was detected on Taiwan or the 

Philippines.  

 

The data indicate strongly that Polynesian domestic dogs were introduced through 

Mainland SEA and ISEA and not through Taiwan and the Philippines. A similar pattern 

has been revealed in domestic pigs (Larson et al. 2007).  

 

No novel haplotypes were detected in the 21 dingoes sequenced in this study. All 

haplotypes detected carried the dingo founder haplotype A29 (Savolainen et al. 2004).  

 

The distribution of A29 was similar to the pattern revealed for the Polynesian Arc 

haplotypes. It had a low frequency in mainland SE Asia (1%) followed by a gradually 

higher frequency in ISEA (8%) to reach a maximum frequency (100%) in Australia, 

but was not detected in Taiwan or the Philippines.  
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The chance of not sampling any of Arc1, Arc2 or A29 in 52 samples from Taiwan 

assuming a similar frequency as in the source population, South China, was calculated 

to 0.0015. 

 

 

We also analysed one New Guinea Singing Dog (NGSD) having haplotype A29. In 

total with the two NGSDs analyzed in Savolainen et al. (2004) two haplotypes were 

detected among the NGSDs, two carried haplotype A29 shared with Australian dingoes 

and domestic dogs and one dog carried haplotype A79 a private haplotype in NGSD 

and separated one mutational step from A29. Thus, indicating a common history for 

NGSD and Australian dingoes.  

 

With additional dingo samples and a new mtDNA mutation rate obtained from 

sequencing of the entire mitochondrial genome (Pang et al. 2009) we calculated a new 

introduction date for the Australian dingo. Assuming that A29 is the sole founder 

haplotype and excluding 25 dingo samples from the Pilbarra region probably affected 

by genetic drift (Savolainen et al. 2004), we could calculate the mean genetic distance 

among dingoes to rho=0.0016 (se = 0.0005) estimating the introduction of dingoes to 

Australia at 4,600-18,300 years ago and thus predating the Neolithic in the region 

surrounding Australia. 

 

 

All three haplotypes (Arc1, Arc2 and A29) were found throughout mainland and island 

Southeast Asia but none was present on Taiwan or the Philippines. Therefore, the dingo 

and the Polynesian dogs seem to have been introduced through the same route and 

possibly from the same dog population but due to founder bottlenecks have different 

haplotypes.  The dingo has been isolated on the Australian continent for centuries and 

might actually best represent what early domestic dogs looked like. To investigate if the 

mtDNA studies are affected by selection, sex-bias or random variation, studies of other 

independent markers are necessary (see paper IV). 

 

With these data we can show that the Express train model of Polynesian origins does 

not fit with the introduction of domestic dogs to Polynesia and Australia. The mtDNA 

data presented here indicates that Polynesian domestic dogs and Australian dingoes 

arrived in Island Southeast Asia before the arrival of the Neolithic. 
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In conclusion, both Polynesian domestic dogs and Australian dingoes trace their origin 

to mainland SE Asia and might have been introduced together before the arrival of the 

Neolithic. mtDNA data indicate a pre-Neolithic date of introduction for the Australian 

dingo. We could show that the Australian dingo and New Guinea Singing Dog have 

close ties and possibly share a common history. 

 

2.4  Paper IV 

To further investigate the ancestry of the Australian dingo population, and to get an 

insight into the paternal ancestry of Australian dingoes and also to investigate if earlier 

mtDNA data actually reflects selection, stochastic variation or sex-biased migration 

patterns instead of dog population history, we used the newly developed framework of 

Y-chromosome SNPs from paper I and paper II.  

 

Since no dingoes were included in the test panel of paper I or paper II we started with 

sequencing of the previously investigated Y chromosomal DNA region in 2 dingoes 

and 1 NGSD to investigate if the dingo is part of the dog population. The sequencing 

resulted in a novel SNP leading to a new haplotype, the dingo/NGSD specific H60, 

providing further evidence for a connection between the two dog populations. The 

other haplotype H3 was shared between domestic dogs and dingoes and was primarily 

found among domestic dogs from the East Asian continent and in a few North 

European individuals, thus corroborating with mtDNA data that the dingo has an East 

Asian domestic dog origin and from very few founders. To save time and money, a 

SNP analysis of 47 Australian dingoes was performed. The SNP detection was divided 

into two runs where the first round sorted the samples into haplogroups (HGs) and the 

second round into haplotypes (HTs).  

 

We used the PrASE SNP detection method which is based on a microarray detection 

system, involving tagged allele specific primers and labeled nucleotides for detection 

with laser (Hultin et al. 2005).  

 

Among the 47 male dingoes analyzed we detected only two haplotypes, H3 and H60, 

thus suggesting that the Australian dingo population has an origin from few male 

founders, possibly only two. However, there is a possibility that some of the samples 
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have novel haplotypes not previously detected and therefore missed in the SNP 

analysis. The genetic diversity resembles the mtDNA data with few founders and 

thereafter isolation (Savolainen et al. 2004).  

 

A weak pattern was detected in the Australian dingo population with a higher 

frequency of H60 in the North West and H3 in West and South. This pattern might be 

an effect of the low sample size in combination with these haplotypes being generally 

rare and not detected in all regions. 

 

In conclusion, the paternal origin of the Australian dingo resembles that of the mtDNA, 

few founders from an East Asian domestic dog population and thereafter long isolation. 

Also, the Australian dingo and NGSD share one Y-chromosome haplotype. Earlier 

studies of mtDNA and DLA sequence have also revealed haplotype sharing between 

Australian dingoes and NGSDs (Savolainen et al. 2004, Runstadler et al. 2006). With 

this study we have shown that the Y-chromosome SNPs detected in paper I and paper II 

can be used to study paternal population histories with an easy and straightforward SNP 

detection method like PrASE (Hultin et al. 2005).  

 

Note-In this thesis table S2 and S3 were not included because of the large size of the 

documents. These files are available upon request to the author. 

 

2.5  Paper V 

We wanted to investigate the origin of the dog population on Madagascar to detect if 

there was a connection to the spread of dogs to Polynesia and Australia (paper III) or if 

the population was mainly of mainland African origin or admixed with origins from 

both the African mainland and the Austronesian world. 

 

Earlier studies have shown that the language spoken on Madagascar belongs to a 

subgroup of the Austronesian languages spoken in the Polynesian world (Blust 1995, 

Gray et al. 2009b, Diamond and Bellwood 2003, Adelaar 1995a). However, there is no 

continuation in archaeological sites between the Austronesian world and Madagascar 

(Dewar 1995).  
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Archaeological and paleontological evidence suggest that the island was uninhabited 

until approximately 2,000 BP (Burney et al. 2004, MacPhee and Burney 1991) when 

suddenly bones from now extinct animals bearing signs of modification by humans 

appear in the archaeological record. The earliest permanent settlement on Madagascar 

has been dated at approximately 1,300 years ago (Dewar 1995). 

 

Human genetic studies have indicated that the Malagasy population is an admixed 

population of both African and Asian origin (Soodyall, Jenkins and Stoneking 1995, 

Hurles et al. 2005, Tofanelli et al. 2009).  

 

Fst analysis of the Asian derived haplogroups to possible source populations in Asia 

has shown the population of Banjarmasin to be closest to the Asian HGs found on 

Madagascar (Hurles et al. 2005). Also linguistic evidence has traced the origin of the 

Malagasy language to the Southeast Barito languages of Borneo (Adelaar 1995a). 

 

In order to investigate the history of the dog population on Madagascar we gathered a 

sample of dogs from all parts of the island both in the lowland region (n=54) and the 

highland region (n=38). Most of the dogs were sampled in rural areas with a low influx 

of foreign dogs. In total we investigated 145 samples from Madagascar, 578 samples 

from throughout mainland Africa and 2,076 dogs from most other regions of the world 

(Pires et al. 2006, Pang et al. 2009, Boyko et al. 2009). 

 

The mtDNA gene pools of the dog populations in Africa and Indonesia are very 

different, with the African population carrying the same haplotypes, mostly UTs 

(universal haplotypes), as most other parts of the Old World while the Indonesian 

sample have a low frequency of UTs and a relatively high frequency of the 

Austronesian haplotypes Arc1, Arc2 and A29 (see paper III). This difference makes it 

possible to detect from which population the dog population on Madagascar was 

created. 

 

We investigated the different dog populations for shared haplotypes to investigate the 

history of the Madagascan dog population’s foundation and also try to estimate the 

minimum number of founders for the Madagascan dog population.  
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All of the dogs (100%) in the Madagascan population had haplotypes that were either 

shared or derived by a single substitution from a haplotype found in the mainland 

African dog population. While at most 63% of the dogs could be linked to the 

Austronesian dog population. All of the shared haplotypes between Madagascan and 

Austronesian dogs were UTs. Since UTs are common haplotypes found at moderate to 

high frequencies throughout the world they are non-informative when investigating the 

source population for Madagascan dogs. Ignoring the UTs, the sharing dropped from 

63% to 0% between Madagascar and Austronesian dogs. However, 66% of the 

Madagascan dogs shared haplotypes with the mainland African population even when 

ignoring UTs and among these 35% were shared exclusively between Madagascan and 

mainland African dogs. 

 

The Polynesian haplotypes Arc1, Arc2 and A29 which were found in 48% of the 

Indonesian dogs and 100% of the Polynesian dogs (paper III) was only detected at an 

extremely low frequency in Madagascar, Arc2 and A29 not detected at all and Arc1 

found in a single individual (1%). 

 

We also analyzed other regions to search for the source population of Madagascan 

dogs. Among the Malgasy dogs 93% carried either a shared or derived haplotype with 

the Indian and SW Asian dog populations, respectively. Most of the shared haplotypes 

were UTs, ignoring the UTs, the sharing dropped to 21% of the dogs sharing haplotype 

with the Indian dog population and 24% with the SW Asian. 

 

We estimated the number of founders by counting of haplotypes shared between 

mainland Africa and Madagascar. We also calculated the mean distance from unique 

Madagascar haplotypes to the founder haplotypes, giving a rho value of ρ=0.07. The 

rho value and the estimated mutation rate for mtDNA (Pang et al. 2009), suggests an 

introduction date at 2,800-11,200 years ago. 

 

The dog population on Madagascar is clearly different from other island populations 

related to the Austronesian expansion, having a much higher haplotype diversity 

(0.897) than the dog populations of Polynesia (0.456) and Australia (0.311), suggesting 

that a relatively large population of dogs were introduced to the island not experiencing 

any severe bottlenecks or genetic drift as in other island populations. Another 
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explanation for the relatively high haplotype diversity might be that there were several 

introductions of dogs to the island each carrying a different set of haplotypes. 

 

In conclusion, our data indicate a predominantly mainland African origin for the dog 

population on Madagascar. A minimum number of 18 founders were estimated based 

on counting of haplotypes shared between mainland Africa and Madagascar. We 

calculated the introduction date at 2,800-11,200 years ago, thus predating the 

archaeological record of human presence. However, the calculation is highly dependent 

on that all founder haplotypes are being detected and there is a chance that more 

haplotypes might be found on the African continent if the sample size is increased and 

therefore the dating is only an estimation of the introduction date. We also show that 

the Madagascar island population has a higher genetic diversity than other island 

populations connected to the Austronesian expansion suggesting introduction of a large 

and diverse population or multiple introductions of dogs carrying different lineages.  

 

Note-In this thesis table S1 was not included because of the large size of the document. 

This file is available upon request to the author. 

 

2.6  Paper VI   

Due to the large size of the supplementary material it is not included here but is 

available upon request. 

The first humans entered the New World through the Bearing strait at least 15,000 BP 

(Goebel et al. 2008) when the two landmasses were connected through a land bridge. 

 

In the first genetic study of the origin of American dogs, mtDNA variation obtained 

from ancient American specimens showed that the ancient New World dogs have a 

common origin with dogs in the Old World since both populations have the same 

mtDNA clades (Leonard et al. 2002). Also, a cluster of haplotypes unique to the 

South/Meso American dogs was detected within clade A. 

 

In a recent study of mtDNA control region sequences from extant dogs in America, 

discontinuity between ancient and extant dog populations were suggested; at most 10% 

of indigenous mtDNA lineages was left (Castroviejo-Fisher et al. 2011). However, the 

samples were from free-ranging street dogs and village dogs with no indigenous breed 
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dogs included. Further, the results were compared to haplotypes found in only 19 

ancient specimens from an earlier study (Leonard et al. 2002). 

 

We wanted to investigate to what extent the mtDNA lineages of American breed as 

well as free-ranging dogs have a pre-Colombian East Asian origin or a post-Colombian 

European origin using an alternative approach. Previous studies (Pang et al. 2009) Have 

shown that the two putative source populations have very different gene pools making 

it easy to deduce from which population American dogs stem. Sequencing of the entire 

mtDNA genome in dogs revealed that the earlier detected clades consists of several 

subclades and in East Asia all 10 mtDNA subclades for clade A, B and C are present 

while only 4 are present in Europe. Therefore, if any of the 6 subclades not present in 

Europe is found in the American population they have most probably been introduced 

from East Asia. 

 

All of the investigated putative indigenous breed dogs in America carried haplotypes 

derived from a probable East Asian source. In the Arctic breeds 79% of the dogs carry 

haplotypes not present in Europe and among the South/Meso American dogs 35% of 

the dogs carry haplotypes not present in the European dog population. 

 

In two cases we detected continuity between the ancient and extant dog population in 

America. Firstly, haplotype A185 was detected in an ancient Mexican sample and was 

in the modern samples unique for Chihuahua. Secondly, a haplotype corresponding to 

haplotype A29 was detected in an ancient sample from Alaska and in modern samples 

from Alaskan Malamute. The central haplotype of the previously detected cluster of 

ancient South/Meso American haplotypes was detected in a modern sample from Korea 

and thus indicates an East Asian origin for this cluster. Four of the other haplotypes 

correspond to modern universal haplotypes and the rest were unique in the ancient 

samples. One of the unique ancient haplotypes (D40) is separated from the other 

haplotypes by 4 substitutional steps and could be a result of dog-wolf crossbreeding. 

 

The free-ranging southern USA Carolina dog carried mainly haplotypes (37%) that 

were unique and belonged to an East Asian specific subclade. All other haplotypes 

were either universal or shared with Chinese non-breed dogs and a Japanese breed dog. 

Contrastingly, the free-ranging dogs in South America carried almost exclusively 

universal haplotypes and several European specific haplotypes. 
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In conclusion, a primarily Old World origin for the New World indigenous breed dogs 

investigated here was detected. Most of the indigenous American breed dogs carried 

universal haplotypes or haplotypes not detected in the European dog population. We 

also detected continuity between the ancient and extant dog population in America in 

two cases. We detect a large impact of European dogs only in the free-ranging dogs of 

South America where most of the dogs carries either UTs or haplotypes uniquely 

shared with European breed dogs. However, there remain pockets of populations 

largely unaffected by European dogs, for example the free-ranging Carolina Dog in 

southern USA. 

 

Note-In this thesis table S1 was not included because of the large size of the document. 

This file is available upon request to the author. 
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3 Discussion and future perspectives 
We have now come a long way from the first genetic studies on human origins using 

mtDNA RFLP (Cann et al. 1987). We have through the introduction of the Sanger 

sequencing technology (Sanger et al. 1977, Sanger 1988) and the amplification of DNA 

sequences (Saiki et al. 1985, Mullis and Faloona 1987) arrived at the latest technology, 

sequencing enormous amounts of DNA by direct sequencing of DNA libraries using 

for instance the Illumina GA II, in a single run (Stoneking and Krause 2011).  

 

The most complete studies on dog origins have been investigating the mtDNA in dogs 

from throughout the world indicating a single origin in ASY (Pang et al. 2009) or 

autosomal SNPs in dogs suggesting a mainly Near Eastern origin for the domestic dog 

(Vonholdt et al. 2010). The detection of dog Y-chromosome sequences has been 

important to either corroborate or refute the different theories. The Y-chromosome data 

agrees most closely to mtDNA data indicating a single origin for the domestic dog in 

ASY (paper II). The establishment of the domestic dog Y phylogeny is also important 

as a backbone for future studies of Y-chromosomes in domestic dogs either by SNP 

analysis, microsatellite analysis or the two combined (paper I, paper II). The mtDNA 

and Y-chromosome studies have shown the importance of sampling dogs from ASY in 

studies of dog origins (Pang et al. 2009) (paper II). The diversity is higher and most or 

all of the mtDNA and Y-chromosome haplogroups are found there, while the diversity 

and representation of haplogroups are significantly lower in central and north China. 

Therefore, in studies of dog domestication, samples from north or central China can not 

compensate for samples from ASY and therefore if not including samples from ASY 

the origin of dogs there could be missed. 

 

How dogs spread from their area of origin to other parts of the world is important 

because these dispersals are often accompanied by humans and thus can give us clues 

about human dispersal in ancient times. Dog mtDNA has revealed that domestic dogs 

were introduced to Polynesia and Australia through Mainland SEA and Indonesia 

(paper III) and can therefore be used as part of the puzzle to investigate how humans 

migrated to Polynesia and also to clarify the origin of the Australian dingo. mtDNA 

studies have also revealed a relationship between NGSD and Australian dingoes and a 

possible connection between the two landmasses (Savolainen et al. 2004, Runstadler et 

al. 2006)(paper III). mtDNA of domestic dogs has also been used to try to clarify how 
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dogs were introduced to these regions and to clarify some aspects of human migrations 

to Madagascar (paper V) and into the American continent (paper VI). 

 

The Y phylogeny has been successfully tested in a study on Australian dingoes and a 

similar history as earlier revealed by mtDNA could be detected. This study shows that 

the Y phylogeny can be used to study paternal domestic dog history by using the SNPs 

detected in the Y phylogeny (paper IV). 

 

The new technologies will allow a lot of DNA to be analysed in a short time and also 

promise good prospects for analyses of ancient material (Stoneking and Krause 2011). 

The next step for scientists working on dog domestication will be to pinpoint the area 

within ASY that harbours the highest genetic variation and to study in detail how 

wolves have contributed to the dog gene pool through hybridization. This can be 

accomplished through large scale sequencing of mtDNA, Y-chromosome and the 

autosomal chromosomes. Also future archaeological excavations in areas largely 

neglected up to now could probably reveal some interesting clues on dog origins, and 

sequencing of ancient material could within a few years become a relatively easy task 

and could potentially reveal the key to dog domestication 
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