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Summary 
 

Molecular genetic analysis has been applied to the study of animal domestication since the 
advent of allozyme markers in the 1960’s and 70’s. However, it is only recently that DNA sequence-
based studies have had a major impact on understanding domestication in animal species. A complex 
picture of domestication in both the New World and Old World has emerged. Through analysis of 
multiple marker types and especially mitochondrial, Y-chromosomal and nuclear DNA in modern 
breeds and their potential wild and domestic ancestors, and by using both ‘modern’ and ‘ancient’ DNA 
sources, we continue to gain new insights into the events that produced the domestic animals of today. 
Of note has been the surprisingly high number of domestication events inferred from these data and the 
diverse locations in which they appear to have taken place. These results do not only alter our 
perceptions of the domestication process, but will also influence our approach to domestic animal 
diversity conservation, especially in the area of prioritisation. Here I update a recent review some of 
these studies and highlight some recent advances in domestic animal evolutionary genetics, and discuss 
their implications for future research directions. 
 
Introduction 

 
Understanding the history of human populations and the animals we domesticated was until 

recently squarely in the domain of evolutionary anthropology and archaeozoology. Recently, molecular 
genetics has changed this situation and has allowed the identification of the wild ancestors of many 
modern domestic animals and the nature of the expansion of domestic animal populations in recent 
millennia (Bruford et al 2003; Goodrich and Wiener, 2005). 
 

Many (but not all) animal domestication events are now thought to have occurred at three 
locations: southwest Asia, eastern Asia and the Americas, 8–10,000 years ago. More specifically, these 
areas comprised the ‘fertile crescent’ and its eastern margin, towards the Indus valley region, China and 
mainland south-east Asia) and the Andean chain of South America. Cattle (Bos taurus/indicus), sheep 
(Ovis aries), goats (Capra hircus), pigs (Sus scrofa), camels (Camelus spp) and buffalo (Bubalus spp) 
are now thought to have been domesticated in the two Asian regions, whereas llamas (Lama guanicoe), 
alpacas (Vicugna pacos) and guinea pigs (Cavia  porcellus) were domesticated in South America 
(Diamond, 2002). A few notable exceptions exist. Genetic evidence for the horse (Equus caballus) 
points to more recent domestication at a number of locations in more northerly latitudes (Lister et al, 
1998; Vila et al, 2001; Jansen et al, 2002). The geographical origin of the dog (Canis familiaris) is still 
debated, with multiple maternal lineages evident and the region responsible primarily inferred as East 
Asia, (Vila et al 1997; Savolainen et al 2002; Leonard et al 2002). To further complicate the picture, 
recent analysis of largely ancient DNA samples from wild boar (Sus scrofa; Larson et al 2005) has 
thrown new light on pig domestication and shows that pigs were domesticated from a larger number of 
genetic lineages, found widely dispersed across Eurasia. Finally, a new domestication arena (Africa) 
has recently been proposed for the donkey (Beja-Pereira et al, 2004). 
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Molecular markers utilised in domestication studies 
 

Primarily molecular domestication studies have focused on a phylogenetic approach to date, 
and as such DNA sequence analysis and especially the mitochondrial (mt) DNA control region (CR) 
has been used. This is the marker of choice for many studies of vertebrate phylogeography (the study of 
DNA lineages in a geographic context; Avise, 2000). Since mtDNA is predominantly maternally 
inherited in a single copy (haplotype) and because the evolutionary rate of mtDNA and particularly the 
CR can be orders of magnitude faster than nuclear DNA, studies using the CR have found that it is both 
highly polymorphic and structured enough across the range of domestic species and their potential wild 
relatives so that phylogenetic affinities and the approximate geographic region of domestication can be 
inferred. For example, Luikart et al (2001) could examine the phylogenetic affinities of over 300 
distinct haplotypes in domestic goats (Capra hircus) which were identified from from a study of just 
over 400 individuals. MtDNA is not only a powerful tool for establishing the levels of genetic diversity 
and phylogenetic structure within a species, but it can also tell us about the recent demographic 
processes affecting a population, for example whether a population has undergone a demographic 
expansion. However, although mtDNA can be extremely informative in domestication studies (both 
within and among species), its uses are limited. It can be a poor predictor of overall genomic diversity, 
because it behaves like a single locus and is an extra-nuclear genetic marker with specific evolutionary 
dynamics. Since mtDNA is maternally inherited, it does not detect male gene flow, which has a 
powerful influence on the evolution of domestic species in modern times (MacHugh et al 1997; 
Kadwell et al 2001). Further, the segregation of an mtDNA lineage within a livestock population can 
only have occurred through the domestication of a wild female or through the incorporation of a female 
into an existing domestic stock, which might not always be the case. The capture of male genetic 
lineages during domestication can potentially be tracked using the Y chromosome, as has recent been 
demonstrated in the wisent (Verkaar et al 2004). However, this chromosome is much less variable 
within species than most other genomic sequences, which prevents its routine use for phylogenetic 
analyses. Although they lack the phylogenetic precision of mtDNA sequences, microsatellites (Bruford 
and Wayne, 2003) are being used more in domestic animal studies – particularly at the breed level, 
where they have been used to great effect to describe structure within domestic species at a variety of 
levels, but primarily at the level of the breed. This approach has been applied in most domestic animals, 
including chickens (Rosenberg et al 2001), dogs (Parker et al 2004) and many livestock populations 
(e.g. MacHugh 1994, Hanotte et al 2002). The advantage of codominant markers is obvious in a 
situation where domestication and introgression may be bidirectional and the real power of these 
markers is when they are used in combination, as in the case for example, of the llama and alpaca 
(Kadwell et al 2001) and African cattle (MacHugh et al 1997; Hanotte et al 2000). 
 
Domestication questions 
 

Ancestors: In cases where material (modern or ancient) is available from the putative wild 
ancestors of modern domestic species, it is possible to compare these species or populations in a 
phylogenetic context to establish the most likely progenitor. This has been a major focus for the last ten 
years and a number of surprising results have emerged. Perhaps the best example to date (due to its 
‘completeness’) is in cattle, where studies of both zebu and taurine types initially posed the question of 
whether both types were merely differentiated forms that originated from a single domestication event, 
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or whether they represented the products of separate domestications (Loftus et al 1994a,b; Bradley et al 
1996).  Taurine cattle from Europe and Africa and zebu cattle from India and Africa were compared at 
the molecular level. Indian zebu cattle have been found to have profoundly different mtDNA control-
region sequences when compared with both European and African taurines and African zebu. The 
sequence divergence is consistent with a shared common ancestor of the order hundreds of thousands 
of years ago. Since cattle domestication has occurred during the last 10,000 years, the most probable 
explanation is that different subspecies of the ancestral wild cattle Bos primigenius has been 
domesticated in different regions of Europe and Asia.  
 

MtDNA has also revealed a similarly complex pattern in goats (Luikart et al 2001), with at least 
three divergent lineages resulting from at least two domestication events in the Near East and in Asia. 
Further, at three control-region lineages have also been described in sheep (Ovis aries; Guo et al 2005; 
Bruford and Townsend, 2005) which correlate well, but not completely, with modern fat- and thin-
tailed phenotypic varieties, and indicate three possible domestication events for this species, just as in 
goats. However to date a paucity of modern wild sheep and goat samples has hampered more accurate 
pinpointing of where and when these events took place. Two mtDNA lineages representing swamp and 
water buffalo (Bubalus bubalis) have also been described, which indicates that there were independent 
domestication events (Takanaka et al 1996; Lau et al 1998). While in South America studies of the 
endemic wild and domestic camelids (Kadwell et al 2001) asked the question of whether the modern-
day alpaca (Vicugna pacos) and llama (Lama glama) descend from either the wild guanaco (Lama 
guanicoe) or vicuña (Vicugna vicugna). MtDNA analysis showed that the llama and alpaca have 
haplotypes that originate from both wild species, but that most of the individuals have guanaco-type 
mtDNA. However, microsatellites showed that this inference was primarily the result of hybridization 
between male alpaca and female llama. Finally, in Africa a recent study of the domestic donkey (Equus 
asinus; Beja Pereira et al 2004) showed that donkeys were domesticated twice, from two wild ass 
subspecies in Nubia and Somalia. 
 

Ancient DNA: It is becoming clear that studies attempting to pinpoint wild ancestors of 
domestic species will need to rely, where possible, on DNA from ancient specimens taken from 
potential sites of domestication. For example, the origins of European taurine cattle were enhanced by a 
large-scale study of mtDNA CR variation in 400 cattle from Europe, Africa and the Near East (Troy et 
al 2001). Skeletal remains found in the United Kingdom from four wild aurochs were found to be 
3,720–7,320 years old and their phylogenetic relationships were determined. Interestingly, they were 
found to be unrelated to modern-day UK cattle, which were instead more similar to modern cattle in the 
Near East, indicating that at least the mtDNA origins of European cattle are consistent with the spread 
of cattle by cattle farmers from the Fertile Crescent, and not local, independent domestication. Clearly 
such an analysis needs to be supplemented with nuclear DNA if possible, since local introgression from 
aurochs bulls would not be picked up in such a study. Most recently, a study by Larson et al (2005) 
used ancient DNA methods to disprove an earlier hypothesis (Guiffra et al, 2000) that pigs were 
domesticated at two locations in eastern and western Asia. MtDNA CR sequences from 686 wild and 
domestic pigs were instead revealed multiple centers of domestication across Eurasia and that 
European, rather than Near Eastern, wild boar are the principal source of modern European domestic 
pigs. This last inference is extremely interesting in that it is the first concrete indication that Europe 
might have played a role in the domestication of modern human-associated species. 
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The use of ancient DNA has also proved crucial in understanding two much more complex 
species – the dog and the horse. For example, analysis of both ancient and modern DNA in the horse 
(Equus caballus) implies a highly complex process (Lister et al, 1998; Vila et al, 2001; Jansen et al, 
2002). Jansen et al (2002) found mtDNA CR sequences grouped into at least 17 lineages. Although, 
some groups clustered with modern breeds or regions, but many did not. The authors estimated that 
minimally 77 mares must have been domesticated to produce modern levels of CR diversity and it 
therefore seems likely that horses were domesticated numerous times. A summary of these finding is 
presented in Table 1. 
 
Table 1 – inferred domestication events from molecular data for some modern domestic animal 
species (updated from Bruford et al 2003) 
 

Species Possible ancestors Extant ancestors # inferred 
domestications 

Average CR 
divergence 
among 
haplogroups  

Bos indicus  
Bos taurus 

B. primigenius primigenius 
B. primigenius namadicus 

0 2 (Asia and Africa) 
1 

0.057 

Ovis aries O. orientalis/musimon 
O. ammon 
O. vignei 

3 3 
0 
0 

0.045 

Capra hircus C. aegagrus 
C. falconeri 

2 (C. aegagrus has 3 
subspecies) 

3 
0 

0.041 

Equus caballus E. caballus  0 Multiple (Eurasia) 0.040 
Equus asinus E. africanus 

E. hemiones 
E. kiang 

3 (E. africanus has 2 
subspecies) 

2 (Nubia / Somalia) 
0 
0 

0.033 

Sus scrofa S. scrofa 
S. indicus 

2 Multiple (Eurasia): 
up to six 

Not described 

Bubalus bubalis B. bubalis bubalis 
B. bubalis carabanensis 

2 2 0.074 

Canis familiaris C. lupus 1 Multiple 0.047 
Lama glama L. guanicoe 

V. vicugna 
2 (both species have 
two subspp.) 

Not described Not described 

Vigugna pacos L. guanicoe  
V. vicugna  

2 (both species have 
two subspp.) 

Not described Not described 

 
Contemporary patterns  
 

Modern day patterns of diversity in domestic animals have been influenced by ancient and 
recent human movements, selection, introgression, admixture, genetic drift and inbreeding. A 
combination of markers has been used to allow inference of these events, and have particularly 
involved examining diversity in populations with reference to populations found in putative historic 
centres of domestication as identified above. For example, recently Cymbron et al (2005), following on 
from work originally done by Loftus et al (1999) examined hypotheses on the expected genetic legacy 
of a putative Neolithic spread of agriculture across Europe following two main paths: a ‘Danubian 
route’ whereby Neolithic farmers expanded north across the central European plains and a 
‘Mediterranean’ route, where migration is supposed to have occurred along the Mediterranean coast. 
By examining 20 European cattle breeds chosen to test these hypotheses the authors supported the two 
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distinct cattle migrations. However, this study also reinforced previous evidence that Mediterranean 
cattle breeds may have had more recent input (introgression) from both the Near East and Africa. 
 

Disentangling historical patterns of movement from modern breeds has therefore proved to be a 
challenge. For example, studies using microsatellites and Y-chromosome DNA showed that the nuclear 
DNA of African zebu cattle was most similar to that found in other zebu cattle populations, in stark 
contrast to the results from mtDNA. The reason for this difference was that mtDNA studies were not 
able to detect zebu genes (passed into the local taurine population by zebu bulls), because male 
mitochondrial DNA alleles are not transmitted to descendent generations (MacHugh et al 1997). 
Geographical patterns of genetic diversity in livestock change as rapidly as new studies are published 
and as new lineages are discovered – recent examples in sheep and pigs (Guo et al, 2005; Bruford and 
Townsend 2005; Larson et al 2005) suggest that the picture is only going to become more complex, 
especially with species which are easily moved (e.g. goats where a major centre of current genetic 
diversity is in the Alps; Luikart et al, 2001) or where multiple human migrations and local agricultural 
practices combine to produce complex patterns of admixture and multiple origins of livestock (e.g. 
Wood and Phua 1996; Hanotte et al 2002). 
 

In other species, major studies of geographical patterns of genetic diversity have either yet to be 
published or the results seem to be very different. In horses there is some association between 
mitochondrial lineages and geography. Northern European ponies share a distinct mitochondrial 
lineage, as do Iberian and northwest African breeds (Jansen et al 2002) although it is hard to find other 
geographic patterns, which is likely to be the result of the extensive movement of horses. Horses have 
accordingly, low intercontinental population differentiation compared to other livestock species, which 
is consistent with their use mainly for transportation. The combined effects of portability and/or 
mobility (e.g. in goats and horses) and introgression (e.g. in cattle and sheep) has shaped the 
distribution of genetic diversity that we see in livestock globally today.  
 
Limitations of current data and future directions 
 

It seems clear from the above that to effectively document and conserve the vanishing diversity 
which occurs within and between modern domestic animal breeds, it is imperative that different marker 
types are used to assay variation. The utility of mtDNA and microsatellites are hopefully clear from the 
material presented here, but given the huge influence that male-mediated gene flow can have on 
diversity, sufficiently variable Y-chromosome markers will be important for integrated genetic studies 
in the future. Further, the molecular markers used to characterize diversity in livestock have, until 
recently, had little to do with the genes under selection for economically important traits. One recent 
example showed the power of including such genes. Beja-Pereira et al (2003) studied geographic 
patterns of variation in genes encoding for six milk proteins in European cattle. They found a 
geographic correlation between genetic diversity in milk proteins, the putative locations of Neolithic 
cattle farming sites and lactose tolerance in humans. The identification of mutations for phenotypic 
variation will add a new dimension to the characterization of animal domestication, as it will allow 
researchers to trace selection and the spread of economically important alleles, as above. Such analysis 
is potentially very powerful. The recent publication of the chicken genome and associated SNP markers 
(Wong et al 2004) open up the possibility of high resolution analysis of genetic diversity in ancient and 
modern chicken populations. The exciting prospect is in front of us of being able to simultaneously 
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detect male and female demographic history and the signatures of selection within the genomes of our 
domestic animals.  
 

Most importantly, recent advances in ancient-DNA analysis and collaboration between 
geneticists and archaeologists are set to advance domestic animal genetic studies and enhance our 
ability to infer their evolutionary and demographic history (e.g. Larson et al 2005). Ancient DNA is 
already helping us to pinpoint the geographic locations of origin for the different domestic animals, and 
to determine the timing and routes of their spread across the globe. The addition of new species (such 
as the domestic chicken) and the addition of more samples and methods of analysis, mean that the story 
for many species is likely to increase in complexity and to completely overturn previous hypotheses 
and suppositions about man’s influence on his most important non-human companions. 
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