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2. 

Abstract 1 

Three distinct mitochondrial (mt) maternal lineages (haplotype groups A, B and C) have been 2 

found in the domestic sheep. Group B has been observed primarily in European domestic 3 

sheep. The European mouflon carries this haplotype group. This could suggest that European 4 

mouflon was independently domesticated in Europe, although archaeological evidence 5 

supports sheep domestication in the central part of the Fertile Crescent. To investigate this 6 

question, we sequenced a highly variable segment of mtDNA in 406 unrelated animals from 7 

48 breeds or local varieties. They originated from a wide area spanning northern Europe and 8 

the Balkans to the Altay Mountains in south Siberia. The sample included a representative 9 

cross-section of sheep breeds from areas close to the postulated Near Eastern domestication 10 

centre and breeds from more distant northern areas. Four (A, B, C and D) highly diverged 11 

sheep lineages were observed in Caucasus, three (A, B and C) in Central Asia, and two (A 12 

and B) in the eastern fringe of Europe, which included the area north and west of the Black 13 

Sea and the Ural Mountains. Only one example of Group D was detected. The other 14 

haplotype groups demonstrated signs of population expansion. Sequence variation within the 15 

lineages implied Group A to have expanded first. This group was the most frequent type only 16 

in Caucasian and Central Asian breeds. Expansion of Group C appeared most recently. The 17 

expansion of Group B involving Caucasian sheep took place at nearly the same time as the 18 

expansion of Group A. Group B expansion for the eastern European area started 19 

approximately 3,000 years after the earliest inferred expansion. An independent European 20 

domestication of sheep is unlikely. The distribution of Group A variation as well as other 21 

results are compatible with the Near East being the domestication site. Group C and D may 22 

have been introgressed later into a domestic stock, but larger samples are needed to infer their 23 

geographical origin. The results suggest that some mitochondrial lineages arrived in northern 24 

Europe from the Near East across Russia.25 
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Introduction 1 

In several species, mitochondrial DNA (mtDNA) has been used to study domestication 2 

history. The first surveys of mtDNA variation in the domestic sheep (Ovis aries) revealed two 3 

distinct lineages (A and B; Wood and Phua 1996; Hiendleder et al. 1998b; Hiendleder et al. 4 

2002), and recently a third distinct haplotype group was reported (C; Guo et al. 2005; Pedrosa 5 

et al. 2005). The number of highly diverged lineages in other domestic ruminants is four for 6 

goat (Sultana et al. 2003), two for cattle (Loftus et al. 1994), and two for water buffalo 7 

(Tanaka et al. 1996) and separate domestication regions have been inferred. Similarly, the 8 

presence of several distinct lineages has been inferred as multiple sheep domestications (e.g. 9 

Pedrosa et al. 2005). The number of culturally and biologically independent domestication 10 

events may be lower than the number of distinct lineages, because the original wild 11 

population may have been polymorphic, or new maternal lineages may have been 12 

introgressed from different wild populations into the domesticated population (Zeder et al. 13 

2006). 14 

The previous studies on sheep mtDNA sequence diversity (Wood and Phua 1996; 15 

Hiendleder et al. 1998b; Hiendleder et al. 2002; Guo et al. 2005) have been mainly based on 16 

European or Asian sheep distant from the postulated Near East domestication centre (Smith 17 

1998). A single haplotype group, Group B, predominates in European sheep populations, and 18 

it is the only group that has been observed in the European mouflon. This haplotype group is 19 

less common in the native eastern Eurasian breeds (Hiendleder et al. 1998b; Hiendleder et al. 20 

2002, Guo et al. 2005, Meadows et al. 2005) with a notable exception for the Javanese Thin-21 

tailed (Meadows et al. 2005), that may result from crossbreeding with breeds originating from 22 

Europe (reviewed by Davis et al. 2002). The predominance of Group B in Europe supports an 23 

independent European domestication of sheep, which has been suggested earlier (e.g. Ryder 24 

1983, p. 23-24). However, the most reliable archaeological data suggests that sheep 25 
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domestication occurred in the central part of the Fertile Crescent in the Near East 1 

approximately 9,000 years ago (Smith 1998) and the European mouflon can represent a 2 

primitive feral sheep rather than a truly wild sheep (Poplin 1979). A recent study in Turkish 3 

sheep showed three distinct maternal lineages, and this was regarded as a support for the high 4 

importance of Turkey in sheep domestication (Pedrosa et al. 2005). However, the hypothesis 5 

of Near Easter sheep domestication has not been conclusively explored with comparisons of 6 

genetic variation between geographical areas. The aim of the present study was to assess the 7 

support for the European and Near Eastern domestication of sheep. This was based on 8 

extensive sampling in Caucasus area, which is located very close to the hypothesised Near 9 

East domestication centre, and in a wide northern area spanning the North European countries 10 

and the Balkans to the Altay Mountains in south Siberia, which represents a geographical area 11 

clearly exterior to the postulated Near Eastern domestication sites (e.g. Pedrosa et al. 2005). 12 

The rich sheep diversity in the study area contains indigenous fat-tailed, fat-rumped and thin-13 

tailed fleece sheep (Ryder 1984), including both short- and long-tailed breeds.  14 

Materials and methods 15 

Sampling and DNA Extraction 16 

Samples of 406 unrelated animals from 48 breeds or local varieties were studied. 17 

Sampling was done in large collective or institute farm flocks of recognized breeds or in 18 

several smallholder flocks of local varieties. Sheep were grouped into 16 regional groups (fig. 19 

1; Supplementary Table 1, Supplementary Material online) representing three wider areas 20 

(Caucasian area, Central Asian area and the remaining eastern fringe of Europe). Four of 21 

these regional groups are located in the Caucasian area: south Caucasus (Azerbaijan Mountain 22 

Merino, Bozakh, Gala, Karabakh, Mazekh, Tushin), north Caucasus (Andi, Dagestan local, 23 

Dagestan Mountain Merino, Karachai, Lezgian), Stavropol (Caucasian, North Caucasus 24 
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Mutton-Wool, Stavropol), and the Caspian Depression (Aksaraisk sheep type, Grozny, Soviet 1 

Merino, Volgograd). Two of the groups are located in Central Asia: east of Caspian Sea 2 

(Edilbai, Karakul) and Altay (Gorno-Altay local, Kulunda). The remaining ten regional 3 

groups are located in the area west of the Ural Mountains and cover the eastern fringe of 4 

Europe (fig. 1): the Middle Volga region (Kuibyshev, Mordovian local), the Volga-Kama 5 

region at the intersection of the Volga and Kama Rivers (Komi local, Mari local, Oparin, 6 

Udmurtian local), west Russia (Kuchugur, Romanov, Russian Romney Marsh), Russian 7 

Karelia (Vepsia sheep, Viena sheep), Ukraina (Carpathian Mountain, Sokolsk), east of Baltic 8 

Sea (Finnsheep, Finnish Grey Landrace, Estonian Blackhead, Estonian Whitehead, Saaremaa 9 

local and Ruhnu local), Poland (Olkuska, Swiniarka, Wrzosowka), south-east Europe (the 10 

original place of Tsigai breeds: Serbian Tsigai, Russian Tsigai), Norway (Spael Sheep, Old 11 

Spael Sheep, Norwegian Feral Sheep), and Britain (Oxford Down). DNA samples were 12 

extracted from blood as described previously (Tapio et al. 2003), or using the 13 

PickPen/QuickPick gDNA method (Bio-Nobile, Finland) according to the manufacturer’s 14 

instructions. 15 

Sequence data 16 

The DNA region analysed was a highly variable 721 nucleotide (nt) long segment of the 17 

mtDNA control region, running from base 15,541 to base 16,261 in relation to the full 18 

mitochondrial sequence (accession no. NC001941; Hiendleder et al. 1998a). Based on this 19 

complete genome sequence, four primers were designed. The primers were named to indicate 20 

the locations and whether they hybridised with the heavy (H) or the light (L) strand. 21 

OarCR15389-15410L and OarCR29-48H were used to produce sequencing template using 22 

PCR, and OarCR15412-15436L and OarCR16368-16391H were used to sequence both 23 

complementary strands. In PCR, 0.05 µg of total DNA was used in 50 µl volume of standard 24 

DyNAZyme II (Finnzymes, Finland) PCR reaction mix. The template production conditions 25 
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were as follows: 2 min 94ºC; 10 times 1 min 94ºC, 1 min 56ºC, 2 min 70ºC; 10 times 45 s 1 

90ºC, 1 min 54ºC, 2 min 70ºC; 20 times 45 s 88ºC, 1 min 52ºC, 2 min 70ºC; 5 min 70ºC. PCR 2 

products were purified using ExoSAP-IT (Amersham Biosciences, U.K.). Sequencing 3 

reactions were performed with DYEnamic ET Terminator Kit (Amersham Biosciences, U.K.) 4 

using 10 µl of purified template. The sequencing reaction had 29 cycles of the following 5 

temperatures: 20 s 95ºC, 15 s 50ºC and 1 min 60ºC. The sequencing products were purified 6 

using Amersham Biosciences Autoseq 96 plates and analysed using MegaBACE 500 7 

(Amersham Biosciences, U.K.). Fluorogram analysis was performed using Cimarron 3.12 8 

base-caller implemented in MegaBACE Sequence Analyser (Amersham Biosciences, U.K.). 9 

The complementary sequence reads were combined using Phred/Phrap software (Ewing et al. 10 

1998). This combining utilised Phred-estimated base-calling confidences. The combination of 11 

complementary reads was done also with fixed, equal confidence for each base-call. If this 12 

implied that there were major differences between the sequence reads, the reads were 13 

considered unreliable and were excluded in an early phase of the analysis. The ends of the 14 

sequences were trimmed to exclude problematic segments after a manual check. 15 

The following previously-published wild and domestic sheep data were used for 16 

comparison: Ovis aries musimon (AY091487; Hiendleder et al. 2002), Ovis ammon collium 17 

(AY091492; Hiendleder et al. 2002), Ovis ammon nigrimontana, (AY091494; Hiendleder et 18 

al. 2002), Ovis vignei bochariensis, (AF039580, AY091491 and AY091490; Hiendleder et al. 19 

1998b; Hiendleder et al. 2002), Ovis vignei arkal (AY091489; Hiendleder et al. 2002) and 20 

Ovis aries (Mongolian) (AY829402; Guo et al. 2005). Novel domestic sheep sequences were 21 

submitted to GenBank (accession nos. DQ242050-DQ242455). The sequences were aligned 22 

using MAP2 software (Ye and Huang 2005) with the default parameters, but setting 23 

alignment gaps larger than 75 nt not to be penalised more than a 75 nt gap.  24 
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Data analysis 1 

MEGA 3.1 (Kumar, Tamura, and Nei 2004) was used to construct a neighbour joining 2 

tree and to measure differences within and between observed distinct haplotype groups. 3 

Network 4.1.0.9 (Bandelt, Forster, and Röhl 1999; Available from: http://www.fluxus-4 

engineering.com/) was used to construct median-joining networks separately for the 5 

sequences within each haplotype group in order to estimate short-scale evolutionary 6 

relationships. If the network indicated that the maximum number of mutations at a site 7 

exceeded 4, the site was excluded and the network was rebuilt. Group A and B had 5 common 8 

excluded sites (15,956, 15,957, 16,008, 16,048 and 16,133). In Group A, the sites 15,939 and 9 

15,971 were also excluded. In Group B, 28 other sites were not considered (15,566, 15,592, 10 

15,601, 15,621, 15,639, 15,645_15,646insT, 15,933, 15,934, 15,943, 15,948, 15,955, 15,958, 11 

15,959, 15,961, 15,963, 15,977, 15,982, 15,993, 16,003, 16,019, 16,036, 16,042, 16,044, 12 

16,096, 16,097, 16,101, 16,218 and 16,245). Site numbering is given in relation to the full 13 

mitochondrial sequence (accession number NC001941). 14 

The distribution of the sequence types represented by nodes in the median-joining 15 

network was tested using a simplified phylogeographic test. This test was a permutational 16 

contingency test, where the geographic sampling area (Caucasus, Central Asia and the 17 

remaining eastern fringe of Europe) was treated as a categorical variable (Templeton, 18 

Routman, and Phillips 1995). In each network for the three haplotype groups, the sequence 19 

types were grouped into three classes: i) rare types occurring once or twice, ii) the 20 

phylogenetically central common root type, and iii) other types. The null distribution (the 21 

sampling area is unrelated to the observation, e.g. rare sequence types are equally likely to be 22 

found in any area) was created by 106 permutations using Geodis 2.2 (Posada, Crandall, and 23 

Templeton 2000).  24 
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Signs of population expansion were explored using Arlequin 2.001 (Schneider, Roessli, 1 

and Excoffier 1999) with the following steps. First, Fu's Fs test of selective neutrality (Fu 2 

1997), which compares the observed haplotype number to the observed number of pairwise 3 

differences, was used to establish the presence of population expansion. Second, based on the 4 

observed distribution of pairwise differences between sequences (i.e. mismatch distribution), 5 

the model parameters for the sudden population expansion model (Rogers 1995) were 6 

estimated and the fit of the data to the inferred model was tested (Schneider and Excoffier 7 

1999). Deletion polymorphisms were ignored in the analysis.  8 

R8s 1.70 software (Sanderson 2003) was used to estimate the time to the most recent 9 

common ancestor for each distinct domestic sheep lineage (i.e. time in which all the within-10 

group variation emerged). This analysis required a phylogenetic tree with branch lengths. To 11 

construct this, the appropriate mutation model was determined first. This was done using a 12 

hierarchical likelihood ratio test in Modeltest 3.06 (Posada and Crandall 1998). Second, 13 

similarity of substitution rate in the evolutionary paths from an ancestral sequence type into 14 

pairs of present-day domestic sheep mtDNA haplotypes was studied using a model-based 15 

relative rate test implemented in HY-PHY (Pond, Frost, and Muse 2005). This test compares 16 

the evolutionary distance from an out-group to two different “in-group” haplotypes. The 17 

hypothesis testing is based on the difference between the likelihood of data with and without 18 

the assumption of equivalent substitution rate. In this relative rate test, Ovis ammon 19 

nigrimontana (AY091494; Hiendleder et al. 2002) was the out-group. Haplotypes were 20 

excluded from the phylogenetic dating analysis based on a test-wise P-value 0.05. Third, the 21 

remaining unique domestic sheep haplotypes were used to construct a Bayesian phylogeny 22 

using MrBayes 3.1.2 (Ronquist and Huelsenbeck 2003). In construction of the phylogeny, the 23 

default priors of MrBayes were utilised and simple uniform molecular clock was assumed. 24 

MrBayes was run for 6 million iterations. This was performed using four parallel chains with 25 










































