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Multiple and Ancient Origins of the 
Domestic Dog 

Carles Vila, Peter Savolainen, Jesus E. Maldonado, 
Isabel R. Amorim, John E. Rice, Rodney L. Honeycutt, 

Keith A. Crandall, Joakim Lundeberg, Robert K. Wayne* 

Mitochondria1 DNA control region sequences were analyzed from 162 wolves at 27 
localities worldwide and from 140 domestic dogs representing 67 breeds. Sequences 
from both dogs and wolves showed considerable diversity and supported the hypothesis 
that wolves were the ancestors of dogs. Most dog sequences belonged to a divergent 
monophyletic clade sharing no sequences with wolves. The sequence divergence within 
this clade suggested that dogs originated more than 100,000 years before the present. 
Associations of dog haplotypes with other wolf lineages indicated episodes of admixture 
between wolves and dogs. Repeated genetic exchange between dog and wolf popu- 
lations may have been an important source of variation for artificial selection. 

T h e  archaeological record cannot resolve 
whether domestic dogs originated from a 
single wolf population or arose fro111 multi- 
ple pop~~la t ions  a t  different times ( 1 ,  2 ) .  
However, circumsta~ltial evidence suggests 
that dogs may have diverse or~gins  (3) .  Dur- 
ing most of the  late Pleistocene, h u ~ n a n s  
and nrol\-es coexisted o\-er a wide geograph- 
ic area ( I  ), p r o v ~ d i ~ l g  ample opportunity for 
independent domesticatio~l events and 
continued genetic exchange between 
\vol\-es and  dogs. T h e  extreme p h e n o t y p ~ c  
diversity of dogs, even dur i~ lg  the  early 
stages of dornesticatio~l ( 1 ,  3,  4), also sug- 
gests a varied genetlc heritage. Conse- 
quently, the  genetic diversity of dogs may 
have been enriched by multiple founding 
events, possiblv follo\ved by occasional in- 

terbreeding n r ~ t h  wild wolf populations. 
W e  seque~lced portions of the  mito- 

chondrlal DNA of nrol\-es and domestic 
dogs. Initially, 261 base pairs (bp)  of the  
left domain of the  mitochondria1 control 
region (5) were sequenced from 14P dogs 
representing 67 breeds and five cross- 
breeds and  162 wolves representing 27 
populatio~ls from throughout Europe, 
Asia, and Nor th  Amerlca (Fig. 1 )  (6 ) .  
Because all wild soecies of the  eenus Canis 
can  interbreed (7) and  thus are potential  
ancestors of the  domestic dog, five coyotes 
(Canis latrans) and  two golden, two black- 
backed, and eight Simien lackals ( C .  au- 
reus. C .  mesomelas, and C .  simensis, re- 
spect~vely)  were also sequenced. 

T h e  control region of nrolves and dogs 
nras highly polymorphic (Fig. 1 ) .  w e  

C v ia ,  J E. Maidonado. I 9. Amorlm, R. K Wayne, found 27 wolf haplotypes tha t  differed o n  
Department of B o  ogy, Un~i'ers ty of Callfornla, Los An- 
gees, CA 9CC95-1606. USA a\-erage by 5.31 -+ P . l l  (-+SE) substitu- 
F. Savola~nen and J Lundeberg, Department of BIO- tions (2.10 2 0.P4?/0), with a maximum of 
chems t r j  Royal nsttute of Tec,inology. S 1 0C 44 Stock- 10  substitutions (3.9596). ~h~ distribution 
io lm,  Sivveden. 
J. E Rce and 9. L. Honeycuti, Faculty of Genetlcs and haplotypes gee- 
Deoartment of W d f e  and F~s ieres  Scences, Texas graphic specificity, with most localities - & 

A&M Uni3ersty, Coege Staton, TX 77843, USA. containing haplotypes unique to  a partic- 
K. A Crandall, Department of Zoology and M L Bean 
Museum, Brlgham Young Unverslty, Frovo, UT 84602, ular regio11 (Fig. haplotypes (W2, 
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rwayne@ucIa edu found. Only haplotype D6 also occurred in 
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some gray ~volves fro111  veste ern Russia and  
R o ~ n a n i a  (V116). Sequence divergence 
anlong ~iogs  Ivas s ~ m ~ l a r  to  that  found 
alllong ~ o l v e s .  Dog haplot\-pes iliffered by 
a n  average of 5.32 i i7.17 substitutions 
(2.06 i i7.i?7"b). 1 ~ 1 t h  a maximum iiiver- 
gence of 12 substitutions (4.67%). Mito- 
chondrial haplotype diversit\- in  Jogs 
could not  he partitioned according to 
breeds. For example, in eight German 
shepliercla examined, five distinct se- 
quences Itrere found, and  in  six golden 
retrievers, four sequences were detected. 
Xloreover, man!- lireeds shared sequences 
wit11 other  breeds. For instance, dog h a p  
lotypes D4,  D3,  D5, and D l  \Irere found i n  
14, 14, 9, and 7 breeds, respecti\.ely. K o  

dog sequence differed fro111 any wolf se- 
quence by lnore t h a n  12 substitutions, 
whereas dogs differed from coyotes and  
jackals hy a t  least 22 substitutions and  tn.0 
~nser t ions .  These results clearly support 
\volf ancestry for clogs. However, because 
mitochondria1 D N A  is mater~lally inherit- 
ed, interbreeiiing be t~veen  fe~nale  dogs and 
male coyotes or lackals iiould not  be de- 
tected. More limited studies of nuclear 
~narkers  support tlie conclusion that  the  
\volf n.as t h e  ancestor of the  domestic dog 
(8). 

Several ~i le thods  of phyloge~letlc anal- 
ysis, including maximum likelihoocl (9) ,  
m a s i m ~ ~ m  parsimony (I C), minimum 
spali~ling networks ( I  I ), and statistical 

Fig. 1.  Subst~tut~ons and deetons (-1 observed n 11111111111111111222222222222222 

261 bp of control regon sequence from wolves 2355900125667888889999000001112222233 
5 2 5 4 9 5 4 5 1 5 7 i 7 0 3 i 5 6 7 4 5 6 9 1 4 6 ~ 9 0 3 7 1 2 4 6 ~ 3 9  

(\j\l) and dogs (D; The dog SeqLlenCe D l  3 had the W12 A T - C C T C - T ~ T T T - - ~ ~ G T C T T G C C G A T M T ~ . . T G ~ . . T T  

same sequence as DL except for an nsedon of a W1 . . . . . . . . . . .  . C . .  . . . " - .  .'. . . . .  , G . .  .". . .  . 
. . . . .  . . . . . . . .  W2 .G. . C . .  . . A , .  . A  . . G .  . . A , .  

. . . .  . . . . . . . .  . . . . .  67-bp tandem repeat. The n~~merals I ,  I .  I ,  and V W3 . G . .  r . r . c ~ .  . G . .  . A , .  

ndcate assgn?,ents to the four clades of dog E: : : : :  ::::::: :::: :::::: :ft;:: :::::: : ; ; :  
sequences. Wolf Iocat~es: Bugar~a (17 = 1 \J\17;. W7 . . . . . . . .  . G . .  . . . . .  . A . T . c A ? .  . . . . . . .  . A , .  . 

Croata (n = 5, \,V2): Esiona (n = 1, W10): France ;g : : : : :  : ; : : : : : : : : :  ::;:': :::;: : ::::: ::::: 
. . . . . . .  . . . . . . . . . . .  . . .  . (17 = 2 \/\/A): Flnand (17 = 2 \/\/lo): Greece (17 = 7 W10 . c . .  . A , .  . A , .  . A . .  

W2 \,V5, \/\/8, and \J\19) kaly (17 = 12 \,V4): Poland : : , : : ,  1 :  :::iC:: :;::::: : " : : : :  1::: 1:: 1 :  
(n = 1 W3), Poduga (;J = 19. \]\I1 and \J\12) W14 . . . . . . . . . . .  . C . .  . .  . A , .  . . A , .  . . .  . G . .  . A , .  . 

W15 . . . . . . . . . .  c . . .  C . T  . . .  CA? . . . . . . . . . A  . . .  
Roman a (17 = A: \,V5 and W6j, Russa (n = 3. \I116 w 1 6  . , C .  . . . . . .  . c .  . . c .  r .  . . C A T .  . . . . . . .  . A .  . .  

. . . . . . .  . . \],/I 0, and \J\126); Spain (n = h6, W1 and \J\13;, W17 . c .  . C ? ,  c . .  . c . r . .  . C A T . .  . A , .  . . .  . . . .  . . . . . . . . .  W18 . G . . c . .  A A . .  . . G G .  ..A... 
Sweden (n = 2: \,V2 and W1 01, Afglians~an (17 = 3, W19 . . . . . . . . . . .  . c .  . . .  . A .  . . c r ? .  . . . . . . .  . A .  . .  
\j,/18), c h n a  i f i  = 3. \/\/14, \,1~19 and ~ 2 7 ; :  lnda W20 . . . . . . . . . . . . . . . . . . . .  . c c ~ . ~ . .  . . . . .  . A . c .  

. . . . . . . .  . . . . . .  . . . . . . .  W21 . C . .  . A . .  . A , .  . A , .  
. .  . . . . . . . . . . . . . . . .  (n = 1, W121, ran (n = 6; W16 and \J\li 7) .  Israel W22 . c r . .  .cA.T... . A , .  

j l l  = 16, W1 1);  Saud Arabia j17 = 7: \j,/7, W12 W23 . . . . . .  ,'. . . . . . . . .  .". . .  .".. . . . .  . G . G , A , ,  . 
W24 . . . . . . .  c .  . . . . . . . .  . A .  . .  .A. . .  .G. . . . . . .  

W13 W l  A,  and \,V15j: Turkey (n = 2 W2); Alaska W25 . . . . . . . . . . .  . c . .  . c  . A C T . C A .  . . . . . . .  . A .  . .  

(n = 3, W20), Alberta (n = 1, W22) Labrador (17 = :g: : : :  1 ; : :  :.:::::,::::::::,::::::;:::A: :7 
3 \j\122), l\/exlco (n = 3 W25): l\/ontana (0 = 1 , W61D6 . . . . . . . . . . . . . . .  . C A .  . .  . A .  r .  . . C 4 .  . . A .  . .  I V  

W22); Nodhviesi Terr~ior~es !n = 3. \,V22), and Ei: : ::: : : : : : : : :!;: : 1:;: : : :':',;: :g:: 1:'. :: 
Yukon (17 = 3; W21, W23 and \,V24). Dog breeds: D?g ,:::;:;:::::;:: ,;:;::: :;:::: 1::: :;:::: 
basenj (17 = 1 D2; basset (17 = I, D61: boxer (n = ~ 2 1  . . .  . T . .  . . . .  . c . .  . : .A. . .  . A , .  . . . . . .  . c . .  . .  I I I  

. . . . . .  . . . .  . .  . . . .  1, D4;, Norv,jegian buhund (IT = 1, D l ; ,  b u d o g  D8 . c .  . e . .  . A , .  . C A i . T A i . c ~ .  fl D l  G  . .  T . C  . . . . . .  C . . .  . A  . . . . . . . . . . . . . . . . . . .  1 
(17 = 1 D6;. Ch nese cresied jn = 2: D2 and D231. ~2 G ,  . .  ; c .  . . . .  . c . .  . .  . A .  . . . . . . . . . . . . . . . . . .  I 
chow chow (17 = 3. ~ 1 ,  ~ 2 ,  and ~ 3 ; .  tole (n = 1, D3 c .  . .  . c . .  . . .  . c . .  . .  . q . .  . . A . .  . . . . . . . . . . . .  1 

. . . . . . . . . . . . . . . . .  . . . . . .  . . . . .  D4 G... c c ~c I 
" ." . D l  1 ;  border collie (17 = 3, D l  and D31; v'irehared D5 G .  . .  . c .  . . .  . . .  . . - .  . . .  . T .  . . . . . . .  I " .  

dachshund (17 = 3: D5 and D l  0): Austra~an dngo Dy? z: : : 1 ; : :  : 1 :  1:: - .  : : :  :;: : : :  : ::: : :;: : : : : :  : : 
(17 = D l  8): grey Norweg an ekliound (17 = 9: D3 D l 2  G . .  . . c . .  . . G . c . .  . .  . A , .  . . A , .  . .  . I . .  . . . . . .  I 

D l 4  G . . . .  c . . . G . . c . . . . . A . . . . A . . . . . . . . . . . .  . .  I and D8): Eskimo dog (n = 1, D23); German shep- ~ 1 5  G c . .  . c . .  . . .  . c . .  . .  . A , .  . . A , .  . .  . T . .  . . . . . .  I 
. . .  herd (n = 8: D4, D5, D6 D7,and D19),greyhound D l 6  G . .  . . c . .  . . .  . c . .  A . .  . c A . .  . .  r . .  . . . . . .  I 

D l 7  G . . . .  c . . . . . . c . . . . . ~ . . . . . q . . . . . ~ . . . . . c . .  I 
(17 = 1, D9); groenendae (n = 1. D61; Mexcan ~ 1 8  ., ,:. . C . .  , A , .  ...-...I . .  , , , ,  . . . , . . , . . , . . .  . 

haress (n = 6; D3, D6, D21, and D26); hamton- D2O G . .  . . c . .  . . .  . c . .  . .  . A . .  . . A , .  .cC:. . . . . . . .  I 
. . . .  D22 G ~ . . . . . . C . . . . . A . T . . A . . . . . . . . . . . . . .  c I 

stovare !n = 1 D5); Afghanstan ho~lnd !n = 3, D23 G ,  , T , c , ,  , , , , c , ,  , , , A , .  , , . , . , , , , , . , , .G,. 

D6); Alaskan husky (!7 = 2, D4 and D7). Siberan D25 G . .  . .  c . .  . . .  . C . .  . .  . A , ? .  . A .  . . . . . . . . . . . . .  I 
D26 G . . . .  c . . . . . .  c . . . . .  A . . . .  A . . . . . .  ? . . . . . . . .  I 

husky !n = 3: D3. D7, and D18): jamthtlnd (n = 3: 
D7 and D8). keeshond (11 = 1, D 5 i  kuvasz !n = 1 
D4i: Leonberger !n = 2: D l  and D4), Norwegian lundehund jn = 1, D16); Mareema (n = 1, D=6); 
Pyrenean mastff !n = 1, D l  1); Nevifotlndand in = 1. D4); otter hotlnd (n = 1, D6): p a p o n  (n = 2; D3 
and D4): poodle ! t i  = 1. D3i' toy poodle (n = 1, D6): ptlg !n = 1, D26): Chesapeake Bay retriever (n = 

1. D13): flat-coated retr~e\/er !n = 3; D4 and D10); golden retr~ever (n = 6, D4, D6, D15, and D24), 
abrador retriever (n = 6; D4 and D12). Rhodesan r~dgeback (n = 1, D26). rotiweer !n = 2 D3). 
Sarnoyede jn = 3; D l .  D4. and D5); St. Bernard (n = 1. DS), schpperke (n = 1. D4i, gant schnauzer (n = 

3, D4 and D7i, mnature schnauzer jn = 1 D 9 i  Ei igsh setter !n = 4; D3 and D5), r ~ s h  setter jn = 3 D l  
and DS); New Gtlinea sngng dog (11 = 2. D l  8): w a r  in = 1 D26); ceandc  sheepdog (n = 1, D3): Old 
Engsh sheepdog (0 = 1, D5): shba r i t l  jn = 1, D20). Cavaer Kng Charles spane (n = 1, D17). r ~ s h  
viater spane !n = 1, D6i: sprnger spane !n = 1, D3): Tbetan spane jn = 1 D6). sptz in = 1, D22). 
Japanese spitz jn = 1, D3i aredae terrer (n = 1 , D7): border terrer (n = 2 D3): fox terrer (n = 2: D3 
and D14i Norfokterrer (n = 2, D4). West Yghand terrier !n = 2, D7); Tbetan terrer (n = 2: D2 and DS): 
wachtehund jn = 1 D5): v>i:ippet jn = 1 D3i' r s h  wolfhound (n = 2, D l  1): and crossbreeds (n = 5: D l  
D3. D4. D5, and D18) 

parsimony (12). were used to investigate 
relationships alnong sequences. All  analy- 
ses supported a grouping of dog haplotypes 
in to  four distinct clades, although t h e  to- 
pology within and anlong clades d~ffered 
among trees (IS). As exemplified by the  
neighbor-joining analysis (Fig. 2A). three 
of the  four mo~lophylet ic  clades defined a 
larger clade containing all but three dog 

D4 1 
Coyote 

Fig. 2,  (A) Neghbor-joinng tree of wolf and dog 
haplotypes ( D l 3  excluded, see Fig. 1) based on 
261 bp of control region sequence (17), 1 5 )  
Neghbor-joning tree of 8 wolf and 15 dog ge- 
notypes based on 1030 bp of control region 
sequence. The suffixes a b and c after the hap- 
otype labels were used to dsiinguish identcal 
261 -bp sequences that ha\/e d~fferent 1030-bp 
sequences. Bootstrap stlpport s Indicated at 
nodes if found n rnore than 5006 of 10,000 boot- 
strap trees 

3 688 SCIENCE a \-OL. 276 13 JUNE 1997 tv~vw.scie~~cemag.org 



EH5B 
haplotypes and a subset of wolf haplotypes 
(W4 and W5). Clade I included 19 of the 
26 dog haplotypes. This group contained 
representatives of many common breeds as 
well as ancient breeds such as the dingo, 
New Guinea singing dog, African basenji, 
and greyhound (14). Clade II included dog 
haplotype D8, from two Scandinavian 
breeds (elkhound and jamthund), and was 
closely related to two wolf haplotypes 
found in Italy, France, Romania, and 
Greece (W4 and W5). Clade III contained 
three dog haplotypes (D7, D19, and D21) 
found in a variety of breeds such as the 
German shepherd, Siberian husky, and 
Mexican hairless. Finally, clade IV con­
tained three haplotypes (D6, D10, and 
D24) that were identical or very similar to 
a wolf haplotype (W6) found in Romania 
and western Russia, which suggests recent 
hybridization between dogs and wolves. 
Many breeds contained representatives of 
more than one dog haplotype grouping 
(Fig. 1). 

Because the overall bootstrap support 
for many of the internodes in Fig. 2A was 
low, 1030 bp of the control region were 
sequenced for 24 canids, including repre­
sentatives of the four dog clades (15). 
Although the association of clades was 
different, the analyses of the longer se­
quences provided stronger support for the 
four monophyletic groupings of dog hap­
lotypes (Fig. 2B) (13). A Wilcoxon 
signed-rank test was used to assess the 
monophyly of dog clades (16). Monophyly 
of all dog haplotypes can be rejected, and 
monophyly of clades I, II, and III is mar­
ginally rejected (P = 0.0004 and P = 
0.053, respectively). In both trees, dog 
haplotype clades II and IV are most closely 
related to wolf sequences from eastern Eu­
rope (Greece, Italy, Romania, and western 
Russia). 

The coyote and wolf have a sequence 
divergence of 0.075 ± 0.002 (17) and 
diverged about one million years ago, as 
estimated from the fossil record (18). Con­
sequently, because the sequence diver­
gence between the most different geno­
types in clade I (the most diverse group of 
dog sequences) is no more than 0.010, this 
implies that dogs could have originated as 
much as 135,000 years ago (19). Although 
such estimates may be inflated by unob­
served multiple substitutions at hypervari-
able sites (20), the sequence divergence 
within clade I clearly implies an origin 
more ancient than the 14,000 years before 
the present suggested by the archaeologi­
cal record (21). Nevertheless, bones of 
wolves have been found in association 
with those of hominids from as early as the 
middle Pleistocene, up to 400,000 years 
ago (I, 22). The ancient dates for domes­

tication based on the control region se­
quences cannot be explained by the reten­
tion of ancestral wolf lineages, because 
clade I is exclusively monophyletic with 
respect to dog sequences and thus the 
separation between dogs and wolves has 
been long enough for coalescence to have 
occurred. To explain the discrepancy in 
dates, we hypothesize that early domestic 
dogs may not have been morphologically 
distinct from their wild relatives. Con­
ceivably, the change around 10,000 to 
15,000 years ago from nomadic hunter-
gatherer societies to more sedentary agri­
cultural population centers may have im­
posed new selective regimes on dogs that 
resulted in marked phenotypic divergence 
from wild wolves (23). 

Although individual breeds show uni­
formity with respect to behavior and mor­
phology, most breeds show evidence of a 
genetically diverse heritage because they 
contain different haplotypes. Moreover, 
dog sequences cluster with different groups 
of wolf haplotypes. Therefore, after the 
origin of dogs from a wolf ancestor, dogs 
and wolves may have continued to ex­
change' genes. Backcrossing events could 
have provided part of the raw material for 
artificial selection and for the extraordi­
nary degree of phenotypic diversity in the 
domestic dog. Domestic species of plants 
and animals whose wild progenitors are 
extinct cannot be enriched through peri­
odic interbreeding, and change under ar­
tificial selection may be more limited. 
Consequently, the preservation of wild 
progenitors may be a critical issue in the 
continued evolution of domestic plants 
and animals. 
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