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Relaxation of selective constraint on dog
mitochondrial DNA following domestication
Susanne Björnerfeldt,1 Matthew T. Webster,1,2 and Carles Vilà3

Department of Evolutionary Biology, Uppsala University, SE-752 36 Uppsala, Sweden

The domestication of dogs caused a dramatic change in their way of life compared with that of their ancestor, the
gray wolf. We hypothesize that this new life style changed the selective forces that acted upon the species, which in
turn had an effect on the dog’s genome. We sequenced the complete mitochondrial DNA genome in 14 dogs, six
wolves, and three coyotes. Here we show that dogs have accumulated nonsynonymous changes in mitochondrial
genes at a faster rate than wolves, leading to elevated levels of variation in their proteins. This suggests that a major
consequence of domestication in dogs was a general relaxation of selective constraint on their mitochondrial genome.
If this change also affected other parts of the dog genome, it could have facilitated the generation of novel
functional genetic diversity. This diversity could thus have contributed raw material upon which artificial selection
has shaped modern breeds and may therefore be an important source of the extreme phenotypic variation present in
modern-day dogs.

[Supplemental material is available online at www.genome.org. The sequence data from this study have been
submitted to GenBank under accession nos. DQ480489–DQ480511.]

In The Origin of Species, Darwin (1859) suggested that “several
wild species of Canidae have been tamed and that their blood, in
some cases mingled together, flows in the veins of our domestic
[dog] breeds”. We now know that dogs (Canis familiaris) are en-
tirely derived from the domestication of wolves (Canis lupus)
(Vilà et al. 1997); however, the origin of the huge morphological
diversity that led Darwin to his speculation remains largely un-
known (Sutter and Ostrander 2004). The domestic dog is the
most phenotypically diverse mammal on earth. The large differ-
ences in size, conformation, behavior, and physiology between
dog breeds exceed the differences among species in the dog fam-
ily, Canidae (Coppinger and Coppinger 2001; Wayne 2001). Re-
cent studies show that the origin of most dog breeds may derive
from very recent selective breeding practices and are probably
<200 yr old (Parker et al. 2004). However, selection acts upon
existing variability. It is remarkable that the potential for such
large diversification existed in the ancestral wolf population from
where the domestication process was initiated. Furthermore, the
time since domestication (at least 14,000 yr; Vilà et al. 1997;
Sablin and Khlopachev 2002; Savolainen et al. 2002) seems in-
sufficient to generate substantial additional genetic diversity.
What is the origin of this diversity? We hypothesize that changes
in the living conditions of dogs as a result of domestication re-
sulted in the release of selective constraint allowing a faster ac-
cumulation of functional (non-silent) genetic diversity in a large
array of genes.

Weakly deleterious mutations—those with selective effects
close to the reciprocal of the effective population size—represent
an important class of genetic variability (Ohta and Kimura 1971).
Such mutations are expected to accumulate faster in populations

with small effective sizes or in populations in which selection has
been relaxed, resulting in a decline in fitness. Advantageous mu-
tations, conversely, contribute little to patterns of genetic varia-
tion and are enriched in fixed differences between species. To
examine whether the accumulation of deleterious mutations is
increased in dogs compared with their wild ancestors, we have
focused on mitochondrial DNA (mtDNA). The mitochondrial ge-
nome represents only a small part of the canine genome and has
a unique mode of inheritance. However, while dog and wolf
lineages are difficult to separate for nuclear genes (Parker et al.
2004; Vilà et al. 2005), mitochondrial lineages are clearly dis-
tinguishable for the two species (Vilà et al. 1997; Savolainen
et al. 2002). This offers a good opportunity to evaluate the
consequences of life with humans on a portion of the dog ge-
nome.

As is often seen in data sets where recombination is rare or
absent, mtDNA commonly exhibits an excess of replacement
(nonsynonymous) to silent (synonymous) changes in intra-
species polymorphism compared with inter-species divergence
(Hasegawa et al. 1998). These findings likely reflect an increased
preponderance of deleterious alleles segregating within popula-
tions. Among the dog mitochondrial genes, 13 encode different
proteins of oxidative phosphorylation, which are important for
the production of energy and heat. Additionally, the mtDNA
includes two ribosomal RNA genes and 22 transfer RNA genes. In
humans, large numbers of pathological mutations have been de-
scribed in mtDNA genes (Chinnery et al. 2000). Studies on hu-
man mtDNA have shown that selection may have shaped the
patterns of variability observed today (Ruiz-Pesini et al. 2004;
Kivisild et al. 2006). In the case of the dog, since wolves still
survive across the world, it is possible to compare the genome of
the domestic species with that of its ancestor and thus identify
both functional and silent nucleotide changes that appeared in
the domestic lineages. In this study we compare patterns of mo-
lecular evolution in the mtDNA of dogs and wolves in order to
understand the genetic consequences of the change in lifestyle
associated with domestication.
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Results and Discussion

Previous studies have shown that domestic dog mtDNA se-
quences cluster in four main clades when compared with wolves,
indicating different origination events (Vilà et al. 1997;
Savolainen et al. 2002). In order to select samples of dogs repre-
senting several mtDNA lineages for the analysis, we sequenced
the mitochondrial control region I for 88 dogs from 53 breeds.
Among those individuals we selected 14 dogs, which included six
from clade I (the clade that encompasses about 71% of today’s
dogs; Savolainen et al. 2002) and two or three from each one of
the clades II, III, and IV (Vilà et al. 1997). Because we wished to
characterize mutations that occurred on dog lineages since the
emergence of each clade, the dogs in this study were selected to
be representative of the full genetic diversity observed in each
clade (Supplemental Fig. S1). Complete mtDNA sequences, ex-
cluding the tandem repeat located inside the control region
(Hoelzel et al. 1994), were obtained through polymerase chain
reaction (PCR) amplification and sequencing. The complete mi-
tochondrial sequence was also obtained for six wolves from
throughout the world trying to represent as much of the previ-
ously described wolf diversity (Vilà et al. 1999) as possible: Spain,
Russia, Saudi Arabia (two individuals), North America, and Swe-
den. Three coyotes (Canis latrans) from Nebraska and Colorado
(two individuals), USA, were also sequenced and used as out-
groups.

To construct a gene tree from the 23 complete mtDNA se-
quences, we first excluded the control region because of the high
incidence of homoplasy (Ingman et al. 2000), resulting in a se-
quence length of 15,547–15,549 base pairs (bp). The average un-
corrected pairwise sequence divergence between wolves and dogs
was 0.47% (SE = 0.02), whereas average sequence divergence be-
tween coyotes and dogs plus wolves was 4.28% (SE = 0.11). A
gene tree constructed with these sequences shows that all four
clades of dogs are very well supported with bootstrap support
values of 100% and Bayesian posterior probabilities of 1.00
(Fig. 1).

We used a maximum-likelihood (ML) approach to estimate
the rates of synonymous (dS) and nonsynonymous (dN) evolution
in mtDNA genes along each individual branch of the gene tree in
Figure 1. Branches leading only to one or more dog sequences
were considered to be dog branches (in red and orange in Fig. 1)
except for the four branches preceding the four clades (dotted
lines). These branches were excluded from our analyses because
they could not be uniquely assigned to dogs or to wolves. All
other branches within the wolf/dog tree (in blue) were consid-
ered as wolf branches as they either represent evolution before
dog domestication or recent wolf evolution. We first examined
the tree for differences in the rate of silent nucleotide substitu-
tion between wolves and dogs. We used the ML estimates of dS to
perform relative rate tests at the four nodes of the tree associated
with the origin of the four dog clades (see Methods). None of the
tests showed significant differences between dog and wolf
branches (P > 0.05 in all cases, data not shown), although dS was
on average 10.9% higher on lineages leading to dogs compared
with wolves. We therefore have no evidence to suggest that the
mutation rate in mtDNA differs between dogs and wolves. A simi-
lar test revealed that dN was on average 40.3% higher on the dog
lineages, although none of the individual tests were statistically
significant.

We next examined ML estimates of dN/dS ratios in all
branches of the gene tree. The average dN/dS ratio of divergence

between a randomly chosen wolf (W5) and a randomly chosen
coyote (C2) sequence (0.034; 95% confidence interval CI: 0.023–
0.043) is significantly lower than the average ratio along wolf
branches (0.091; 95% CI: 0.056–0.127; P < 0.001; confidence in-
tervals and significance testing were calculated by bootstrap),
which reflects intraspecific variation. Weakly deleterious muta-
tions are expected to be more common in intra-specific variation
than in divergence between species because purifying selection
has had less time to act (Akashi 1999; Piganeau and Eyre-Walker
2003; Kivisild et al. 2006). This suggests that many weakly del-
eterious mutations are segregating within the wolf population.
However, the average dN/dS ratio in dog branches (0.183; 95% CI:
0.096–0.279) is significantly higher than for wolves (P = 0.040).
This result is especially surprising considering that selection is
more effective in growing populations, increasing the probability
that deleterious alleles are lost (Otto and Whitlock 1997), and
that the domestic population has likely increased by more than
six orders of magnitude since the time of domestication (Cop-
pinger and Coppinger 2001). We believe that this could indicate
a relaxation of constraint on dog mtDNA genes compared with
wolves.

Within populations, the relative number of deleterious
compared with neutral changes is expected to decline as a func-

Figure 1. Phylogenetic tree of wolf (W), dog (D), and coyote (C)
mtDNA sequences. The tree was constructed using a Bayesian approach.
The same topology was obtained with a neighbor-joining approach. Sup-
port is indicated at the nodes as percent bootstrap support for 1000
neighbor-joining replicates and Bayesian posterior probabilities. Four
clades of dog sequences (I to IV) are indicated as in Vilà et al. (1997).
Internal dog branches are marked in orange, and internal wolf branches
are marked in light blue. The branch leading to wolf haplotype W1 was
basal to the rest of the tree and it was also considered internal. Internal
branches that could not be conclusively associated to dogs or to wolves
are indicated in discontinuous green.
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tion of allele frequency as a result of purifying selection (Fay et al.
2001). This is because deleterious alleles tend to be removed from
the population by selection and hence are unlikely to reach high
frequencies. This implies that dN/dS is expected to be higher on
terminal branches than internal branches of the wolf/dog por-
tion of the gene tree, which all represent intra-specific variability.
As a higher proportion of dog branches are terminal in the gene
tree, this could potentially explain the higher dN/dS ratios in dog
branches. In order to investigate this possibility, we divided dog
and wolf branches into internal (orange for dogs and light blue
for wolves, in Fig. 1) and terminal (red and dark blue) branches.
The dN/dS ratios are surprisingly consistent within dog and
within wolf branches (Fig. 2). This indicates that the effect of
allele frequency on the proportion of nonsynonymous muta-
tions has not been that great and that the differences between
dN/dS ratios in wolves and dogs represent true differences in se-
lective regimes, rather than simply being an effect of the accu-
mulation of weakly deleterious mutations on terminal branches
of the gene tree. It should however be noted that dog branches
tend to be more distal in the tree compared with wolf branches,
which could potentially contribute to the larger dN/dS in dogs.

We compared the dN/dS ratio along branches representing
the divergence between coyotes and wolves, dog diversity, and
wolf diversity for individual mitochondrial genes (Supplemental
Fig. S2). We also estimated dN/dS ratios for three gene classes:
ATPase genes, NADH dehydrogenase (complex I) genes, and cy-
tochrome c oxidase (complex IV) genes (Supplemental Fig. S2).
We did not note any trend for the observed differences in dN/dS

ratios between branches to be biased toward any particular gene
or gene class although the number of changes in individual genes
is small and the confidence intervals are very large. Hence our
data are compatible with a model whereby dogs are gradually
accumulating weakly deleterious changes across all mtDNA
genes.

In order to assign nucleotide changes at each gene to specific
branches and investigate their biochemical properties, we com-
pared the maximum-likelihood reconstructed ancestral se-
quences at each node with those at neighboring nodes. Table 1
shows the number of changes estimated for wolf and dog
branches in the tree in Figure 1. These values corroborate the

findings of the ML estimation of dN/dS ratios. There is a signifi-
cant excess of nonsynonymous (NS) changes compared with syn-
onymous (S) along both wolf and dog branches compared with
divergence between wolves and coyotes (P = 0.002 and P < 0.001,
respectively, G-test of independence). Additionally, a significant
excess of nonsynonymous changes is also observed in dog com-
pared with wolf lineages (P = 0.033). In line with our previous
findings there is no difference between the ratio of synonymous
and nonsynonymous changes between internal and terminal
branches within either dogs or wolves (P > 0.05 in both cases).
We used three different methods to examine the potential phe-
notypic effects of mutations: We divided changes into conserva-
tive or radical by charge and by polarity (Zhang 2000) and into
benign, potentially damaging, or probably damaging using the
PolyPhen database (see Methods; Table 1). The relative numbers
of conservative to radical (or benign to damaging) changes are
not significantly different between dog branches, wolf branches,
or in coyote/wolf divergence (G-tests, P > 0.05 in all cases). Hence
there appears to be no tendency for dogs to accumulate more
radical or damaging changes than wolves, or for such changes to
have been preferentially eliminated from the wolf or dog popu-
lation. This is probably because the majority of radical or dam-
aging changes are strongly deleterious and never reach detectable
frequencies in any population. This is consistent with our hy-
pothesis that a relaxation of selective constraint in dogs has re-
sulted in an elevated accumulation of weakly deleterious vari-
ants.

Although the domestication process was likely initiated by
just a few individuals (Vilà et al. 1997, 2005; Savolainen et al.
2002), the total world population of dogs is today estimated to be
around 400 million (Coppinger and Coppinger 2001). As the
initial dog population was small and was subsequently subdi-
vided, deleterious mutations may have accumulated by genetic
drift. In addition, as soon as the first dogs started to live with
humans, it is likely that they were strongly selected for behav-
ioral traits like tameness (Saetre et al. 2004). As the dogs’ breeding
program was controlled by humans, the intensity of stabilizing
selection for other morphologic, behavioral, or physiological
traits likely decreased. Individuals with lower metabolic effi-
ciency were more likely to survive and reproduce than they were

before. This relaxation of constraint may
have allowed the accumulation of addi-
tional nonsynonymous mutations on
the mitochondrial genome. It is there-
fore possible that this process led to an
increase in functional genetic diversity
throughout the entire dog genome, in-
cluding both genes and elements affect-
ing gene expression. For example, it has
been suggested that variation at tandem
repeats (Fondon III and Garner 2004) or
the presence of short interspersed ele-
ments (SINEs; Wang and Kirkness 2005)
closely associated with genes could have
contributed to the phenotypic diversity
in dogs, although there is no direct evi-
dence of these elements being more fre-
quent in dogs than in gray wolves. A re-
laxation of selective constraint could
have contributed not only to the huge
phenotypic diversity that exists in to-
day’s dogs but also to the appearance of

Figure 2. Maximum-likelihood estimates of dN/dS. Values for wolves are indicated in blue, for dogs
in yellow, and for the divergence between a random wolf and coyote sequence in red. Ninety-five
percent confidence intervals were bootstrap-derived.
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the large variety of diseases that affect many dog breeds (Os-
trander and Kruglyak 2000).

Methods

Sampling strategy and mtDNA sequencing
Blood samples were obtained from the Swedish University of
Agricultural Sciences at Uppsala, Sweden. Samples from 88 dogs
corresponding to 53 different breeds were initially screened to
identify dogs with mitochondrial DNA sequences pertaining to
the four clades described by Vilà et al. (1997). Fourteen of these
dogs from 13 different breeds were selected to represent all four
clades (Supplemental Table S1). Additionally, tissue samples were
obtained from six wolves and three coyotes. The wolves origi-
nated from Spain, Russia, Saudi Arabia, North America, and Swe-
den. Two samples were obtained from wolves from Saudi Arabia
due to the large mtDNA diversity revealed by a previous study
(Vilà et al. 1999). The coyote samples came from Nebraska and
Colorado (two individuals), USA. DNA extraction, amplification,
and sequencing are described in the Supplemental material.

Tree construction
We constructed a phylogenetic tree of all complete mtDNA se-
quences except the control region using a Bayesian approach as
implemented in MrBayes 3 (Huelsenbeck and Ronquist 2001).
The same tree topology was obtained using a neighbor-joining
approach in PAUP 4.0 (Swofford 2002) using the model of se-
quence evolution that best fitted the data according to the pro-
gram Modeltest 3.6 (Posada and Crandall 1998). Support of
nodes was calculated using posterior probabilities for the
Bayesian tree and with 1000 bootstrap pseudoreplicates for the
neighbor-joining tree.

In order to distinguish between mutations along different
branches of the gene tree, we classified wolf/dog branches as wolf
internal, wolf terminal, dog internal, and dog terminal. The in-
ternal branches leading to each of the four dog clades were ex-
cluded from the analysis (Fig. 1) because they could not be con-
clusively assigned to dogs or to wolves. Internal wolf branches
were defined as internal branches leading to only wolves or both
wolves and dogs. Since the branch leading to wolf haplotype W1
was basal to the rest of the tree, it was also considered internal.

Internal dog branches were defined as internal branches leading
only to dog sequences. Terminal wolf and dog branches lead
directly to a wolf or dog sequence, respectively.

Maximum-likelihood estimation of evolutionary rates
We used the PAML package (Yang 1997) to reconstruct the
changes that occurred along each branch of the gene tree at all of
the site classes within the mtDNA molecule. For sites outside of
protein coding genes, we used the BaseML program to provide
ML estimates of ancestral nucleotide states at each node of the
tree and the number of changes along each branch using the
Hasegawa et al. (1985) model of base substitution. These sites
were classified as RNA genes, control region (excluding tandem
repeat), and other noncoding regions. We used CodeML, imple-
menting the codon substitution model of Goldman and Yang
(1994) to provide ML estimates of the ancestral codons at each
node in the tree and the nonsynonymous (dN) and synonymous
(dS) substitution rates along each branch. The free-ratio model,
where dN/dS is allowed to vary among branches, was used. Codon
frequencies were calculated from the average nucleotide frequen-
cies at the three codon positions.

We tested whether the rate of molecular evolution differs
between dogs and wolves using an extension of the relative rate
test (Sarich and Wilson 1973) based on lineage-specific ML esti-
mates of dN and dS. This was done by first choosing the four
nodes in the gene tree leading to the branches before each of the
four dog clades (discontinuous green branches in Fig. 1). For each
node, we then compared the average dN and dS values from the
node to the tip of a dog branch in the clade in question with the
average dN and dS values from the node to the tip of a wolf
branch. We also estimated the average dN/dS values of the inter-
nal and external branch categories described in the previous sec-
tion using ML estimates of dN/dS from each individual branch of
the tree. For both procedures, generation of confidence intervals
and estimation of the significance of differences between statis-
tics on different branch categories were performed by nonpara-
metric bootstrapping. We recalculated each statistic from data
sets produced by resampling each codon with replacement with
1000 replicates (Felsenstein 1985). When comparing statistics for
each individual gene, we resampled each gene separately.

We assigned each inferred amino acid change to a specific

Table 1. Number of nucleotide changes inferred from maximum-likelihood reconstructed ancestral nodes

Wolf/coyote
divergence

Internal wolf
branches

Terminal wolf
branches

All wolf
branches

Internal dog
branches

Terminal dog
branches

All dog
branches

RNA genes 90 9 14 23 2 10 12
Control region 62 11 30 41 4 14 18
Other noncoding 5 0 1 1 0 1 1
Synonymous (S) 546 63 83 146 14 41 55
Nonsynonymous (NS) 48 13 16 29 6 16 22
NS/S ratio 0.09 0.21 0.19 0.20 0.43 0.39 0.40
Nonsynonymous changes
By charge
Conservative 41 13 13 26 6 15 21
Radical 6 0 3 3 0 1 1
By polarity
Conservative 33 9 9 18 3 10 13
Radical 14 4 7 11 3 6 9
PolyPhen
Benign 42 11 16 27 4 16 20
Possibly damaging 2 1 0 1 1 0 1
Probably damaging 2 0 0 0 0 1 1

Wolf/coyote divergence refers to nucleotide changes between one random wolf and one random coyote sequence in Figure 1. Internal and terminal
branches for wolves and for dogs are indicated in Figure 1.
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branch in the gene tree by comparison of ML inferred sequences
at each node. Nonsynonymous changes on each branch in the
tree were categorized as radical or conservative by the criteria of
both polarity and charge presented by Zhang (2000) and by using
the PolyPhen application, which incorporates sequence, phylo-
genetic, and structural information to characterize the potential
severity of the phenotypic effect produced by each mutation.
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