Peter Savolainen,' M.Sc.; Bjorn Rosén,”> M.Sc.; Anders Holmberg,! M.Sc.; Thomas Leitner,"* Ph.D.;
Mathias Uhlén,' Ph.D.; and Joakim Lundeberg,' Ph.D.

Sequence Analysis of Domestic Dog Mitochondrial DNA for

Forensic Use

REFERENCE: Savolainen P, Rosén B, Holmberg A, Leitner T,
Uhlén M, Lundeberg J. Sequence analysis of domestic dog mito-
chondrial DNA for forensic use. J Forensic Sci 1997;42(4):593-600.

ABSTRACT: A method has been developed for the direct sequenc-
ing of hypervariable region 1 (HV1) of domestic dog (Canis famil-
iaris) and wolf (Canis lupus) mitochondrial DNA (mtDNA) using
single hairs as template. The method uses a robotic work-station
and an automated sequencer to allow for robust routine analysis.
A population data base was created in order to investigate the
forensic and population-genetic informativeness of domestic dog
HVI1. Sequence variation, partitioning of dog breeds among
sequence variants and phylogenetic relations between the variants
were determined. Samples from 102 domestic dogs of 52 different
breeds and two captive wolves were analyzed. Nineteen dog-
sequence variants were found and the frequencies of the variants
ranged from 1 to 21%. The calculated discrimination power of the
region, i.e., the exclusion capacity, implied that nine out of ten
disputed individuals can be excluded by this analysis. The sequence
variants were found to cluster into four phylogenetic groups.

KEYWORDS: forensic science, DNA typing, dog, Canis famil-
iaris, mitochondrial DNA, sequence analysis, hair

Hairs are frequently recovered from scenes of crime. Not only
human hairs, but also animal hairs can be of forensic interest,
and especially hairs from dogs are common evidence material.
However, so far forensic examinations of animal hairs have been
limited to morphological studies, which are generally recognized
as one of the more difficult types of forensic examinations. A
positive identification of an individual can never be attained, and
only rarely can the matching of a hair with those of a disputed
individual give a categorical exclusion or can a certain breed be
excluded. The main reason for this is the large variation that exists
not only within species and breeds but also between hairs from
the same individual (1,2). The application of DNA analysis to
examinations of animal hairs would therefore be a great
improvement.

However, hairs found at the scene of a crime may derive from
different individuals and should therefore be treated separately.
Single shed hairs and hair shafts contain very small amounts (3)
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of mostly degraded DNA, and analysis of chromosomal DNA,
e.g., microsatellite loci, is seldom successful. Mitochondrial DNA
though, being present in 1000-10,000 copies per cell (4), offers
a suitable target for amplification and subsequent sequence analysis
of these samples (5,6). Mutations accumulate several times faster
in mtDNA than in chromosomal DNA (7), and the noncoding
control region contains two hypervariable regions, HV1 and HV2
(8,9), which are suitable for sequencing for identification purposes.
Furthermore, mtDNA is maternally inherited and can thus be used
to determine the maternal lineage of individuals (7,10,11) and
the haploid mode of inheritance of the genome facilitates DNA
sequence analysis. A drawback of sequence analysis compared to
other forensic DNA techniques is the large amount of manual
labor involved, and to render possible large scale routine sequence
analysis a high degree of automation is necessary. Therefore a
semi-automated system, comprising a robotic work-station and an
automated DNA sequence analyzer, was developed.

The domestic dog originates from the wolf (12) and the earliest
remains of domestic dog date from 10,000 to 15,000 years ago
(13). Hypervariable region 1 (HV 1) of the control region is the most
variable part of animal mtDNA. The rate of sequence divergence of
HV1 in humans has been estimated to be at most 33% per million
years (14). Assuming the same rate of sequence evolution for dog
mtDNA (7), the sequence divergence rate would correspond to
less than one transition every 12,000 years in HV1. Thus, only a
few transitions would have occurred since the time of domestica-
tion and, in the present-day dog population, almost all sequence
variation within this region would originate from variations within
the wolf population. If the domestication were an isolated event
the sequence variation of domestic-dog HV1 would therefore be
very limited. Fossil records suggest, however, a multiple domesti-
cation (13) and some variation was therefore anticipated. Because
of the different geographical origins of the breeds there were also
reasons to believe that some correlation between dog breeds and
sequence variants would be found. Another possible source of
genetic variation in dogs is hybridization between domestic dogs
and wolves. However, only sporadic examples of this are known,
and interbreeding between sympatric wolf and feral-dog popula-
tions was not apparent in two Italian studies (15).

This is an attempt to apply a DNA analysis method to the
forensic examination of animal hairs. To render possible large
scale routine analysis a semi-automated system was developed.
Furthermore, this is the first major study of domestic-dog mtDNA.
It shows the amount of genetic variation among and within breeds
and the extent of correlation between dog breeds and sequence
variants.
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Materials and Methods
Samples

Hairs were collected from 102 Swedish dogs of 52 different
breeds at one animal hospital located in Stockholm, at one animal
hospital located in Linkping, at two dog shows in the Stockholm
area and at various other places in the Stockholm area and in
the provinces of Jamtland and Vistergotland. The collection was
performed in a “semi-randomized” fashion so that the number of
dogs belonging to some of the breeds was adjusted to attain a
better agreement with the frequencies of breeds found in Sweden.
Some breeds are still underrepresented in the survey, e.g., hunting
dogs. In those cases when individuals were known to be maternally
related all but one were excluded from the survey. Hairs were also
collected from two wolves (one of Russian and one of Estonian
descent) at the zoological gardens of Skansen, Stockholm. The
samples were collected by gently plucking hairs from the animals.

Template Preparation

For shed hairs, an extraction protocol comprising proteinase K
degradation, phenol extraction and a final washing step was used
(16). For most of the collected hairs, which were plucked, the
mtDNA could be extracted by a less laborious method described
by Han et al. (17). Briefly, two centimetres of hair was placed in
a PCR reaction tube with the root end down and 20 p.L of methanol
(pro analysi, Merck, Darmstadt, Germany) was added. The PCR
tube was left overnight to allow the methanol to evaporate. PCR
mixture was then added directly to the tube containing the hair,
and a PCR amplification was performed.

Polymerase Chain Reaction

Two sets of oligonucleotide primers were designed from coyote
and grey wolf sequences and used in a nested configuration. Prim-
ers D1 (5'-AGA GGG ACA TTA CGA GCA AGG-3'), D2 (5'-
CCT AAG ACT TCA AGG AAG AAG C-3') and D3 (5'-TGT
AAA ACG ACG GCC AGT TTG ATG GTT TCT CGA GGC ATG
G-3') were synthesized by Operon Technologies (Alemada, Calif.)
and primer D4 (5'-Biotin-CTC CAC CAT CAG CAC CCA AAG-
3’) was synthesized on an automated DNA synthesis machine,
Gene Assembler Plus (Pharmacia LKB, Uppsala, Sweden),
according to the manufacturer’s directions. The positions of the
3’-ends of primers D3 and D4 correspond to positions H16,403
and L15,995 respectively in the human mtDNA genome (18).
Primer D3 contains a handle consisting of the M13-21 universal
sequencing primer sequence (indicated by italics) to enable the
use of dye-labeled M13-21 sequencing primers. Primer D4 has a
biotin molecule incorporated to render possible immobilization of
the amplification product onto solid support. The outer amplifica-
tion was performed with primers D1 and D2. One microlitre of
product from the outer amplification was used as a template in
the inner amplification where primers D3 and D4 generated a 319
bp fragment. The PCR mixture of both amplifications consisted
of 10 mM Tris-HCI (pH 8.3), 50 mM KCl, 1.5 mM MgCl,, 0.1%
Tween 20, 0.2 mM of each dNTP, 0.1 uM of each primer and 1 unit
of AmpliTag DNA polymerase (Perkin Elmer-Cetus, Emeryville,
Calif.) in a total volume of 50 pL. The PCR reactions were per-
formed in a Perkin Elmer 9600 thermocycler (Perkin Elmer-Cetus).
The outer amplification program consisted of a predenaturation
step (94°C, 2 min) followed by 25 cycles of denaturation (94°C,
15 s), primer annealing (65°C, 30 s) and extension (72°C, 1 min).

The inner amplification program consisted of 25 cycles of denatur-
ation (94°C, 15 s), primer annealing (69°C, 30 s) and extension
(72°C, 1 min) followed by a final extension step (72°C, 10 min).
Four microlitres of the amplification product was analyzed by
agarose gel electrophoresis and ethidium bromide staining for the
presence of the desired fragment.

Automated Solid Phase Sequencing and Sequence Analysis

The immobilization of the PCR products onto solid support and
the solid-phase sequencing reactions were performed using an ABI
Catalyst robotic workstation (Applied Biosystems, Inc., Foster
City, Calif.) controlled by a program developed at the Department
of Biochemistry, Royal Institute of Technology (19). Briefly, 200
pg of streptavidin-coated paramagnetic beads, Dynabeads™ M-
280 (Dynal A.S., Oslo, Norway), were washed with 50 p.L binding
solution (10 mM Tris-HCI, pH 7.5; 1 mM EDTA; 2 M NaCl)
and suspended in 40 pL binding solution. Immobilization of the
amplification product was achieved by mixing 40 p.L of the product
containing incorporated biotin primer D4 with the beads and incu-
bating for 15 min at 20°C. Single-stranded DNA was obtained by
denaturing the immobilized double-stranded DNA with 50 p.L of
0.1 M NaOH for 5 min at 20°C. The NaOH supernatant, containing
the eluted single strand, was removed. The beads, containing the
immobilized single-stranded DNA, were washed once with 50 pL.
binding solution and once with 50 wL 1 X TE buffer (10 mM Tris-
HCI, pH7.5; 1 mM EDTA). The beads were finally resuspended in
18 pL of annealing buffer (56 mM Tris-HCl, pH 7.5; 20 mM
MgCl,) and split into four separate aliquots; 3.3 pnL, 1.7 pL, 6.4
pL, and 6.4 pL for the A, C, G, and T reactions respectively. To
the A aliquot 0.4 pmol of fluorescently dyed —21 M13 JOE primer
(Applied Biosystems, Inc.) was added, to the C aliquot 0.3 pmol
of FAM primer, to the G aliquot 0.8 pmol of TAMRA primer, and
to the T aliquot 0.8 pmol of ROX primer. Annealing of the primers
was achieved by heating at 65°C for 5 min followed by cooling
to 25°C over 8 min after which the reactions were cooled to 4°C.
In parallel, four nucleotide mixtures (1 mM dATP, 1 mM dCTP,
ImM dTTP, ImM c7dGTP, 5 pM specific ddNTP, 0.05 M NaCl,
0.04 M Tris-HCI pH 7.5) were mixed with extension buffer (300
mM citric acid pH 7.0, 318 mM DTT, 40 mM MnCl,) in a ratio
of 3:1 and cooled to 4°C. These mixtures, 2, 1.5, 4, and 4 pL
respectively, were added to the A, C, G, and T reactions. Also, to
the A and C reactions 1 unit of T7 DNA polymerase was added,
and to the G and T reactions 2 units were added. The extension
reaction was performed at 37°C for 5 min and interrupted by
cooling to 4°C and adding 40 pL 10 X TE buffer. The A, C, G,
and T reactions were pooled and the supernatant was discarded.
The beads, containing single-stranded template DNA with comple-
mentary extension products, were washed once with 50 pL 1 X
TE and finally suspended in 6 pL of formamide. The reactions
were taken from the robotic workstation, heated at 95°C for 2 min
and subsequently directly put on ice. The reactions were analyzed
on an Applied Biosystems 373A DNA Sequencer according to the
manufacturer’s directions. The sequences were studied for the
presence of polymorphic nucleotide positions using the SeqEd
software (Applied Biosystems, Inc.).

Phylogenetic Analysis

Phylogenetic analyses were performed using the PHYLIP pack-
age (20) and PAUP (21). In PHYLIP, programs DNAML (maxi-
mum likelihood) and DNADIST together with FITCH (Jukes-
Cantor + Fitch-Margoliash) were used to create trees. Bootstrap



replicates were made with SEQBOOT and analyzed with DNA-
PARS as well as DNADIST. PAUP was used to calculate gl
statistics (22) and unweighted parsimony.

Results

The developed method is based on solid-phase sequencing of
PCR products using paramagnetic beads as solid support (23). A
semi-automated approach was used to enable robust routine analy-
ses. To obtain DNA from shed hairs a standard phenol extraction
method (16) was used, whereas for plucked hairs a less laborious
method (17) could be used. The PCR was performed in two steps
using nested primers to increase sensitivity and to increase
sequence quality by reducing the amount of interfering artefact
fragments. One of the inner primers was biotinylated to render
possible immobilization of the product onto paramagnetic beads.
By denaturing the immobilized double-stranded DNA using 0.1
M NaOH and washing away the supernatant, an extremely pure
sequencing template is obtained. The use of pipettable paramag-
netic beads as solid support made it possible to perform the
sequencing reactions by means of a robotic workstation, thus reduc-
ing the amount of manual labor considerably. Electrophoresis and
sequence analysis were performed on an automated DNA
sequencer.

Genetic Variation

A 257-bp segment of the control region, containing Hypervari-
able region 1 (HV1), was sequenced in 102 domestic dogs of 52
different breeds (Fig. 1). A total of 19 sequence variants were
found, among which 23 nucleotide positions were polymorphic
(Fig. 2). Twenty-one positions showed only transitions and one
(position No. 209) showed both transitions and transversions. One
of the sequence variants (No. 10) had a 1-bp insertion whereas
sequence variant No. 13 contained a 67-bp tandem repeat. The
frequencies of the sequence variants varied between 20.6% and
less than 1% (one individual per sequence variant) (Fig. 3). The
three most common variants (Nos. 3, 4, and 5) were present in
51% of the individuals and the six most common variants were
found in more than 75% of the individuals. To obtain a measure
of the discrimination power of the region, the exclusion capacity,
defined as one minus the sum of the squares of the variant frequen-
cies, was calculated. Tt was found to be 0.88, which implies that
on average 88 disputed individuals out of 100 can be excluded by
this analysis. This figure can be compared to the results of a study
by Piercy et al. (24) in which HV1 of 100 British white Caucasian
humans had an exclusion capacity of 0.97. The mean pairwise

10 20 30 40 50
CIGAGATICT TCTTAAACTA TRCCCTIGACA CCCCTACATT CATATATTIGA 50
ATTACCCCTA CTGIGCTATG TCAGTATCIC CAGGTAAACC CTTCTCCCCT 100
QCCCTATGTA CGTCGIGCAT TAATGGTTTG CCCCATGCAT ATAAGCATGT 150
2ACATAATATT ATATCCTITAC ATAGGACATA TTAACTCAAT CTCATAGITC 200
ACTGATCTAT CAACAGTAAT CGAATGCATA TCACTTAGTC CAATAAGGGC 250
TTAATCA 257

FIG. 1—The DNA sequence of dog mitochondrial DNA, hypervariable
region 1 of the control region. The sequence is derived from one of the
individuals and is used as a reference sequence in the list of the polymorphic
nucleotide positions in Fig. 2. Polymorphic nucleotide positions are
marked by underlined letters. The first nucleotide corresponds to position
15,996 of the human mtDNA genome (18) and the last one corresponds
to position 16,402.
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sequence distance among the dogs was 1.6%. Two wolves were
also analyzed. One wolf (W1) had a sequence variant (No. 6)
also found among the dogs whereas the other (W2) had a unique
sequence variant which was divergent in a position (nucleotide
pos. 162) not found to be variable among the dogs investigated.

Breed-Sequence Correlations

No general correlation between dog breed and sequence variant
was found (Figs. 3 and 4). However, for some breeds one sequence
variant was over represented. Among the various Retriever breeds,
9 out of 15 (60%) were of the same variant (No. 4) and among
the Labrador Retrievers, 5 out of 6 (83%) were of variant No. 4.
In the total population there were 15% Retrievers while 43% of
the individuals of variant No. 4 were Retrievers. All three Afghan
Hounds were of the same variant (No. 6). Of the German Shepherd
Dogs, 4 out of 7 (57%) were of variant No. 5. Variant No. 8§ was
found only in 4 dogs belonging to two closely related Northern
Scandinavian breeds, Jimthund and Norwegian Elkhound, Grey
(One of the dogs is a crossbreed but has a maternal grandmother
which is a Norwegian Elkhound). One Chesapeake Bay Retriever
was included in the study, and it was found to have a unique
sequence (variant No. 13) containing a 67-bp insertion which is
a tandem repeat of nucleotides 101-167. The mother and three
siblings of the dog and one unrelated dog of the same breed were
therefore analyzed and were all found to have the same insertion.
Except for this insertion the sequence was identical with sequence
variant No. 4, which was present in 60% of the Retrievers, and it
is probable that sequence variant No. 13 is a modification of variant
No. 4. Wolf W1 (Russian descent) had a sequence identical with
dog-sequence variant No. 6 while wolf W2 (Estonian descent) had
a unique sequence variant.

Phylogenetic Analysis

Phylogenetic tree analysis was used to compare 18 of the 19
dog-sequence variants and the two wolf variants with each other;
dog variant No. 13 containing the 67-bp insertion was excluded.
The analyzed segment consisted of 253 nucleotide positions among
which only 22 showed point mutations, making solid phylogenetic
inference difficult. However, the phylogenetic signal calculated
with gl statistics had a value of —0.74, giving confidence limits
greater than 99% that the data are non-random (22). Figure 5
shows a distance matrix based tree (Jukes-Cantor distance based
matrix and Fitch-Margoliash calculated tree). Trees calculated
using other algorithms (maximum likelihood, unweighted parsi-
mony and neighbor joining) gave similar results (data not shown).
In the trees, five groups of sequence variants could be distin-
guished. Of these, the largest group consisted of 76.5% of the
analyzed dogs (variants 1-5, 9, 11, 12, 14-18), a second group
consisted of dog variants 7 and 19 and a third one of dog variants
6 and 10 together with wolf-sequence variant W1 which was
identical with dog variant No. 6. The remaining two sequences
(dog variant 8 and wolf variant W2) formed branches of their own.
Bootstrap analysis strongly supported only the second (99-100%)
and the third (66-78%) group clusters, while the other groups gave
values in the range of 30% to 50%. Bootstrap values >70% have
been suggested to represent confidence limits of approximately
95% in most situations (25). The grouping of sequence variants
into lineage clusters is further highlighted by the fact that the
average pairwise sequence differences between groups were 2.4—
4.0% while the amount of sequence difference within groups was
0.4-1.2%. The correlation between dog breed and tree group was
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Variant Polymnmhlc nucleotide positions
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FIG. 2—List of the 23 polymorphic nucleotide positions of the 19 sequence variants found among the 102 examined dogs. The nucleotides are
numbered according to the sequence of one individual used as a reference, and only differences from this sequence are shown for the various sequence
variants. The numbering begins at the 3'-end of primer D4. One additional nucleotide, found in sequence variant No. 10 but not in the reference
sequence, is numbered with a decimal number. The corresponding deletion in the reference sequence is indicated by a “-.” Sequence variant No. 13,
marked “*,” contained an insertion of a 67-bp tandem repeat (nucleotides 101-167). A 24th polymorphic nucleotide position (No. 162), indicated by

Jigures in parenthesis, was found in wolf-sequence variant W2.

low (Fig. 4). Forty-four out of the 52 breeds were represented in
the largest tree group, and in tree groups II and III a wide range
of breeds were found. Among the 23 breeds represented by more
than one individual, eight were found in two different tree groups.
The only strong breed-tree group correlation was found in tree
group IV which consisted only of Scandinavian breeds, Jimthund,
and Norwegian Elkhound.

Discussion

We have described an approach to utilizing DNA analysis for
examinations of dog hairs, which are a common type of forensic
evidence. Up to now analyses of this type of material have been
restricted to morphological examinations, which generally can give
only limited information. The results obtained from the population
data base show that there is sufficient sequence variation within
HV1 of the dog mtDNA control region to make sequence analysis
of this segment a useful forensic tool. An exclusion capacity of
0.88 implies that 9 out of 10 individuals can be excluded from an
investigation. Future sequence analysis of the second hypervariable
region of the D-loop, HV2, will probably enhance the discrimina-
tion power of the method.

DNA sequence analysis is very labor-intensive compared to
other forensic DN A-analysis methods e.g., microsatellite analysis
and DNA fingerprinting. Therefore, to create a method suitable
for routine laboratories where high throughput is necessary, a major
concern was to minimize the amount of manual labor. The use
of a robotic work station to perform the solid-phase sequencing
reactions drastically reduces the amount of manual work and it
also reduces the risk for laboratory errors e.g., sample mix-up.
Together with automated sequencing it creates a robust semi-
automated system suitable for routine forensic investigations.

Among the 22 nucleotide positions where point mutations was
found, 21 showed only transitions whereas in one position (No.

209) both transitions and transversions occurred. This is in accor-
dance with a general pattern of transition bias in mtDNA. Transi-
tions are found to outnumber transversions by a ratio of
approximately 10:1 in a variety of species (26). In the phylogenetic
analysis, sequence variants containing this transversion clustered
together. Furthermore, nucleotide position No. 209 shows a high
degree of variability and can therefore be used as a hotspot. By
single nucleotide analysis of this position (e.g., mini-sequencing
(27)) an exclusion capacity of 0.58 can be obtained according
to our data, that is, more than 50% of disputed individuals can
be excluded.

In this study we analyzed dogs from 52 of the most common
breeds in Sweden, thereby trying to obtain values of the sequence-
variant frequencies of the total dog population. However, as is
indicated by this study, the frequencies of sequence variants and
the exclusion capacities may differ significantly between different
breeds. Therefore, in forensic casework, a minor reference data
base of sequence variants from dogs of the same breed as the
disputed individual should be created to obtain values of the
sequence-variant frequencies of that particular breed. Furthermore,
a maxim of modern dog breeding is to maintain the purity of the
breed and therefore crossbreeding is rare. Thus, the foreign breeds
that have been introduced into Sweden have been kept pure, which
implies that similar results would be expected for other populations.

The correlation between dog breed and sequence variant was
found to be low in the material. Though some sequence variants
were clearly overrepresented in certain breeds, e.g., Labrador
Retriever (variant No. 4) and Afghan Hound (variant No. 6), and
one variant (No. 8) was found only in two Scandinavian breeds,
the partitioning of dog breeds among sequence variants and phylo-
genetic groups was limited. This lack of correlation between
sequence variant and dog breed may be surprising considering the
different geographical origins of the breeds and the extent of
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Variant Breed| Number | Freq.% Variant Breed| Number | Freq.%
Border Collie 2 Afghan Hound 3
i tt
Cir(:il/]-g;o: f Golden Retriever 2
1 Collie 1 9.8 Groenendael 1
. 6 Irish Water Spaniel 1 8.8
Leonberger ! Otter Hound 1
Norwegian Buhund 1 Tibetan Spaniel 1
Samoyede 1 .
Crossbreed 1 W1 Russian wolf 1)
Giant Schnauzer 2
e gy I
Chinese crested 1 : 7 German Shepherd Dog 1 6.9
Airedale Terrier 1
. Jamthund 1
Rottweiler 2 West Highl. white 1
English Setter 2 Terrier
Norw. Elkhound, Grey 2
Border Terrier 2 Jimthund 2
Papillon 1 8
; Norw. Elkhound, Grey 1 39
3 . Whlp}?et ! 15.7 Crossbreed (Elkhound 1
Springer Spaniel 1 grandmother)
Poodle 1
Icelandic Sheepdog 1 Irish Setter 1
Fox Terrier 1 9 S:t Bemnhard 1 3.9
.J apanese Spiz ! Greyhound 1
Siberian Huskey ! Tibetan Terrier 1
Li;’;?::; g:g_il::; ; 10 Flat-coated Retriever 1 2.0
Flat-coated Retriever 2 Dachshund, Wirehaired 1
Terri 2
N°’f°“§,a§i’lrl‘:; | 11 Irish Wolfhound 2 2.9
Newfoundland 1 Pyrenean Mastiff 1
4 Alaskan Huskey 1 20.6 2 )
Giant Schnauzer 1 1 Labrador Retriever 1 1.0
Boxer 1
Leonberger 1 13 Chesapeake Bay 1 1.0
Kuvasz 1 Retriever
Schipperke 1 )
German Shepherd Dog 1 14 Fox Terrier, Wire 1 1.0
Crossbreed 1
15 Golden Retriever 1 1.0
German Shepherd Dog 4
English Setter 2 16 Norwegian Lundehund 1 1.0
Dachshund, Wirehaird 2
Samoyede 1 17 Cav. King Charles 1 1.0
5 Border Collie 1 14.7 Spaniel
Wachtelhund 1 -
Old English Sheepdog 1 18 Siberian Huskey 1 1.0
Keeshond 1
Hamiltonstivare 1 1
Cronshreed . 9 German Shepherd Dog 1 1.0
(W2 Estonian wolf 1)

FIG. 3—List of the 102 dogs examined and their distribution among the sequence variants. The breeds, the number of individuals of each breed and
the sequence-variant frequencies are shown. The two wolves are listed but not included in the frequency calculations.

breeding that they have been subject to. Founder effect and fixation
of mtDNA variants through drift could have been expected for the
different breeds. However, there has been a considerable amount of
crossbreeding involved in the early development of many breeds,
which may have had great influence on the distribution of sequence
variants among the breeds. The fact that sequence variant No. 8

was only found in Scandinavian breeds indicates that analyses of
other geographically isolated breeds may reveal more sequence
variants that are strongly correlated with certain breeds. One of
the wolves in the study had a sequence variant identical with one
of the dog variants. This sequence variant may either be a “true”
wolf-sequence variant or a dog variant incorporated into the wolf
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Tree group: [ L m v
Seq variant: 1 2 4 9 11 18§13 {3 1415 12 15 16 1707|190 6}10
Afghan Hound 3
Boxer 1
Chinese Crested 1
Chow-Chow 111
Collie 1
Collie, Border 2 1
Dachshund, Wirehaird 2 1
German Shepherd Dog 1 4 111
Giant Schnauzer 1 2
Greyhound 1
Groenendael 1
Hamiltonstévare 1
Huskey, Alaskan 1 1
Huskey, Siberian 1
Icelandic Sheepdog 1
Irish Wolfhound 2
Japanese Spitz 1
Jamthund 1 2
Keeshond 1
Kuvasz 1
Leonberger 1 1
Newfoundland 1
Norwegian Buhund 1
Norwegian Elkhound, Grey 2 1
Crossbreed (Elkhound Grandmother) 1
Norwegian Lundehund 1
Old English Sheepdog 1
Otter Hound 1
Papillion 1 1
Poodle 1

renean Mastiff 1
Retriever, Chesapeake Bay 1
Retriever, Flat-coated 2 1
Retriever, Golden
Refriever, Labrador 5 1
Rottweiler 2
S:t Bemard 1
Samoyede 1 1
Schipperke 1
Setter, English 2 2
Setter, Irish 2 1
Spaniel, Cav. King Charles 1
Spaniel, Irish Water 1
Spaniel, Springer 1
Terxier, Airedale 1
Terrier, Border
Terrier, Fox 1]1
Terrier, Norfolk 2
Terrier, West Highland White 1
Tibetan Spaniel 1
Tibetan Terrier 1 i
Wachtelhund 1
Whippet 1
Crossbreed 1
Crossbreed 1
Crossbreed 1

o0

~
-
~

FIG. 4—Distribution of individuals of the different dog breeds with respect to phylogenetic tree group and sequence variant. The four main tree
groups are indicated by Roman numerals whereas the sequence variants are indicated by Arabic numerals. The sequence variants of tree group I are
arranged according to their distribution among the subclusters of the group.
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FIG. 5—Distance matrix based tree showing phylogenetic relations
between 18 of the 19 dog-sequence variants and the two wolf-sequence
variants found in this work. The four dog groups are indicated by Roman
numerals. The tree is rooted by a coyote sequence. The distance of the
coyote sequence is reduced by 50%.

lineage through hybridization between a wolf and a dog. In studies
of the Swedish wild wolf population (data not shown) three
sequence variants were found, all of which were divergent from
the dog sequences, and it may now be possible to distinguish
between wolf and dog in cases of suspected poaching.

Apart from the forensic field of application, the data obtained
from the population data base featured interesting population
genetic qualities. Phylogenetic tree analysis was used to compare
the sequence variants with each other. The two hypervariable
regions of the control region (HV1 and HV2) show an unusual
pattern of evolution, which involves extensive formation of inser-
tions and deletions and generation of short repeats (28). An exam-
ple of tandem-repeat formation was found in sequence variant No.
13 in this study. However, we performed a phylogenetic grouping
of sequence differences analyzing only point mutations. The dog
variants were found to cluster into four groups with little iinternal
variation. Within the groups the largest distance to a common
ancestor was maximally 0.8%, while the average pairwise sequence
difference between groups was 2.4—4.0%. It can therefore be
hypothesized that the sequence difference between groups has
evolved before the domestication of the wolf, and that the sequence
difference within groups has evolved after the domestication took
place. This indicates that the domestic dog originates from at least
four female wolf lineages. Further comparative population genetic
analyses of dogs and wolves might give more knowledge about
the domestication of the wolf and the subsequent evolution of the
domestic dog.
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In conclusion, a method utilizing DNA sequence analysis for
forensic examination of dog hairs was developed. To make the
system attractive for routine forensic investigations, a robotic work-
station, performing the DNA sequencing reactions, was integrated
with a standard automated sequencer thus considerably reducing
the amount of manual work and the risk for laboratory errors. The
results-from the population data base show that there is sufficient
sequence variation within HV1 of the dog mtDNA control region
to make sequence analysis of this segment a useful forensic tool.
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