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ABSTRACT: A highly variable and heteroplasmic tandem repeat
region situated in the mitochondrial mt DNA control region (CR) in
domestic dogs and wolves was studied to evaluate its suitability as
aforensic genetic marker for analysis of single hairs. The tandem
repeat array is composed of three 10-bp repeat types that are dis-
tributed so that a secondary DNA sequence isformed. Thus, the re-
gion presents two levels of variation: variation in the number of re-
peats and variation in the secondary DNA sequence of repeat types.
Two analysis methods were therefore tested; fragment length anal-
ysisand analysis of the sequence of repeat types. Fragment analysis
produced unique profilesthat could be used to discriminate between
blood samples from maternaly closely related individuals. How-
ever, different hairs from oneindividual did not have the same frag-
ment profile, and the method is, therefore, not suitable for analysis
of single hairs. In contrast, analysis of the repeat type sequences (ar-
ray types) is highly informative. When different hairs from one in-
dividual were studied, identical array typeswere found. The repeat-
type sequence variation was studied among individuals having
identical nonrepetitive CR mtDNA sequence variants. Seven, six,
and two individuals, representing three different sequence variants,
respectively, were analyzed. All these individuals had different ar-
ray types, which implies a very high genetic variation between in-
dividuasinthisregion. The analysis method considerably improves
the exclusion capacity of mtDNA analysis of domestic dogs com-
pared with sequence analysis of non-repetitive DNA.
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DNA analysis has become well established for forensic identifi-
cation of most types of human biological material since it wasfirst
used in aforensic case in 1986 (1). In most cases, when relatively
large amounts of intact DNA is present, repetitive elements situ-
ated in the nuclear DNA (microsatellites and minisatellites) are an-
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alyzed by short tandem repeat (STR) analysis (2—4) and DNA fin-
gerprinting (1,5,6), respectively. For materials containing very
small amounts of DNA or severely degraded DNA, such as shed
hairs, mtDNA analysisis normally the choice. The reason for this
is that the presence of more than 1000 copies of mtDNA per cell
(7,8), compared with two copies of nuclear DNA loci, enhancesthe
chances of extracting and successfully analyzing the DNA
molecules. mtDNA analysisis performed by determining the DNA
sequence either by conventional DNA sequence analysis (9-11) or
by mini-sequencing (12). The drawback of mtDNA analysisis that
the exclusion capacity is limited compared with that of nuclear
DNA analysis, because of the limited information content in the
small mtDNA molecule.

Biological material from animals is also frequently found at
crime scenes. The most frequent type of materia is hairs from
furred animals, especialy pets such as domestic dogs and cats.
However, biological materials from animals have so far been used
for the discrimination between individuas in a very limited num-
ber of forensic cases (13,14). A previous study has shown that the
amount of mtDNA sequence variation is more limited in domestic
dogsthan in humans (15). The exclusion capacity for the most vari-
able part of the domestic dog mtDNA control region (CR) was 0.87
in a Swedish dog population, which can be compared to a value of
0.97 found in the same region in a human population of English
white Caucasians (16). The lower variation among dogs can be ex-
plained by the limited number of animals that was involved in the
domestication of the wolf (17), and the limited amount of time that
has passed since that event. The relatively low exclusion capacity
of mtDNA sequence analysisin domestic dogs constitutes a disad-
vantage in its application to forensic analyses.

In the mtDNA of dogs as well as al carnivores studied so far,
but not in humans, a hyper-variable tandem repeat region is pre-
sent in the control region (18-20). This repeat region exhibits a
high amount of variation between individuals because of its very
high rate of mutation (19). Because of the high mutation rate, it
also shows heteroplasmy, i.e,, more than one type of DNA is
found in one individual (19,21,22). In dogs, the region is com-
posed of an array of 10-bp sequences that are tandemly repeated,
usually between 25 and 35 times (19). PCR amplification of this
locus, therefore, results in a number of fragments of different
lengths. Among dogs there are two types of these 10 bp repeats,
differing in one position (informative position) (Fig. 1a). In some
wolves, athird type has been found caused by variation in a sec-
ond position (Fig. 1b). The different repeat types form a sequence
and therefore there are two types of variation in this region, vari-
ation of length and variation of the sequence of repeat types. In a
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ACACGTACGTACACGTGCGTACACGTACGT
60 70 80

B
Repeat type Sequence
0 ACACGTGCGT
1 ACACGTACGT
2 ACACATACGT

FIG. 1—(a) Sequence analysis results showing three repeats. The infor-
mative position, which defines the two repeat types, 0 and 1, is underlined.
(b) Thethree repeat typesfound in this study. Theinformative positionsare
written in bold.

previous study, 15 dogs having mtDNA sequence variants repre-
senting all major phylogenetic mtDNA groups, according to anal-
ysis of the non-repetitive control region sequence, were analyzed
(29). A very large amount of heteroplasmy was found in the indi-
viduals, 85 types of molecules (array types) were found in the
blood within one individual and the total number of array types
was estimated to about 380. In al individuals one or a few array
types were more common and had frequencies between 10 and
50% while the majority of the array types had a frequency of less
than 1%. In pedigree analyses, the more common array types
were shown to be inherited from mother to offspring. The rare ar-
ray types constituted in all approximately 20% of the molecules
and were shown to be the product of somatic mutations. A pair-
wise comparison performed between all individuas in the study
showed that while maternally related individuals had some iden-
tical array types, no inter-individual match was found between
any two molecules from unrelated individuals.

This study investigates the possibility of utilizing the large
amount of genetic variation found in the mtDNA tandem repeat re-
gion in dogs for forensic analysis. DNA extracted from blood and
hairs was analyzed by fragment length analysisand DNA sequence
analysis. Hereby, the possibility of using this region as a new type
of forensic genetic marker was demonstrated.

Materials and M ethods
Samples

Seventeen dogs and one wolf were sampled. The samples were
chosen so that three non-repetitive mtDNA sequence variants of
dogs (D5, D6, and D8) according to normal CR sequencing (15,17)
were represented: seven individuals represented variant D5 (six
German shepherds. H83, H9, H97, Ny68, Ny70, and Ny71, and
one Dachshund: J1), five individuals and one pedigree represented
variant D6 (one Golden retriever: M1, one Afghan hound: Ny56,
one Buhund: Ny40, one Schipperke: Sch3, one four generation ma-
ternal pedigree of four Labrador retrievers [PDO, PD1, PD2, and
PD3] and one Russian wolf: Wolfl) and two individuals repre-
sented variant D8 (one Jamthund: H54, one Norrbottenspets:
Ny38). The samples were taken in the form of blood, hair or mus-
cle according to the following list. H54, PDO, PD1, PD2, and PD3:
blood samples. Sch3: hair and blood samples. Wolf: muscle sam-
ple. H9, H83, H97, J1, M1, Ny38, Ny40, Ny56, Ny68, Ny70, and
Ny71: hair samples.

DNA Preparation

DNA was obtained from blood samples using the Chelex proce-
dure (23). DNA was obtained from muscle samples using the fol-
lowing method: 1 cm?® pieces were cut into slices and washed in 1
X SSC before the addition of 400 wL of 150 mM NaAc (pH 7.0),
1.25 mg/mL proteinase K, 50 mM DTT and 2% NP40 (non-ionic
detergent). The samples were incubated at 37°C overnight and
were then extracted twice with phenol /chloroform. DNA was re-
covered by two rounds of ethanol precipitation and dissolved in TE
buffer. Hairs were sampled by pulling the hairs from the individu-
als so that the bulbs were recovered and DNA was obtained from
the hairs using the following method: hairswere placed inal.5 mL
tube containing 200 wL of hair digestion buffer: 10 mM Tris-HCl
(pH 8.5), 0.9% Polyoxyethylene 10 Lauryl Ether, 35 mM DTT, 50
pg/mL proteinase K and 5% w/w chelex 100 (Bio-Rad, Richmond,
CA). The mixture wasincubated at 56°C overnight, at 96°C for 10
min and finally subjected to vortex mixing and centrifugation. The
supernatant was used directly in the PCR amplification.

Direct DNA Amplification

The tandem-repeat containing region was amplified by PCR us-
ing the primers WD3: 5'-CAA GGT GCT ATT CAG TCA ATG
G-3' and WD6: 5'-TAT AAT AGA TGA CAT GAG TTT ACG-
3'. For control experimentstwo more primers, situated internally of
WD3 and WD6, were used; WD4: 5'-GGT TTG TAT AAG TTA
ACT TAA TGT C-3" and WD5: 5'-TTT CAG GAC ATA TAG
TTT TAG GG-3'. For fragment length analysis WD3 or WD5 was
fluorescently labeled with the 6-FAM dye label (PE Applied
Biosystems, Foster City). The PCR mixture consisted of 10 mM
Tris-HCI (pH 8.3), 50 mM KCI, 1.5mM MgCl,, 2 pg/mL BSA, 0.2
mM of each dNTP, 0.1 M of each primer and 2 units of Ampli-
Tag DNA polymerase (Perkin Elmer, Norwalk, CT) in atotal vol-
ume of 50 wL. The amplification program consisted of a pre-de-
naturation step (94°C, 2 min) followed by 40 cycles of denaturation
(94°C, 15 ), primer annealing (62°C, 30 s) and extension (72°C, 1
min) and afinal extension step (72°C, 10 min).

DNA Cloning

Amplified DNA was ligated into the pGEM-T vector (Promega,
Madison, WI) according to the manufacturer’ sdirections and trans-
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formed into Epicurian Coli competent cells (Stratagene, La Jolla,
CA) and spread according to the manufacturer’s directions, with
the exception that 33 pL of cellsinstead of 100 pL were used for
each sample.

DNA Amplification of Cloned DNA

Individual bacterial clones were picked and directly taken to
PCR amplification of the cloned fragments. Plasmid specific
primers; RIT27: 5'-GCT TCC GGC TCG TAT GTT GTG TG-3'
and RIT28: 5'-AAA GGG GGA TGT GCT GCA AGG CG-3'
were used. The PCR mixture was identical to that used for direct
PCR. The amplification program consisted of a pre-denaturation
step (94°C, 2 min) followed by 35 cycles of denaturation (94°C, 15
s), primer annealing (69°C, 30 s) and extension (72°C, 1 min) and
afinal extension step (72°C, 10 min).

DNA Fragment Analysis

Amplification product (0.2 pL) was mixed with deionized for-
mamide and fluorescently labeled size standard; Tamra 500 (PE
Applied Biosystems). The samples were analyzed on an ABI
PRISM 377XL (PE Applied Biosystems) using 4% denaturing
polyacrylamide gel according to the manufacturer’s directions.
Genescan software (PE Applied Biosystems) was used for size
calling and quantification of the DNA fragments.

DNA Sequence Analysis

One p.L of amplification product from cloned DNA was mixed
with 3.2 pmole sequencing primer, USP: 5'-CGT TGT AAA ACG
ACG GCC AG-3', and BigDye cycle sequencing was performed
according to the manufacturer’s directions (PE Applied Biosys-
tems). The cycle sequencing program consisted of 25 cycles of de-
naturation (96°C, 10 s), primer annealing (55°C, 5 s) and extension
(60°C, 4 min). The segquencing reactions were ethanol precipitated
and the pellets were air dried and dissolved in deionized for-
mamide. DNA sequence analysis was performed on an ABI
PRISM 377XL using 4% denaturing polyacrylamide gel according
to the manufacturer’ s directions (PE Applied Biosystems). The re-
sultant DNA sequences were studied for the presence of polymor-
phic positions using the SeqEd software (PE Applied Biosystems).

DNA Sequence Alignment and Pairwise Comparison

Sequence comparisons of array types were made by translating
the DNA sequenceto binary or trinary codes and aligning the codes
using in-house developed software. The software tools for se-
guence comparisons on a Unix system is available on request from
the authors.

Results

In order to evaluate the variability in the tandem repeat region of
dog mtDNA, two experiments were performed: a, the length varia-
tion was studied by fragment length analysis, and b, the variation
in the sequence of repeat typesin individual molecules was studied
by DNA sequence analysis.

Fragment Length Analysis

Total DNA was extracted from blood from four dogsin a four-
generation maternal pedigree (PDO, PD1, PD2, and PD3), which,
because of their relatedness, had identical non-repetitive mtDNA

sequence variants. A PCR was performed using primers situated in
non-repetitive regions on each side of the tandem repeat region.
One of the primers was fluorescently labeled to enable automatic
fragment length analysis. A large amount of heteroplasmy with
seven to nine length variants was found in the individuals (Fig. 2).
The height of the different peaks, i.e., the quantitative differences
of length variants, fluctuated somewhat between the generations,
with the result that the four individuals showed different hetero-
plasmic patterns, giving individualizing fragment length profiles.
To make sure that the pattern was not PCR primer dependent, the
same experiment was performed using another pair of primers,
which were non-overlapping with the previous primers. This ex-
periment gave the same fragment-length profiles (data not shown).
To examine the stability of the heteroplasmic pattern over timein
a single individual, blood was drawn from one animal, Sch3, at
three different points of time, 0, 1, and 20 months, respectively.
Analysis showed that consistent fragment analysis profiles were
obtained from all three points of time (Fig. 3). However, when dif-
ferent hairs deriving from the same individual were analyzed, dif-
ferent fragment length patterns were obtained, even from hairs sit-
uated only millimeters apart (Fig. 4).

DNA Sequence Analysis of Cloned DNA

If the tandem repeat region is amplified from total DNA and di-
rectly sequenced, a mixed, non-interpretable sequence is obtained
because of the heteroplasmic state of the individuals. Therefore, to
be able to analyze the sequence of the different mtDNA molecules,
it isnecessary to clonethe amplification product. To investigate the
exclusion capacity of thistype of analysis, severa individuals rep-
resenting the same non-repetitive sequence variant were compared.
In a previous study, 19 non-repetitive mtDNA CR sequence vari-
ants were found among 102 domestic dogs (15). In thiswork, indi-
viduals representing three of these mtDNA sequence variants,
caled D5, D6, and D8 (15,17) were studied. The variants were
foundin 15, 9, and 4% of theindividualsin the population, respec-
tively (15). Seven individuals represented variant D5 (six German
shepherds and one Dachshund), five individuals and one pedigree
represented variant D6 (one Golden retriever, one Afghan hound,
one Buhund, one Schipperke, one pedigree of four Labrador re-
trievers[PDO, PD1, PD2, and PD3], and one Russian wolf) and two
individuals represented variant D8 (1 Jamthund, 1 Norrbotten-
spets). Between 3 and 218 clones from the different individuals
were studied (Fig. 5) (data are shown for only oneindividua from
the dog pedigree). Within the individuals from which several
clones were analyzed, a large amount of heteroplasmy was found.
In the individuals from which more than 20 clones were analyzed,
at least, 10 array types were found. However, within most indivi-
duals, many identical molecules were found, and one or a few ar-
ray types constituted together more than 50% of the molecules. An
exception from thiswasindividuals Ny56 and H54, from which 10
and 20 molecules were analyzed, respectively, which were all dif-
ferent. In order to examine the genetic variation among individuals,
a pairwise comparison of repeat-type sequences between individ-
ualswas performed on all possible pairs of clones. Within the pedi-
gree, severa array types were found in clones from all four indi-
viduals (datanot shown), but among unrelated individuals, no array
type matches were found, not even between individual s sharing the
same non-repetitive CR sequence variant. By looking at the array
types, it is obvious that generally there is a larger difference be-
tween than within individuals (Figs. 5 and 6). However, someindi-
viduals have more similar array types. For example, all German
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shepherds have identical 3'-ends in most of their array types, and
three of them have majority array types with an identical sequence
of 16 repeatsin the 3'-end. Furthermore, four of the six individuals
of variant D6 have an identical sequence of seven repeatsin the 3'-
ends.

To investigate whether a blood sample and different hairs taken
from oneindividual contain the same array types and can be linked
to each other, one blood sample and three hairs (the corresponding
fragment analyses, hairs Il to IV, are shown in Fig. 4), were col-
lected from Sch3 and analyzed. Thirty-two clones were sequenced
from the blood sample and from the three hairs 20, 22, and 25
clones were sequenced (Fig. 7). A dlightly higher amount of ge-
netic variation was found in the blood sample than in the hair sam-
ples. Among the 32 clones from blood 25 array types were found,
whilethe hair samples (20, 22, and 25 clones) resulted in 9, 12, and
16 variants, respectively. However, the important facts are that
eight different array types were shared by two or more of the sam-
ples and all four samples shared two array types (numbers 10 and
17). Array type 10 was the most common in all samples, represent-
ing between 25 and 36% of the molecules. Thus, despite the varia-
tion between the hairs found in the fragment analyses, a genetic
link can be obtained by the analysis of repeat-type sequence. To as-
certain that the results are stable in time, a blood sample drawn 20
months later than the first one was analyzed. Eight clones were
analyzed, and two of these were of the mgjority type from the first
blood sample (data not shown). Furthermore, the fact that identical
array types are found in maternally related individuals also shows
that the repeat-type sequences of the array types are stablein time.

Discussion

We have previously demonstrated the use of analysis of
mtDNA from dog hairsin forensic investigations of murder, theft,
and poaching (14). In these studies, the sequencing of nonrepeti-
tive mtDNA has been used. It has proved to be a useful method
in several cases, especialy for the linking of different crimes and
for the exclusion of suspects. However, in the case that an indi-
vidua isincluded as a possible source of the sample, it can often
be used only as weak circumstantial evidence, because of the high
frequencies of some mtDNA sequence variants. Therefore, in or-
der to investigate the possibility of obtaining a higher exclusion
capacity for the analysis of dog mtDNA, the tandem repeat region
was studied.

The study indicates that fragment-length analysis of this region
can be used to distinguish between individuals even within the
same family when DNA is obtained from blood. The fluctuating
proportions of the length variants in the pedigree can probably be
explained by a bottleneck in the female germline, resulting in ran-
dom drift among the molecules (24). Analysis of blood samples
from oneindividual at severa different points of time showed sta-
ble amounts of the different length variants. However, when DNA
was obtained from single hairs, alarge difference in the fragment-
length pattern was seen between different hairs from one and the
same individual. The method is therefore useful for the compari-
son of bloodstains and blood samples from dogs, but not for the

FIG. 2—Fragment analysis of the tandem repeat region. PCR products
from blood samples taken from individuals PDO, PD1, PD2, and PD3,
which represent a straight four-generation maternal line. Length of frag-
mentsin base-pairs and relative intensity of fluorescence are shown on the
Xand Y axis, respectively.
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FIG. 4—Fragment analysis of the tandem repeat region. PCR products from four hairs of one individual, Sch3. Hairs 1 and 2 are sampled within 1 cm?
on the left foreleg. Hairs 3 and 4 are sampled within 1 cm? on the right hindleg. Length of fragments in base-pairs and relative intensity of fluorescence

are shown on the X and Y axis, respectively.

comparison of single hairs to each other or to blood samples. Dif-
ferent proportions of MtDNA types in different hairs have aso
been reported in humans that are heteroplasmic for point muta-
tions (25,26). The fact that the hairs show a much larger variation
in the heteroplasmic pattern compared with the blood samples
may be explained by the fact that each hair stems from a small
number of stem cellsin the hair follicle, resulting in a high degree
of random drift among the molecules. In contrast, periphera
blood consists of lymphocytes produced from very large numbers
of hematopoietic stem cells (25). Interestingly, when the peak
heights of the four hairs are summed up, the resulting relative val-
ues of the peak heights are similar to those of the blood sample
(data not shown).

However, studies of the array types showed that two blood
samples and three hairs contained common array types. There-
fore, if only a sufficient number of molecules are analyzed from
a hair, it should aways be possible to find array types that are

<l
-f-

common with those in a blood sample. Therefore, the analysis of
repeat type-seguence seems to be a suitable method for hair in-
vestigations.

When a pairwise comparison of all array types was performed
between the 15 unrelated individuals, representing three non-
repetitive mtDNA sequence variants, no two identical array types
were found. Thus, the tandem-repeat region displays a large
amount of variation between individuals. From a few individuals,
only a small number of clones were analyzed, with the result that
only unique array types were found. It could therefore be possi-
ble that array types identical to those of other individuals have
been overlooked. However, this does not seem probable, as the
array types found in these individuals differ considerably from
those of the other individuals.

In order to obtain an estimate of the exclusion capacity of the
region, a very conservative estimate was done of the amount of
genetic variation of the 16 other non-repetitive sequence variants

FIG. 3—Fragment analysis of the tandemrepeat region. PCR products from three blood samples taken fromoneindividual, Sch3, at 0, 1 and 20 months.
Length of fragments in base-pairs and relative intensity of fluorescence are shown on the X and Y axis, respectively.
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Ind. At. N Repeat type sequence Ind. A.t. N Repeat type sequence
H9 24 3 111100101100110010101000001001011 Ny71 16 9 110101110100010101010000010001011
(D5) 1 1 111011100110110101010100001001011 (D5) 3 1 010111010100010101010000010001011
5 2 1111001011001001010100001001011 31 1 10101110100010101010000010001011
8 1 1110011011010101010100001001011 30 1 01101110100010101010000010001011
15 1 111101011001001010100001001011 19 1 01001110100010101010000010001011
16 2 111100110110101010100001001011 20 1 1101011101000101010000010001011
39 2 111011011010101010000101001011 38 4 0101110100010101010000010001011
11 1 111001101101010101000010001011 44 1 010111010000101010000010001011
10 16 11100110110101010100001001011 1 1 11110100010101010000010001011
18 2 11001101101010101000010001011 13 3 01011101000101010000010001011
HS83 31 1 11111100101010101010101010001001011 15 1 01011101000010101000010001011
(D5) 32 1 1110100100010101110101010001001011 4 1 1110100010101010000010001011
40 2 1110100100010101010101010001001011 37 1 010100010101010000010001011
36 2 1110010001010101010101010001001011 36 1 1101010101010000010001011
43 2 111100100010101010101010001001011 M1 13 1 11001110011001000011100110010001
28 1 111001000101010101010100010001011 (D6) 18 1 110011100110010000111010101101
37 12 11100100010101010101010001001011 3 1 11110001110010000111010101101
17 1 11100100010101010101000001001010 5 1 10001100110010000111010101101
42 1 1110100100010101010101010001011 11 1 110011001100100001110101101
9 1 1110100010101010101010001001011 2 1 11001111011001000010101101
47 1 10000000010100100000000001011 Wolfl 59 1 1220102120000021212120110001100000001
24 1 1100010101010101010001001011 (D6) 47 1 122120001212121202011000110100000001
27 1 11100100010101001011 4 1 12200121202011000110000001100000001
HO7 11 1 0010101010101010000101001000000011 ilw 1 1221200012121212020110001100000001
(D5) 27 1 11110000101010000101001000000011 1 1 1221100012121212020110001100000001
36 1 10010101010100001010010000000011 6 1 122212001212020110001100000000001
40 7 1001010101010000101001000000011 5 1 12212000121212120200001100000001
39 1 1000010101010000101001000000011 29 1 12122120001212020110001100000001
22 1 110000101010000101001000000011 2 1 1221200121212020110000100000001
13 1 010010101000010100100000000011 i3w 1 1220012121212020110001100000001
10 4 10010101010000101001000000011 13 1 1220012121202011010001100000001
35 2 10001010100001010100100000011 i2w 3 1220010121212020110001100000001
19 1 1100101010000101001000000011 63 1 212000121202011000110000000001
14 2 0010101010000101001000000011 14 1 122120001212121202001100000001
32 1 100101010000101001000000011 58 1 122001212121220111000110000001
4 1 100100100101001000000001011 10 1 122001212120201100010000000001
5 2 000100000010100100000001011 15 1 112200121212020110001100000001
31 1 10010101010000101000000011 23 1 12201220012121202011001100001
12 1 10010101000010100100000011 6w 31 12200121212020110001100000001
1 8 10010010010100100000001011 18 2 12200101212120110001100000001
9 1 1111000010101000010001011 68 1 1222212001212120201100000001
Ny68 34 1 11100110101100101001010101000001001011 27 1 1220012121202022120001212021
(D5) 35 1 1110011010101010100000010010111 31 1 1220012121202011001200000001
6 1 1110010010101010101000001001011 39 1 1220012121201110001100000001
5 1 111001010001010101000001001011 43 1 1121212020110001100000000001
2 3 11100110101010101000001001011 25 1 122121212020110001100000001
19 1 11100101001010101000001001011 61 1 1202212020110001100000001
12 5 111110010010101010001001011 i9w 1 122020110001100000001
4 1 111001101010101010001001011 7 1 1220110100000001
30 1 111001101010101000001001011 Sch3 7b 1 1010110101001010010010100101101011001
4 1 111001001010101000001001011 (DG) 3b 1 101001010010000101001011010110101001
36 1 11001001010101000001001011 18 1 11010100101010010010100101101011001
31 1 1110010010101010001001011 8 1 10101001010010010100101101101011001
29 1 1110010010101000001001011 17 2 1010110101001010010010010110101101
28 1 10010101101000001001011 3 1 1010101001010010010100101101011001
16 1 111001001001011 24 1 10101001010010010100101101011001
Ny70 17 1 10101010101010000010101010001001011 4 1 10101001010010010100101101001001
(D5) 16 1 101010010100000000101010001001011 19 1 10010100100100001010010110101101
21 1 10101010100000100101010001001011 21 1 01001001101001001010010110101101
8 1 10001010100000100101010001001011 13 1 0100100101001101010010110101101
20 1 1010101100000100101010001001011 7 1 101011010100101001001001011001
4 1 1010101010000101010001001011 1 1 101001010010010100101101011001
2 2 1010101010000101010001001011 8b 1 101001010010000101001010110101
7 1 101100101010000010001001011 23 1 100101010010000101010110101101
18 1 10101010000101010001001011 15 1 100101001000010100101101011001
14 1 1010101010001010001001011 10 8 10101001010010010010110101101
1 2 101010000101010001001011 14 2 10010100100001010010110101101
J1 7 1 1110101011010101010100101010001 6b 1 1010010100100001010110101101
(D5) 14 1 110101010110101010101001010001 12 1 1000010100100001010010111101
6 1 110101010110101010101000010001 9 1 101001010010010010110101101
9 3 1101010110101010101001010001 5b 1 00101001001010010110101101
17 1 1100010110101010101001010001 4b 1 111010111101
16 1 111101010110101001010001 0
15 1 1101010101001010001 0

FIG. 5—Array types from the compared individuals. The dog pedigree is represented by PD1. Individual (non-repetitive mtDNA sequence variant is
given within brackets), array type, number of clones and repeat-type sequence are given. The array types from PD1 that were found in one or several of
the other members of the pedigree are indicated by the prefix “i” in the array type names.
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11100101110101010010100101101
10010101000101101

(D6) 14

110000000001100111000011001
11010000000011001110011001

1110100010001001001000000100001
111010010010001001000000100001
11101010001001001000000100001

Ny38
(D8)

Ind. A.t. N Repeat type sequence Ind. A.t. N Repeat type sequence
PD1 i2 1 1111111111100100001110101010101101 Ny56 8 1 1001110101101000111001010100001110000001
(D6) 8a 1 1111111110010000011101011010110101 (D6) 6 1 1111110100110010110100001110000001
49a 1 111111111001000011101011010101101 10 1 101011011010101011011010101010101
i4 5 11111111001000001110101010110101 1 1 11111010011001010100001110000001
29a 1 11111100100000001110101010110101 9 1 1111101010010101100001110000001
i5 1 1111111100100001110101010101101 5 1 1111010011001010100001110100001
i6 1 1111111001000001110101010110101 4 1 1111010011001010100001110000001
13a 1 1111110010000001110101010101101 3 1 111101001100101010001111010001
i10 1 111111110010000111011010101101 7 1 1001110101101000111000000001
i9 2 111111100100001110101010101101 2 1 111101001100101010101010101
i8 4 111111001000001110101010110101 H54 21 1 1110000000111000000001100111000011001
40a 1 111110010000111010101010101101 (D8) 10b 1 11111110100000000110011100011001
46a 1 11111111000001110101010110101 6b 1 11101111010000000110011100011001
i12 1 11111110010000111011010101101 11b 1 1111111010000000110011100011001
i1l 1 11111100100001110101010101101 3b 1 1111010100000000110011100011001
il6 3 1111110010000111011010101101 18 1 1110111011000001110011100011001
i15 5 1111100100001110101010101101 4b 1 1110101011000001110011100011001
i17 2 1111001000001110101010110101 8b 1 111110100000000110011100011001
23a 1 111100100001110101010110101 14 1 111101011000001110011100011001
i18 1 111100100001110101010101101 1b 1 111011011000001110011100011001
42a 1 111001000001110101010110101 1 1 11101011000001110011100011001
27a 2 11111110010000101010101101 22 1 11101011000001110000000001101
i20 1 11110010000111011010101101 17 1 1110100000001100111000011001
i19 3 11100100001110101010101101 9 1 111011000001110011100011001
41la 1 11000001110101010101101 9b 1 111010000000110011100111001
Ny40 15 1 11110101010110101010010100101101 7b 1 111000000001100111000011001
1 5b 1
1 2b 1
2 1
4 1
3 1
1 1

111010001001001000000100001

FIG. 5—(Continued.)

Nonrep. Breed Ind. Array Repeat-type sequence

seqg.var. type
5 G.Shepherd H9 10 11100110110101010100001001011
5 G.Shepherd H83 37 11100100010101010101010001001011
5 G.Shepherd H97 1 10010010010100100000001011
5 G.Shepherd Ny68 12 111110010010101010001001011
5 G.Shepherd Ny70 2 1010101010000101010001001011
5 G.Shepherd Ny71 16 110101110100010101010000010001011
5 Dachshund Jl 9 1101010110101010101001010001
6 G.Retriever M1 3 11110001110010000111010101101
6 L.Retriever PD1 i15 1111100100001110101010101101
6 Schipperke Sch3 10 10101001010010010010110101101
6 Buhund Ny40 14 11100101110101010010100101101
6 Afghan NyS6 4 1111010011001010100001110000001
6 Wolf Wolfl iéw 12200121212020110001100000001
8 Jamthund H54 1 11101011000001110011100011001
8 Norrb.spets Ny38 3 11101010001001001000000100001

FIG. 6—A comparison of array types from the 15 individuals studied.
The most frequent array type or, in the case of equal frequencies, an arbi-
trarily chosen array type is shown for the 15 individuals. Nonrepetitive se-
guence variant, breed, individual, array type, and repeat-type sequence
are given.

previously found (15) but not studied here. This was based on the
fact that all six individuals of sequence variant D6 had different
array types and that the two individuals of variant D8 had differ-
ent array types. The sequence types with a frequency equal to or
higher than that of variant D6 (9%) were therefore divided into
six equally frequent groups, and the sequence variants with a fre-
quency higher than that of variant D8 (4%) were divided into two
equally frequent groups. This gives a total of 48 different groups
having different array types among the 102 dogs in the popula-
tion, and a total exclusion capacity (defined as 1 minus the sum
of the sguares of the frequencies of the groups) of 0.976 for this
genetic marker. Thisfigure is comparable to that of the control re-
gion in humans. However, as al six German shepherds of se-
guence variant D5 can be distinguished by the analysis, and as it

can be assumed that some of these individuals have a relatively
recent common maternal ancestor, it is probable that all dogs of
different breeds having the same sequence variant can be distin-
guished by their array type. This would imply at least 74 groups
of array types among the 102 dogs studied. In conclusion, this
study shows that the analysis of array types in dogs adds a sub-
stantial amount of exclusion capacity to forensic mtDNA analysis
of domestic dogs.

The facts that all six German shepherds could be distinguished
and that the breed was defined and breeding was started as late as
1899 (27) indicate a very high evolutionary rate in the repeat-type
sequence. Pedigree analysis could be a possible means to the
studying of the divergence rate and mode of evolution of this re-
gion. This, in combination with the study of a larger population
of individuals, would make it possible to evaluate its full value in
terms of exclusion capacity. The drawbacks of this method are
that the PCR product must be cloned and that severa clones,
probably at least 20, must be sequenced from each sample in or-
der to enable an evaluation of the genetic variation within the in-
dividual. Both these facts imply that the analysis method is more
laborious than normal DNA sequence analysis. However, due to
its seemingly very high exclusion capacity, it can have a great
value in investigations of serious crimes. The same type of im-
perfect repeats is also found in other carnivores, and especially in
the case of domestic cats forensic analysis of this region could be
valuable.

In conclusion, this study shows that the tandem repeat locus in
dog and wolf mtDNA is highly divergent between individuals,
because of variation in the sequence of repeat types. Furthermore,
DNA from single hairs and blood samples from one individual
had identical array types and stable results were obtained from
samples collected at an interval of 20 months. The method there-
fore seems suitable for analysis of DNA from single hairs for the



Sample Array type Frequency Repeat type sequence

Blood 7b 1 1010110101001010010010100101101011001
3b 1 101001010010000101001011010110101001
18 1 11010100101010010010100101101011001

8 1 10101001010010010100101101101011001
17 1 1010110101001010010010010110101101
2b 1 1010110101001010010010010110101101

3 1 1010101001010010010100101101011001
24 1 10101001010010010100101101011001

4 1 10101001010010010100101101001001
19 1 10010100100100001010010110101101
21 1 01001001101001001010010110101101
13 1 0100100101001101010010110101101

7 1 101011010100101001001001011001

1 1 101001010010010100101101011001
8b 1 101001010010000101001010110101
23 1 100101010010000101010110101101
15 1 100101001000010100101101011001
10 8 10101001010010010010110101101
14 2 10010100100001010010110101101
6b 1 1010010100100001010110101101
12 1 1000010100100001010010111101

9 1 101001010010010010110101101
5b 1 00101001001010010110101101
4b 1 111010111101

“Hair T 2 T TTTTITT T 1011010100101001001001011010101101

1
5 1010110101001010010010010110101101
1 1010110010101001001010010110101101
1 100110101001010010010010110101101
45 1 10110101001010010010010110101101
1 10010000101001001010010110101101
3 10101101010010010010110101101
6 10101001010010010010110101101
1 0101001001010010110101101

Hair IT 37 1 1010101101010010100100100101101011012
17 2 1010110101001010010010010110101101

27 1 10101101010010100100100110101101

35 1 10100101001010010010010110101101

16 1 1010101001010010010010110101101

30 1 1010010100100001010010110101101

39 1 0100100101001001010010110101101

10 8 10101001010010010010110101101

32 1 10101001010010010010100101101

14 2 10010100100001010010110101101

9 2 101001010010010010110101101

281 . 100101001001010010110101101 __

Hair III 34 1 10101001010001010010010010110101101
17 1 1010110101001010010010010110101101

36 1 101011010010100100010010110101101

24 3 10101001010010010100101101011001

46 1 1010110101001000100100101101101

30 1 1010010100100001010010110101101

33 1 1001010100100001010010110101101

39 1 0100100101001001010010110101101

5 1 110101101010010100100100101101

22 1 10101101010010010010110101101

10 7 10101001010010010010110101101

14 2 10010100100001010010110101101

44 1 1010100101001010010110101101

40 1 1010100100010010010110101101

9 1 101001010010010010110101101

11 1 101001010010100101101011001

998
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discrimination between individuals, and represents a new ap-
proach to forensic DNA analysis: mtDNA repeat-type sequence
analysis.
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FIG. 7—Array types obtained from blood and hairs fromoneindividual, Sch3. Shared array types have the same array type identification in the differ-
ent samples. Shared array types present in the blood sample are underlined. Array types shared between hairsonly areinitalics.



