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Abstract We performed a population study on 15 poly-
morphic STR loci (FH2010, FH2079, PEZ2, VWF.X,
FH2054, FH2087Ub, FH2611, WILMS-TF, PEZ12,
PEZ15, PEZ6, FH2087Ua, ZUBECA4, ZUBECA6,
FH2132) on 131 randomly selected dogs. Alleles were
identified and grouped according to their estimated
fragment length using fixed allelic bins encompassing
one base-pair. The allele assignment was confirmed by
sequence analysis of homozygote and cloned heterozygote
alleles. In order to develop a uniform repeat-based
nomenclature, extensive sequence analysis was performed
on a selection of alleles from each STR locus. The
proposed nomenclature refers to the internationally recog-
nised recommendations for human-specific STR loci in
forensic applications. The 15 canine-specific STR loci
were grouped into 3 classes (simple STRs, compound
STRs and complex/hypervariable STRs) according to their
complexity and variability within the repeat structure.
Finally, we evaluated the precision of fragment size
estimation on a capillary electrophoresis platform and
demonstrated reproducibility of fragment length estima-
tion for single base-pair intermediate alleles.

Keywords Canis familiaris . Canine short tandem
repeats . STR allele nomenclature . Intermediate alleles .
Sequence variants

Introduction

Modern dogs (Canis familiaris) are direct descendants of
wolves (Canis lupus) [1]. It has been suggested that there
were several independent domestication events and con-
tinued genetic exchange between wolves and dogs during

coexistence over a wide geographical range [2, 3, 4, 5, 6].
The earliest canine remains date about 10,000–15,000
years ago. Today, more than 400 dog breeds are known to
share people’s homes, dog populations have reached 25
million in the United States [7], 4.8 million in Germany
and 550,000 in Austria (http://www.starkehunde.com/
newsroom/Onlinebuch.pdf). As a consequence of this
high abundance and the close integration of dogs into
human social life, forensically relevant cases involving
dogs, such as accidents or dog attacks, are observed on a
regular basis. Forensic approaches to fatal dog attacks and
a literature review have been published recently, demon-
strating the relevance of this issue in forensic casework [7,
8, 9, 10]. If dog hairs are involved, mtDNA analysis is a
proper tool for investigating such cases, as described for
example in [11, 12]. The DNA profiling of canine stain
material has been described previously [10, 11, 12, 13,
14]. In those cases, the evidentiary material was
investigated by means of canine-specific STR markers
either with the aid of commercially available kits or by a
selection of polymorphic canine STRs from population
genetic studies [10, 11, 12, 13, 15, 16, 17, 18]. These
studies as well as other population genetic investigations
on dogs have not been using a uniform repeat-based
nomenclature for the STR alleles [10, 11, 12, 13, 14, 15,
16, 18]. The majority of canine short tandem repeat (STR)
markers described in the literature are not yet characterised
with respect to their sequence structure. The lack of a
uniform harmonised nomenclature makes the application
of these markers difficult. Neither comparisons between
laboratories nor the establishment of frequency databases
are possible. Mostly the alleles were reported by the
estimated fragment size as determined by electrophoresis
of the PCR products. The designation of fragment lengths
has the drawback that data which were generated by one
laboratory cannot be directly compared with the results of
another laboratory, especially when different primers,
alternative chemistry and equipment (e.g. electrophoresis
instruments) were used. It is a prerequisite for the
forensically implementation of canine STR profiling to
introduce a nomenclature system for canine-specific STR
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markers that relates to the internationally accepted and
generally adopted human STR allele nomenclature [19,
20, 21, 22]. In order to collect a representative number of
alleles for frequency estimations and a detailed survey of
the allele sequences, we performed a population study on
131 randomly selected dogs, all privately owned domestic
dogs of various breeds, for 15 canine-specific STRs.
Extensive sequencing of the canine STR alleles was
conducted, which provided the basis for the establishment
of an STR nomenclature system based on the number of
repeats within the variable sequence region.

Material and methods

DNA samples and PCR

Buccal swabs were taken from 131 randomly selected
dogs living in the area surrounding Innsbruck, Austria.
DNA was extracted from mouth swabs using the Chelex
method [23]. The selection of 15 canine STR markers—
the duplicated marker FH2087Ua and FH2087Ub herein is
referred to as 2 loci—is listed in Table 1. The markers
were amplified in 50 µl assays including 1×PCR buffer II,
2 mM MgCl2, 200 µM each dNTP, 2 U AmpliTaq Gold
polymerase (Applied Biosystems AB, Foster City, CA),
12.5 µg BSA (Serva, Heidelberg) and 100 nM each primer

(Table 1). Amplification was performed on a Gene Amp
PCR System 9600 (Perkin Elmer, Norwalk, CT) compris-
ing initial denaturation at 95°C for 11 min followed by 30
cycles at 94°C for 1 min, 60°C for 1 min, and 72°C for
1 min and final incubation at 72°C for 30 min. Each
primer pair was tested with respect to the annealing
temperature (Tm) ranging from 58°C to 62°C and 60°C
was found to give the best results with regard to multiplex
designs involving all 15 markers.

Capillary electrophoresis

Aliquots of 2 µl of the amplification products were
combined with 20 µl deionised formamide including
0.4 µl internal size standard (Genescan-500 ROX, AB),
heat-denatured at 95°C for 3 min, snap-cooled on ice, and
subjected to capillary electrophoresis on an ABI Prism
3100 Genetic Analyzer using POP 4, 36 cm capillary
arrays and default instrument settings as recommended by
the manufacturer. The data were analysed using GeneScan
Analysis version 3.7 and Genotyper version 2.5 (both
AB).

In order to examine 1 bp separation of long STR
fragments (i.e. >400 bp fragments amplified at the
ZUBECA4-locus) the alleles 44, 44.1, 44.2 of ZUBECA4

Table 1 Primer sequences and
fluorescent label for the 15 ca-
nine STR loci investigated

1The locus FH2087 is a dupli-
cated STR [26] and is referred to
as two loci in this study.
aCRHP The Canine Radiation
Hybrid Project accessed on
http://www-recomgen univ-re-
nnes1 fr/doggy html.

Marker Primer Primer sequence (5’–3’) Label Reference

FH2010 FH2010 F AAATGGAACAGTTGAGCATGC Joe [26]
FH2010 R CCCCTTACAGCTTCATTTTCC

FH2079 FH2079 F CAGCCGAGCACATGGTTT Fam [26]
FH2079 R ATTGATTCTGATATGCCCAGC

PEZ2 PEZ2 F TCCTCTCTAACTGCCTATGC Joe [31]
PEZ2 R GCCCTTGAATATGAACAATGACACTGTATC

VWF.X VWF.X F CTCCCCTTCTCTACCTCCACCTCTAA Fam [34]
VWF.X R CAGAGGTCAGCAAGGGTACTATTGTG

FH2054 FH2054 F GCCTTATTCATTGCAGTTAGGG Joe [26]
FH2054 R ATGCTGAGTTTTGAACTTTCCC

FH20871 FH2087 F GGTCCCCTTTTGCCATAGTGT Fam [26]
FH2087 R CAACTCCCTCCCTCATTTCA

FH2611 FH2611 F GAAGCCTATGAGCCAGATCA Fam CRHPa

FH2611 R TGTTAGATGATGCCTTCCTTCT
WILMS-TF WILMS-TF F CCCAATCTCCAGAGATTTTCC Joe [31]

WILMS-TF R CCAGTCTCAGCTGTGTCCAA
PEZ12 PEZ12 F GTAGATTAGATCTCAGGCAG Fam [31]

PEZ12 R TAGGTCCTGGTAGGGTGTGG
PEZ15 PEZ15 F CAGTACAGAGTCTGCTTATC Joe [31]

PEZ15 R CTGGGGCTTAACTCCAAGTTC
PEZ6 PEZ6 F ATGAGCACTGGGTGTTATAC Joe [31]

PEZ6 R ACACAATTGCATTGTCAAAC
ZUBECA6 ZUBECA6 F GCCATAAGCCCCAAGCCAGCAG NED [30]

ZUBECA6 R TGCCTCGTCAGCCCCTCTTTCC
ZUBECA4 ZUBECA4 F GAGGGCAGGAGTCATAAAATCAT Joe [24]

ZUBECA4 R GCCCAGGGACAAACAATCTT
FH2132 FH2132 F CACTGGGAGTGGAGACTGCT Joe [26]

FH2132 R TGCACAGCCAACTAGAGGTG
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were used. These alleles were amplified in 94 replicates
each and were separated as mentioned.

Allele cloning and sequencing

Homozygote alleles were amplified as described. The
selected PCR products were purified with ExoSAP-IT
(Amersham Biosciences, Uppsala, Sweden) and se-
quenced using Big Dye Terminator sequencing reagents
(version 2.0; AB; primer concentration 250 nM). The
cycler protocol involved 25 cycles for 15 s at 94°C, 30 s at
50°C and at 60°C for 4 min following initial incubation at
96°C for 30 s. The sequencing reaction products were
purified from residual dye terminators using AutoSeq G-
50 columns, (Amersham Biosciences, Uppsala, Sweden).
Heterozygote alleles were cloned prior to sequence
analysis. Unpurified PCR products were ligated into the
pCR 4-TOPO vector and transformed into chemically
competent One Shot TOP10 E. coli using the TOPO TA
cloning kit for sequencing (Invitrogen Life Technologies,
Carlsbad, CA) following the manufacturer’s recommenda-
tions. Transformed cells were incubated at 37°C overnight
on agar plates containing 50 µg/ml kanamycin. Small
portions of bacterial colonies were picked with sterile
needles and subjected directly to Templi Phi DNA
amplification (Amersham Biosciences) following the
manufacturer’s recommendations for sample denaturation
(95°C for 3 min) and isothermal multiple displacement
rolling circle amplification (30°C for 15 h). Aliquots of

1 µl of heat-inactivated Templi Phi reactions (65°C for
10 min) were used without further manipulation as
templates in cycle sequencing reactions (30 cycles
comprising 95°C for 15 s, 50°C for 10 s and 60°C for
4 min after an initial denaturation at 95°C for 2 min).
Sequencing primers were M13for (5’-GTAAAAC-
GACGGCCAGTGA-3’) and M13rev (5’-GGAAACAGC-
TATGACCATG-3’) at a final concentration of 160 nM.

Electrophoresis was carried out on an ABI Prism 3100
Genetic Analyzer using POP6, 50 cm capillary arrays and
default instrument settings. Data were analyzed using
Sequencing Analysis version 3.7 (AB) and Sequencher
version 4.1 (Gene Codes Corporation, Ann Arbor, MI).

Nomenclature

The proposed nomenclature for the 15 canine STR
markers investigated herein is based on the number of
repeated units and is adopted from the recommendations
of the International Society of Forensic Genetics (ISFG)
for the nomenclature of human STRs [19, 20, 21, 22]. The
nomenclature for markers with a complex hypervariable
polymorphic region required an alternative approach: an
appropriate starting and end-point of the repeat region was
determined and the number of nucleotides therein were
divided by four (assuming general tetrameric repeat
structure) according to the recommendations proposed in
[19]. In some cases however, this strategy led to
predominantly intermediate alleles. In these cases we

Fig. 1 FH2010 sequence and
electrophoresis precision data as
well as allele frequency distri-
bution. Bold polymorphic re-
gion,underlined primer se-
quence, * sequenced alleles, bp
base-pairs, n (seq) number of
sequenced alleles, bp (min) and
bp (max) minimum and maxi-
mum observed fragment length
of an allele within the study,
respectively, d bp (max)−bp
(min), n number of observed
alleles
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shifted the end-point of the polymorphic region arbitrarily
by one or two nucleotides in order to minimise the number
intermediate alleles and therefore simplify allele calling.

Results and discussion

Allele assignment

The majority of canine STR markers described in the
literature are based on dimeric and tetrameric repeats [24,
25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36]. We selected
tetrameric loci only (with the exception of the hexameric
locus VWF.X), as dimeric STRs are known to produce
stutter artefacts during PCR, which can make allele
interpretation difficult [37]. A panel of 15 STR markers
was typed in a population sample of 131 randomly
selected dogs. The observed fragment lengths of the
amplification products were grouped into categories
according to their size using allelic bins encompassing
1 bp. Minimal and maximal observed fragment lengths
were used in order to assign alleles to categories. Alleles
were assigned to the same category when the difference
between the minimal and the maximal observed fragment
lengths (d-value) was smaller than 0.5 bp. This procedure
led to successful allele assignments in the majority of
cases (Figs. 1, 2, 3, 4, 5, 6, 7, 8, 9 ,10, 11, 12, 13, 14, 15).
Therefore, it was also possible to unambiguously identify
intermediate alleles (N.1, N.2 and N.3), which were
abundant in complex STR markers (e.g. ZUBECA 4,
Fig. 13). These were in part confirmed by sequence
analyses. A loss of sizing precision had to be expected for

amplicons with fragment sizes exceeding 300 bp [38].
This could potentially result in wrong allele assignments
for intermediate alleles differing by a single bp only. In an
additional study, we tested the precision of fragment size
estimation of high molecular markers, in order to test the
sensitivity and reproducibility of single bp resolution with
longer fragments. The three sequence-verified ZUBECA 4
alleles 44, 44.1 and 44.2 were analysed in 3 batches
consisting of 94 replicate amplifications each. The
observed d-values were 0.52, 0.48 and 0.42 (Table 2),
demonstrating that single base-pair resolution was gen-
erally feasible with fragments exceeding 400 bp in length.

In exceptional cases, the difference between the min-
imal and maximal apparent fragment lengths of alleles
within the same category exceeded 0.5 bp (e.g. FH2132
allele 41, Fig. 15). Sequence analysis of these allele
variants revealed divergent repeat structures. We found the
following FH2132 allele 41 variants: 5’... (GAAA)12
(GGAA)17... 3’ and 5’... (GAAA)15(GGAA)14... 3’. Both
variants displayed an identical fragment length consisting
of 29 tetrameric repeats at this position. However, their
base composition was different, which may have been the
cause for the divergent electrophoretic mobilities of the
individual sequence variants. This phenomenon has also
been described for human-specific markers [38] and
underlines the importance of careful interpretation of
STR results.

Fig. 2 FH2079 sequence and
electrophoresis precision data
and allele frequency distribution
(comments and abbreviations
see Fig. 1)
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Fig. 3 PEZ2 sequence and
electrophoresis precision data
and allele frequency distribution
(comments and abbreviations
see Fig. 1)

Fig. 4 VWF.X sequence and
electrophoresis precision data
and allele frequency distribution
(comments and abbreviations
see Fig. 1)
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Fig. 5 FH2054 sequence and
electrophoresis precision data
and allele frequency distribution
(comments and abbreviations
see Fig. 1)

Fig. 6 FH2087Ub sequence
and electrophoresis precision
data and allele frequency distri-
bution (comments and abbre-
viations see Fig. 1)
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Classification of repeat units and allele nomenclature

Sequence analysis of the alleles is a requirement for the
establishment of an STR nomenclature based on the
number of repeats [19, 20, 21, 22]. We sequenced multiple

alleles for each locus in order to attain quantitative data
with respect to the true nucleotide length of common
alleles and to detect sequence variants (alleles with
identical fragment length but different nucleotide compo-
sition, e.g. FH2132). Homozygous alleles of each STR

Table 2 Precision data on the electrophoretic separation of variant alleles in a fragment size range of >400 bp. The alleles 44, 44.1 and 44.2
of the marker ZUBECA4 were selected in order to examine reproducible fragment size estimation (94 replicates each)

Allele Minimal observed
fragment length
(bp, N=94)

Maximal observed
fragment length
(bp, N=94)

mean Difference between minimal
and maximal observed fragment lengths
(bp)

44 429.66 430.18 429.98 0.52
44.1 430.67 431.15 430.95 0.48
44.2 431.73 432.15 431.90 0.42

Fig. 7 FH2611 sequence and
electrophoresis precision data
and allele frequency distribution
(comments and abbreviations
see Fig. 1)
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Fig. 8 WILMS-TF sequence
and electrophoresis precision
data and allele frequency distri-
bution (comments and abbre-
viations see Fig. 1)
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locus were directly sequenced from the purified PCR
product and heterozygote alleles were cloned prior to
sequence analysis.

Of the 15 investigated loci, 4 showed a simple repeat
structure (FH2010 Fig. 1, FH2079 Fig. 2, PEZ2 Fig. 3 and
VWF.X Fig. 4). Allele designation was straightforward in

these cases, no single base-pair variants were observed in
our population sample. The loci FH2054 (Fig. 5) and
FH2087Ub (Fig. 6) consisted of compound repeat units
with only few single base-pair length variants (alleles 10.3
and 11.3, FH2087Ub), and were still easy to interpret.

Table 3 Precision data on the electrophoretic separation of variant alleles in a fragment size range of >400 bp. The alleles 44, 44.1 and 44.2
of the marker ZUBECA4 were selected in order to examine reproducible fragment size estimation (94 replicates each)

Class Description Marker

1 Simple STR loci FH2010, FH2079, PEZ2, VWF.X
2 Compound STR loci (including intermediate alleles) FH2054, FH2087Ub, FH2611, WILMS-TF, PEZ12, PEZ15
3 Complex and hypervariable STR loci PEZ6, FH2087Ua, ZUBECA4, ZUBECA6, FH2132

Fig. 9 PEZ12 sequence and
electrophoresis precision data
and allele frequency distribution
(comments and abbreviations
see Fig. 1)
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The other 9 loci showed a more complex polymorphic
region partly including different repeat blocks and
incomplete repeat units, which resulted in a relatively
high portion of intermediate alleles. Of these, four loci
showed an extremely complex repeat structure including
dimeric to octomeric motifs as well as insertions of poly-A
stretches within the repeat region (FH2087Ua Fig. 12,
ZUBECA4 Fig. 13, ZUBECA6 Fig. 14, and FH2132
Fig. 15). In order to set up the above described nomen-
clature, we traced these complex repeat sequences back to
a tetrameric repeat structure. For some loci, the definition
of a starting and end-point of the variable repeat region
was necessary, in order to assign the complex repeat
region to allele categories. In these cases, we defined
arbitrary tetrameric STRs by dividing the fragment length

of the repeat region by 4, following the recommendations
given in [19]. In order to avoid an impractical nomencla-
ture consisting of too many intermediate alleles, we added
1 or 2 bp to the defined polymorphic region, shifting the
nomenclature system to mainly integer allele numbers
(PEZ12, PEZ15, PEZ6, FH2087Ua, ZUBECA6, and
FH2132).

Description of the 15 canine STR loci

In the following section the investigated STR loci are
presented in detail. They are described by (1) the general
sequence structure including the flanking regions, (2) the
structure of the repeat sequences of selected alleles, (3) the

Fig. 10 PEZ15 sequence and
electrophoresis precision data
and allele frequency distribution
(comments and abbreviations
see Fig. 1)
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allele requency distribution as observed in our population
sample (* indicates that at least one representative of this
allele category was sequenced) and (4) precision data of
fragment size estimation. If possible and confirmed, we
described the STR according to previous published
studies. The loci were grouped into three classes according
to the complexity of the polymorphic region (Table 3,
[39]).

Class 1 STR loci containing a simple repeat motif
(FH2010, FH2079, PEZ2, VWF.X)

FH2010 (Fig. 1) The alleles of the locus FH2010
displayed the tetrameric repeat structure ATGA, as
described in [26]. All observed alleles clustered into five
categories; no intermediate alleles were found. Allele 10
was the most frequent, exceeding a frequency of 0.4. The
fragments ranged from 224 bp to 240 bp in length.

FH2079 (Fig. 2) FH2079 displayed the repeat motif
GGAT [26]. All of the alleles differed in size by complete

Fig. 11 PEZ6 sequence and
electrophoresis precision data
and allele frequency distribution
(comments and abbreviations
see Fig. 1)
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tetramer repeat units, no intermediate alleles were found.
We observed 86 alleles in category 6, which displayed an
unusual high d-value (0.59) compared with other cate-
gories. Four homozygote alleles of this category were
sequenced, but no sequence variants were observed, which
could have explained the different electrophoretic mobil-
ity. More sequencing would be necessary to clarify this
issue. In our population study we observed 7 alleles
ranging between 266 bp and 290 bp in length. Alleles 5
and 6 were most abundant (f>0.3).

PEZ2 (Fig. 3) PEZ2 is described in [31] as a trimeric STR
locus. Our population study as well as the sequence
analyses of six different alleles clearly demonstrated that
the basic repeat motif is tetrameric (GGAA; identical
primers as described in [31] were used). We found 8
alleles ranging from 109 bp to 141 bp in our population
sample; no intermediate alleles were identified. The most
common allele observed was allele 14 with a frequency of
0.3. Allele 9 was not found in this study.

Fig. 12 FH2087Ua sequence
and electrophoresis precision
data and allele frequency distri-
bution (comments and abbre-
viations see Fig. 1)
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VWF.X (Fig. 4) The STR locus VWF.X was found to be
based on a hexameric motif (AGGAAT [34]), seven alleles
were found in our population study and all alleles differed
in size by complete hexameric repeat units only. No
intermediate alleles were observed. The fragments ranged
from 151 bp to 187 bp in length. Allele 9 was the most
abundant with a frequency of 0.5.

Class 2 STR loci containing compound repeat motifs
(FH2054, FH2087Ub, FH2611, WILMS-TF, PEZ12,
PEZ15)

FH2054 (Fig. 5) The common repeat motif of FH2054
was GATA as also described in [26], 6 out of the 10 alleles
found in this population study were sequenced. No
intermediate alleles were detected. Alleles 11 and 12
were most common with frequencies of about 0.24. All
sequenced alleles with 12 or more repeat units harboured
one GTTA-motif, separating the repeat region into two
GATA blocks. The fragments ranged from 143 bp to
179 bp in length.

Fig. 13 ZUBECA4 sequence
and electrophoresis precision
data and allele frequency distri-
bution (comments and abbre-
viations see Fig. 1)
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FH2087Ub (Fig. 6) FH2087U was characterised as a
duplicated marker with the two loci FH2087Ua and
FH2087Ub [26]. In our study FH2087Ua and FH2087Ub

were considered as two different markers, because (1) they
belong to different linkage groups (FHCRC Dog Genome
Project accessed on http://www.fhcrc.org/science/dog_-

Fig. 14 ZUBECA6 sequence
and electrophoresis precision
data and allele frequency distri-
bution (comments and abbre-
viations see Fig. 1)
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Fig. 15 FH2132 sequence and
electrophoresis precision data
and allele frequency distribution
(comments and abbreviations
see Fig. 1)
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genome), (2) their alleles could unambiguously be
assigned to one of the two loci, and (3) because of their
divergent polymorphic regions. The common repeat motif
of FH2087Ub was GAAA, as also described in [26]. Out
of 11 alleles found in this population study, 6 were
sequenced. The alleles 8, 9, 10 and 11 showed 1 GCAA
motif at the 3’ end of the repeat block, which we included
in the polymorphic region of this marker. Allele 13
consisted of GAAA motifs only. For allele category 7 we
found two different repeat variants, 1 sequence showed 7
GAAA motifs, whereas the other consisted of 6 GAAA
motifs and 1 GCAA unit. Most of the alleles differed in
size by complete tetrameric repeat units. Additionally, we
found two N.3 intermediate alleles. The fragments ranged
from 227 bp to 259 bp in length.

FH2611 (Fig. 7) The repeat motif of the FH2611 locus is
described as tetrameric (FHCRC Dog Genome Project
accessed on http://www.fhcrc.org/science/dog_genome
and The Canine Radiation Hybrid Project accessed on
http://www-recomgen.univ-rennes1.fr/doggy.html). Out of
19 alleles found in this population study, 9 were sequenced
and the common repeat structure was found to be (GAAA)
n (GGAA)n(GAGA)n. Therefore, the allele names were
designated by taking all tetramer repeats into considera-
tion. The most common allele found in our population
sample was allele 22.2 with a frequency of 0.25. N.2
intermediate alleles showed an additional dinucleotide unit
at the 3’ end of the repeat block. Allele 19.3 was the only
N.3 intermediate allele found in our population sample.
This allele showed an insertion of an A within the GAAA
block. The fragments ranged from 178 bp to 222 bp in
length.

WILMS-TF (Fig. 8) The common repeat motif of the STR
locus WILMS-TF was GAAA as described in [31]. Out of
24 observed alleles 11 were sequenced. The intermediate
alleles N.1 and N.3 showed incomplete repeat units,
whereas the 11.2 intermediate allele comprised a 2 bp
deletion in the 3’ flanking region. The fragments ranged
from 267 bp to 314 bp in length. Allele 14 was the most
frequent in our population study (f=0.2).

PEZ12 (Fig. 9) The common repeat motif of the PEZ12
alleles was GAAA as described by [31]. A representative
number of intermediate alleles was observed, mainly due
to the coexistence of trimeric GAA repeats. In order to
achieve uniformity in nomenclature we took advantage of
the recommendations in [19], and determined the length of
the repeat region, dividing it by four in order to account
for the basic tetrameric structure. We set the starting point
of the polymorphic region at the first repeat of the variable
GAAA block. The end-point of the polymorphic region
was arbitrarily shifted 1 bp downstream (now including
the G at the 3’ end of the repeat region), in order to avoid
dominance of intermediate alleles. The fragments ranged
from 263 bp to 317 bp in length. Allele 14 was the most
abundant with a frequency of 0.32.

PEZ15 (Fig. 10) The common repeat motif of the PEZ15
locus was GAAA, which is also described in [31]. In all
N.2 and N.3 intermediate alleles, the GAAA repeat was
interrupted by GAA motifs. Similar to the situation for
PEZ12, we determined the categories by the length of the
polymorphic repeat region and added 1 bp in order to
produce predominantly integer alleles. Out of 20 alleles
found in this population study 9 were sequenced. The
fragments ranged from 183 bp to 249 bp in length. Alleles
13 and 14 were the most abundant (f=0.2) in our
population study.

Class 3 STR loci containing complex and
hypervariable repeat motifs (PEZ6, FH2087Ua,
ZUBECA6, ZUBECA4, FH2132)

Due to the complex nature of the hypervariable region of
these STR markers, the nomenclature was generally based
on the length of the repeat region and divided by 4,
accounting for a tetrameric repeat structure. As described,
single basepairs were added to the repeat region in order to
favour integer alleles and minimise intermediate alleles.

PEZ6 (Fig. 11) The common repeat motif of the PEZ6
locus was GAAA, which is also described in [31].
Sequence analysis revealed a variable poly-A stretch
upstream of the repeat block. The starting point of the
polymorphic region was set to the 5’ end of the poly-A
stretches. The polymorphic region of all sequenced N.3
intermediate alleles differed from the common repeat
structure by (1) an additional basepair in the poly-A
stretch, (2) the loss of an incomplete repeat unit (GA), and
(3) the different consecutive order of the constant repeat
motifs with respect to their location within the polymor-
phic region. (e.g. see alleles 26 and 26.3). The most
common allele was 25.3 with a frequency of 0.2. The
fragments ranged from 168 bp to 204 bp in length.

FH2087Ua (Fig. 12) The common repeat motif of the
locus FH2087Ua was GAAA, as also described in [26].
The polymorphic region contained several GAAA units
which were separated by G-rich and A-rich sequences. Out
of 31 alleles found in this population study 6 were
sequenced. Allele 32 was sequenced twice and showed
sequence variability within the second tetranucleotide
repeat block. All N.3 intermediate alleles differed from
each by a sequence variant within the second tetranucle-
otide repeat block. The most common allele found in this
study was 31 with a frequency of 0.16. The fragments
ranged from 328 bp to 432 bp in length.

ZUBECA4 (Fig. 13) The common repeat motif in
ZUBECA4 was GAAA, as also described in [24].
Additionally, GA-units, poly-A stretches and pentameric
units (GAAAA)3were observed. We set the starting point
of the polymorphic region at the first repeat of the first
variable GAAA block and defined the end-point with the
last GAAA unit. Dolf et al. [24] included a 14 bp fragment
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upstream and a 15 bp fragment downstream to define the
repeat region in their study. These sequence units were
constant in all of our sequenced alleles. Out of 29 alleles
found in our population sample 8 were sequenced. We
observed sequence variants for alleles with identical
fragment length (e.g. allele 41). Allele 41 was sequenced
3 times resulting in 3 variants, which differed within the
repeat blocks and the GA-rich sequence units. The most
common alleles found in this study were alleles 40 and 41
with a frequency of 0.16. The fragments ranged from
401 bp to 458 bp in length.

ZUBECA6 (Fig. 14) The common repeat motifs of the
alleles found in ZUBECA6 were GAAA and GGAA,
which was also observed in [30]. The basic repeat
structure contained at least one GA-unit as well as several
GAAA and one GGAA block. In addition, single nucle-
otides (A or G) or GA-rich sequence units of variable
lengths were inserted. We set the starting point of the
polymorphic region at the first repeat of the variable GA
block, which is 18 bp downstream of the starting point in
[30]. In our data set this 18 bp segment was constant and
therefore excluded from the polymorphic region. Out of 46
alleles found in our population sample 14 were sequenced,
4 alleles were sequenced twice and all of them showed
sequence variants within the repeat blocks. This empha-
sises the remarkable variability of this STR locus and
indicates that further sequencing is very likely to reveal a
great number of new allele variants. The most common
allele was 47 with a frequency of 0.14. The fragments
ranged from 296 bp to 406 bp in length.

FH2132 (Fig. 15) The common repeat motif of the alleles
in FH2132 was GAAA, which was also described in [26].
Additionally, the polymorphic region contained a variable
GGAA block, incomplete repeat units and single nucle-
otides (A) as well as variable GA units and poly-A
stretches. Out of 44 alleles 25 were sequenced. All N.1
and N.3 intermediate alleles showed congruent assemblies
of their repeat blocks, whereas the integer alleles as well as
the N.2 intermediate alleles could be differentiated into
two groups. We identified three main clusters of poly-
morphic regions which distinguished between the groups:
(1) Seven integer (36–46) and two N.2 intermediate alleles
(44.2 and 45.2) showed the same basic repeat structure
with the exception of a GA insertion separating the first
variable GAAA block. (2) Five integer alleles (58–66)
differed from all N.3 intermediate alleles (51.3–64.3) only
by an insertion of a trimeric GAA motif (highlighted in
Fig. 15). (3) In contrast to the clusters mentioned, all N.1
and the two N.2 intermediate alleles 41.2 and 48.2 showed
an insertion of 3 As in the poly-A stretch.

The high variability of this locus made allele calling
difficult in some cases. N.1 intermediate alleles seem to
migrate differently compared with others. Alleles 40.1,
43.1 and 44.1 showed mean apparent fragment sizes of
261.8 bp, 273.3 bp and 277.5 bp, respectively. Within
these alleles, the differences reflect a tetrameric repeat
structure. Allele 42.3 showed a mean apparent fragment

size of 272.04 bp, which is only 1 bp (instead of 2) shorter
than the apparent size of allele 43.1 (273.3 bp). The reason
for this inconsisency may be the sequence differences
between the clusters described. This example clearly
demonstrates the problems associated with nomenclature
issues and single basepair resolution in highly polymor-
phic STRs. Similar to the ZUBECA loci the various
groups and clusters found in the sequenced alleles of
FH2132 emphasise the remarkable variability of this STR
and indicates that further sequencing will be necessary in
order to characterise this locus in more detail.

Conclusions

In this study we characterised simple, compound and
complex canine STRs. A selection of these markers may
be useful for forensic purposes. For establishing a repeat-
based nomenclature, extensive sequence analysis was
necessary, especially for the complex markers.

Simple repeat loci and some compound loci may be the
markers of choice for routine forensic casework, as they
are easy to type and display short fragment lengths, a fact
that is important for the analysis of degraded DNA.

The complex markers might be useful in individual
cases due to their excellent variability. However, they are
difficult to characterise and usually display long fragment
lengths, which might limit their use to high quality DNA
only. In this study the complex and hypervariable markers
were only described to a certain degree because of their
high sequence variability. For an advanced characterisa-
tion of these markers more sequencing data are needed.

The forensic usefulness of the canine STR markers
needs further evaluation in more detail with respect to their
discrimination power (e.g. heterozygosity, probability of
identity) and their performance for analysing low quantity/
degraded DNA, such as encountered in casework (e.g. for
the analysis of samples with regard to dog bite injuries).
Additionally, the generation of an allelic ladder of the
presented loci needs further evaluation so that it can be
made available for laboratories interested in the same loci.
These studies are underway and will be presented soon.
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