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ABSTRACT: Despite the popularity of dogs in US households, canine DNA evidence remains largely untapped in forensic investigations par-
tially because of the absence of well-defined forensic short tandem repeats (STRs), lack of standardized and validated PCR protocols, STR reagent
kits, and poorly developed nomenclature. A nomenclature system was established based on internationally recognized recommendations for human
forensic STRs for a recently developed canine STR reagent kit. Representative alleles were sequenced from each of the 18 STRs and the sex-typing
marker included in the kit. This study also reflects on the impact of point mutations, insertions, and deletions within and outside the STR core repeat
structures. An understanding of the STRs’ sequence and repeat structures will enable development of a robust and reliable allele nomenclature and
improve the accuracy and precision of allele fragment sizing in canine forensic profiling. The expected allele sizes have been calculated, and their
repeat stuctures defined based on sequence information.
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Canine DNA samples have been useful evidence in criminal
investigations whether or not a dog is directly involved (1–5). The
case of Crown vs. Daniel McGowan exemplifies the use of second-
ary transfer of dog hairs found on a human individual to link a per-
son to a crime (2). To exploit the potential information available
from canine biomaterial, it is necessary that the scientific

community has access to reliable methods for typing canine DNA
and a relevant DNA database. However, unlike the typing of
human DNA evidence, there is currently no commercially available
and forensically validated short tandem repeat (STR)-typing kit for
dogs.

Assessment of the size of an STR fragment can be inaccurate
even though the outcome of electrophoretic runs may be reproduc-
ible (i.e., high precision) under identical conditions. However, ana-
lytical conditions can change over time and may not be identical in
different laboratories. Variation as a result of single nucleotide
insertions and deletions can confound allele calls, complicating
allele designations, and population genetic estimates that rely on
allele frequency.

Traditionally, STR nomenclature for canines has not been for-
malized, and ad hoc approaches have been used (2–6). However,
recently a canine STR nomenclature has been proposed, in con-
junction with allelic ladders, to enable reproducible and accurate
designation of STR alleles and facilitate intra- and inter-lab com-
parisons of STR data (7,8). This nomenclature system is robust and
should be applied to existing and any new canine STRs that are
used and especially those loci that are incorporated into commercial
identity testing.

In accordance with the International Society of Forensic Genetics
(ISFG) (7–10), this operational repeat-based nomenclature system
designates canine STR alleles based on the number of full repeat
motifs as defined by reference alleles. Partial or incomplete repeat
motifs are described by the number of full repeats, followed by a
point, and then the number of nucleotides contained in the partial
repeat.
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A canine-specific STR multiplex reagent kit for co-amplification
of 18 STR loci and sex-typing markers has been developed for
use in forensic casework (1). The canine multiplex STR reagent kit
will provide for the analysis of canine biomaterial based on the same
standards applied to human DNA profiling (11–13). For nomencla-
ture, alleles from each of the loci have been sequenced. Detailed
repeat motif sequences relative to the common allelic size ranges of
five of the 18 STR loci (FH2010, FH2054, FH2328, PEZ02, and
vWF.X) in the proposed STR reagent kit have been published previ-
ously (7,8) and displayed on the NIST Short Tandem Repeat DNA
Internet DataBase (http://www.cstl.nist.gov/strbase/dogSTRs.htm)
and summarized in Table 1. The rest of the loci have not been
assessed at the common alleles for the repeat motif.

This study had three objectives for the loci in the canine STR
multiplex kit. The first is verification of the STR sequences and
core repeat structures of the aforementioned five STRs. The second
objective of this study is to describe the sequences and core repeat
units of the remaining 13 STR loci. The third objective of the study
is to characterize the sequences of a sexing marker, the canine X
and Y chromomsome-linked Zinc-Finger gene that were incorpo-
rated into the panel. These data will enable nomenclatures for com-
mon alleles from each of the specified STRs included in the kit
and can be used as the basis for the generation of a proper allelic
ladder system for the kit (development underway).

Methods

Sample Selection

Of the 667 samples, 236 were obtained from popular purebred
pedigreed dogs registered with the United Kennel Club, Inc.
(UKC, http://www.ukcdogs.com/WebSite.nsf/WebPages/Home)
including the American Pit Bull Terrier, Beagle, Dachshund, Ger-
man Shepherd, Golden Retriever, Labrador Retriever, Poodle
(Miniature Poodle; Toy Poodle; Standard Poodle), Rottweiler,
Shih Tzu, and Yorkshire Terrier. These were collected by MMI
Genomics Inc. (MMIG) in Davis, CA, and extracted from buccal
swabs using methods described by DeNise et al. (20). The
remaining 431 samples were obtained from mixed-breed dogs
provided by individual dog owners. The combined group of dogs
comprises a sampling of the general canine population from
across the United States.

The canine STR reagent kit described by Kanthaswamy et al.
(1) is composed of 18 autosomal STRs and the sex-linked zinc-
finger locus (Table 1). With the exception of VWF.X, a
hexameric marker, and FH3377, a pentameric marker, the STRs
are tetrameric. These include four pairs of syntenic markers:
FH2107 and FH3377 on chromosome 3, FH2054 and PEZ05 on
chromosome 12, FH2017 and FH2088 on chromosome 15, and

TABLE 1—Individual locus STR information. Italicized fonts indicate a different repeat motif than that previously reported for a particular locus.

Locus Reference
Repeat
Type

Observed
Primary

Repeat Motif
Estimated

Repeat Length
Effective

Repeat Range
Chromosome

(Map coordinates)

FH2001 Francisco et al. [14] Tetra GATA
Current Research Tetra GATA 4.145 118.77–159.97 23 (50961325–50961475)

FH2004 Francisco et al. [14] Tetra GAAA
Current Research Tetra AAAG 4.197 232.82–325.22 11 (32161381–32161621)

FH2010 Francisco et al. [14] Tetra ATGA
Current Research Tetra ATGA 4.181 221.66–242.66 24 (5196383–5196605)

FH2017 Francisco et al. [14] Tetra GGTA(m)GATA(n)

Current Research Tetra AGGT(m)AGAT(n)GATA(o) 3.825 256.69–275.69 15 (37914470–37914741)
FH2054 Francisco et al. [14] Tetra GATA

Current Research Tetra GATA 4.147 139.09–176.53 12 (37914504–37914739)
FH2088 Francisco et al. [14] Tetra TTTA(m)TTCA(n)

Current Research Tetra TTTA(m)TTCA(n) 3.971 94.56–138.12 15 (53905651–53905779)
FH2107 Francisco et al. [14] Tetra GAAA

Current Research Tetra GAAA 3.711 291.72–425.64 3 (83830247–83830574)
FH2309 Ostrander et al. [15] Tetra Motif not defined

Current Research Tetra GAAA 3.847 339.66–427.98 1 (85772974–85773377)
FH2328 Hellmann et al. [8] Tetra GAAA

Current Research Tetra GAAA 3.855 171–213.24 33 (19158127–19158477)
FH2361 Mellersh et al. [16] Tetra Motif not defined

Current Research Tetra GAAA 3.985 322.7–438.7 29 (19723594–19723782)
FH3313 Guyon et al. [17] Tetra Motif not defined

Current Research Tetra GAAA 3.879 340.93–445.69 19 (24606038–24606459)
FH3377 Guyon et al. [17] Penta Motif not defined

Current Research Penta GAAAA 4.675 183.01–305.21 3 (78748898–78749090)
PEZ02 Eichmann et al. [7] Tetra GGAA

Current Research Tetra GGAA 4.011 104.36–144.36 17 (13276076–13276209)
PEZ05 Halverson and Basten [2] ⁄

Halverson et al. [18]
Tetra AAAG

Current Research Tetra TTTA 3.967 92.48–116.24 12 (60326434–60326541)
PEZ16 Halverson and Basten [2] ⁄

Halverson et al. [18]
Tetra AAAG

Current Research Tetra GAAA 3.935 280.7–331.66 27 (10305692–10305995)
PEZ17 Halverson and Basten [2] ⁄

Halverson et al. [18]
Tetra AAAG

Current Research Tetra GAAA 4.225 190.98–224.58 4 (71904833–71905038)
PEZ21 Halverson and Basten [2] ⁄

Halverson et al. [18]
Tetra AAAT

Current Research Tetra AAAT 4.015 83.02–103.22 2 (36438658–36438751)
VWF.X Shibuya et al. [19] Hexa AGGAAT

Current Research Hexa AGGAAT 5.965 151.1–186.74 27 (41977918–41978074)
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PEZ 16 and vWF.X on chromosome 27. While syntenic, the
marker pairs show no detectable departures from independence
(1).

The actual size and sequence structure of STR alleles were
characterized by sequencing following the recommendations of
Eichmann et al. and Hellmann et al. (7,8). Alleles that occurred
at frequencies ‡5% in an entire sample set of 667 mixed- and
purebred dogs were selected for sequencing. The program
GENEPOP (version 3.4) was used to estimate allele frequencies
(21).

Polymerase Chain Reaction (PCR) Amplification

DNA samples were added to a PCR cocktail containing 2 lL
10· PCR Buffer, 0.6 lL MgCl2 (50 mM), 0.45 lL dNTPs
(10 mM), 0.6 lL forward primer (10 lM), 0.6 lL reverse primer
(10 lM), 0.2 lL Platinum Taq Polymerase (Invitrogen, Carlsbad,
CA), and 9.95 lL dH2O. Samples were amplified using a MJ
Research Inc. PTC 100 thermal cycler (Bio-Rad Laboratories Inc.,
Hercules, CA). All parameters except the annealing temperatures
were kept constant for all of the samples. PCR conditions were
95�C for 12 min, followed by 35 cycles of 95� for 15 sec, the
appropriate annealing temperature for 30 sec, 72�C for 1 min,
followed by a final extension at 72�C for 10 min, then a final hold
at 4�C.

Confirmation of Expected PCR Product by Acrylamide
Gel Electrophoresis

The PCR products were run on a 6% acrylamide gel
(4.22 mL dH2O, 1.3 mL 5· SB Buffer, 975 lL 19:1 Acrylam-
ide–Bis mix [Bio-Rad Laboratories], 16 lL 10% APS [Amresco,
Solon, OH], and 16 lL TEMED [Amresco]) to confirm the pres-
ence of an amplified product of the correct length. Electropho-
resis was conducted in the BIO-RAD Mini PROTEAN Tetra
Cell (Bio-Rad Laboratories) at 80 volts for c. 1 h. Gels were
then stained in a �2 lg ⁄ mL ethidium bromide (EtBr) solution
(Amresco) for 3 min, then visualized on a UV transilluminator
using the AlphaImager program (Alpha Innotech Corp., San
Leandro, CA).

Preparing Samples for CheckIT Gel

The PCR fragments were selected from gels and prepared for
sequencing as described by Hellman et al. (8). Amplification of
each sample was conducted in triplicate, using the same PCR
conditions and reagent mix as before, to obtain sufficient yields
of the DNA products. The PCR product triplicates were com-
bined, concentrated using a Savant DNA 110 DNA SpeedVac
(GMI Inc., Ramsey, MN), and then resuspended in 4 lL of
dH2O to meet the manufacturer’s (CheckIT gel) recommendation
to use only 4 lL of product to 1 lL of the 5· loading buffer.
Some samples required further dilution by adding 2 lL resus-
pended product to 2 lL dH2O. Samples were run on Elchrom
Scientific PCR CheckIT gel with EtBr (Elchrom Scientific USA
Inc., New Hyde Park, NY) using an Owl separation system,
model B2 (Thermo Fisher Scientific, Portsmouth, NH). Gels were
visualized using a UV light and the Alpha Imager program. A
felt-tipped pen was used to mark the plastic backing to identify
the bands that would be punched using an Elchrom Band-Pick
punch (Elchrom Scientific USA Inc.). The punches, representing
2 lL of DNA, were then removed and amplified using the same
PCR conditions as before.

PCR Clean-up and Sequencing Preparation

The PCR product was purified by adding 5 lL of the product to
2 lL of the ExoSAP-IT (USB Corp., Cleveland, OH). This mixture
was then placed in a thermal cycler at 37�C for 15 min, followed
by incubation at 80�C for 15 min. One microliter of the Exo-SAP
product was added to 2 lL BigDye Terminator v3.1 ready reaction
mix (Applied Biosystems, Foster City, CA), 2 lL BigDye sequenc-
ing buffer, 3.2 lL 1 lM Primer, and 11.8 lL of dH2O. Separate
reaction mixtures, each using either the forward or reverse primer,
were placed in a PTC 100 thermal cycler at 96�C for 1 min,
followed by 25 cycles of 96�C for 10 sec, 50�C for 5 sec, 60�C
for 4 min, and then by 4�C for 10 min. Ten microliters of the
BigDye Terminator product was combined with 45 lL SAM
solution and 10 lL BigDye XTerminator Solution (Applied Bio-
systems) in a 96-well sequencing plate and capped. The plate was
shaken on a tabletop vortex for half an hour to thoroughly mix all
the solutions and then centrifuged on a Beckman model TJ-6 for
5 min at approximately 2500 rpm (Beckman Coulter Inc., Fuller-
ton, CA). The samples were run on the ABI 3130 (Applied
Biosystems).

Data Analysis

All observed alleles were binned into their respective allelic bins
using the FLEXIBIN program (22). A representative set of the bin-
ned alleles from each locus was sequenced to determine the nature
of their sequence and repeat structures.

Sequencing data were analyzed using the Sequencher DNA
sequence editing program version 4.7 (Gene Code, Ann Arbor,
MI). Here, the forward and reverse sequences were combined to
form contigs, the quality of sequence data was evaluated, and the
sequences were manually edited. Once the consensus sequences
were determined, they were exported in FASTA format from the
Sequencher program and loaded into the BioEdit program where
they were aligned for comparison. In accordance with the ISFG
recommendations, amplicon sequences were read in the 5¢ to 3¢
direction, and for sequences that have been already described in the
literature, the repeat sequence motif that was first reported was
used as a basis for nomenclature (12). For loci whose sequences
were not previously reported, the repeat motif was designated based
on the first 5¢ nucleotide that defined the motif.

Results and Discussion

Five of the 18 STRs (FH2010, FH2054, FH2328, PEZ02, and
VWF.X) included in the proposed multiplex panel have been
described previously, and the core repeat units of their common
alleles have been published in detail (7,8). The tetrameric repeat
units of nine of the remaining loci have been published, but no
detailed characterization and nomenclature have been described.
These loci are PEZ05, PEZ16, PEZ17, PEZ21, FH2001, FH2004,
FH2088, FH2017, and FH2107 (14–19). The repeat units and
nomenclature of all these loci as well as those of FH2309,
FH2361, FH3313, and a pentameric locus FH3377 are described in
detail herein.

Repeat unit structures were determined by aligning sequences
and determining differences in number of repeats within the core
repeat region. In a few cases, complete sequences could not be
obtained, most likely because of suboptimal priming sites, and thus,
homology was confirmed by aligning the partial sequences obtained
in this project with those provided by W. Parsons and H. Parker
and those published by Eichmann et al., Hellmann et al., and
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Francisco et al. (7,8,14). Unpublished sequences were confirmed by
aligning sequences obtained here with those of the published canine
genome (http://genome.ucsc.edu/).

Table 1 shows the repeat lengths estimated by the FLEXIBIN
program as well as the range of effective lengths for the bins that
were created in this study. The primary repeat motif (i.e., the most
common motif within a sequence) type, and the length and
sequence for each STR locus are listed according to ISFG recom-
mendations (12). For the compound and complex loci, the first
observable and primary repeat motifs are not necessarily the same.
The observed repeat lengths of most loci were concordant with the
estimated repeat unit lengths generated by the FLEXIBIN program.

The FH3377 alleles exhibited a repeat unit length of 5 bases,
and the VWF.X alleles exhibited a unit length of 6 bases. All other
STR loci exhibited a repeat unit length of 4 bases. Loci FH2309
and FH2361 contained an addition or a deletion of a tetrameric
sequence in their flanking regions, outside of the repeat region.
Loci FH2309, FH2361, FH3313, and FH3377 exhibited alleles with
microvariants (or incomplete or partial repeat motifs).

The Eichmann et al.’s (7) method for nomenclature development
included the entire repeat region in the allele number designations.
This method was used in the current study when assigning allele
numbers at each locus, allowing for the inclusion of novel alleles
into the nomenclature system. The sequences obtained in this study
were analyzed using the model described in Barber et al. (23).
Working from the outside inward, the primer regions were ana-
lyzed first, followed by the flanking regions, and then the core
repeat region in the center.

Simple Repeats

Nine of the 18 STR loci studied had simple repeat structures.
Therefore, a designated allele number directly correlates with the
number of repeat units within each allele’s sequence. The loci
PEZ02, FH2010, FH2054, FH2328, and VWF.x have all been char-
acterized by Eichmann et al. and Hellmann et al. (7,8). As primers
used in this study annealed at different binding sites from those in
previous studies, it was important to verify that observed repeat units
were the same as those described for these five previously character-
ized loci. The results were the same for each of the loci (data not
shown). The complete sequences of PEZ05, PEZ17, and FH2001
alleles are available in GenBank under the following accession num-
bers: FJ031004, FJ031006, and FJ030995, respectively. Each of these
three loci also contained simple repeat structures. According to our
analysis, the PEZ21 locus also contained a simple repeat motif of
AAAT. However, it was difficult to obtain complete sequences for
this locus because of the location of the primer sites. Both the forward
and reverse primers are located immediately before and after the core
repeat region, making sequencing of this locus difficult with the cur-
rent primers. Sequencing regions immediately downstream from the
PEZ21 primers usually resulted in indistinct peaks for the first few
bases before clear peaks were observed. While this made the align-
ment of complete forward and reverse sequences using the PEZ21
primer set difficult, the partial allele sequences of this locus that were
obtained confirmed the simple repeat structure of the locus. This was
verified using complete sequences provided by W. Parsons and H.
Parker. Tables 2–5 show the results for these loci. A partial sequence
of one of the PEZ21 alleles is available on GenBank under the acces-
sion number FJ042512.

The repeat motifs of loci PEZ05 and PEZ17 observed here were
different than those reported by Halverson and Basten (2) and
Halverson et al. (18). In accordance with ISFG recommendations,
the first observable repeat motif of the PEZ05 core repeat region

that proceeds in a 5¢ to 3¢ direction was a TTTA unit and not an
AAAG repeat unit as reported by Halverson and Basten (2) and
Halverson et al. (18). For the PEZ17 locus, the first repeat unit
observed was GAAA instead of the AAAG repeat reported by
Halverson and Basten (2) and Halverson et al. (18). Therefore, fol-
lowing the ISFG convention, the GAAA motif nomenclature was
used for this locus. We believe that the difference in the PEZ17
locus derives from Halverson et al.’s (18) inclusion of G (the first
base of the first repeat motif according to convention) at the 3¢ end
of their forward primer sequence. The NIST webpage (http://
www.cstl.nist.gov/strbase/dogSTRs.htm) shows repeat motifs con-
sistent with the TTTA and GAAA motifs of the PEZ05 and
PEZ17 loci, respectively.

FH2001 was a complicated locus, containing four different tetra-
meric repeat units: GATA, GGTA, CAAT, and AGAT, proximal
to the forward primer with GATA being the first and therefore the
primary repeat motif for nomenclature purposes. These motifs

TABLE 2—PEZ05 repeat sequence.

TTTA(m)

Allele Length TTTA(m)

8 100.4 ⁄ 108.32 8
11 * 11
12 � 12

*This sequence was from Halverson et al. (18) and was not genotyped.
�This sequence was from the published canine genome (http://genome.

ucsc.edu/) and was not genotyped.

TABLE 3—PEZ17 repeat sequence.

GAAA(m)

Allele Length GAAA(m)

11 190.98 11
14 * 14
15 � 15
16 211.98 16
17 � 17

*This sequence was from an animal that was not genotyped.
�This sequence was from the published canine genome (http://genome.

ucsc.edu/) and was not genotyped.
�This sequence was from Halverson et al. (18) and was not genotyped.

TABLE 4—PEZ21 repeat sequence.

AAAT(m)

Allele Length AAAT(m)

9 * 9
11 � 11

*This sequence was from the published canine genome (http://genome.
ucsc.edu/) and was not genotyped.

�This sequence was from Halverson et al. (18) and was not genotyped.

TABLE 5—FH2001 repeat sequence.

GATAGATAGGTAGATAGATAGATACAATAGATGATA(m)

Allele Length GATA(m)

7 122.89 7
8 127.01 8
10 135.25 10
11 139.37 11
13 147.61 13
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suggest that the FH2001 locus should be viewed as a compound
repeat. However, only a stretch of GATA units varies among allelic
sequences, making the locus a simple repeat. The list of assigned
allele numbers for this locus is provided in Table 5.

Compound Repeats

The loci PEZ16, FH2017, FH2088, and FH2309 contained com-
pound repeat structures and exhibited different tetrameric repeat
unit motifs. The complete sequences of representative PEZ16,
FH2017, FH2088, and FH2309 alleles are available in GenBank
under the accession numbers FJ031005, FJ0310997, FJ030998, and
FJ031000, respectively.

Locus PEZ16 exhibited a compound repeat structure that con-
sisted of two different repeat units: GAAA and GGAA instead of
an AAAG repeat unit reported by Halverson et al. (18). In accor-
dance with ISFG, the GAAA unit was defined as the primary motif
as it is the first observable repeat unit, which is consistent with data
on the NIST Dog STR webpage (http://www.cstl.nist.gov/strbase/
dogSTRs.htm). Among the alleles of this locus that were
sequenced, the two smaller alleles exhibited differences in the
GGAA unit, while among three larger alleles, it was the GAAA
unit that varied. Despite the motifs that differed between the smal-
ler and larger alleles, all these alleles were sequentially ordered, 16,
17, 18, 19, and 20. Table 6 illustrates the structure of the core
repeat region.

Locus FH2017 exhibited a compound repeat motif with three tet-
rameric sequences that followed one after another: AGGT, AGAT,
and GATA with GATA being the primary repeat motif in the
repeat sequence. Between 10 and 14, GATA repeat units were
observed among the alleles sequenced, followed by 2 AGAT units,
then by either 5 or 6 AGGT repeats (Table 7). The nomenclature
for this locus is based on the number of GATA, AGAT, and
AGGT repeat units found in the entire repeat sequence. Although

the AGAT repeat unit did not change in number, it was located
between two repeat units that varied in number. Thus, following
the established nomenclature, the AGAT repeat was included in the
allele number designation. Francisco et al. (14) reported a combina-
tion of GGTA and GATA repeat units for this locus (Table 1). The
AGGT unit we report is the first observable repeat unit according
to convention. The use of the GGTA and GATA repeat units as in
Francisco et al. (14) would instead result in 7 bases between the
GGTA and GATA repeat motifs that are not complete tetrameric
repeats.

The FH2088 locus is another compound repeat that contains two
different repeat units, TTTA and TTCA (Table 8). As in the case
of locus PEZ21, different primer sets that annealed further from the
core region were used to obtain complete sequences.

Locus FH2309 exhibited compound structure with primary repeat
units of GAAA and GGAA. Units of GGGA sometimes started the
repeat stretch, followed by GGAA and GAAA, but the GGGA
occurred in fewer numbers than the other two repeat units. Most
of the larger alleles contained a polymorphic stretch that did not
follow the tetrameric structure. In these larger alleles, following the

TABLE 6—PEZ16 repeat sequence.

GAAA(m)GGAA(n)

Allele Length GAAA(m) GGAA(n)

16 288.54 6 10
17 292.46 6 11
18 296.38 12 6
19 * 7 12
19 300.3 13 6
20 304.22 14 6

*This sequence was from an animal that was not genotyped.

TABLE 7—FH2017 repeat sequence.

AGGT(m)AGAT(n)GATA(o)

Allele Length AGGT (m) AGAT (n) GATA (o)

17 256.69 5 2 10
18 260.49 6 2 10
19 264.29 5 2 12
20 268.09 6 2 12
20 * 5 2 13
21 271.89 5 2 14

*This sequence was from an animal that was not genotyped.

TABLE 8—FH2088 repeat sequence.

TTTA(m)TTCA(n)

Allele Length TTTA(m) TTCA(n)

8 94.56 4 4
12 110.4 8 4
14 * 10 4
15 122.28 9 6
17 � 11 6

*This sequence is from H. Parker ⁄ Francisco et al. (14) and was not
genotyped.

�This sequence was from the published canine genome (http://genome.
ucsc.edu/) and was not genotyped.

TABLE 9—FH2309 repeat sequence.

CTGG(m)(72bp)GGGA(n)GGAA(o)GGGA(p)GGAA(q)GGGAGGAAGGGAGGAA(r)GAAA(s)GAAAAA(t)GAAA(u)

Allele Length CTGG (m) GGGA (n) GGAA (o) GGGA (p) GGAA (q) GGAA (r) GAAA (s) GAAAAA (t) GAAA (u)

12 ⁄ 13* 339.66 1 0 0 1 1 9 1 0 0
13 ⁄ 14 343.5 1 0 0 1 1 10 1 0 0
16 355.02 0 1 1 1 1 6 6 0 0
19.2 370.38 0 0 0 0 0 5 11 1 2
21 374.22 0 1 1 1 1 6 11 0 0
22.2 381.2 0 0 0 0 0 11 8 1 2
22.2 381.2 0 0 0 0 0 10 9 1 2
23.2 385.74 0 0 0 0 0 11 9 1 2
24.2 389.58 0 0 0 0 0 11 10 1 2
26.2 397.26 0 0 0 0 0 12 11 1 2

*Alleles with a CTGG motif insertion outside the core repeat region that caused changes to their size are denoted with a backslash separating their sizes
with and without the motif.
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GAAA’s was a GAAAAA unit, followed by another stretch of
GAAA (Table 9). The interpretation of such alleles is problematic
as it could be read as a repeat plus a two base insertion or as
having the hexameric GAAAAA repeat. The GAAAAA unit was
usually seen in the longer alleles. The smaller alleles, which did
not contain the GAAAAA unit, had integers for allele numbers,
while the larger alleles, which had the GAAAAA unit, would be
operationally defined as x.2 (where x is the number of complete
tetrameric repeats). A CTGG sequence occurs in a flanking region
located 72 bases before the first GGGA stretch. In some sequences,
there was a duplication of this CTGG sequence. As long as the
same primers are used, no problem arises when sharing data
between laboratories. However, if a primer is used that does not
include the CTGG sequence, allele designations may differ. The
allele number that takes into account the presence of the CTGG
tetrameric unit is noted with backslashes in Table 9.

Complex Repeats

The FH2004, FH2107, FH2361, FH3313, and FH3377 loci
exhibited a complex repeat structure. The allele sequences for each
of these loci contained repeat units that differed in sequence as well
as in length. The sequences for representative alleles of the
FH2004, FH2107, FH2361, FH3313, and FH3377 loci are available
in GenBank under the accession numbers FJ030996, FJ030999,
FJ031001, FJ0131002, and FJ031003, respectively.

According to ISFG recommendations, the primary repeat unit of
locus FH2004 is AAAG and this differs from the primary repeat
unit GAAA reported by Francisco et al. (14). Sequencing revealed
a stretch of A’s before the first G in the repeat region. Therefore,
the first observable repeat unit would be that of the AAAG instead
of GAAA. Interestingly, the NIST webpage describes TTCT as the
primary repeat unit for this locus. The smaller alleles observed in
our study contained only the AAAG tetrameric repeat unit, while
the larger alleles contained the AAAG unit as well as the
AAAAAG and GAAG units. Table 10 shows the resulting allele
numbers based on these differing repeat units.

The allelic sequences of locus FH2107 were difficult to interpret
as they contained a polymorphism that complicated the allele

calling process (Table 11). The primary repeat unit at this locus is
a tetrameric GAAA repeat. The repeat sequence that was observed
started with a stretch of GAAA units. After the third stretch of
GAAA units, there were two constant A bases, followed by a 12-
base AAGAAAGAAAAA sequence that was seen in some alleles
but not others. This stretch of 12 bases did not complicate the
nomenclature as it resulted in a whole number of three repeats.

While it was relatively easy to detect the GAAA repeat motif of
the FH2361 locus, there were a few more complex regions. One
sample exhibited a deletion of a TAGA repeat unit 48 bases after
the last GAAA repeat. Thus, the allele number that takes into
account this TAGA tetrameric unit deletion is noted with a back-
slash. Another unique sequence exhibited a GAAAAA prior to the
last GAAA unit (Table 12). The smaller alleles are designated as
integers, while the allele containing the GAAAAA has an off-size
allele number x.2.

Locus FH3313 is another compound repeat, with the primary
repeat unit being GAAA (Table 13). The GAAA repeat unit was
seen throughout the repeat structure, but was separated by stretches
of varying G and A combinations. Two alleles, number 30.1 and
35.1, differed from the consensus sequences by not containing the
usual GA-GAAAA-GAAA(n)-GA-GAAA sequence following the
third stretch of GAAA’s. The third stretch of GAAA’s of both
alleles was significantly larger than the other sequences, being
either 16 or 17 units in length compared with the others with either
5 or 6 repeat units. Allele 30.1 was the only allele that had 6 repeat
units for the first stretch of GAAA repeats. Also, allele 30.1 was
the only allele that contained an a sequence of GAAAA, rather
than the b sequence of GGGAA that was seen in all other samples.
The a or b sequence appeared after the second variable stretch of

TABLE 10—FH2004 repeat sequence.

AAAG(m)AAAAAG(n)AAAG(o)AAAAAGGAAG(p)AAAG(q)

Allele Length AAAG(m) AAAAAG(n) AAAG(o) AAAAAGGAAG(p) AAAG(q)

11 232.82 11 0 0 0 0
12 237.02 12 0 0 0 0
31 312.62 11 1 3 1 13
33 321.02 14 1 3 1 12

TABLE 11—FH2107 repeat sequence.

GAAA(m)GAAGAAAGGAAAGAAGAAAAAAGAAAGAAAGAGAAGAAA(n)GAAAAGAAAGAAGAAA(o)AAAAGAAAGAAAAA(p)

Allele Length GAAA(m) GAAA(n) GAAA(o) AAGAAAGAAAAA(p)

32 351.24 10 8 11 1
33 354.96 8 10 12 1
35 362.4 9 12 14 0
37 369.84 9 12 13 1
37 369.84 9 11 14 1
38 373.56 10 11 14 1
39 377.28 10 12 17 0
40 381 11 12 17 0
40 381 12 11 14 1

TABLE 12—FH2361 repeat sequence.

GAAA(m)GAAAAA(n)GAAA(o)(48bp)TAGA(p)

Allele Length GAAA(m) GAAAAA(n) GAAA(o) TAGA(p)

11 326.7 0 0 11 1
14 338.7 0 0 14 1
15 342.7 0 0 15 1
16 346.7 0 0 16 1
16.2 346.7 1 1 14 1
17 ⁄ 16* 350.7 0 0 17 0
17 � 0 0 17 1
18 354.7 0 0 18 1
19 358.7 0 0 19 1
20 362.7 0 0 20 1
22 370.7 0 0 22 1

*Allele sizes with and without the GAAA motif deletion are separated
by a backslash.

�This sequence was from an animal that was not genotyped.
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GAAA units. Alleles 43.2 and 48.1 also exhibited repeat regions
that varied from the others. As shown in Table 13, GAAA(o) was
also larger than normal for these two alleles, which were the two
largest alleles sequenced. It appears that the composition of the
repeat region changes as the alleles increase in size. The two
smallest and two largest sequenced alleles exhibit repeat
sequences that differ from all other sequenced alleles (Table 13).

Locus FH3377 has a primary pentameric repeat unit of GA-
AAA. The second most common repeat seen in this sequence was
the tetrameric GAAA motif. In some samples, simple tetrameric
repeats GAAA(3) are followed by the pentameric repeat GAAAA.
Other samples were more complicated, containing the GAAA fol-
lowed by the GAAAA, but also GAAAA-GAAAAAAA-GA-
AAA(2)-GAAA-GAAAA(2)-GAA-GAAAA(n) (Table 14). Only
the larger alleles exhibited this longer, more variable repeat
sequence. Treating the shorter, simpler sequences and the longer,
more variable sequences separately illustrated that the only repeat
unit that changed in number was the pentameric GAAAA repeat.
One of the samples containing this large, variable repeat sequence
lacked a pentameric GAAAA following the GAAAAAAA.
Another sample containing the shorter repeat sequence contained
an additional A before the first GAAA. As this locus is complex
with both tetrameric and hexameric repeat units, the allele num-
bers are not designated by whole integers. The allele numbers are
based on the pentameric repeat unit, making the allele numbers
x.2 for the shorter sequences and x.3 for the longer sequences.

Sexing Marker

The sex-linked Zinc-Finger X (ZFx) and Zinc-Finger Y (ZFy)
alleles were also sequenced and analyzed. As would be expected,
males exhibited both a ZFx and a ZFy amplicon, while females
exhibited two ZFx amplicons. Thus, males are heterozygous at
this marker and females are homozygous.

Conclusion

To have an effective nomenclature for efficient data sharing
and to develop an allelic ladder, the common alleles at the 18
STR loci were sequenced. The repeat unit motifs were determined
for the previously defined loci as well as the newly introduced
loci. The 18 STR loci can be divided into simple, compound, and
complex repeat structures. Our data generally agree with the
repeat structure of the defined loci, except for the loci PEZ05,
PEZ16, PEZ17, FH2004, and FH2017, most likely because the
original reference sequences were not interpreted according to
ISFG convention (13,14,18).

This study adopted the nomenclature system described by Eich-
mann et al. (6) and Hellmann et al. (7) by using the first detect-
able repeat unit as a starting point to characterize the repeat
region and the last repeat as the ending point. The allele designa-
tions are generally based on the core repeat region and the posi-
tion of the primers. If the primers are moved in a manner that
results in repeat sequences being added or deleted, then nomencla-
ture for typing calls is not likely to be consistent. It is imperative
that alleles be characterized as was performed herein whenever
new primers that reside at different binding sites are used.

An important component still lacking for the proposed reagent
kit is the development of allelic ladders for normalizing and stan-
dardizing allelic designations (8). The allelic ladder should contain
the common alleles whether designated by simple integers or as
partial repeat designations. Alleles from unknown samples should
be designated in comparison with an allelic ladder (i.e.,
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electrophoretic mobility). It would not be practical to sequence
alleles for routine analysis or casework. Therefore, for casework,
allele designations are operationally defined. It is entirely possible
that two alleles that are nominally the same could have different
sequences. This phenomenon is not problematic as long as the sta-
tistical calculations reflect the resolving capacity of the typing
system.

Standardized canine STRs and validated analysis protocols will
promote the use of reliable STR panels and robust nomenclatures
for data management and sharing. The benefits are consistency
through time within a laboratory, an ability for inter-laboratory
sharing of typing results, pooling of population data, and sharing of
experiences to more expeditiously improve processes.
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TABLE 14—FH3377 repeat sequence.

A(m)GAAA(n)GAAAA(o)GAAAAAAA(p)GAAAA(q)GAAA(r)GAAAA(s)GAA(t)GAAAA(u)

Allele Length A (m) GAAA (n) GAAAA (o) GAAAAAAA (p) GAAAA (q) GAAA (r) GAAAA (s) GAA (t) GAAAA (u)

8.2 183.01 0 3 6 0 0 0 0 0 0
9.2 187.71 0 3 7 0 0 0 0 0 0
10.2 192.41 0 3 8 0 0 0 0 0 0
11.2 197.11 0 3 9 0 0 0 0 0 0
12.2 197.11 0 3 10 0 0 0 0 0 0
13.2 206.51 0 3 11 0 0 0 0 0 0
13.3 201.81 1 3 11 0 0 0 0 0 0
18.3 239.41 0 2 0 1 2 1 2 1 10
18.3 * 0 2 1 1 2 1 2 1 9
19.3 * 0 2 1 1 2 1 2 1 10
21.3 * 0 2 1 1 2 1 2 1 12

*This sequence was from an animal that was not genotyped.
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