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Aim To develop a reagent kit that enables multiplex poly-
merase chain reaction (PCR) amplification of 18 short tan-
dem repeats (STR) and the canine sex-determining Zinc 
Finger marker.

Methods Validation studies to determine the robustness 
and reliability in forensic DNA typing of this multiplex 
assay included sensitivity testing, reproducibility stud-
ies, intra- and inter-locus color balance studies, anneal-
ing temperature and cycle number studies, peak height 
ratio determination, characterization of artifacts such as 
stutter percentages and dye blobs, mixture analyses, spe-
cies-specificity, case type samples analyses and population 
studies.

Results The kit robustly amplified domesticated dog sam-
ples and consistently generated full 19-locus profiles from 
as little as 125 pg of dog DNA. In addition, wolf DNA sam-
ples could be analyzed with the kit.

Conclusion The kit, which produces robust, reliable, and 
reproducible results, will be made available for the foren-
sic research community after modifications based on this 
study’s evaluation to comply with the quality standards ex-
pected for forensic casework.
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Dogs (Canis familiaris) were domesticated in East Asia al-
most 15 000 years ago (1). Since then, domestic dogs have 
been selectively bred to be outdoor working animals as 
well as household companions (2). Seventy-two million 
pet dogs are estimated to live in the USA (3), and because 
many dog owners live in close proximity to their pets, ca-
nine DNA evidence may be associated with crimes. Shed 
dog hairs can be transferred among individuals involved in 
a crime and can link a suspect to a crime scene, a suspect 
to a victim, or a victim to a crime scene (4,5). Dog evidence 
can also be used in dog attack cases and abuse cases (6).

Several studies have generated genotype and sequence 
information for multiple canine short tandem repeat (STR) 
markers (7-12), and more recently, various laboratories 
have multiplexed different canine STR markers for co-am-
plification in a single polymerase chain reaction (PCR). Ini-
tially, multiplexes usually contained from 3 to 10 primer 
pairs that required multiple amplifications to type 15 or 
more markers (4,8,13,14). Such protocols are very similar to 
that of the human DNA analyses Profiler and COfiler kits 
(Applied Biosystems, Foster City, CA, USA); a sample of fo-
rensic interest would be amplified by both kits in order to 
type all 13 Combined DNA Index System (CODIS) core loci. 
However, when a forensic sample is limited in quantity, it 
is much more efficient, as well as cost- and time-effective, 
to amplify all polymorphic markers of interest in a single 
multiplex PCR.

Similar to the human Identifiler® kit (Applied Biosystems) 
designed to co-amplify 15 human STR loci and the ame-
logenin locus (15), a canine beta-version STR reagent kit 
was developed that enables amplification of 18 STR loci 
and the canine sex-linked Zinc Finger marker (16). As a first 
evaluation of the proposed multiplex kit, similar develop-
mental validation studies were carried out as described 
for validation of the Identifiler® kit (15). The performance 
of the reagent kit is discussed in comparison with that of 
previous typing kits utilized for forensic casework, primarily 
Identifiler® (15), Stockmark® Canine I and II panels (Applied 
Biosystems) (4), the Eichmann et al (13) canine multiplexes, 
and the Menotti-Raymond et al (17) “Meowplex.”

METHoDS

The canine STR reagent kit is manufactured by Finnzymes 
Oy (Espoo, Finland). All experiments reported in this study 
are on a pre-commercial “beta-test” version of the kit. 
Based on the findings reported herein, the manufacturer 
will make final modifications and improvements to the kit 

prior to its commercial release to the forensic science com-
munity.

The canine reagent kit contains 19 primer pairs and associ-
ated reagents to amplify 18 STR loci and one gender deter-
mination locus. The canine genome contains 38 matched 
pairs of autosomal chromosomes and 2 sex chromosomes. 
A larger number of loci than typically included in compa-
rable panels, such as the 13 CODIS markers used for hu-
mans, was employed in anticipation that inbreeding in 
full-breed dogs would require a greater exclusion proba-
bility to achieve satisfactory effectiveness. Table 1 presents 
a list of these markers and information on repeat motifs, 
size ranges, map location, and the fluorescent dye tags at-
tached to the 5’ end of the forward primers, as they appear 
during laser excitation using filter set G5 (Applied Biosys-
tems). A few markers are located on the same chromo-
some. The FH3377 and FH2107 loci are on chromosome 
3; the FH2054 and PEZ05 loci are on chromosome 12; the 
FH2017 and FH2088 loci are on chromosome 15; and the 
PEZ16 and vWF.X loci are on chromosome 27. A separate 
study by Kanthaswamy et al (18) has demonstrated that 
alleles of these physically linked loci segregate indepen-
dently, ie, there was no detectable linkage disequilibrium 
for these syntenic marker pairs.

Three different types of biological samples were typed to 
evaluate the 19-plex reagent kit. Fifty 3 liquid blood sam-
ples, representing 34 different dog breeds, were kindly pro-
vided by a West Sacramento veterinary diagnostic center. 
Eleven buccal samples, representing 7 different breeds, 
were collected from dogs throughout the state of Califor-
nia, primarily from the Los Angeles area, the San Francisco 
Bay area, and the Sacramento area. Plucked and shed hair 
samples were collected from 6 dogs, 4 of which had also 
provided buccal samples. A total of 67 dogs were typed 
during the duration of the study.

DNA from liquid blood samples was extracted using the 
Qiagen BloodMini kit following the kit’s liquid blood ex-
traction protocol (Qiagen, Hilden, Germany). DNA from 
buccal samples was extracted using the Epicenter® Catch-
All (Epicenter, Madison, WI, USA) swabs according to the 
manufacturer’s recommendations. Hair samples from 6 
of the dogs were extracted using Epicenter QuickExtract 
DNA Extraction solution buffer (Epicenter) according to 
the manufacturer’s instructions. Hair samples from 6 dogs 
were also extracted using an unpublished California De-
partment of Justice Organic Extraction protocol, with 
the exception that an Amicon® Ultra-4 (Millipore 
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Bedford, MA, USA) centrifugal filter was used instead of a 
Centricon®-100 (Millipore) filter. Five of the 7 dog samples 
were extracted using both methods.

Canine species specificity of the 19-plex was assessed by 
amplifying 5 ng non-canine DNA samples in duplicate. 
Non-canine DNA samples from various species were pro-
vided by the Jan Bashinski DNA Labaratory, Method De-
velopment Group of the California Department of Jus-
tice, Richmond, CA, USA. DNA was extracted from cat, pig, 
horse, cow, and chicken whole blood and quantified by 
an electrophoretic method in a 1% agarose gel contain-
ing ethidium bromide. Other previously quantified ge-
nomic DNA samples provided by the Jan Bashinski labora-
tory included: fish, monkey, rat (Zyagen Laboratories, San 
Diego, CA, USA), mouse (Promega, Madison, WI, USA), Ba-
cillus subtilis, Staphylococcus epidermidis, Candida albicans 
(ATCC, Manassas, VA, USA), Escherichia coli, and Clostridium 
perfringens (Sigma, St. Louis, MO, USA) (19). A human buc-
cal sample was extracted using the Epicenter QuickEx-
tract protocol (Epicenter). Five nanograms of DNA from 

each species’ sample were amplified in duplicate using 
the canine STR reagent kit. The F-863 canine positive 

DNA control originating from a female Cocker Spaniel was 
provided in the reagent kit. Although stated on the tube 
that the canine control was a 1 ng/μL concentration, quan-
tification with PicoGreen® (Invitrogen, Carlsbad, CA, USA) 
indicated that the control was at 0.1 ng/μL concentration.

Seventeen samples from a dog bite case were used for this 
study. Thirteen of the samples were single shed hairs found 
on the clothing of the victim. All shed hairs were extracted 
using the chelex extraction method. Four of the samples 
were saliva stains extracted from cuttings around tooth 
marks found in the victim’s denim jeans. All saliva stains 
were extracted using Qiagen spin columns (Qiagen).

All DNA samples were quantified using Quant-iT Pico-
Green® (Invitrogen). Prior to quantification, a solution was 
prepared containing 15 μL of PicoGreen® and 15 mL TE-4 
buffer. One-hundred microliters of Picogreen® solution 
were added to dilutions of 4 μL DNA sample and 96 μL of 
sterile water in a fluoroplate. K562 human DNA standards 
(Invitrogen) for 5 ng/μL, 2.5 ng/μL, 1.5 ng/μL, 0.75 ng/μL, 
0.25 ng/μL, and 0.0 ng/μL were also pipetted in aliquots 
of 4 μL into 96 μL of sterile water and combined with 100 

TABlE 1. Marker information for the Finnzymes canine short tandem repeat reagent kit

Marker Repeat motif Dye color* Size range (bp)† Map location‡ Reference

PEZ02 (GGAA)n blue 104-145 cfa 17 (13276076-13276209)§  6
Zinc Finger Not applicable blue 159-164 cfa X/Y 13
PEZ17 (GAAA)n blue 190-225 cfa 4 (71904833-71905038) 18
FH2017 AGGT(m)AGAT(n)GATA(o) blue 256-276 cfa 15 (37914470-37914741) 18
FH2309 (GAAA)n blue 339-428 cfa 1 (85772974-85773377) 18
PEZ05 (TTTA)n green  92-117 cfa 12 (60326434-60326541) 18
FH2001 (GATA)n green 118-160 cfa 23 (50961325-50961475)  7
FH2328 (GAAA)n green 171-213 cfa 33 (19158127-19158477)  8
FH2004 (AAAG)n green 232-326 cfa 11 (32161381-32161621) 18
FH2361 GAAA green 322-439 cfa 29 (19723594-19723782) 18
PEZ21 (AAAT)n yellow  83-103 cfa 2 (36438658-36438751)  9

(GATA FHa054)n yellow 139-177 cfa 12 (37914504-37914739)  7
FH3377 GAAAA yellow 183-305 cfa 3 (78748898-78749090) 18
FH2107 (GAAA)n yellow 290-426 cfa 3 (83830247-83830574)  7
FH2088 (TTTA)n(TTCA)m red  94-138 cfa 15 (53905651-53905779)  7
vWF.X (AGGAAT)n red 151-187 cfa 27 (41977918-41978074) 11
FH2010 (ATGA)n red 221-243 cfa 24 (5196383-5196605)  7
PEZ16 (GAAA)n red 280-332 cfa 27 (10305692-10305995) 18
FH3313 GAAA red 340-446 cfa 19 (24606038-24606459) 18
*Dye colors are listed as they appear in electrophoresis with filter set G5: 6FAM (blue), VIC (green), NED (yellow), PET (red), and lIZ (orange, size 
standard).
†Allelic marker size ranges determined by evaluating the genotypes of 667 different dogs from the United States.
‡The chromosome locations for all markers were confirmed in the University of California Santa Cruz Canine Genome database (http://genome.
ucsc.edu) and on the National Center for Biotechnology Information Basic local Alignment Search Tool (BlAST, http://www.ncbi.nlm.nih.gov)
§cfa refers to Canis familiaris.

http://genome.ucsc.edu
http://genome.ucsc.edu
http://www.ncbi.nlm.nih.gov
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μL of Picogreen solution in the fluoroplate. A Fluoroskan 
Ascent (Thermo Scientific) fluorometer was used to detect 
and compare the fluorescence values of the known stan-
dards and those of the samples to determine DNA con-
centrations.

All PCR amplifications were carried out using the canine 
STR reagent kit. Each reaction contained 9 μL of Primer 
Mix, 9 μL of Master Mix (containing a modified version of 
the PhusionTM Hot Start DNA Polymerase, Finnzμymes Oy), 
and 2 μL of DNA template. PCR conditions for the stan-
dard sample study, reproducibility study, sensitivity study, 
mixture study, peak height ratio/stutter percentage study, 
species specificity study and population study were: a 3-
minute initialization step at 98°C, followed by 30 cycles of 
3-step PCR (15 seconds of 98°C denaturation, 75 seconds of 
60°C primer annealing step, 30 seconds of 72°C extension), 
and a final 5-minute extension at 72°C, as recommended 
by the manufacturer. The amplifications for these studies 
were performed on a GeneAmp® 9700 PCR thermocycler 
(Applied Biosystems). The Phusion polymerase makes use 
of double-stranded DNA binding domain (Sso7d) that is 
covalently linked to a Pyrococcus-like DNA polymerase do-
main (20). The DNA binding domain increases the proces-
sivity of the DNA polymerase by approximately 10 times 
(20). Unlike the Thermus aquaticus (Taq) polymerase, which 
is applied by all other STR typing kits, the Phusion poly-
merase also has 3’ to 5’ exonuclease activity (proofreading 
activity) that eliminates non-templated nucleotide addi-
tions during the PCR cycling process and makes the long 
final extension period redundant (21-23).

The sensitivity of the canine 19-plex was assessed by am-
plifying varying amounts of template DNA. Samples from 2 
different dogs were used for the study. DNA was extracted 
from whole blood samples from a Golden Retriever and an 
Akita using the Qiagen BloodMini kit (Qiagen). Serial dilu-
tions of both samples (10, 5, 2, 1, 0.5, 0.25, 0.125, and 0.0625 
ng) were amplified in duplicate (Figure 1). The serial dilu-
tions were quantified using Quant-iT PicoGreen® (Invitro-
gen). All PCR products were diluted 1:10 prior to loading 2 
μL of sample into 10 μL of 0.02% LIZ/formamide solution 
for detection on the 3130 Genetic Analyzer. This was done 
to reduce off scale data for the 10 ng template amplified 
samples.

For the reproducibility study, 5 canine International Soci-
ety of Animal Genetics (ISAG) standards were obtained as 
pre-quantified genomic DNA samples (http://www.isag.
org.uk/ISAG/all/ISAG2006_CompanionAnimals.pdf ). The 

samples were amplified and run at both the Molecular An-
thropology Laboratory (MAL) at the University of California, 
Davis, CA, USA and at the Jan Bashinski DNA Laboratory. At 
the MAL, an Eppendorf Mastercycler epgradient thermo-
cycler (Eppendorf ) was used to amplify the ISAG samples, 
and an AB 3130 Genetic Analyzer containing POP-7 (Ap-
plied Biosystems) was used to resolve the amplified frag-
ments. At the Jan Bashinski DNA Laboratory, a GeneAmp® 
9700 PCR thermocycler (Applied Biosystems) was used to 
amplify the samples and an AB 3130 Genetic Analyzer con-
taining POP-4 (Applied Biosystems) was used to resolve 
the amplified fragments. All samples were amplified in du-
plicate. All sizes were calculated using a global southern 
method with the 75, 100, 139, 150, 160, 200, 300, 350, 400, 
and 450 bp LIZ peaks.

To assess the annealing temperature range of the ca-
nine 19-plex, DNA from 2 blood- extracted and one buc-
cal-extracted samples were amplified on an Eppendorf 
Mastercycler epigradient thermocycler (Eppendorf, 
Hamburg, Germany) that creates an annealing tem-

Figure 1.

Sensitivity study using 10, 5, 2, 1, 0.5, 0.25, 0.125, and 0.0625 ng of a 
Golden Retriever sample.

http://www.isag.org.uk/ISAG/all/ISAG2006_CompanionAnimals.pdf
http://www.isag.org.uk/ISAG/all/ISAG2006_CompanionAnimals.pdf
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perature gradient across the plate head. Exact annealing 
temperatures tested with all 3 samples (in duplicate) were 
56°C, 57.7°C, 58.5°C, 60°C, and 61.9°C. The Eppendorf Mas-
tercycler thermocycler (Eppendorf ) was also used in the 
Reproducibility study using a 60°C annealing temperature. 
It is important to validate how performance prone a re-
agent kit is to variation in annealing temperature, because 
thermal cyclers may exhibit some variation between and 
within their thermal blocks. Amplification success of the 
entire suite of primers in the Finnzymes canine STR kit as a 
function of annealing temperature was investigated (Fig-

ure 2). For this study, 3 DNA samples (from 2 bloods and 
1 buccal swab) were amplified in duplicate. One mi-

croliter of PCR product was added to 10 μL of 0.02% LIZ/
Formamide solution for electrokinectic injection.

To determine the optimal number of cycles for the canine 
STR kit, PCRs (1 ng template in a 20-μL reaction) were car-
ried out at 26, 28, 30, 32, and 34 cycles on a GeneAmp 9700 
thermocycler (Applied Biosystems). DNA from 2 blood 
samples and one buccal sample was amplified in dupli-
cate. The manufacturer (Finnzymes Oy) recommended 30 
cycles for amplifying canine DNA. As expected, the overall 
signal intensity for most peaks increased with cycle num-
ber (Figure 3).

For the peak height ratio study, 61 different dog samples 
were amplified to calculate peak height ratios (PHR) for 
heterozygous allele pairs. Only samples that amplified 
peaks exceeding 500 relative fluorescence units (RFU) were 
used in the calculations. The mean peak height ratios and 
standard deviation for each marker are listed in Table 2.

All PCR products were separated by capillary electrophore-
sis on an Applied Biosystems 3130 Genetic Analyzer using 
36 cm capillary filled with POP-4 polymer (Applied Biosys-
tems). Unless otherwise stated, 1 μL of PCR product was 

Representative electropherograms for the annealing temperature stud-
ies. Annealing temperatures of 56°C, 57.7°C, 58.5°C, 60°C, and 61.9°C 
were performed in duplicate amplifications for 4 canine DNA samples.

Figure 2. TABlE 2. Peak height ratios (PHR) for the Finnzymes canine 19-
plex loci peak heights >500 relative fluorescence units)
 
locus

 
Mean ± SD*

 
N†

lower 
range PHR‡

lowest PHR 
observed

PEZ02 91.52 ± 6.37 36 72.41 76.56
Zinc. Finger 51.20 ± 7.29 27 29.33 35.76
PEZ17 87.34 ± 7.56 29 64.66 67.79
FH2017 51.70 ± 38.74 24 N/A  8.32
FH2309 82.66 ± 10.63 42 50.77 59.38
PEZ05 86.31 ± 7.90 29 62.61 65.96
FH2001 96.14 ± 4.12 32 83.78 78.79
FH2328 92.51 ± 7.00 41 71.51 62.92
FH2004 84.28 ± 12.94 33 45.46 57.71
FH2361 86.85 ± 9.78 39 57.51 47.43
FH2054 92.91 ± 5.43 39 76.62 79.62
FH3377 83.98 ± 9.38 38 55.84 59.62
FH2107 90.81 ± 7.81 25 67.38 66.88
PEZ21 84.24 ± 8.63 28 58.35 65.58
FH2088 78.57 ± 12.12 29 42.21 48.62
vWF.X 92.51 ± 4.94 24 77.69 82.56
FH2010 92.21 ± 5.77 35 74.90 72.41
PEZ16 89.43 ± 7.67 35 66.42 57.08
FH3313 85.10 ± 10.50 39 53.60 46.06
*Standard deviation.
†N = number of heterozygote genotypes analyzed for each locus.
‡lower range PHR is assessed as the mean – 3SD.

Figure 3.

Representative electropherograms of a cycle number study for 26, 28, 
30, 32, and 34 cycle numbers. Duplicated amplifications of 3 different 1-
ng canine DNA samples were performed at each cycle number.
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combined with 0.21 μL GeneScan-500 LIZ® Size Standard 
(Applied Biosystems) and 9.79 μL Hi-Di Formamide (Ap-
plied Biosystems) (10 μL of 0.02% LIZ/formamide solution) 
and pipetted into an injection plate. The plate was covered 
with Genetic Analyzer septa (Applied Biosystems) and the 
contents were thoroughly mixed and spun down. Samples 
were denatured at 95°C for 3 minutes then snap-cooled on 
a cold block for 3 minutes. A 5-second electrokinetic sam-
ple injection was performed with an injection voltage of 3 
kV followed by a run voltage of 15 kV. The data collection 
software was set to detect G5 dye chemistry (see last foot-
note of Table 1). After collection, the data were analyzed 
with GeneMapper ID Version v3.2.1 Software (Applied Bio-
systems) using 50 RFU peak amplitude detection thresh-
olds for all colors, excluding LIZ peaks which were set to a 
threshold of 100 RFU. Three standard deviations of the de-
tectable “noise” RFU signal was used to establish the 50 RFU 
level of detection (LOD) of the ABI 3130xl instruments (Ap-
plied Biosystems) at the Jan Bashinski DNA Laboratory.

Three different types of peak balance were evaluated to 
assess the overall Finnzymes canine STR kit performance 
(15) and to identify possible primer pairs that amplify 
poorly in relation to the rest of the multiplex. Intracolor 
balance, intercolor balance, and PHRs were calculated us-
ing Microsoft Excel. Intracolor balance was calculated to 
assess the overall color balance within a dye lane. First, ho-
mozygous and heterozygous peaks within a dye lane had 
to be normalized; this was done by averaging the RFU val-
ues for each allele of heterozygous genotypes of polymor-
phic loci and by dividing the RFU of each homozygous 
peak by 2. The lowest normalized RFU value was then di-
vided by the highest normalized RFU value and expressed 
as a percentage. Intercolor balance was calculated by first 
normalizing all of the loci peaks within a sample, then the 
lowest normalized RFU in the sample was divided by the 
highest normalized RFU in the sample (regardless of dye 
color) (15). PHRs were calculated for heterozygous geno-
types for all markers by comparing the RFU values for each 
allele and dividing the lower RFU value by the higher val-
ue. The ratio was multiplied by 100 to express PHR as a 
percentage.

RESUlTS AND DISCUSSIoN

Sensitivity study

For both the Golden Retriever and Akita samples amplified 
in duplicate, all peaks were detected when 10-0.125 ng of 
template DNA were amplified. In 1 of the 2 reactions using 

0.0625 ng template DNA, the Golden Retriever sample ex-
hibited a true homozygous peak at the FH2017 locus that 
was below the interpretational threshold of 50 RFU. In the 
duplicated Golden Retriever sample amplification, 1 of 2 
heterozygous peaks at the FH2004 locus was below the in-
terpretational threshold. All peaks were called (ie, RFU>50) 
for the duplicated Akita sample amplifications at every 
template amount (including the 0.0625 ng samples). Be-
cause a 1:10 dilution was made for all PCR products prior 
to loading on the Genetic Analyzer, on a separate injec-
tion plate, 1 μL of non-diluted PCR products was pipetted 
into 10 μL of 0.02% LIZ/formamide solution for all template 
amplification amounts. Similar peak dropout results were 
obtained when no PCR product dilutions were made; on 
average the 1:10 diluted samples had RFUs 52% of that of 
the non-diluted samples with a 9.7% standard deviation. 
When no PCR product dilutions were made, increased pull-
up artifacts were seen for the 10 ng template samples. Blue 
into green pull-up peaks ranged from 2031 to 3774 RFUs. 
Increased noise (peaks less than 50 RFU) were also present 
in the green and yellow dye channels for the 10-ng tem-
plate samples and non-template adenylation (27.4% of the 
parent peak) was observed for marker FH2001 in the Akita 
sample. Blue into green pull-up artifacts were also seen for 
the 5-ng template samples. The off-scale and pull-up peaks 
indicate that 10 ng of high-quality DNA is too much tem-
plate for the Finnzymes canine STR kit.

The PHRs for several markers (FH2328, FH2309, PEZ05, 
FH2010, vWF.X, FH3313, and FH2088) started to fall be-
low 60% when DNA template amounts of 0.25 ng and 
below were amplified. Noticeable stochastic fluctuations 
were apparent for the FH2004 locus, which experienced 
allelic drop out in one of the 0.0625 ng amplifications; the 
other amplifications with 0.0625 ng (2 separate amplifica-
tions of the Akita sample and 1 amplification of the Golden 
Retriever sample) exhibited a PHR range between 41.5%-
63.2% (n = 3).

To verify that the template amounts prepared in serial dilu-
tions were the amounts used in the experiment, the dilut-
ed samples were re-quantified using PicoGreen®. The min-
imum Akita sample (0.0625 ng) was 0.01 fluorescent units 
higher than the Golden Retriever sample when quantified 
using K562 DNA standards. The 0.125-ng samples were 
quantified at the same fluorescent values, meaning the 
serial dilution precision for the Golden Retriever and Aki-
ta samples was better for the 0.125 ng-DNA template 
compared with the 0.0625 ng-DNA template dilu-
tions. At 0.125 ng-template, the Finnzymes canine 
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reagent kit was capable of detecting all profile peaks at 
>50 RFU (all but one peak at the FH2017 locus [63 RFU] 
was above 100 RFU) when no PCR product dilutions were 
made prior to adding sample to the LIZ/Formamide so-
lution. This level of sensitivity is comparable with that of 
previous STR multiplexes developed. The “Meowplex” pro-
duces full STR profiles from 125 pg of template DNA (17). 
The 3 canine STR multiplexes (MP1, MP2, and MP3) de-
veloped by Eichmann et al (13) are capable of producing 
full profiles from 100 pg for MP1 and MP3, and 250 pg for 
MP2. A similar input DNA template range of 0.5-1.25 ng 
is also seen for the Identifiler® kit (15). However, a signifi-
cant difference is that the Finnzymes canine multiplex in-
cludes a total of 19 markers, while the largest number of 
markers co-amplified in the other abovementioned stud-
ies was 15.

Reproducibility

As expected, the samples resolved with POP-7 migrated 
more rapidly through the 3130 capillary (75 bp LIZ peak re-
solved at ~ 1500 data points) compared with the samples 
resolved with POP-4 (75 bp LIZ peak resolved at ~ 2600 
data points). However, more importantly, variations from 
2-5 bp in size occurred between ISAG samples run at the 
different laboratories. Therefore, normalization of results is 
imperative for effective data comparison (24).

A binning program called Flexibin (25) was used to deter-
mine allele calls for the ISAG and kit provided positive con-
trol samples run at the different laboratories. Each set of 
data from the University of California and the Richmond 
DNA laboratory were analyzed separately with the Flexibin 
software. The canine control DNA included in the kit was 
used to calibrate the allele sizes observed. DNA amplifica-
tion products from duplicate PCRs of the control animal 
sample subjected to electrophoresis at different time inter-
vals demonstrate the reproducibility and precision of the 
assay within a particular laboratory (see “Run to run sizing;” 
http://www.cstl.nist.gov/biotech/strbase/). The level of re-
producibility and precision might suggest that there is no 
need for an allelic ladder in inter-laboratory and within lab-
oratory comparisons. However, these samples were typed 
in close time proximity. Due to the presence of only 1-2 al-
leles per locus, calibration may be inaccurate when manu-
ally comparing the binned data with the national canine 
allele database, particularly if the alleles of a locus span 
a large size range (18,26). The entire data set of raw and 

binned alleles used in their study is available at http://
www.cstl.nist.gov/biotech/strbase/.

Eventually, an allelic ladder would mitigate the effects of 
migration variations between laboratories. Accurate con-
cordance data (binned within 1 bp) are difficult until the 
allelic ladder is fully developed and utilized in subsequent 
analyses. Currently, a canine allelic ladder is being devel-
oped for the Finnzymes canine reagent kit, but without the 
use of a ladder, comparison of genotyping results between 
laboratories may be difficult.

Intracolor and intercolor balance

The intracolor balance percentages were calculated for 61 
samples. Products in the red channel consistently had the 
best intracolor balance at 45.18% with a standard deviation 
of 12.85 (n = 61) among the loci. All other dye colors had 
the following intracolor balances: green – 32.77 ± 10.5%, 
blue – 33.63 ± 14.18%, and yellow – 38.69 ± 12.92%. For 
comparison, the amplification of non-degraded and un-
inhibited samples of human DNA using the Identifiler® kit 
was reported to attain an average intracolor balance of 
50% or higher (15). Intercolor balance for 61 samples was 
estimated to be 21.97 ± 7.67%, which is within the lower 
range of intercolor balance for the Identifiler® kit (20%-
40%). Certain loci tended to have the lowest normalized 
RFU values within dye colors (Table 3).

The loci that exhibit the lowest or highest normalized RFU 
values are possible candidates for further primer concen-
tration studies to improve intracolor and intercolor balance. 
In the blue channel, locus FH2017 demonstrated the low-
est RFU value for 36 out of 61 samples, followed by locus 
FH2309, which had the lowest RFU value for 16 samples. The 
low RFU values for locus FH2017 might be partially explained 
by a suspected primer binding site mutation. The Zinc Fin-
ger locus usually exhibits the highest RFU value within the 
blue channel, but locus FH2017 also had the highest RFU 
value in 11 samples (presumably there is no primer bind-
ing site variant in these samples). By removing locus FH2017 
from the intracolor balance calculations, an intracolor bal-
ance of 50.44 ± 13.94 was obtained for the blue channel. If 
the primer binding site mutation and overall peak signal for 
FH2017 can be addressed, then it is possible to increase the 
intracolor balance for the blue dye channel.

The locus with the lowest RFU value in the green chan-
nel is PEZ05. In well-balanced primer mixtures, primer pairs 
that produce the smallest PCR product lengths would be 
expected to produce the highest RFU signal because the 
polymerase is more efficient for amplifying smaller prod-
ucts (27). Because locus PEZ05 (the smallest PCR product 

http://www.cstl.nist.gov/biotech/strbase/
http://www.cstl.nist.gov/biotech/strbase/
http://www.cstl.nist.gov/biotech/strbase/
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in the green channel) exhibits the lowest RFU value, the 
current primer pairs for locus PEZ05 are not performing 
optimally with the other primers in the same dye chan-
nel. Interestingly, 3 different markers (FH2001, FH2004, and 
FH2361) competed for the highest RFUs in the green dye 
color. When the RFU values for locus PEZ05 are removed 
from the intracolor peak balance calculations, the balance 
for the green channel greatly improves to 70.45 ± 16.86%. 
Thus, if the signal from locus PEZ05 can be increased in re-
lation to the other markers labeled in green, the intracolor 
balance can be improved.

For the yellow channel, locus FH2107 tends to produce the 
lowest normalized signal while locus FH2054 produces the 
highest signal, the difference being 1000-1700 RFU. By re-
moving FH2107 from the intracolor calculations for yellow, 
the balance becomes 51.49 ± 16.20%; if the peak intensity 
of locus FH2107 can be addressed then the balance in the 
yellow channel can be improved.

The red channel exhibits the best averaged intracolor bal-
ance of 45.18%. Loci FH2088 and FH3313 tend to produce 
the lowest RFU signal, 1000-2000 RFU lower than normal-
ized peaks produced by locus FH2010 (with the highest 
RFU peaks). When locus FH2010 is excluded from the bal-
ance calculations, intracolor balance is improved further 
to 54.60 ± 17.16%. By either increasing or decreasing the 
signal of loci creating either the lowest or highest RFUs re-
spectively, it is possible to obtain intracolor peak balances 
greater than 50%.

Amplification – annealing temperature

The best overall intracolor balance occurred at 60°C, with 
average color balances being 42.41 ± 12.38% for blue, 
52.99 ± 11.30% for green, 53.31 ± 12.49% for yellow, and 
54.98 ± 17.71% for red. A 60°C annealing temperature also 
provided the best intercolor balance at 28.98 ± 12.01%, 
compared with 27.00 ± 8.25% for 58.5°C and 22.00 ± 3.28% 
for 57.7°C. Between 56°C and 60°C, all allele peaks were 
called and the apparent allele lengths for all but one sam-
ple sized within one basepair when amplified at all anneal-
ing temperatures. One of the blood extracted DNA samples 
that was amplified at the 57.7°C annealing temperature 
contained a third peak at 87.48 bp in the PEZ21 size range. 
This was only observed in one of the 2 amplifications at 
57.7°C for that sample, and not observed in any of the oth-
er annealing temperature amplifications, suggesting that 
the peak is a possible artifact of the kit. The average PHR 
for each annealing temperature was 82.88 ± 13.84% for 
56°C, 84.33 ± 13.46% for 57.7°C, 85.91 ± 11.95% for 58.5°C, 
86.76 ± 11.68% for 60°C, and 87.63 ± 8.47% for 61.9°C. Al-
though 61.9°C contained the best peak height ratios for all 
primer pairs that successfully amplified DNA, the PEZ05 lo-
cus dropped out in one amplification and had RFU values 
below 100 for the other 5 amplifications (compared with 
RFUs of 500-4000 for all other loci). For all samples tested, 
the average normalized peak heights across all loci were 
882.01 RFU for 56°C, 954.20 RFU for 57.7°C, 835.30 RFU for 
58.5°C, 892.21 RFU for 60°C, and 514.37 RFU for 61.9°C. The 
manufacturer of the kit recommends an annealing temper-
ature of 60°C, which is congruent with the results herein.

Amplification – number of cycles

To determine the optimal number of cycles for the canine 
STR kit, PCRs (1 ng template in a 20 μL reaction) were car-
ried out at 26, 28, 30, 32, and 34 cycles on a GeneAmp 
9700 thermocycler (Applied Biosystems). DNA from 2 
blood samples and one buccal sample was ampli-

TABlE 3. Number of times a particular locus had the lowest 
and highest normalized relative fluorescence units (RFU) values 
for each dye channel*
 
 
locus

 
Dye color 
channel

No. of times marker 
had the lowest 

normalized RFU

No. of times marker 
had the highest 
normalized RFU

 
 
No.

PEZ02 blue  5  4 61
Zinc 
Finger

blue  0 45 61

PEZ17 blue  4  0 61
FH2017 blue 36 11 61
FH2309 blue 16  1 61
PEZ05 green 53  2 61
FH2001 green  1 19 61
FH2328 green  1  4 61
FH2004 green  2 19 61
FH2361 green  4 17 61
PEZ21 yellow 14  0 60
FH2054 yellow  0 52 60
FH3377 yellow  0  8 60
FH2107 yellow 46  0 60
FH2088 red 32  4 61
VWF.X red  3  5 61
FH2010 red  0 47 61
PEZ16 red  4  4 61
FH3313 red 22  1 61
*Trends in overall normalized peak intensity for each marker in 
the canine short tandem repeat kit were investigated because the 
intracolor balances for each dye channel were fairly low (ranging from 
32.77 ± 10.5% for the green dye channel to 45.18% ± 12.85% for the red 
dye channel) in comparison with other commercial kits like Identifiler® 
(which has intracolor balances for all colors 50% or higher).
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fied in duplicate. The manufacturer (Finnzymes Oy) recom-
mended 30 cycles for amplifying canine DNA. As expected, 
the overall signal intensity for most peaks increased with 
cycle number (Figure 3).

Four of the 6 amplifications did not yield product at lo-
cus FH2017 after only 26 PCR cycles, but all other cycles 
provided peaks above 50 RFU. The best overall intracolor 
and intercolor balances were seen at 28 and 30 cycles. At 
34 cycles, certain loci had considerably higher signal than 
others. Peaks for the Zinc Finger, FH2017, FH2088, FH2010, 
and vWF.X loci had the highest signals (5000-8000 RFU), 
while most other peaks had signals below 2000 RFU. There 
is no apparent reason why these specific markers showed 
higher intensity peaks at 34 cycles, although certain mark-
ers (Zinc Finger, vWF.X, and FH2010) did have higher aver-
age RFU values in the PHR study of 61 animals, with 4271 
RFU for Zinc Finger, 3362 RFU for vWF.X, and 3687 RFU for 
FH2010. Most other markers had average peak heights be-
tween 1032 RFU (PEZ05) to 2874 RFU (FH2001). There also 
is not a clear correlation between the markers with higher 
intensity peaks at 34 cycles and the sensitivity study.

No shouldering from non-template nucleotide addition 
was seen at any of the cycle numbers tested, as expected 
because unlike Taq polymerase, Phusion Polymerase has 3’ 
to 5’ exonuclease activity that removes the non-templated 
nucleotide additions.

Peak height ratios

PHRs (excluding locus FH2017 and Zinc Finger) averaged 
between 78.57 ± 12.12 to 96.14 ± 4.12. The FH2017 locus 
exhibited a standard deviation in PHR over 3 times that 
of the locus with the next highest standard deviation in 
PHR. Also, the low heterozygosity (0.49 for n = 61) for locus 
FH2017 in relation to other markers in the panel may sug-
gest a primer binding site mutation causing allelic imbal-
ance. Across 13 breed categories of dogs, this locus exhib-
ited a highly significant departure from Hardy-Weinberg 
expectations (P < 0.01) (18). Another indication of a prim-
er binding site mutation is the increase of PHR for locus 
FH2017 with a decrease in annealing temperature (27). As 
an example, a sample from a Labrador Retriever used in the 
annealing temperature study exhibited this phenomenon 
(Figure 4). Eleven other samples also produced low PHRs 
ranging from 22.41% to 8.32%. One solution to address 
low peak signal caused by primer binding site mutations 

is to design a degenerate primer for locus FH2017 to 
add to the PCR (27,28). The primer binding regions 

for animals demonstrating FH2017 binding mutations 
should be sequenced to determine the location and base 
composition of the mutation. Because both intracolor and 
intercolor balance is poor at 56°C, reducing the stringency 
of the PCR by reducing the annealing temperature is not a 
feasible option.

The Zinc Finger locus had a lower PHR average (51.20 ± 7.29) 
with the male specific peak ( ~ 164 bp) amplifying 1000-
2000 RFU less than the X specific peak ( ~ 159 bp). All sam-
ples that contained sex information about the donor ani-
mal were typed correctly by the Zinc Finger locus (n = 67).

Stutter percentages

The stutter percentages were calculated by dividing the 
RFU value of the stutter peak (n-4) by the RFU value of the 
parent peak (n). Only parent peaks that were equal to or 
greater than 1000 RFUs were used for the study. Peaks with 
a heterozygous allele in the n-4 stutter position were not 
used to determine the mean stutter percentages for the lo-
cus. Table 4 is a summary of n-4 stutter percentages for all 
loci excluding Zinc Finger. Locus PEZ17 contained both n-
2 and n-4 stutter peaks. The average n-2 stutter percentage 
for the PEZ17 locus was 12.10% with a standard deviation 
of 3.59% (n = 75). There were stretches of CT repeat regions 
in the amplified product of the PEZ17 locus that may ex-
plain the presence of n-2 stutter. Locus FH2309 sometimes 
exhibits n+4 stutter peaks (n = 3). The height of the FH2309 

Figure 4.

A possible primer binding site variant at locus FH2017 illustrated by 
varying heterozygous peak signals and peak height ratios at different 
annealing temperatures. one nanogram of genomic canine DNA was 
amplified in duplicate at 56°C, 60°C, and 61.9°C. The lower relative fluo-
rescence units heterozygous peak increases in signal as the annealing 
temperature decreases supporting a primer binding site mismatch (14).
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parent peak was typically above 2000 RFU when n+4 stut-
ter was seen, with one exception of a parent peak at 900 
RFU that contained an n+4 stutter artifact. In all cases, n-4 
stutter was present in the 3 samples containing n+4 stut-
ter peaks, and the n+4 stutter percentages for all animals 
ranged from 3.9% to 4.6%. For the heterozygous animals 
with n+4 stutter present, it is unlikely that the extra peak in 
the n+4 stutter position is the result of a tri-allelic pattern, 
but sequencing of these animals may better explain the 
nature of the 3-peak pattern.

Artifacts (dye blobs)

Several artifacts were seen in the reagent blanks and in 
samples containing peaks with low RFU values. An artifact 
at ~ 123 bp is seen in the blue dye channel, at ~ 117 bp in 
the green channel, at ~ 96 bp in the yellow channel, and 
at ~ 112 bp and ~ 118 bp in the red channel. The artifact 
in the yellow channel sometimes interferes with the allele 
calls in marker PEZ21 if the peak height for the allele is at 
or below 100 RFU.

Mixture study

A binning program called Flexibin (25) was used to deter-
mine allele calls for the animals of the mixture study (18). 
The “Repeats” column is not an accurate reflection of how 
many tetranucleotide repeats are present in the actual PCR 
product but the values are operationally defined. Based on 
this binning method the operational allele lengths were 
determined for the mixture ratio (Table 5).

Two genomic canine samples were mixed in the following 
proportions so that the total DNA input for each reaction 
was 1.0 ng: 20:1, 10:1, 5:1, 2:1, 1:1, 1:2, 1:5, 1:10, and 1:20. 
The loci in Table 5 were selected because the alleles from 
both mixed samples were non-overlapping. The minor 
component robustly amplifies (all peaks above 50 RFU) 
at a 1:5 mixture ratio. This may be partly due to lower in-
tracolor balances across all dye channels. The Identifiler® 
kit typically has an intracolor balance of 50% for all col-
or channels when samples are not degraded or inhibited, 
which may explain the typing kit’s ability to robustly am-
plify the minor component in mixture ratios of 1:10 (15). 
Better detection of minor component DNA in canine mix-

TABlE 4. N-4 stutter percentages for 18 short tandem repeat 
markers (parent allele peak heights >1000 relative fluores-
cence units)
 

locus

Mean ±  
standard 
deviation

 
 
N

Minimum 
stutter % 
observed

Maximum 
stutter % 
observed

PEZ02  6.43 ± 2.76 69 2.53 25.14
PEZ17 12.49 ± 3.92 78 7.26 30.87
FH2017  3.70 ± 4.60 45 1.23 19.86
FH2309 10.65 ± 3.00 72 4.81 21.72
PEZ05  3.15 ± 1.46 41 1.70 10.42
FH2001  0.73 ± 1.09 68 0.59  5.34
FH2328  2.85 ± 1.32 68 0.91  8.36
FH2004  6.24 ± 1.26 59 4.02  9.8
FH2361  5.71 ± 3.37 72 1.94 23.73
FH2054  3.04 ± 1.55 72 1.30 10.27
FH3377  3.60 ± 1.41 71 1.52 16.24
FH2107  5.03 ± 2.00 53 2.23 13.49
PEZ21  2.69 ± 1.05 52 1.39  5.66
FH2088  5.18 ± 1.13 57 3.01  8.94
vWF.X  1.26 ± 1.01 52 0.49  4.02
FH2010  0.69 ± 0.84 61 0.67  2.79
PEZ16  0.57 ± 1.62 65 0.49 12.32
FH3313  9.30 ± 3.74 79 2.89 19.83

TABlE 5. Mixture ratio study comparison of markers that did not have any allele overlaps*

Mixture locus
ratio PEZ17 FH2309 PEZ05 FH2328 FH2054 FH3377 FH2107 PEZ16 FH3313
20:1 208 -, - 104, - - -, 164 239 - 292 -, 430
20:1 208 -, - -, - 198 160, 164 239 362 292 -, -
10:1 208 -, - -, 108 198 160, 164 239 362 292 426,430
10:1 208 -, 390 104, - 198 -, 164 239 362 292 -, -
5:1 208 386, 390 104,108 198 160, 164 239 362 292 426,430
2:1 208 386, 390 104,108 198 160, 164 239 362 292 426, 430
1:2 199, 225 367, 397 100 190, 194 152, 172 301 377, 381 300, 312 395, 422
1:5 199, 225 367, 397 100 190, 194 152, 172 301 377, 381 300, 312 395, 422
1:10 199, 225 367, - 100 190, 194 152, 172 301 377, 381 300, 312 -, 422
1:10 199, 225 367, 397 100 -, 194 152, 172 301 -, - 300, 312 395,422
1:20 199, 225 -, - 100 190, 194 152, 172 301 -, - 300, 312 -, -
1:20 199, 225 -, - 100 -, 194 -, - 301 -, - 300, 312 395, -
*The alleles for the minor component are listed. A minimum height cut off of 50 relative fluorescence units is used.
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tures might be attained if the intracolor balance were im-
proved.

overlapping marker size ranges

Size range overlap among loci was detected in the elec-
tropherograms of 67 different California dog samples. A 
marker range overlap of 14 base pairs occurred between 
the FH3377 and FH2107 loci in the Akita sample from the 
sensitivity study. The overlap was only detected because 
marker FH3377 appeared to contain no peaks, while mark-
er FH2107 had 3 peaks. Also, the 3 peaks in the FH2107 
marker range were composed of 2 peaks that are of signifi-
cantly less intensity than the third peak which was closest 
to the FH3377 size range determined before the mixture 
study. Of 67 animals, the Akita sample was the only exam-
ple of an allele size in the FH3377/FH2107 overlapping re-
gion. The analyst should be cautious when making an in-
terpretation of an allele in the overlapping range for loci 
FH3377 and FH2107 because both markers contain an al-
lele ~ 295.6 bp. Otherwise, the FH3377 locus is a pentanu-
cleotide repeat and locus FH2107 is a tetranucleotide re-
peat; all other alleles that type in the overlap region should 
be more easily distinguished with the binning properties 
of the different length repeat motifs (unless a partial repeat 
occurs, which is not common). Another overlapping allele 
range is between markers FH2004/FH2361 that share a 3-
4 base pair overlap, but perfect repeat allele bins in both 
marker ranges are offset by one base pair from each other.

Microvariants seen in FH3313 and FH2361

Three animals typed in this study exhibited a microvariant 
allele for locus FH2361. One animal had heterozygous al-
leles 1 base pair apart and 2 other animals had heterozy-
gous alleles 2 base pairs apart. The peaks that were a single 
base pair apart were resolved clearly. Five animals con-
tained microvariant alleles in the FH3313 locus. Three ani-
mals contained well resolved FH3313 microvariants which 
appeared to be 2 base pairs apart, but 2 other canine sam-
ples had broad peaks. The samples containing broad peaks 
were confirmed by a second amplification and 2 separate 
injections (Figure 5). The morphology of these peaks might 
be caused by STR alleles of the same length on either au-
tosomal chromosome containing slightly difference se-
quence variations from each other, causing different mi-
gration rates during electrophoresis (25,29). Microvariants 
were also observed at loci FH2107, FH2309, and FH3377 

when an independent larger sample set of 667 dogs 
was analyzed (26).

Figure 5.

Five different canine samples exhibiting microvariant alleles for marker 
FH3313. Two of the animals (the bottom frames) may have alleles that 
are the same length but are composed of slightly different sequences, 
causing slight differences in electrophoretic mobility and resulting in a 
broad peak.

Figure 6.

Representative electropherograms for canine, chicken, rat, cow, horse, 
pig, cat, fish, rhesus monkey, and mouse samples amplified with the 
Finnzymes Canine 2.1 Panel β lot reagent kit.
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Species specificity

Several peaks were observed when DNA samples from 
chicken, mouse, rat, horse, cow, pig, cat, fish, and monkey 
were typed (Figure 6). Only low level peaks below 100 RFU 
were present for both amplifications with rat and fish DNA. 
Peaks below 100 RFU were seen in one of 2 amplifications 
of pig DNA. Most peaks fell outside of the canine allele size 
ranges. Using the Flexibin program and offsetting the al-
lele sizes using the positive control sample, a few peak 
sizes were close to canine allele positions. To better assess 
whether these peaks truly fall into a canine allele bin, the 
various non-canine species (fish, pig, rat, cat, mouse, chick-
en, and monkey) should be run again with an allelic lad-
der, once it is developed, and it may also be worthwhile to 
perform mixture studies between canine and non-canine 
samples. Subsequent BLAT and BLAST searches of the 19 
sets of primers revealed that some primers had 95%-100% 
identity with the genomic information for certain species 
(Table 6). No 2 primers (forward and reverse) for a locus 
had such high homology. Primers for the FH2361R, vWF.XF, 
and FH2017F loci have the most homology with a num-
ber of non-canine species. The PEZ17R primer has 100% 
identity with 100 locations in the cat genome. But, the 
primer binding sites discovered with the BLAT and BLAST 
searches for the 19-plex primers do not assess the possibil-
ity for non-target binding of the 3’ end of the primers. For 
instance, primer binding to chicken, cow, and pig samples 
was not confirmed by searching for similar DNA sequences 
between the Finnzymes 19-plex primer panel and the ge-
nome information available on the BLAST and BLAT Web 
sites. Similarly, several canine primers shared 95%-100% 
homology with multiple locations in the human genome, 
but amplification peaks were not present in duplicate 19-

plex reactions of human DNA (data not shown); so the abil-
ity to assess cross-reactivity of a primer to a particular ge-
nome is not always possible with a BLAST or BLAT search. 
Also, none of the peaks exhibited in any of the non-canine 
species appeared to exhibit the morphology of STR prod-
ucts (all peaks above 500 RFU lack stutter peaks), which 
could be helpful in evaluating if non-canine species ampli-
fication has occurred in a DNA mixture. Of course, species 
cross-reactivity does not make a kit unreliable. It is impor-
tant to perform such studies to better understand the limi-
tations of an assay. No full 19 locus profile was observed 
with any of the above mentioned species.

The Finnzymes canine STR kit amplified reproducible STR 
profiles in 5 wolf (Canis lupus) samples (Figure 7), as would 
be expected given the evolutionary history of the domes-

TABlE 6. Primers that show 95%-100% identity with non-canine species based on BlAT and BlAST searches*

Species chromosome map location

Primer cat mouse horse human rhesus

FH2309R† – 8, 13 – – –
FH2361R 151419 – 14+ 8- 11+, 19+, 20-
FH2004R 199169 – – – –
vWF.X – 4-, 19+ 2+, 3- 4+, 22- 11-
PEZ17R [100 BLAST hits] – – – –
FH2107R – – – 10+ –
FH2017F 135908 – Un+/−, 1+, 16+/−, 17-, 29 2+,3+,5+,13-,X- 1+, 7-, 13+
ZFR 202367 – X- – –
*All primer sequences utilized in the Finnzymes canine 19-plex were searched in both the BlAT (http://genome.ucsc.edu/) database and the BlAST 
(http://genome.ucsc.edu/) database to assess whether certain primers anneal to non-canine species. The chromosome map locations for each spe-
cies that showed sequence homology with particular primers are indicated in the table above.
†Sequence homology only confirmed by the BlAST search tool.

Figure 7.

Canine F-863 control sample and 3 different wolf sample amplification-
swith the Finnzymes 19-plex. The following amplifications used 1 ng 
template DNA.

http://genome.ucsc.edu/
http://genome.ucsc.edu/
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TABlE 7. Peak sizes and relative fluorescence units (RFU) values 
for peaks at the canine 19-plex loci for 13 single hair extraction 
samples (samples 1-13) and 4 saliva stain extractions (samples 
14-17). Next to the marker name, alleles are described in 
raw base lengths and are followed by a backslash (/) and the 
height of the peak is listed in RFUs
 
Sample

 
locus

Peak 1
(bp)/RFU

Peak 2
(bp)/RFU

Peak 3
(bp)/RFU

1 Zinc Finger 159.31/70 163.77/55
2 - - -
3 - - -

4

PEZ02 125.86/28 -
Zinc Finger 159.21/67 -
FH2328 190.35/55 -
FH2004 239.67/27 -
FH2361 350.13/28 -

5 - - -

6
Zinc Finger 159.21/67 -
PEZ17 207.63/50 -
FH3377 192.70/30 -

7

PEZ02 125.83/46 -
Zinc Finger 159.22/67 163.67/32
PEZ05 101.09/59 -
FH2001 148.92/79 -
FH2361 354.23/77 -

8

PEZ02 125.76/54 129.87/50
Zinc Finger 159.29/173 163.75/50
PEZ17* 199.39/45 203.57/49 215.79/47
FH2309 355.04/92 -
PEZ05 101.07/234 -
FH2001 140.71/155 148.92/132
FH2328 182.46/87 193.96/60
FH2004 239.60/73 -
FH2361 346.16/57 350.24/92
PEZ21 87.39/102 -
FH2054 152.20/44 164.34/70
FH3377 197.38/46 246.90/40
FH2107 380.37/54 -
FH2088 131.89/224 -
vWF.X 157.09/115 -
FH2010 236.78/120 -
PEZ16 304.25/112 -
FH3313 402.70/53 414.37/55

9 PEZ05 101.12/50 -

10

Zinc Finger 159.14/47 163.72/36
PEZ05 105.11/35 -
FH2001 128.34/30 144.61/34
FH2328 197.91/38 -
FH2361 354.15/31 -
PEZ21 87.30/27 -
FH2054 168.43/37 172.34/31

FH3377 246.56/46 -
FH2088 123.49/50 131.75/35
FH3313 383.98/51 -

11

Zinc Finger 159.15/25 -
PEZ05 101.01/53 -
FH2001 144.80/56 148.87/26
FH2328 182.47/30 -
FH2361 345.97/25 -
PEZ21 87.41/49 -
FH2054 152.09/39 -
FH2088 131.75/49 -

12

Zinc Finger 159.16/38 -
FH2001 148.90/37 -
FH2004 239.43/53 -
FH2361 346.12/31 -
FH2054 164.36/43 -
FH3377 197.41/53 -
FH2010 236.69/46 -

13

PEZ02 121.74/40 -
Zinc Finger 159.08/62 -
PEZ17 203.55/68 207.53/35 215.73/35
FH2017 266.77/86 -
FH2001 140.70/31 -
FH2361 350.06/30 -
PEZ21 87.37/52 -
FH2054 152.12/28 164.32/64
FH2010 236.70/42 -
PEZ16 288.36/27 299.70/43
FH3313 402.71/48 -

14

PEZ02 130.00/45 -
Zinc Finger 159.23/53 163.70/73
PEZ17 203.50/137 215.73/64
PEZ05 101.18/137 -
FH2001 140.71/101 148.86/131
FH2328 182.50/69 193.87/93
FH2004 239.49/79 -
PEZ21 83.39/83 87.42/49
FH2054 152.21/63 164.29/34
FH3377 187.92/44 197.44/44
FH2088 131.81/97 -

15 - - -
16 - - -
17 PEZ02 129.91/64 -

TABlE 7. Peak sizes and relative fluorescence units (RFU) values 
for peaks at the canine 19-plex loci for 13 single hair extraction 
samples (samples 1-13) and 4 saliva stain extractions (samples 
14-17). Next to the marker name, alleles are described in 
raw base lengths and are followed by a backslash (/) and the 
height of the peak is listed in RFUs – continued
 
Sample

 
locus

Peak 1
(bp)/RFU

Peak 2
(bp)/RFU

Peak 3
(bp)/RFU
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tic dog and wolf (2). The peaks obtained in wolves were 
concordant with the allele spectrum of the domestic dog 
for each locus. Indeed, STR loci are well-known to cross-
amplify even among more genetically differentiated spe-
cies than the dog and wolf (30). For example, the Identi-
filer® kit developed for human profiling generates partial 
profiles for other primate species (chimpanzee, orangutan, 
macaque, and gorilla) (15) and the “Meowplex” generates 
PCR products for ocelot and puma samples (17).

Case-type samples. Samples from a recent dog attack were 
amplified in duplicate using the Finnzymes 19-plex. Sam-
ple numbers 1 through 13 were single shed hair samples 
found on a sweat shirt and samples 14 through 17 were 
saliva stain samples found on the victim’s sweatshirt. All 
samples were quantified at levels below 0.1 ng/μL, the 
limit of detection for the Fluoroskan Ascent (Thermo Sci-
entific) when using the PicoGreen® (Invitrogen) quant 
method. Two microliters of sample was amplified for each 
reaction. Although not recommended for routine case-
work, the detection threshold was lowered to 25 RFU for 
all colors to collect as much data as possible (Table 7). Us-
ing the California Department of Justice casework peak 
threshold standards, only peaks called above 50 RFU were 
considered “alleles,” and single peaks at a locus above 200 

RFU were considered a homozygous genotype for the ran-
dom match probability calculations. A 10-second injection 
time at 3 kV was used while running the sample on the 
ABI 3130CE. Table 7 presents a combined summary of the 
peaks called from duplicate PCRs; all alleles are described 
as “raw” lengths in bases. Many of the case work samples 
had peaks below 50 RFU and many markers only had a 
single peak called, possibly indicating peak drop-out due 
to low input DNA amounts amplified in the PCRs. The de-
tection threshold was initially lowered to 25 RFU to deter-
mine if low input DNA peaks were present, but interpret-
ing these peaks may be difficult due to stochastic effects 
and the possibility of allele drop-in due to low copy num-
ber DNA being amplified (27,28,31-33).

Samples 8 and 13 had 3 peaks in the marker range for 
PEZ17, some of which were below 50 RFU. Sample 8, a sin-
gle shed hair extracted using the Chelex method, provided 
the best profile overall with the most peaks called above 
50 RFU. Hair samples tend to have low levels of nuclear 
DNA; additional technical modifications will be required 
to amplify samples below 0.125 ng, such as increasing the 
cycle number and investigating alternative extraction pro-
tocols for telogen hair samples (31-33). Based on the posi-
tive control sample run on the same injection plate as the 
non-probative samples, sample 8 allele calls were obtained 
by binning (for peaks above 50 RFU, Table 8).

Assuming independent segregation of loci and using a con-
servative Fst value of 0.09 [The Fst and the allele frequen-
cies were determined from a 667 animal population study 
from canines across the United States (18), the random 
match probability for the sample 8 profile was calculated 
at 1.00 × 10−17. Two saliva stain samples (14 and 17,) pro-
vided partial profiles containing peaks from 10 and 12 loci, 
respectively. Using the Fst value of 0.09, the random match 
probability for the sample 14 profile was and 3.18 × 10−3. 
Sample 17 had a match probability of 1.04 × 10−3.

As seen in Table 7, the sex typing marker (Zinc Finger) had 
varying success when typing telogen hair samples. Of the 
10 hair samples that had amplified peaks, 3 samples typed 
X and Y associated peaks, but one of those samples did not 
type the Y peak above 50 RFU. Four hair samples only had 
the X peak type above 50 RFU and 3 samples had X peaks 
below 50 RFU but above 25 RFU. As seen with the PHR 
study, the ~ 159 base X peak types at much higher RFUs 
(typically 2 times higher) than the ~ 164 base Y peak in 
male canines and therefore seems to amplify more ro-
bustly at input DNA levels below 125 pg. This was 

Zinc Finger 159.23/113 163.77/62
PEZ17 215.57/92 -
PEZ05 101.08/126 -
FH2001 140.75/73 -
FH2328 193.94/29 -
FH2004 239.62/68 -

17 PEZ21 83.40/64 87.49/54
FH2054 152.15/187 -
FH3377 197.44/95 -
FH2088 131.93/199 -
vWF.X 157.10/94 -
FH2010 229.02/55 -
PEZ16 288.36/54 -

*PEZ17 had 3 allele calls in 2 different samples. The low RFU values 
make it difficult to determine which allele calls are true peaks.

TABlE 7. Peak sizes and relative fluorescence units (RFU) values 
for peaks at the canine 19-plex loci for 13 single hair extraction 
samples (samples 1-13) and 4 saliva stain extractions (samples 
14-17). Next to the marker name, alleles are described in 
raw base lengths and are followed by a backslash (/) and the 
height of the peak is listed in RFUs – continued
 
Sample

 
locus

Peak 1
(bp)/RFU

Peak 2
(bp)/RFU

Peak 3
(bp)/RFU
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also observed for one of the samples used in the sensi-
tivity study. When 1 ng of template DNA was amplified, 
the average Zinc Finger PHR for both amplifications was 
53.42 ± 2.69%. The same sample produced a Zinc Finger 
PHR of 35.64 ± 12.05% when 62.5 pg of DNA was amplified. 
Furthermore, with Zinc Finger peak heights ranging from 
247 RFU to 67 RFU for samples amplified with less than 125 
pg, it is possible that the Y peak could fall below the 50 
RFU detection threshold. For the 2 saliva stain samples that 
generated profiles, both samples amplified both the X and 
Y peaks above 50 RFU.

Positive control animal

It was noted during the validation that positive control 
sample (F-863) provided with the canine multiplex had a 
concentration of 0.1 ng/μL instead of the 1 ng/μL report-
ed on the tube. Two different tubes of F-863 were quanti-
fied with PicoGreen® in triplicate (for a total of 6 separate 
quantifications of the positive control sample.) All 6 quan-
tifications yielded a 0.1 ng/μL concentration. Interestingly, 
the positive control F-863 produces a profile that contains 
3 peaks for marker FH2328 (Figure 8). To confirm that the 
third allele is attributed to locus FH2328 and not a third al-
lele due to allele overlap with neighboring loci PEZ05 and 
FH2001, singleplex reactions were carried out. In triplicate 
reactions, 4.5 μL of each of the forward and reverse primers 
(500 nm total) were combined with 9 μL of the Finnzymes 
Reaction Mixture and 2 μL of each singleplex. Based on 
these results, the positive control animal contained a sin-
gle peak at ~ 100.4 bases for locus PEZ05, the FH2001 lo-
cus contained 2 peaks at ~ 128.01 bases and ~ 144.8 bases, 
and the FH2328 locus contained 3 peaks at ~ 169.9 bas-

TABlE 8. Allele calls and frequencies for the Finnzymes 19-plex 
kit’s positive control animal (F-863) and for non-probative 
sample 8. “Raw” and “binned” values are in bases

Positive control Non-probative sample National
locus raw binned raw binned frequencies

FH2001 128.44 127.01 - - 0.2339

- - 140.71 139.37 0.2864

144.76 143.49 - - 0.2211

- - 148.92 147.61 0.0652

FH2004 231.51 232.82 - - 0.1319

239.63 241.22 239.6 241.22 0.2789

FH2010 232.79 234.26 - - 0.2459

- - 236.78 238.46 0.2519

FH2017 262.64 264.29 - - 0.6214

266.76 268.09 - - 0.2406

FH2054 148.08 147.41 - - 0.2136

- - 164.34 164.05 0.1432

168.26 168.21 - - 0.0915

FH2088 123.65 122.28 - - 0.072

127.58 126.24 - - 0.2939

- - 131.89 130.2 0.2489

FH2107 369.77 369.84 - - 0.1522

- - 380.37 381 0.1439

389.23 388.44 - - 0.0405

FH2309 - - 355.04 355.02 0.0322

393.9 393.42 - - 0.1289

FH2328 169.79 171 0.0007

- - 182.46 182.52 0.1724

- - 193.96 194.04 0.1514

205.47 205.56 - - 0.0285

FH2361 342.1 342.7 - - 0.2324

343.99 342.7 - - 0.2324

- - 346.16 346.7 0.2571

- - 350.24 350.7 0.1724

FH3313 - - 402.7 403.01 0.0457

- - 414.37 414.65 0.1004

418.21 418.53 - - 0.1259

423.84 422.41 - - 0.0525

FH3377 197.4 197.11 - - 0.1874

vWF.X 157.06 157.04 157.09 157.04 0.4843

PEZ02 - - 125.76 124.36 0.3238

129.8 128.36 129.87 128.36 0.2646

PEZ05 101.04 100.4 101.07 100.4 0.4528

PEZ16 300.32 300.3 - - 0.3171

304.19 304.22 304.25 304.22 0.1087

PEZ17 199.47 199.38 - - 0.1844

211.56 211.98 - - 0.2211

PEZ21  87.44  87.06  87.39  87.06 0.3126

 95.68  95.14 - - 0.4423

Figure 8.

Electropherogram for the positive control animal F-863. Three peaks (in-
dicated by the arrows) are present in marker FH2328.
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es, ~ 201.6 bases, and ~ 205.5 bases. In 2 of the 3 amplifica-
tions, the FH2328 locus had a third peak at ~ 201.6 bp. All 
of the amplifications of the positive control animal were 
performed using only 0.2 ng of DNA in a 20-μL reaction. 
Possible stochastic fluctuations from amplifying less than 
the ideal template amount of 1 ng may explain why the 
third peak was only seen in 2 of the 3 single plex amplifi-
cations using the FH2328 primers. All of the amplifications 
of the positive control animal using the Finnzymes 19-plex 
throughout the validation (n = 13) contained 3 peaks. This 
third FH2328 peak could possibly be an artifact peak gen-
erated from the 19-plex or it could be a tri-allelic pattern 
inherent to the cell line used for the positive control, with 
the latter explanation being more likely.

The Zinc Finger sex typing marker successfully typed the 
positive control animal as female in all ten amplifications. 
Typically, the ~ 159 bp X peak was the highest peak in the 
blue color channel for the positive control.

CoNClUSIoNS

DNA extracted from blood and buccal cells can reliably 
produce full profiles when amplified with the canine STR 
kit. The multiplex is able to type 0.125 ng of DNA template 
in a 20 μL reaction volume and obtain full profiles. Further-
more, the Finnzymes multiplex has a high level of sensitiv-
ity, ability to detect low level mixture ratios, and power of 
discrimination while amplifying case-type samples com-
parable with those of other forensic typing systems.

The overall PHRs for most markers (excluding the Zinc Fin-
ger and FH2017) ranged between 78.57 and 96.14%. Intra-
color balance was not as robust as in Identifiler® (between 
32%-45% depending on color channel); Intercolor balance 
was 22%, averaged over 61 samples evaluated. These low-
er values are due to 1 or 2 loci per color yielding too low or 
too much product. To obtain better intracolor balance, in-
creasing the signal of markers that tended to produce the 
lowest RFU values per color (FH2017, PEZ05, FH2107, and 
FH2088) and reducing the signal in markers that tended to 
generate the highest RFU values (FH2010, Zinc Finger, and 
FH2054) could be investigated.

The proposed reagent kit is also capable of genotyp-
ing wolf (C. lupus) samples, which can be useful in wild-
life population and conservation studies. Certain primers 
had high sequence homology with non-canine species, 
but this should not be problematic. The FH2017 forward 
primer has 95%-100% homology to numerous locations in 

the horse, human, and rhesus monkey genomes. Also, it is 
probable that the primers designed for locus FH2017 bind 
to a region of DNA that contains primer binding site vari-
ants, which is apparent in the large standard deviation for 
the PHRs calculated. A degenerate primer could be added 
to the reaction to improve performance. The positive con-
trol animal sample provided in the kit is at a lower con-
centration (0.1 ng/μL) than what is reported on the tube 
(1 ng/μL). Three peaks were seen in locus FH2328 for the 
positive control. This peak could be a tri-allelic pattern as-
sociated with the cell line used for positive control F-863. 
Only the positive control sample exhibited this 3-peak pat-
tern at locus FH2328.

In conclusion, the Finnzymes 19-plex holds excellent prom-
ise as a tool for routine forensic casework involving canine 
DNA. The data presented in this validation study should 
prove highly useful for the forensic science community as 
well as for the manufacturer of the kit in order to make fi-
nal modifications so that the kit will meet the needs and 
requirements of the DNA forensic science community.
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