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A B S T R A C T

Allele distributions for twenty-three autosomal short tandem repeat (STR) loci – D1S1656, D2S441,
D2S1338, D3S1358, D5S818, D7S820, D8S1179, D10S1248, D12S391, D13S317, D16S539, D18S51, D19S433,
D21S11, D22S1045, CSF1PO, FGA, Penta D, Penta E, SE33, TH01, TPOX and vWA – were determined in
Caucasians, Southwestern Hispanics, Southeastern Hispanics, African Americans, Bahamians, Jamaicans,
Trinidadians, Chamorros, Filipinos, Apaches, and Navajos. The data are included in the FBI PopStats
software for calculating statistical estimates of DNA typing results and cover the expanded CODIS Core
STR Loci required of U.S. laboratories that participate in the National DNA Index System (NDIS).
Published by Elsevier Ireland Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The FBI Laboratory recently announced an expansion of the
original thirteen short tandem repeat (STR) loci that have been the
core of the National DNA Index System (NDIS) since 1997. The FBI
requires CODIS laboratories to implement seven additional STR loci
selected by the CODIS Core Loci Working Group by January 1, 2017
[1]. Collectively, these loci provide greater discrimination potential
for human identification applications and enhance kinship
analyses typically used in missing person inquiries. Since many
of these loci are included in databases globally, the expanded STR
locus set facilitates international law enforcement and counter-
terrorism endeavors. Furthermore, the enhanced information
content provided by the additional loci improves searching DNA
profiles within large databases such as NDIS, which as of January
2016 contains over 15 million DNA profiles.

The twenty STR loci (the original set: D3S1358, D5S818,
D7S820, D8S1179, D13S317, D16S539, D18S51, D21S11, CSF1PO,
FGA, TH01, TPOX and vWA; and the additional set: D1S1656,
D2S441, D2S1338, D10S1248, D12S391, D19S433 and D22S1045)
* Corresponding author.
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can be simultaneously genotyped with either the AmpFlSTR1

GlobalFiler1 (GlobalFiler, Life Technologies, Inc., Carlsbad, CA) or
PowerPlex1 FusionTM (Fusion, Promega Corporation, Madison, WI)
multiplex amplification systems. These kits also enable the
genotyping of SE33 and a Y indel locus (GlobalFiler), Penta D
and Penta E (Fusion), and DYS391 (GlobalFiler and Fusion), as well
as Amelogenin for sex determination.

The majority of forensic DNA testing laboratories in the U.S. use
the FBI’s PopStats software in CODIS for estimating the statistical
weight of evidentiary DNA profiles. This report expands the FBI
population data [2–4] in PopStats, presenting the allele frequencies
for twenty-three autosomal STR loci, as determined with both the
GlobalFiler and Fusion kits in African Americans, Caucasians,
Southeast Hispanics, Southwestern Hispanics, Bahamians, Jamai-
cans, Trinidadians, Apaches, Navajos, Chamorros and Filipinos.
Concordance studies demonstrate genotyping accuracy and
identify instances of non-concordance due to rare kit-specific
primer binding site variants that preclude allele detection. Results
of population genetic analyses also presented in this report
support the usage of these loci and the associated allele
frequencies for estimating match statistics in human identity
testing.
C BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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2. Materials and methods

2.1. Sample preparation and genotyping

DNA samples that were previously typed at the original core
CODIS loci and the Amelogenin locus were used in the present
study. Some samples were also previously typed at the
AmpliType1 Polymarker, DQA1 and D1S80 loci. The source and
preparation of the samples are previously described [2–8]. All
procedures were conducted according to manufacturers’ recom-
mendations, except as noted. DNA samples requiring re-extraction
were generated from liquid blood dried onto FTA paper and
extracted either using the AutoMate ExpressTM DNA Extraction
System with the PrepFiler ExpressTM DNA Extraction Kit (Life
Technologies, Inc.) or the EZ11 Advanced XL with the EZ1 DNA
Investigator Kit (Qiagen Sciences, Inc., Gaithersburg, MD). DNA
quantities were estimated using the Quantifiler1 Duo DNA
Quantification Kit (Life Technologies, Inc.), and generally 0.5 or
1 ng DNA was amplified with the GlobalFiler and Fusion kits in a
GeneAmp PCR System 9700 (Life Technologies, Inc.). Amplified
samples were subjected to capillary electrophoresis in POP 4TM

Performance Optimized Polymer (Life Technologies, Inc.) using an
Fig. 1. Theoretical secondary structure of allele 11 at the Penta E locus. Left: allele that co
relative to the allelic ladder. The SNPs A/C24, A/C49, T/C59 and A/T75 are indicated as po
Applied Biosystems1 3130xl Genetic Analyzer (Life Technologies,
Inc.). Genotyping was performed using GeneMapper1 ID-X
software version 1.4 (Life Technologies, Inc.). An off-ladder allele
was sequenced using the ForenSeqTM DNA Signature Prep Kit with
detection on the MiSeq FGxTM Forensic Genomics System
(Illumina, San Diego, CA) and analyzed using the MFold utility
within OligoAnalyzer 3.1 (Integrated DNA Technologies). Using a
software tool developed in-house in Microsoft Excel, genotypes of
samples that were generated using GlobalFiler and Fusion were
verified against each other and published data for the same
samples as generated using the AmpFlSTR Profiler Plus1,
AmpFlSTR COfiler1 (Life Technologies, Inc.) and/or PowerPlex 1.1
(Promega Corporation) kits [7,8].

2.2. Statistical analysis

Microsoft Excel was used to calculate allele frequencies.
Arlequin version 3.5 [9] was used to perform exact test of
population differentiation using 100,000 steps and to calculate
genetic distance (Fst). Fisher’s exact tests [10] for allelic association
was undertaken with 10,000 shuffles using the software Genetic
Data Analysis available from Lewis and Zaykin [11]. The truncated
rresponds relative to size with the allelic ladder. Right: allele with modified mobility
sitions 5, 30, 40 and 56, respectively.



Table 1
Genotype non-concordances due to amplification failure of the specified alleles.

Kit Locus Undetected allele Population Kit(s) showing recovered allele

GlobalFiler D12S391 21 Southeast Hispanic Fusion
GlobalFiler D12S391 23 Southwest Hispanic Fusion
Fusion D13S317 8 Southeast Hispanic GlobalFiler
GlobalFiler D13S317 13 Filipino Fusion
Fusion D16S539 9 Southeast Hispanic GlobalFiler
PowerPlex 1.1 D16S539 10 Jamaican GlobalFiler, Fusion
Fusion D16S539 11 Filipino GlobalFiler
PowerPlex 1.1 D16S539 12 Jamaican GlobalFiler, Fusion
GlobalFiler D1S1656 15 African American Fusion
Fusion D22S1045 14 Southwest Hispanic GlobalFiler
Profiler Plus FGA 22 African American GlobalFiler, Fusion
Identifiler Plus vWA 18 Southeast Hispanic GlobalFiler, Fusion
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product method of Fisher was used to test the hypotheses that
none of the loci departed from Hardy-Weinberg and linkage
equilibrium (p > 0.05). In addition, the data was explored
graphically by producing p-p plots (observed � expected).

3. Results

Allele frequencies and the Fisher’s exact test results are
available as Supplementary material and/or at http://www.fbi.
gov/about-us/lab.

Seven samples (one African American, two Bahamian and four
Jamaican) were identified as having an off-ladder allele at Penta E.
All occurrences of this allele sized approximately 0.5 bp smaller
than allele 11. Sequencing results confirm that for six of the seven
samples, the allele contained 11 complete pentanucleotide repeats,
and thus the correct allele call is 11. All six variant alleles each
exhibited four SNPs: A/C24, A/C49, T/C59 and A/T75. With the
exception of A/C49 which resides within a loop of a theoretical
stem-loop structure, these variants are presumed to disrupt the
predicted base-pairing within the DNA fragment, thereby altering
the secondary structure of the allele (Fig. 1) and its electrophoretic
mobility [12,13]. Insufficient DNA was available for the sequencing
of one such allele which, since unconfirmed, was excluded from
subsequent statistical analyses.

Twelve non-concordances in which a known allele was not
detected with a given amplification kit were identified during this
research. Information for each non-concordance is provided in
Table 1.
Table 2
p-values for linked loci for different subpopulations. Nominally significant p-values <0

Population vWA/D12S391 

Recombination fractions 0.117 

Caucasian 0.804 

Southwest Hispanic 0.242 

Southeast Hispanic 0.442 

African American 0.425 

Bahamian 0.379 

Jamaican 0.163 

African American/Bahamian/Jamaican 0.330 

Trinidadian 0.598 

Chamorro 0.243 

Filipino 0.807 

Apache 0.190 

Navajo 0.308 

The p-p plots and numbers of samples for each population group are presented in Table 3.
values should be distributed uniformly between 0 and 1; p � U½0; 1�: As an example, th
line can be seen as departures from equilibrium. The 95% confidence limit is also d
of departure from linkage equilibrium was observed in the Apache population. Th
the other populations groups.
There are a number of loci on the same chromosome within the
GlobalFiler and Fusion multiplexes. A summary of the p-value for
the linked loci are provided in Table 2.

4. Discussion

Sequence variants at STR loci can have different effects on allele
detection and migration, depending on the type (e.g., SNP,
insertion/deletion) and position of the variant within the amplified
DNA fragment [12,13]. Primer binding site variants may attenuate
or impede hybridization of the amplification primer to a target
sequence, resulting in a reduction in peak height or an ‘apparent
homozygous’ typing result (i.e., a null allele at a heterozygous
locus), respectively [14,15]. Some primer sequences vary among
different amplification kits and, in rare instances, yield discordant
typing results for the same individual’s DNA typed with different
kits. Consistent with kit configurations and primer differences,
discordant genotypes were found in the present study when
comparing Globalfiler and Fusion typing results at D1S1656,
D12S391, D13S317, D16S539 and D22S1045 and when comparing
PowerPlex 1.1 and Fusion results at D16S539 [16,17]. The recovery
with Globalfiler of an Identifiler Plus null allele at vWA and a
Profiler Plus null allele at FGA may be attributed to the
incorporation of SNP-specific primers in Globalfiler [18].

The tests for departures from independence are for population
level applications. There is no evidence for an effect of linkage
creating disequilibrium at the population level in the physically
.05 are highlighted.

D5S818/CSF1PO D21S11/Penta D TPOX/D2S441

0.252 0.357 0.472
0.267 0.080 0.229
0.383 0.234 0.758
0.583 0.308 0.418
0.135 0.703 0.707
0.413 0.483 0.321
0.041 0.564 0.928
0.025 0.632 0.492
0.478 0.898 0.663
0.927 0.442 0.542
0.891 0.447 0.086
0.636 0.102 0.878
0.792 0.406 0.143

 If the hypotheses of Hardy-Weinberg and linkage equilibrium were true, then the p-
e x ¼ y line in the p-p plots represents equilibrium and deviations from that
isplayed on the p-p plots as the region within the two curved lines. Evidence
ere is no evidence from departure from HW or linkage equilibrium in any of
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linked pairs of loci (see Table 2). There are two p-values below 5%
out of 48 comparisons.

This is at expectation for equilibrium and consistent with the
predictions of Budowle et al. [19]. We therefore recommend the
multiplication of these loci for the evaluation of match probabili-
ties for unrelated individuals and some classes of relationship.
Table 3
p-p plot for the HWE and LE tests for each 23-locus dataset (combined GlobalFiler and
confidence intervals generated by simulation from U[0,1] are also shown.(For interpretati
this article.)

Pop N HWE 

Caucasian 202

Southwest Hispanic 209

Southeast Hispanic 263

African American 209
However there are some relationships where linkage is expected to
have an effect [20–22].

These datasets are suitable in terms of both size and quality for
the purposes of estimating DNA profile probabilities.
 Fusion). N represents the number of samples for each population group. The 95%
on of the references to colour in this table, the reader is referred to the web version of

LE



Table 3 (Continued)

Pop N HWE LE

Bahamian 157

Jamaican 177

African American, Bahamian, Jamaican 543

Trinidadian 79

Chamarro 95
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Table 3 (Continued)

Pop N HWE LE

Filipino 91

Apache 192

Navajo 143

The genetic distances between the African American, Bahamian, and Jamaican are small. The p-values for the hypothesis Fst = 0 are 0.5586 (African American/Jamaican),
0.1441 (African American/Bahamian) and 0.6216 (Jamaican/Bahamian), indicating that these three populations may be grouped if desired. Note that the data do not support
combining other populations, including Southeast and Southwest Hispanics.
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