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A B S T R A C T

In the process of establishing short tandem repeat (STR) sequence variant nomenclature guidelines in
anticipation of expanded forensic multiplexes for massively parallel sequencing (MPS), it was discovered
that the STR D5S2500 has multiple positions and genomic characteristics reported. This ambiguity is
because the marker named D5S2500 consists of two different microsatellites forming separate
components in the capillary electrophoresis multiplexes of Qiagen’s HDplex (Hilden, Germany) and
AGCU ScienTech’s non-CODIS STR 21plex (Wuxi, Jiangsu, China). This study outlines the genomic details
used to identify each microsatellite and reveals the D5S2500 marker in HDplex has the correctly assigned
STR name, while the D5S2500 marker in the AGCU 21plex, closely positioned a further 1643 nucleotides
in the human reference sequence, is an unnamed microsatellite. The fact that the D5S2500 marker has
existed as two distinct STR loci undetected for almost ten years, even with reported discordant genotypes
for the standard control DNA, underlines the need for careful scrutiny of the genomic properties of
forensic STRs, as they become adapted for sequence analysis with MPS systems. We make the
recommendation that precise chromosome location data must be reported for any forensic marker under
development but not in common use, so that the genomic characteristics of the locus are validated to the
same level of accuracy as its allelic variation and forensic performance. To clearly differentiate each
microsatellite, we propose the name D5S2800 be used to identify the Chromosome-5 STR in the AGCU
21plex.

ã 2016 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

The D5S2500 microsatellite is a GATA tetra-nucleotide short
tandem repeat (STR) with an average level of polymorphism by
modern forensic DNA profiling standards. D5S2500 was an integral
component of large-scale STR marker sets developed by Marshfield
laboratories in the late 1990s for gene mapping [1]. The same
marker sets have also been applied to key studies of population
variation, so extensive allele frequency and genomic data exists for
* Corresponding author.
E-mail address: c.phillips@mac.com (C. Phillips).
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the D5S2500 locus and over 600 other STRs used for this purpose
[2,3]. The D5S2500 locus first appeared as a forensic marker in
2004 as one of six STRs characterized by Huang et al. [4], using PCR
primers: 50-TTAAAGGAGTGATCTCCCCC-30 and 50-GTTACAGTACC-
TATGGTCATGCC-30. These sequences closely match the primers
listed for the D5S2500 microsatellite in the NCBI database of
sequence tagged sites: NCBI Probe (formally UniSTS). In the same
year, the D5S2500 locus was included among 27 STRs assessed for
their suitability to monitor donor-recipient chimerism in marrow
engraftment therapies [5]. The D5S2500 STR subsequently became
part of the Mentype1 Chimera1 12-STR multiplex (Biotype
Diagnostic GmbH, Dresden, Germany), designed to monitor
chimerism but with enough sensitivity and novel STRs to be well

http://crossmark.crossref.org/dialog/?doi=10.1016/j.fsigen.2016.03.002&domain=pdf
mailto:c.phillips@mac.com
http://dx.doi.org/10.1016/j.fsigen.2016.03.002
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http://www.sciencedirect.com/science/journal/18724973
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suited for forensic use. The suitability of the Chimera kit as a
supplementary forensic DNA test led to several validation and
allele frequency studies [6–11]. The 12 STRs of the Chimera kit were
then adapted specifically for forensic analysis by Qiagen as the
Investigator HDplex kit (Qiagen, Hilden, Germany) [12,13].

Independently, the D5S2500 locus was part of an initiative at
the Applied Genetics Group, National Institute of Standards and
Technology (NIST, Gaithersburg, MD, USA) begun in 2004, aimed at
developing miniaturized STR markers to improve the typing of
degraded DNA with shorter amplicons [14,15]. However, the
published primer designs for the NIST-developed D5S2500 locus
[14,15] target a different microsatellite positioned 1643 nucleo-
tides from the ‘true’ D5S2500 marker described in NCBI. Therefore,
the NIST D5S2500 locus has been incorrectly identified but given
the same name. To compound this ambiguity, the NIST D5S2500
locus is also part of a commercial forensic multiplex of 21 non-
CODIS STRs developed by AGCU ScienTech (Wuxi, Jiangsu, China)
that retains the incorrect D5S2500 name. The AGCU 21plex kit was
recently validated as a potentially informative multiplex of
supplementary STRs by Zhu et al. [16]. Although the repeat allele
numbers and their allele frequencies are quite distinct between the
HDplex D5S2500 and the NIST/AGCU D5S2500, the discrepancies
between both markers did not draw the attention of the forensic
community. Recently, the evaluation of established forensic STRs
for massively parallel sequencing (MPS) analysis has highlighted
the misidentification of the D5S2500 STR originally developed by
NIST and included in the AGCU 21plex [17,18]. The discrepancy was
detected by the observation of discordant genotypes for the
standard 9947A control DNA.

This report details the genomic characteristics of both STRs and
suggests a new distinct name for the NIST/AGCU locus to
differentiate the two loci in all future analyses, whether by
capillary electrophoresis or MPS. Each marker is distinguished here
by coding the HDplex STR with its NCBI accession number:
D5S2500.G08468, and similarly the NIST/AGCU STR as: D5S2500.
Table 1
Defining characteristics of the two forensic STRs named D5S2500. Upper sequence tracts
tract in italic dark gray shows the alternative forward PCR primer used in the initial Chime
NIST primer designs for D5S2500.AC008791 listed in Hill et al. ([14] italic dark gray) a
AC008791. We conclude by outlining a recommended genomic
validation framework for any forensic STR of interest but not in
common use. Given the capacity of MPS to expand forensic
multiplexes to include many novel STRs, the genomic details of
new markers must be reported to the same level of detail and
accuracy as the current publication guidelines dictate for an STR’s
population variation and forensic properties.

2. Materials and methods

The following four websites were accessed in January 2016 to
compile reference sequence data from GRCh37/GRCh38 human
genome assemblies, in order to locate and confirm the identities of
HDplex D5S2500.G08468 and NIST/AGCU D5S2500.AC008791
STRs.

(i) 1000 Genomes [http://browser.1000genomes.org/Homo_sa-
piens/Info/Index]. This portal provides access to the human
reference sequence curated by Ensembl as well as the 1000
Genomes Phase III genetic variant database with locus
coordinates listed for the GRCh37 human genome assembly

(ii) NCBI dbSNP [http://www.ncbi.nlm.nih.gov/SNP/]. This site
provides a catalog of validated short human variants that also
includes most of the STRs used in forensic analyses. All dbSNP
variants are assigned rs-numbers with D5S2500 =
rs111362704 (no rs-number exists for D5S2500.AC008791).

(iii) NCBI Probe (formerly NCBI UniSTS) [http://www.ncbi.nlm.nih.
gov/probe/]. This site provides a catalog of microsatellites and
other sequence tagged sites in the human genome. When a
locus is part of the Marshfield linkage mapping marker sets,
the primers used for its amplification are detailed. The NCBI
Probe database of sequence tagged sites is directly linked to
the NCBI GenBank sequence repository that assigns unique
accession numbers to sequence segments used to construct
assemblies of the human genome.
 in light gray blocks show NCBI UniSTS primers for D5S2500.G08468, the outermost
ra multiplex designs [5]. Lower sequence tracts in gray blocks are the two published
nd Hill et al. 2009 ([15] light gray, common sequence in white).

http://browser.1000genomes.org/Homo_sapiens/Info/Index
http://browser.1000genomes.org/Homo_sapiens/Info/Index
http://www.ncbi.nlm.nih.gov/SNP/
http://www.ncbi.nlm.nih.gov/probe/
http://www.ncbi.nlm.nih.gov/probe/
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(iv) University of California, Santa Cruz (UCSC) Genome Browser
In-Silico PCR [http://genome.ucsc.edu/cgi-bin/hgPcr]. This site
is a virtual PCR tool based on the input of short sequences (e.g.
nucleotides closely flanking a region of interest). In-Silico PCR
identifies the primer binding sites in the human genome and
shows the predicted amplicon as a sequence string. GRCh37 or
GRCh38 human genome assemblies can be searched and the
coordinates of the predicted amplified sequence are listed for
the selected assembly.

3. Results and discussion

3.1. Genomic characteristics of D5S2500.G08468 and D5S2500.
AC008791

The genomic characteristics obtained from online data used to
identify each STR are summarized in Table 1. The sequence and
nucleotide coordinates of the D5S2500 marker in HDplex match
those listed in NCBI probe for D5S2500, therefore this STR has the
correctly assigned name. In contrast, the D5S2500 marker in the
NIST/AGCU multiplexes comprises sequence positioned 1643
nucleotides further (50–30, repeat region start-point nucleotides),
but the published primers [14,15] generate sequence different to
any microsatellite listed in NCBI Probe. Both original studies by
NIST [14,15] assign the correct GenBank accession number for the
sequence containing this STR.

The repeat structure of HDplex D5S2500.G08468 is [CTAT]a as
reported in [9] with the reference sequence reverse strand
description of [AGAT]a in [5]. D5S2500.AC008791 has the more
complex [GGTA]a [GACA]b [GATA]c [GATT]dmotif structure and was
originally described as [GATA]a [GATT]b in [14], although early
prototype primer designs from NIST consisting of CTGTTGGTACA-
TAATAGGTAGGTAGGT and gTCGTGGGCCCCATAAATC, were de-
scribed as overlapping with the first and fourth repeat motifs
(underlined sequence).

3.2. Compilation of published forensic protocols and allele frequency
studies

A forensic validation of D5S2500.G08468 in the Qiagen HDplex
kit was made by Westen et al. in 2012 [19]. This STR’s genomic
position was mapped by Phillips et al. in 2011, and showed a large
genetic distance from the same-arm STRs of D5S818 and CSF1PO
[12]. The most up-to-date publications with optimized protocols
for the forensic genotyping of D5S2500.AC008791 describe the use
of the NIST 26plex of miniSTRs by Hill [20] and the AGCU 21plex kit
by Zhu et al. [16]. Scheible et al. evaluated the D5S2500.AC008791
locus for MPS in 2014 [21] along with 46 other STRs, including the
entire set of NIST miniSTRs. The PCR primers used by Scheible were
the initial NIST designs for D5S2500.AC008791 listed in Section 3.1
(i.e. overlapping the first/fourth repeat motif) and the study
reported some allele dropout for this STR [21].

Results of literature searches compiling studies of each STR are
summarized in Supplementary Table S1. Excluding publications in
Chinese, 20 papers report studies of D5S2500.G08468 (8 as a
component of Qiagen HDplex) and 24 papers report studies of
D5S2500.AC008791 (17 as a component of AGCU 21plex).

Table 2 and Fig. 1A summarize the allele frequency data
obtained from 14 published population studies of D5S2500.
G08468, indicating a repeat allele range from 9 to 18 with much
rarer 7- and 8-repeat plus 16.1/17.1 intermediate repeat alleles.
Table 3 and Fig. 1B summarize the allele frequency data from 10
population studies of D5S2500.AC008791. The only surveys of
D5S2500.AC008791 in multiple populations were made by Hill
et al. [14] and Abrahams et al. [22]. As a large number of population

http://genome.ucsc.edu/cgi-bin/hgPcr


Fig. 1. (A) Compilation of allele frequencies from published population studies of HDplex STR D5S2500.G08468 (shown as bold values in Table 2). EUR = European (average of
nine studies), E ASN = East Asian (average of five studies), AFR = African (average of seven populations). (B) Compilation of allele frequencies from published population studies
of NIST or AGCU 21plex STR D5S2500.AC008791 (shown as bold values in Table 3). EUR = European (US Caucasians, NIST primers), E ASN = East Asian (Han Chinese, AGCU
21plex), AFR = African (African Americans, NIST primers).

22 C. Phillips et al. / Forensic Science International: Genetics 23 (2016) 19–24
surveys report data in East Asian ethnic populations using the
AGCU kit, allele frequency estimates are listed in Supplementary
Table S2 from 17 of these studies. A repeat allele range is observed
from 14 to 24 with rarer 12- and 13-repeat alleles, 18.2
intermediate repeat alleles, plus 15-, 16-, 22-repeat alleles found
in only 1–3 individuals. Observed allele frequencies translate into
much higher discrimination power for the HDplex D5S2500.
G08468 STR. Estimated Heterozygosity values for D5S2500.
G08468 are 81.2% for Europeans; 85% for Africans; 77.7% for East
Asians, compared to 72.7%; 77.3%; 71.5%, respectively, for D5S2500.
AC008791. However, the complex repeat structure in D5S2500.
AC008791 indicates it is likely to be a highly informative STR for
forensic MPS analysis, with a confirmed advantage as a short
amplicon locus [14–16]. It is noteworthy that the study of Scheible
observed a marked increase in informativeness from MPS analysis
of sequence variation in D5S2500.AC008791 [21]. This STR was one
of three giving double the number of alleles using sequence
information instead of fragment size alone [21].

3.3. D5S2503

To avoid further ambiguity, we highlight one other ‘D5S250X’
locus referenced in the literature as a forensic STR. This is
D5S2503 in a 9-plex of novel non-CODIS STRs published in 2014
[23]. Few genomic details for D5S2503 are provided, but the
study reports a GATA tetra-nucleotide repeat STR with allele sizes
of 350–390 nucleotides. The NCBI Probe primers for D5S2503
locate the sequence at GRCh37 = 5:23591242–23591611 and
GRCh38 = 5:23591133–23591502 (>35 Mb separation from both
D5S2500 STRs). The reference sequence generated by the NCBI
Probe primers has 13 AGAT repeats with size 370 nucleotides, so it
highly likely they were used to amplify D5S2503 in the study’s
PCR [23]. Genomic and population details for D5S2503 are given
in Supplementary Tables S3A and S3B.

3.4. A recommended framework for the genomic characterization of
novel forensic markers and a suggested unique identifier for D5S2500.
AC008791

The existence for almost ten years of two distinct forensic STRs
named D5S2500, one correctly identified and the other incor-
rectly identified but with the same name, emphasizes an obvious
need for a properly constructed framework for the genomic
identification of forensic STRs. In the first description of D5S2500.
AC008791 by NIST the NCBI GenBank accession number was
correctly identified for the sequence segment carrying this
microsatellite. However, describing its position as 5q11.2 and
Chr 5 58.735 Mb (Table 4 of [14]), gives insufficient detail to find



Table 3
Allele frequency compilations for D5S2500.AC008791 from population surveys of Hill et al. [14], Abrahams et al. [22] and eight East Asian populations. Het: Heterozygosity,
Pop: Population, PMID: PubMed ID. Allele frequencies in bold are plotted in Fig. 1B. A full list of PubMed IDs and publication details for all D5S2500.AC008791 population
studies is given in Supplementary Table S1. Allele frequencies from nine additional Chinese ethnic population studies using the AGCU 21plex kit are listed in Supplementary
Table S2B.

Study Hill, 2008 Abrahams, 2011 Zhu, 2011 Teng,
2012

Yuan,
2012

Yuan,
2012

Shen,
2013

Jin, 2013 Zha, 2014 Yuan, 2014

PMID 18005005 20457088 21042917 21617945 22245836 23065199 23043955 24237828 24041912 24132724
Pop US

Caucasian
US
African
American

US
Hispanic

Afrikaner
Caucasian

Asian
Indian

Mixed
Ancestry#

Tibetan Salar Han Tujia Bai Korean Mongolian Kazak

N 265 259 140 105 112 115 ’200a 120 220 107 106 411 523 114
12 0 0 0 0 0 0 0 0 0 0 0 0.002 0 0
13 0 0 0 0 0 0 0 0 0 0.005y 0 0 0.001y 0
14 0.294 0.282 0.225 0.301 0.319 0.287 0.351 0.338 0.393 0.425 0.396 0.371 0.364 0.276
15 0 0.006 0 0 0 0.004y 0 0 0 0 0 0.002 0 0
16 0 0 0 0 0.014 0 0 0.004y 0.002y 0 0 0.001y 0.003 0
17 0.355 0.226 0.368 0.296 0.269 0.248 0.322 0.338 0.289 0.304 0.307 0.345 0.315 0.412
18 0.230 0.156 0.229 0.306 0.296 0.230 0.216 0.271 0.190 0.201 0.184 0.251 0.218 0.206
19 0.008 0.008 0.007 0 0.009 0.030 0 0.004y 0.002y 0.005y 0 0.001y 0.008 0.004y

20 0.006 0.265 0.036 0.015 0.046 0.122 0.053 0.017 0.104 0.056 0.080 0.024 0.071 0.070
21 0 0.002y 0 0 0 0 0.010 0 0 0 0 0 0.007 0
22 0 0.002y 0.007 0 0 0.004y 0 0 0 0 0 0 0.001y 0
23 0.081 0.033 0.118 0.058 0.042 0.061 0.043 0.029 0.019 0.005 0.033 0.002 0.011 0.022
24 0.026 0.021 0.011 0.024 0.005y 0.013 0.005 0 0 0 0 0 0.002 0.009
Het 72.72% 77.35% 74.64% 72.73% 73.58% 78.72% 72.17% 69.69% 71.46% 68.34% 70.76% 67.97% 71.55% 70.56%

a Estimated value, published study does not give sample size.
# Complex admixture of South Asian, European and African ancestries.
y Singletons.
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the locus. A similar lack of precision is repeated in the recent
report of D5S2503 [23], where only the genomic position 5p14 is
provided for the STR. Therefore, we propose that published
studies of novel forensic markers must provide sufficient genomic
data to identify each locus as a unique site with a properly defined
position in the human reference sequence (i.e. in a stated genome
assembly such as GRCh38). The sequence, chromosome coor-
dinates and the genome assembly used to describe the
coordinates given in Table 1 for the two STRs named D5S2500
should be considered an appropriate minimum data framework
for microsatellites (most human single nucleotide polymor-
phisms and insertion-deletion polymorphisms benefit from
better positional data compiled in NCBI dbSNP). The details for
both STRs were relatively easy to compile from the open-access
human genome data resources of 1000 Genomes, Santa Cruz and
NCBI. We illustrate the usefulness of such an approach further by
applying the same sequence data framework in Supplementary
Table S3A to detail D5S2503 [23]: a novel STR of forensic interest
that lacks a proper genomic description. Some authors may
choose not to publish primer designs for novel loci, but a
minimum 200 nucleotides of flanking sequence allows forensic
end-users to locate the genomic region and explore sequence
characteristics such as repeat structures and flanking variants,
that can influence the forensic performance and informativeness
of the marker, particularly in MPS. As more markers can be typed
with the larger multiplexes MPS offers, likelihood calculations are
required to take increasing account of linkage and the precise
genomic positioning of forensic loci is now a key step in this
process [12].

The incorrectly identified D5S2500.AC008791 locus clearly
requires a name that can be applied to its use in a commercially
established forensic multiplex and is suitably distinct from
D5S2500. During explorations of genomic data in NCBI Probe,
microsatellite identifiers from D5S2501 through to D5S2600 were
systematically searched and of the few D5S numbers in use, none
matched the genomic details of the NIST/AGCU D5S2500.
AC008791 STR. To the best of our knowledge, the D5S2800 locus
name has not been applied to any Chromosome-5 STR, therefore
we suggest this name be used to identify the NIST/AGCU D5S2500.
AC008791 STR from now on.

4. Conclusions

As forensic DNA profiling moves increasingly into the era of
genomic analysis, imprecise positional descriptions for new
genetic markers such as ‘5q11.20 or ‘5p140 are clearly inadequate
and, it can be argued, were not sufficiently detailed in the first
place. In identifying the correctly named D5S2500 STR for this
study, we outline a simple and effective minimum genomic data
framework that provides unequivocal identification of any novel
locus at a unique position in the human genome.

To address the need to name the incorrectly identified D5S2500
STR that is already part of at least three forensic multiplex designs
[16,20,21], we propose D5S2800.
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