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Biology and Genetics of New Autosomal STR Loci
Useful for Forensic DNA Analysis
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ABSTRACT: Short tandem repeats (STRs) are regions of tandemly repeated DNA segments found throughout
the human genome that vary in length (through insertion, deletion, or mutation) with a core repeated DNA
sequence. Forensic laboratories commonly use tetranucleotide repeats, containing a four base pair (4-bp) repeat
structure such as GATA. In 1997, the Federal Bureau of Investigation (FBI) Laboratory selected 13 STR loci that
form the backbone of the U.S. national DNA database. Building on the European expansion in 2009, the FBI
announced plans in April 2011 to expand the U.S. core loci to as many as 20 STRs to enable more global DNA data
sharing. Commercial STR kits enable consistency in marker use and allele nomenclature between laboratories and
help improve quality control. The STRBase website, maintained by the U.S. National Institute of Standards and
Technology (NIST), contains helpful information on STR markers used in human identity testing.

KEY WORDS: Autosomal genetic markers, CODIS STRs, core loci, DNA typing, European Standard Set,
expanded U.S. core loci, short tandem repeat (STR), STR Kkits.

INTRODUCTION

Eukaryotic genomes are full of repeated DNA
sequences [15]. These repeated DNA sequences come in
all sizes and are typically designated by the length of the
core repeat unit and the number of contiguous repeat units
or the overall length of the repeat region. Long repeat
units may contain several hundred to several thousand
bases in the core repeat.

DNA regions with repeat units that are 2 bp to 7 bp in
length are called microsatellites, simple sequence repeats
(SSRs), or most commonly short tandem repeats (STRs).
STRs have become popular DNA repeat markers because
they are easily amplified by the polymerase chain reaction
(PCR) without the problems of differential amplification.
This is because both alleles from a heterozygous individual
are similar in size since the repeat size is small. The
number of repeats in STR markers can be highly variable
among individuals, which make these STRs effective for
human identification purposes.

In the past two decades, a number of tetranucleotide
STRs have been explored for application to human
identification. The types of STR markers that have been
sought have included short STRs for typing degraded
DNA materials [12], STRs with low stuttering charac-
teristics for analyzing mixtures [1], and male-specific Y
chromosome STRs for analyzing male-female mixtures
from sexual crimes [11,24]. In order to take advantage of
the product rule and be able to combine the genetic
information across multiple loci, autosomal STR markers
used in forensic DNA typing are typically chosen from
separate chromosomes or are widely spaced on the same
chromosome to avoid any problems with linkage between
the markers.

STR sequences not only vary in the length of the
repeat unit and the number of repeats but also in the rigor
with which they conform to an incremental repeat pattern.
STRs are often divided into several categories based on
the repeat pattern. Simple repeats contain units of identical
length and sequence, compound repeats comprise two or
more adjacent simple repeats, and complex repeats may
contain several repeat blocks of variable unit length as
well as variable intervening sequences [34]. Notall alleles
for an STR locus contain complete repeat units. Even
simple repeats can contain nonconsensus alleles that fall
in between alleles with full repeat units. Microvariants
are alleles that contain incomplete repeat units (e.g., the
allele 9.3 at the THO1 locus [32]).

I. CORE LOCI USED IN
THE UNITED STATES AND EUROPE

For DNA typing markers to be effective across a wide
number of jurisdictions, a common set of standardized
markers must be used. Since its selection by the Federal
Bureau of Investigation (FBI) Laboratory in November
1997 [5,7], a core set of 13 STR loci has been required
within the United States to upload DNA profiles to the
national DNA database (NDIS, National DNA Index
System). The 13 core U.S. loci currently used by the
Combined DNA Index System (CODIS) software to enable
DNA matches within the United States are CSF1PO,
FGA, THO1, TPOX, vWA, D3S1358, D5S818, D7S820,
D8S1179, D13S317, D16S539, D18S51, and D21S11.
Only eight loci overlap with STR data gathered in
the United Kingdom and most other European nations
(Table1).
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Table 1. Comparison of STR loci present in kits used in the United States and Europe“

United States”

Europe®

Extended® Powerplex 16 Identifiler = MiniFiler ESX/ESI17 NGM (SElect) SEfiler Plus SGM Plus
— TPOX TPOX — — — — —
CSF1PO CSFI1PO CSFIPO CSFIPO — — — —
D5S818 D5S818 D5S818 — — — — —
D7S820 D7S820 D7S820 D7S820 — — — —
D13S317 D13S317 D13S317 D13S317 — — — —

FGA FGA FGA FGA FGA FGA FGA FGA
VWA vWA vWA — vWA vWA vWA vWA
D3S1358 D3S1358 D3S1358 — D3S1358 D3S1358 D3S1358 D3S1358
D8S1179 D8S1179 D&8S1179 — D&8S1179 D8S1179 D8S1179 D&8S1179
D18S51 DI18S51 DI18S51 D18S51 DI18S51 DI18S51 DI18S51 DI18S51
D21S11 D21S11 D21S11 D21S11 D21S11 D21S11 D21S11 D21S11
THO1 THO1 THO!I — THOI THO1 THOI THO1
D16S539 D165539 D16S539 D16S539 D16S539 D165539 D16S539 D16S539
D2S1338 — D2S1338 D2S1338 D2S1338 D2S1338 D2S1338 D2S1338
D19S433 — D19S433 — D19S433 D19S433 D19S433 D19S433
D12S391 — — — D12S391 D12S391 — —
D1S1656 — — — D1S1656 D1S1656 — —
D2S441 — — — D2S441 D2S441 — —
D10S1248 — — — D10S1248 D10S1248 — —

— — — — D22S1045 D22S1045 — —

— — SE33 (SE33) SE33 —

— Penta D — — — — — —

Penta E Penta E — — — — — —
DYS391 — — — — — — —
Amelogenin  Amelogenin  Amelogenin Amelogenin Amelogenin  Amelogenin Amelogenin Amelogenin

@ See Figure 1 for information on additional kits including Sinofiler (a Chinese-specific kit), which contains D6S1043.

b The eight loci in italic are the current overlap between the U.S. and Europe.

¢ Extended U.S. core (proposed April 2011). The 14 loci in bold font show the expanded overlap with the new loci (see Ref.
[17] for more information on the proposed U.S. extended core).

While there are over 20,000 tetranucleotide STR loci
now known to exist in the human genome due to the
Human Genome Project efforts completed after the 1997
selection of the 13 CODIS STRs, not many of these loci
have extensive population data collected to date — nor
have these markers been tested in multiplex PCR assays
or with forensic DNA samples. The need to maintain
connection to the legacy data for the original STRs, or at
least a significant subset of previous data, limits the loci
that can be considered for expanding marker sets [6,16].

In April 2009, the European Network of Forensic
Science Institute (ENFSI) voted to adopt five additional
STR loci (D12S391, D1S1656, D2S441, D10S1248, and
D22S1045) to the already existing European Standard Set
(ESS) of seven STRs (THO1, vWA, FGA, D8S1179,
D18S51,D21S11, and D3S1358). These 12 EU core loci
are typically accompanied by D16S539, D2S1338, and

D19S433 when amplified with commercially available
STR kits (Figure 1).

In April 2011, the FBI Laboratory proposed an
expanded set of core STR loci for the United States in
order to (a) reduce the likelihood of adventitious matches
as the number of profiles stored in the U.S. national DNA
database increases; (b) increase international compatibility
to assist law enforcement data-sharing efforts; and (c)
increase the discrimination power to assist missing-persons
cases [17]. Asnoted in Table 1, the proposed required loci
for an expanded U.S. core are CSF1PO, FGA, THO1,
vWA,D3S1358,D5S818,D7S820,D8S1179,D13S317,
D16S539, D18S51, D21S11, D12S391, D1S1656,
D2S441, D10S1248, D2S1338, D19S433, Penta E, and
DYS391. In addition, the sex-typing marker amelogenin
is included as a required locus.
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II. COMMERCIAL KITS

Forensic DNA scientists rarely (and in the United
States essentially never) use their own STR assays, opting
to purchase quality-controlled commercial kits instead.
These kits come with allelic ladders, positive control
samples, and premixed reagents including the fluorescently
labeled oligonucleotides (primers) that target the specific
locations in the human genome to be PCR amplified.
Table 1 includes some of the commonly used kits in the
United States and Europe. Many of these kits enable
simultaneous, multicolor fluorescence detection of 15
STRs and the sex-typing marker amelogenin in a single
PCR reaction. For example, both Identifiler® and
PowerPlex® 16 kits enable typing of the U.S. core 13
STRs plus two additional loci—Identifiler® provides
D2S1338 and D19S433 and PowerPlex® 16 provides
Penta D and Penta E (Table 1).

To meet the needs of the European community, new
STR kits have been released since 2009 by Promega
(PowerPlex® ESX and ESI 16 or 17), Applied Biosystems
(AmpFI/ISTR® NGM & NGM SElect), and Qiagen
(ESSplex & ESSplex SE). These kits enable amplifica-
tion of 15 or 16 STR loci with amelogenin using five-dye
chemistry. Figure 1 illustrates the dye labels and size
positions for STR loci within commercial kits available as
of September 2011.

Our group at the U.S. National Institute of Standards
and Technology (NIST) has been involved in numerous
concordance studies to help locate primer binding-site
mutations that lead to discordance results between com-
mercial kits using different PCR primers [20,22].

III. AUTOSOMAL STR LOCI IN CURRENT
COMMERCIAL KITS

Each of the 24 autosomal STR loci used in common
commercial kits has unique characteristics, either in terms
of the number of alleles present, the type of repeat
sequence, or the kinds of microvariants that have been
observed. This section reviews some of the basic details
on each of the core and commonly used STR loci that are
present in commercial STR kits (Table 2).

CSF1PO is a simple tetranucleotide repeat found in the
sixth intron of the c-fms proto-oncogene for the CSF-1
receptor on the long arm of chromosome 5. Common
alleles contain an AGAT core repeat and range in size
from 5 to 17 repeats. The PowerPlex® 16 PCR products
for CSF1PO are 41 bp larger than those generated with
AmpFISTRP® kits. Mobility modifiers are included with
CSF1PO in the Identifiler® kit to increase the apparent
PCR product size by around 25 bp.

18

FGA is a compound tetranucleotide repeat found in the
third intron of the human alpha fibrinogen locus on the
long arm of chromosome 4. FGA has also been referred to
in the literature as FIBRA or HUMFIBRA. The locus
containsa CTTT repeat flanked on either side by degenerate
repeats. Reported alleles range in size from 12.2 repeats
to 51.2 repeats, spanning over 35 repeats. A 2-bp deletion,
from the loss of a CT, in the region just prior to the core
repeat motifis responsible for the x.2 microvariant alleles
that are very prevalent in this STR system. PCR products
from the PowerPlex® 16 STR kit are 112 bp larger than
those generated with Applied Biosystems AmpF/STR®
kits for equivalent alleles.

THO1 is a simple tetranucleotide repeat found in intron 1
of the tyrosine hydroxylase gene on the short arm of
chromosome 11. The locus name arises from the initials
for tyrosine hydroxylase and intron 1 (i.e., 01). The locus
is sometimes incorrectly referred toas THO1, with a letter
O instead of a zero. In the literature, THO1 has also been
referred to as TC11 and HUMTHO1. THO1 has a simple
tetranucleotide sequence with a repeat motif of TCAT on
the upper strand in the GenBank reference sequence with
alleles ranging in size from 3 to 14 repeats. The repeat
motifis commonly referenced as AATG, which is correct
for the complementary (bottom) strand to the GenBank
reference sequence. A common microvariant allele that
exists in Caucasians contains a single-base deletion from
allele 10 [32] and is designated allele 9.3 [2]. PCR
products from the PowerPlex® 16 STR kit are 8 bp smaller
than those generated with AmpF/STR®kits for equivalent
alleles.

TPOX is a simple tetranucleotide repeat found in intron
10 of the human thyroid peroxidase gene near the very end
of the short arm of chromosome 2. This STR locus
possesses a simple AATG repeat with alleles ranging in
size from 4 to 16 repeats. It is the least polymorphic of the
24 commonly used STR loci (see Table 4). PCR products
from the PowerPlex® 16 STR kit are 45 bp larger than
those generated with AmpFI/STR® kits for equivalent
alleles. Tri-allelic patterns are more prevalent in TPOX
than in most other forensic STR markers (see STRBase,

http://www.cstl.nist.gov/biotech/strbase/tri_tab.htm).

VWA is a compound tetranucleotide repeat found in
intron 40 of the von Willebrand Factor gene on the short
arm of chromosome 12. VWA has also been referred to in
the literature as vWF and vWA. It possesses a TCTA
repeat interspersed with a TCTG repeat with alleles
ranging in size from 10 to 25 repeats. PCR products from
the PowerPlex® 16 kit are 29 bp smaller than those
generated with AmpFISTR® kits for equivalent alleles.

Forensic Science Review ¢ Volume Twenty-Four Number One ¢ January 2012



D3S1358 is a compound tetranucleotide repeat found on
the short arm of chromosome 3. This locus possesses both
TCTA and TCTG repeat units with alleles ranging in size
from 6 to 26 repeats. PCR products from the PowerPlex®
16 kit are 2 bp larger than those generated with
AmpFISTR®kits for equivalent alleles.

Loci
Amelogenin
CSF1PO
THO1

TPOX

VWA
D3S1358
D5S818

Autosomal STR Typing Kits

Applie d Biosystem s Am pFISTR kits
Profiler
Profiler P lus (ID)
COfiler
SGMPlus 3|2
dentifiler (Direct, Plus)
SEfiler Plus
MniFiler

NGM

19

D5S818 is a simple tetranucleotide repeat found on the
long arm of chromosome 5. The locus possesses AGAT
repeat units with alleles ranging in size from 4 to 29
repeats. In both Promega and Applied Biosystems STR
kits, D5S818 is one of the smaller-sized loci and as such
should appear more often than some of the other loci in

D7S820
D8S1179
D13S8317
D16S539
D18S51
D21S11
D2S1338
D19S433
Penta D
Penta E
D1S1656
D2S441
D10S1248
D12S391
D22S1045
SE33
D6S1043

NGM SE lect

Sinofiler

Promega PowerPlex kits

PowerPlex 1.1 (1.2)

PowerP lex 2.1

PowerPlex 16 (BIO, HS)

PowerPlex S5

PowerPlex ES

PowerPlex ESX 16

PowerPlex ESX 17

PowerPlex ES116

PowerPlex ES 117

PowerPlex 18D

Qia gen Inve stigator kits
E SSplex

E SSplex SE

Hexaplex ESS
NonaplexESS
Decaplex SE

Dplex

Figure 1. Commercially available STR typing kits with dye labels and size positions for loci present in the kits.

(Reproduction with permission from Ref. [6]).
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Table 2. Information on 24 commonly used autosomal STR loci present in commercial kits (Adapted from [6,7]; physical positions

are from [33])

Locus Chromosomal Physical position GenBank accession Category;

(UniSTS)** location (GRCh37 assembly) (allele repeat #) repeat motif Allele range¢

D1S1656 (58809) 1q42 Chr 1 (230.905 Mb) G07820 (15.3) Compound; TAGA 81020.3

TPOX (240638) 2p25.3 thyroid per- Chr 2 (1.493 Mb) M68651 (11) Simple; AATG 4016
oxidase, 10 intron

D2S441 (71306) 2pl4 Chr 2 (68.239 Mb) AC079112 (12) Compound; TCTA/TCAA  8to 17

D2S1338 (30509) 2q35 Chr 2 (218.879 Mb) AC010136 (23) Compound; TGCC/TTCC  10to 31

D3S1358 (148226) 3p21.31 Chr 3 (45.582 Mb) AC099539 (16) Compound; TCTA/TCTG  6to 26

FGA (240635) 4q31.3 alpha fibri- Chr 4 (155.509 Mb) M64982 (21) Compound; CTTT/TTCC 12.2t0 51.2
nogen, 3" intron

D5S818 (54700) 5g23.2 Chr 5 (123.111 Mb) ACO008512 (11) Simple; AGAT 4t029

CSF1PO (156169) 5q33.1 c-fms proto- Chr 5 (149.455 Mb) X14720 (12) Simple; AGAT 5to 17
oncogene, 6™ intron

SE33 (ACTBP2) 6q14 beta-actin Chr 6 (88.987 Mb) V00481 (26.2) Complex; AAAG 3to49

(none reported) related pseudogene

D6S1043 (23182) 6ql5 Chr 6 (92.450 Mb) G08539 (11) Compound; AGAT/AGAC 8 to 25

D7S820 (74895) 7921.11 Chr 7 (83.789 Mb) AC004848 (13) Simple; GATA S5to 16

D8S1179 (83408) 8q24.13 Chr 8 (125.907 Mb) AF216671 (13) Compound; TCTA/TCTG  6to 20

D10S1248 (51457) 10926.3 Chr 10 (131.093 Mb)  AL391869 (13) Simple; GGAA 7 to 19

THO1 (240639) 11p15.5 tyrosine Chr 11 (2.192 Mb) D00269 (9) Simple; TCAT 3to 14
hydroxylase, 1* intron

vWA (240640) 12p13.31 von Wille- Chr 12 (6.093 Mb) M25858 (18) Compound; TCTA/TCTG 10 to 25
brand Factor, 40™ intron

D12S391 (2703) 12p13.2 Chr 12 (12.450 Mb) G08921(20) Compound; AGAT/AGAC 13 to027.2

D13S317 (7734) 13q31.1 Chr 13 (82.692 Mb) AL353628 (11) Simple; TATC 5to 17

Penta E (none reported) 15q26.2 Chr 15 (97.374 Mb) AC027004 (5) Simple; AAAGA 5to032

D16S539 (45590) 16q24.1 Chr. 16 (86.386 Mb) AC024591 (11) Simple; GATA 4t017

D18S51 (44409) 18q21.33 Chr 18 (60.949 Mb) AP001534 (18) Simple; AGAA 5.3t040

D19S433 (33588) 19q12 Chr 19 (30.416 Mb) AC008507 (14) Compound; AAGG/TAGG 5.2t0 20

D21S11 (240642) 21q21.1 Chr 21 (20.554 Mb) AP000433 (29.1)  Complex; TCTA/TCTG 12t043.2

Penta D (none reported) 21q22.3 Chr 21 (45.056 Mb) AP001752 (13) Simple; AAAGA 1.1to 19

D22S1045 (49680) 22ql12.3 Chr 22 (37.536) AL022314 (17) Simple; ATT 7 to 20

4 UniSTS is a comprehensive database of sequence-tagged sites (STSs) available on the NCBI website: http://www.ncbi.nlm.nih.gov/entrez/

query.fcgi?db=unists.
> The 13 CODIS core loci are highlighted in bold font.
¢ See Ref. [6], App. 1.

degraded DNA samples. Only a few rare microvariants
have been reported at this STR marker and a G—T
mutation has been reported 55 bp downstream of the
repeat [16]. PCR products from the PowerPlex® 16 kit are
15 bp smaller than those generated with AmpF/STR®kits
for equivalent alleles.

D7S820 is a simple tetranucleotide repeat found on the
long arm of chromosome 7. The locus possesses primarily
a GATA repeat with alleles ranging in size from 5 to 16

repeats. However, a number of microvariant alleles have
been reported. In some cases, these x.1 and x.3 alleles
likely result from a variation in the number of T nucleotides
found inapoly(T) stretch that occurs 13 bases downstream
of the core GATA repeat. Sequencing has revealed that
“on-ladder” alleles contain nine tandem T’s while x.3
alleles contain eight T’s and x.1 alleles contain 10 T’s
[14]. PCR products from the PowerPlex® 16 STR kit are
42 bp smaller than those generated with AmpF/STR®kits
for equivalent alleles.

Forensic Science Review ¢ Volume Twenty-Four Number One ¢ January 2012



D8S1179 is a compound tetranucleotide repeat found on
chromosome 8. In early publications by the Forensic
Science Service, D8S1179 is listed as D6S502 because of
alabeling error in the Cooperative Human Linkage Center
database from which this STR was chosen [3,30]. The
locus consists primarily of alleles containing TCTA
althougha TCTG repeatunit enters the motif forall alleles
larger than 13 repeats, usually at the second or third
position from the 5’-end of the repeat region [3]. Alleles
range in size from 6 to 20 repeats. PCR products from the
PowerPlex® 16 kit are 80 bp larger than those generated
with AmpFISTR®Kkits for equivalentalleles. AmpF/STR®
Identifiler and Profiler Plus ID kits possess an extra,
unlabeled D8S1179 reverse primer to prevent allele
dropout in a small portion of Asian populations due to a
mutation in the middle of the primer-binding site [28].

D13S317 is a simple TATC tetranucleotide repeat found
on the long arm of chromosome 13. Common alleles
contain between 5 and 17 repeat units. PCR products from
the PowerPlex® 16 STR kit are 36 bp smaller than those
generated with AmpF/STR®kits for equivalent alleles. A
4-bp deletion has been reported 24 bases downstream
from the core TATC repeat that can impact allele
designations with different primer sets [10,13].

D16S539 is a simple tetranucleotide repeat found on the
long arm of chromosome 16. This locus possesses a core
repeat unit of GATA ranging from 4 to 17 repeat units in
length. PCR products from Promega STR kits are 12 bp
larger than those generated with Applied Biosystems kits
for equivalent alleles. In the Identifiler® kit, mobility
modifiers are used to adjust observed size with D16S539.
A point mutation (T—A) 38 bp downstream of the STR
repeat impacts the reverse primers for both Applied
Biosystems and Promega primer sets. Applied Biosystems
added aredundant unlabeled primer in its COfiler®, SGM
Plus®, and Identifiler® kits so that both possible alleles
could be amplified [35]. On the other hand, Promega
altered its D16S539 reverse-primer sequence between
kits but kept the overall amplicon size the same [9,26,29].

D18S51 is a simple tetranucleotide AGAA repeat found
on the long arm of chromosome 18. Alleles range in size
from 5.3 to 40 repeats. A number of x.2 allele variants
exist due to a 2-bp deletion from a loss of AG in the 3°-
flanking region [3]. More than 70 alleles have been
reported for D18S51, making it one of the more
polymorphic of the commonly used loci. PCR products
from the PowerPlex® 16 kit are 22 bp larger than those
generated with AmpF/STR® kits for equivalent alleles.

21

D21S11 is a complex tetranucleotide repeat found on the
long arm of chromosome 21. A variable number of TCTA
and TCTGrepeat blocks surround a constant43-bp section
made up of the sequence {[TCTA]; TA [TCTA]; TCA
[TCTA], TCCA TA}. Alleles range in size from 12 to
43.2 repeats. The x.2 microvariant alleles arise primarily
from a 2-bp (TA) insertion on the 3’-end of the repeat
region [27]. PCR products from the PowerPlex® 16 kit are
17 bp larger than those generated with AmpFISTR® kits
for equivalent alleles. D21S11 is far more polymorphic
than can be easily detected with size-based length
separations. Fine differences inthe D21S1 allele structures
can only be determined by DNA sequencing since so
many of the alleles have the same length but different
internal sequence structure because some of the repeat
units are switched around. For example, there are four
different alleles designated as 30 repeats, which are
indistinguishable by size-based methods alone [6].

D2S1338 is a compound tetranucleotide repeat found on
the long arm of chromosome 2. Alleles ranging from 10
to 31 repeats have been observed. D2S1338 has a high
heterozygosity and is present in the SGM Plus®,
Identifiler®, SEfiler Plus™, MiniFiler™, NGM™, and
NGM SElect™ kits from Applied Biosystems and the
PowerPlex® ESI 16/17, PowerPlex® ESX 16/17, and
PowerPlex® 18D kits from Promega.

D19S433 isa compound tetranucleotide repeat located on
chromosome 19 with observed alleles ranging from 5.2 to
20 repeats. The x.2 alleles are due to an AG deletion prior
to the core AAGG repeat [18]. D19S433 is present in the
SGM Plus®, Identifiler®, SEfiler Plus™, NGM™, and
NGM SElect™ kits from Applied Biosystems and the
PowerPlex® ESI 16/17, PowerPlex® ESX 16/17, and
PowerPlex® 18D kits from Promega.

Penta D is a pentanucleotide repeat found on chromosome
21 about 25 Mb from D21S11. Alleles ranging from 1.1
to 19 repeats have been observed although some of the
shorter alleles are likely due to flanking region deletions
[25]. Penta D is present in the PowerPlex® 16 and
PowerPlex® 18D Kkits.

Penta E is a pentanucleotide repeat with very low stutter-
product formation that is located on the long arm of
chromosome 15 with alleles ranging from 5 to 32 repeats.
Penta E is highly polymorphic (see Table 4) and is present
in the PowerPlex® 16 and PowerPlex® 18D kits.

Butler & Hill  Biology and Genetics of New Autosomal STR Loci



D1S1656is atetranucleotide repeat found on the long arm
of chromosome 1 with alleles ranging from 8 to 20.3
repeats. The x.3 alleles arise from a TGA insertion typically
after four full TAGA repeats. It is part of the extended
European Standard Set and is present in NGM™ and
NGM SElect™ kits from Applied Biosystems, the
PowerPlex® ESI and ESX Systems from Promega, and
ESSplex and ESSplex SE kits from Qiagen.

D2S441 is a tetranucleotide repeat located on the short
arm of chromosome 2 more than 60 Mb from TPOX. It
canbe amplified as aminiSTR and works well on degraded
DNA samples [12]. A compound repeat motif with TCTA
and TCAA sequences can range from 8 to 17 repeats.
Some x.3 alleles have been observed as well as same-size,
different-sequence alleles [31]. It is part of the extended
European Standard Set and is present in NGM™ and
NGM SElect™ kits from Applied Biosystems, the
PowerPlex® ESI and ESX Systems from Promega, and
ESSplex and ESSplex SE kits from Qiagen.

D10S1248 is a simple tetranucleotide repeat found on the
long arm of chromosome 10 and possesses 7to 19 GGAA
repeats. It can be amplified as a miniSTR and works well
on degraded DNA samples [12]. It is part of the extended
European Standard Set and is present in NGM™ and
NGM SElect™ kits from Applied Biosystems, the
PowerPlex® ESI and ESX Systems from Promega, and
ESSplex and ESSplex SE kits from Qiagen.

D12S391 isahighly polymorphic compound tetranucleo-
tide found on the short arm of chromosome 12 only 6.3
megabases from VWA. It possesses over 50 different
alleles ranging from 13 to 27.2 repeats in length. A
number of same-size, different-sequence alleles have
been identified through sequence analysis [27,31]. It is
part of the extended European Standard Set and is present
in NGM™ and NGM SElect™ kits from Applied
Biosystems, the PowerPlex® ESI and ESX Systems from
Promega, and ESSplex and ESSplex SE kits from Qiagen.

D22S51045 is a simple trinucleotide repeat found on chro-
mosome 22 with alleles ranging from 7 to 20 ATT repeats.
While it is not as polymorphic as most of the other 24 core
and common STR loci (see Table 4), it can be amplified
as aminiSTR and works well on degraded DNA samples
[12]. It is part of the extended European Standard Set and
is present in NGM™ and NGM SElect™ kits from
Applied Biosystems, the PowerPlex® ESI and ESX
Systems from Promega, and ESSplex and ESSplex SE
kits from Qiagen.
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D6S1043 isacompound tetranucleotide repeat with alleles
ranging from 8 to 25 AGAT or AGAC repeats. Some x.2
and x.3 alleles have been reported in population studies.
D6S1043 is part of the Sinofiler™ kit and has been used
to date almost exclusively in Chinese and other Asian
population studies. D6S1043 is located less than 4 Mb
from SE33 on the long arm of chromosome 6.

SE33 is the most variable STR locus studied to date. It is
located on the long arm of chromosome 6 and contains a
core AAAG repeat structure. Appendix 1 in Advanced
Topics in Forensic DNA Typing: Methodology [6]
describes 178 observed alleles ranging from 3 to 49
repeats. For example, sequence analysis has revealed 15
different 29.2 alleles possessing a variety of internal
sequence combinations. SE33 is a core locus for the
German national DNA database and, with its growing
availability in the NGM SElect™ and PowerPlex® ESI 17
and ESX 17 Systems, is being adopted by other laboratories
around Europe.

IV. ADDITIONAL AUTOSOMAL STR LOCI

To improve results with challenging DNA samples, a
set of 26 autosomal STR loci was characterized in our
laboratory at NIST [21]. These loci have also been
developed into a 26plex multiplex amplification for rapid
examination of reference samples [19]. Table 3 contains
information on these 26 STR loci, which were also
selected to be genetically well-spaced from the 24
commercially available loci shown in Table 2.

V.RELATIVE VARIABILITY OF
AUTOSOMAL STR LOCI

Table 4 includes a summary of U.S. population
results from the 47 autosomal STR loci discussed in this
article. The loci are listed in rank order based on their
probability of identity and heterozygosity. These results
were obtained on a subset of the NIST U.S. population
samples [10] involving 249 African American, 162
Caucasian, 139 Hispanic, and 2 Asian samples. A number
of the newly available STR loci, such as D12S391 and
D1S1656, provide a better probability of identity than
widely used locisuchas D18S51 and FGA. For each locus
in Table 4, calculations are provided for observed
heterozygosity (H), polymorphism information content
(PIC), and the probability of identity across the combined
U.S. population data set. The “genotypes observed” results
column can also be a useful metric to locus performance.
For example, a comparison of D1S1656 and Penta D in
Table 4 is instructive. These two loci both have 15 alleles
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Table 3. Information on NIST 26 miniSTR loci [21]

Chromosomal Physical position® GenBank accession Category; Allele
STR locus” location (GRCh37 assembly) (allele repeat #) repeat motif range
D1GATA113 1p36.23 Chr 1 (7.443 Mb) 797987 (11) Simple; GATA 7to13
D1S1627 1p21.1 Chr 1 (106.964 Mb) AC093119 (13) Simple; ATT 10to 16
D1S1677 1q23.3 Chr 1 (163.560 Mb) AL513307 (15) Simple; TTCC 9to 19
D2S441 2pl4 Chr 2 (68.239 Mb) ACO079112 (12) Compound; 8to 17
TCTA/TCAA
D281776 2q24.3 Chr 2 (169.145 Mb) ACO009475 (11) Simple; AGAT 7to 15
D3S4529 3pl2.1 Chr 3 (85.852 Mb) AC117452 (13) Simple; ATCT 11to 18
D3S3053 3926.31 Chr 3 (171.751 Mb) AC069259 (9) Simple; TATC 7to 13
D4S2408 4pl15.1 Chr 4 (31.304 Mb) AC110763 (9) Simple; ATCT 7to 13
D4S2364 4q22.3 Chr 4 (93.517 Mb) AC022317 (9) Simple; ATTC 7to 11
D5S82500 5q11.2 Chr 5 (58.699 Mb) ACO008791 (17) Compound; 14 to 24
GATA/GATT
D6S1017 6p21.1 Chr 6 (41.677 Mb) AL035588 (10) Simple; ATCC 7to 14
D6S474 6921 Chr 6 (112.879 Mb) AL357514 (17) Complex; 13 to0 20
GATA/GACA
D8S1115 8pl1.21 Chr 8 (42.536 Mb) AC090739 (9) Simple; ATT 9020
D9S1122 9q21.2 Chr 9 (79.689 Mb) AL161789 (12) Simple; TAGA 9to 17
D9S2157 9q34.2 Chr 9 (136.035 Mb) AL162417 (10) Simple; ATA 7to 19
D10S1435 10p15.3 Chr 10 (2.243 Mb) AL354747 (11) Simple; TATC 5to 19
D10S1248 10q26.3 Chr 10 (131.093 Mb) AL391869 (13) Simple; GGAA 7to 19
D11S4463 11925 Chr 11 (130.872 Mb) AP002806 (14) Simple; TATC 10to 17
D12ATA63 12q23.3 Chr 12 (108.322 Mb) AC009771 (13) Compound; 10 to 20
TAA/CAA
D14S1434 14q32.13 Chr 14 (95.308 Mb) AL121612 (13) Complex; 9to 17
CTGT/CTAT
D175974 17p13.1 Chr 17 (10.519 Mb) AC034303 (11) Simple; CTAT 5to 12
D1751301 17q25.1 Chr 17 (72.681 Mb) AC016888 (12) Simple; AGAT 9to 15
D18S853 18p11.31 Chr 18 (3.990 Mb) AP005130 (14) Simple; ATA 9to 16
D20S482 20p13 Chr 20 (4.506 Mb) AL121781 (14) Simple; AGAT 9to 19
D20S1082 20q13.2 Chr 20 (53.866 Mb) AL158015 (14) Simple; ATA 8to 17
D2251045 22q12.3 Chr 22 (37.536 Mb) AL022314 (17) Simple; ATT 7 to 20

@ The three loci in bold font are part of the European standard set included in Table 2.

b Physical positions are from [33].

observed, yet D1S1656 has 82 genotypes observed while
Penta D only has 68 genotypes observed. The greater
number of genotypes formed with the different
combinations of alleles in D1S1656 leads to better
heterozygosity (0.8804 compared to 0.8786) and
probability of identity (0.0229 vs. 0.0336) values.
Furthermore, additional genotype combinations mean
that D1S1656 will likely be more useful than Penta D for
detecting contributors in DNA mixtures. Further analyses
with these samples are available in previous publications
[20,21].

VI. EXPANSION OF U.S. CORE LOCI

As noted earlier and illustrated in Table 1, the FBI-
sponsored CODIS Core Loci Working Group [17] has
proposed expanding the required U.S. core loci from the
current 13 to 19 autosomal STRs, of which 14 overlap
with those commonly used in European STR typing kits,
such as NGM™ and PowerPlex® ESX 16 (see Figure 1).
In addition, the sex-typing marker amelogenin has been
included as arequired locus and a Y-chromosome marker
DYS391 has been proposed to help confirm sex-typing
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Table 4. Results for 47 autosomal STRs with 552 U.S. population
samples

STR Alleles Genotypes Prob. of
locus” observed observed H(obs) PIC(exp) identity
SE33 46 229 0.9275 0.9401 0.0079
Penta E 19 111 0.8714 0.9025 0.0167
D2S1338 13 66 0.8822 0.8849 0.0212
D1S1656 15 82 0.8804 0.8830 0.0229
D12S391 24 97 0.8804 0.8758 0.0248
D18S51 19 78 0.8750 0.8734 0.0257
FGA 23 75 0.8859 0.8630 0.0297
Penta D 15 68 0.8786 0.8531 0.0336
D6S1043 23 88 0.8641 0.8460 0.0348
D21S11 22 72 0.8442 0.8349 0.0390
D9S2157 12 56 0.8424 0.8327 0.0395
DI12ATA63 11 40 0.8261 0.8142 0.0489
D19S433 16 69 0.8025 0.7901 0.0572
D8S1179 11 42 0.7736 0.7920 0.0581
vWA 10 33 0.8243 0.7878 0.0613
D7S820 11 29 0.8043 0.7674 0.0741
D3S4529 7 22 0.7663 0.7583 0.0753
D16S539 26 0.7772 0.7601 0.0756
THO1 8 22 0.7500 0.7499 0.0795
D10S1248 12 34 0.7971 0.7496 0.0820
D6S474 9 27 0.7899 0.7480 0.0837
D1S1677 11 33 0.7554 0.7428 0.0841
D4S2408 7 18 0.7101 0.7348 0.0850
D5S2505 10 31 0.7464 0.7409 0.0853
D22S1045 11 39 0.7717 0.7444 0.0854
D2S1776 9 29 0.7500 0.7357 0.0858
D13S317 8 29 0.7464 0.7432 0.0862
D2S441 12 35 0.7772 0.7416 0.0873
D18S853 8 26 0.7192 0.7263 0.0901
D6S1017 8 28 0.7518 0.7308 0.0907
D3S1358 10 24 0.7699 0.7335 0.0910
D11S4463 8 27 0.7409 0.7187 0.0949
D8S1115 11 43 0.6649 0.7021 0.0966
D10S1435 17 41 0.7591 0.7154 0.0990
CSF1PO 10 30 0.7446 0.7092 0.1022
D17S974 8 21 0.7355 0.7046 0.1065
D5S818 9 32 0.7192 0.6977 0.1096
D1S1627 7 23 0.7373 0.6977 0.1100
D3S3053 7 20 0.7174 0.6882 0.1143
D20S1082 9 28 0.7174 0.6865 0.1190
TPOX 8 26 0.7156 0.6793 0.1226
D14S1434 8 21 0.6902 0.6701 0.1261
D20S482 10 27 0.6703 0.6389 0.1439
D9S1122 9 26 0.7301 0.6560 0.1446
D17S1301 7 19 0.6377 0.6175 0.1590
D1GATAI113 7 22 0.6612 0.5999 0.1697
D4S2364 5 9 0.5000 0.4733 0.2791

¢ The 13 CODIS core loci are highlighted in bold font.
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results in the event of an amelogenin Y deletion. The
primary advantage of using DY S391 is that it is located
more than 7 Mb from amelogenin. Moreover, DYS391 is
a fairly stable locus possessing few duplications or null
alleles with a relatively narrow allele range [8].

In the April 2011 list of proposed new core loci, four
loci were listed as “recommended” (Section B) rather
than “required” (Section A) [17]. The Section B loci
include TPOX, D22S1045, SE33, and Penta D. TPOX is
the least variable of the 13 CODIS core loci (see Table 4)
and thus first to be considered for removal from the
required list without significant impact to overall DNA
profile information. D22S1045 is a trinucleotide repeat
with accompanying higher stutter products (both N-3 and
N+3 stutter) and one of the least variable loci of the
expanded European Standard Set (see Table 4). SE33 isa
valuable locus in terms of variability but requires a
significant amount of “electrophoretic real estate” due to
its wide allele range. SE33 also has a much higher
mutation rate than other autosomal STR loci and could
therefore adversely impactkinship associations in missing-
persons cases. Of the two pentanucleotide loci, Penta D is
not as polymorphic as Penta E (see Table 4).

While it would be nice to have future STR kits that
include all 24 commonly used loci shown in Table 2, there
is limited electrophoretic space in creating STR kits with
nonoverlapping PCR products that are less than 500 bp in
size using the five-dye channels available in current
instrumentation. Perhaps with future kits and six-dye
instrument capabilities, such as available with the ABI
3500 and 3500xL Genetic Analyzers, all desired STR loci
can be incorporated into a single kit.

In the past, INTERPOL has adopted the European
Standard Set as its core set of loci. If future STR typing
kits are created that are capable of analyzing all of the
European loci as a subset of the expanded U.S. core, then
there may very well be the possibility of a global autosomal
STR panel. Only time will tell if robust kits can be
developed to accomplish this feat.

U.S. efforts to expand the number of core loci will
likely follow patterns established and lessons learned
with the expansion of the European Standard Set [8].
Following initial announcements of new proposed
European loci [16], companies produced prototype kits
for evaluation. The final expanded set of loci was decided
after kit availability and data review. It is important that
following the final selection of expanded loci, population
databe gathered and software implemented before required
compliance with the new loci. In the ongoing U.S. locus
expansion effort, as with the 2005-2011 European effort
to go from 7 to 12 core loci, data-driven decisions will be
made with improved casework capabilities as a priority.
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CONCLUSIONS

A growing list of publications describing the
application of STR loci to forensic DNA typing has
exceeded 3,500 references (see NIST STRBase website,
http://www.cstl.nist.gov/biotech/strbase). STR markers
have become important tools for human identity testing.
Commercially available STR kits are now widely used in
forensic and paternity-testing laboratories. The adoption
and expansion of core STR lociinnational DNA databases
around the world ensure that these STR markers will be
used for many years to come.
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