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The NIST Standard Reference Material (SRM) 2391c: PCR-Based DNA Profiling Standard was designed for use in the standardization of forensic and paternity quality assurance procedures for 
fragment-based typing short tandem repeat (STR) alleles generated by the polymerase chain reaction (PCR).  The SRM is intended for law enforcement laboratories, non-clinical research 
purposes, and for assigning values to in-house control materials.  Certified genotypes of the 6 components A-F were assigned for 24 autosomal and 17 Y-STR markers plus Amelogenin using 
concordance testing between commercial kits.  Selected Sanger sequencing characterization was performed for the alleles of 11 STR markers when only one PCR primer set was available for 
fragment-based typing.  Our goal is to characterize the STR loci in components A-C by Sanger sequencing methods for the STR repeat regions and adjacent flanking regions.  Core U.S. and 
European STR autosomal loci were characterized first and will be followed by Y-STRs present in commercial kits, and non-core loci. Additional characterization of the SRM is intended to support 
the emerging interest in next-generation sequencing technologies for forensic typing applications.  Sanger methods have characterized underlying polymorphisms (sequence, insertion-deletion, 
variation in complex motifs) typically not detected by fragment-based typing.  The sequenced regions include the commercial or known PCR binding sites commonly implemented in fragment-based 
typing. 

Poster available for download from STRBase 
http://www.cstl.nist.gov/biotech/strbase/pub_pres/HilISFG2013poster.pdf 
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SRM 2391c: PCR-Based DNA Profiling 
Standard Reference Material 

Marker Certified Genotype Sanger Result Repeat Structure - Allele 1 Repeat Structure - Allele 2
D1S1656 17.3,17.3 17.3,17.3 [TAGA]4 TGA [TAGA]12 TAGG [TG]5 [TAGA]4 TGA [TAGA]12 TAGG [TG]5
D2S1338 18,23 18,23 [TGCC]6 [TTCC]12 [TGCC]7 [TTCC]13 GTCC [TTCC]2
D2S441 10,10 10,10 [TCTA]10 [TCTA]8 TCTG TCTA

D3S1358 15,16 15,16 TCTA [TCTG]2 [TCTA]12 TCTA [TCTG]3 [TCTA]12

D5S818 11,12 11,12 [AGAT]11 [AGAT]12

D7S820 11,11 11,11 [GATA]11 [GATA]11

D8S1179 13,14 13,14 [TCTA]13 [TCTA]2 TCTG [TCTA]11

D8S1115 15,16 15,16 [ATT]15 [ATT]16

D10S1248 15,16 15,16 [GGAA]15 [GGAA]16

D12S391 18.3,22 18.3,22 AGAT GAT[AGAT]9 [AGAC]7 AGAT [AGAT]13 [AGAC]8 AGAT
D13S317 8,8 8,8 [TATC]8 [TATC]8
D16S539 10,11 10,11 [GATA]10 [GATA]11

D18S51 12,15 12,15 [AGAA]12 [AGAA]15

D19S433 13,14 13,14 [AAGG] AAAG [AAGG] TAGG [AAGG]11 [AAGG] AAAG [AAGG] TAGG [AAGG]12

D21S11 28,32.2 28,32.2

[TCTA]4 [TCTG]6 {[TCTA]3 TA [TCTA]3 TCA 
[TCTA]2 TCCATA} [TCTA]10

[TCTA]5 [TCTG]6 {[TCTA]3 TA [TCTA]3 TCA 
[TCTA]2 TCCATA} [TCTA]12 TA TCTA

D22S1045 15,15 15,15 [ATT]12 ACT [ATT]2 [ATT]12 ACT [ATT]2
CSF1PO 10,10 10,10 [AGAT]10 [AGAT]10

FGA 21,23 21,23 [TTTC]3 TTTT TTCT [CTTT]13 CTCC [TTCC]2 [TTTC]3 TTTT TTCT [CTTT]15 CTCC [TTCC]2
Penta D 9,13 9,13 [AAAGA]9 [AAAGA]13

Penta E 5,10 5,10 [AAAGA]5 [AAAGA]10

SE33 16,18 16,18
[AAAG]2 AG [AAAG]3 AG [AAAG]16 G [AAAG]3  

AG
[AAAG]2 AG [AAAG]3 AG [AAAG]18 G 

[AAAG]3 AG

TH01 8,9.3 8,9.3 [AATG]8 [AATG]6 ATG [AATG]3
TPOX 8,8 8,8 [AATG]8 [AATG]8
vWA 18,19 18,19 TCTA [TCTG]4 [TCTA]13 TCTA [TCTG]4 [TCTA]14 

SRM 2391c - Component A

Mixture 

Stain 

Stain 

Single- 
source 

Marker Certified Genotype Sanger Result Repeat Structure - Allele 1 Repeat Structure - Allele 2
D1S1656 11,14 11,14 [TAGA]11  [TG]5 [TAGA]14  [TG]5
D2S1338 17,17 17,17 [TGCC]6 [TTCC]11 [TGCC]6 [TTCC]11

D2S441 10,14 10,14 [TCTA]10 [TCTA]11 TTTA [TCTA]2
D3S1358 15,19 15,19 TCTA [TCTG]3 [TCTA]11 TCTA [TCTG]3 [TCTA]15

D5S818 12,13 12,13 [AGAT]12 [AGAT]13

D7S820 10,10 10,10 [GATA]10 [GATA]10

D8S1179 10,13 10,13 [TCTA]10 [TCTA]13

D8S1115 15,17 15,17 [ATT]15 [ATT]17

D10S1248 13,13 13,13 [GGAA]13 [GGAA]13

D12S391 19,24 19,24 [AGAT]12 [AGAC]6 AGAT [AGAT]15 [AGAC]8 AGAT
D13S317 9,12 9,12 [TATC]9 [TATC]12

D16S539 10,13 10,13 [GATA]10 [GATA]13

D18S51 13,16 13,16 [AGAA]13 [AGAA]16

D19S433 16,16.2 16,16.2 [AAGG] AAAG [AAGG] TAGG [AAGG]14 [AAGG] AA [AAGG] TAGG [AAGG]15

D21S11 32,32.2 32,32.2

[TCTA]4 [TCTG]6 {[TCTA]3 TA [TCTA]3 TCA 
[TCTA]2 TCCATA} [TCTA]14

[TCTA]5 [TCTG]6 {[TCTA]3 TA [TCTA]3 TCA 
[TCTA]2 TCCATA} [TCTA]12 TA TCTA

D22S1045 15,17 15,17 [ATT]12 ACT [ATT]2 [ATT]14 ACT [ATT]2
CSF1PO 10,11 10,11 [AGAT]10 [AGAT]11

FGA 20,23 20,23 [TTTC]3 TTTT TTCT [CTTT]12 CTCC [TTCC]2 [TTTC]3 TTTT TTCT [CTTT]15 CTCC [TTCC]2
Penta D 8,12 8,12 [AAAGA]8 [AAAGA]12

Penta E 7,15 7,15 [AAAGA]7 [AAAGA]15

SE33 17,18 17,18
[AAAG]2 AG [AAAG]3 AG [AAAG]17 G [AAAG]3 

AG
[AAAG]2 AG [AAAG]3 AG [AAAG]18 G [AAAG]3 

AG

TH01 6,9.3 6,9.3 [AATG]6 [AATG]6 ATG [AATG]3
TPOX 8,11 8,11 [AATG]8 [AATG]11

vWA 17,18 17,18 TCTA [TCTG]4 [TCTA]12 TCTA [TCTG]4 [TCTA]13 

DYS19 14 14 [TAGA]3 TAGG [TAGA]11

DYS385a 13 13 [GAAA]13

DYS385b 17 17 [GAAA]17

DYS389I 13 13 [TCTG]3 [TCTA]10

DYS389II 31 31 [TCTG]6 [TCTA]12 [TCTG]3 [TCTA]10

DYS390 23 23 [TCTG]8 [TCTA]10 TCTG [TCTA]4
DYS391 10 10 [TCTA]10

DYS392 11 11 [TAT]11

DYS393 12 12 [AGAT]12

DYS437 14 To Be Determined To Be Determined
DYS438 10 To Be Determined To Be Determined
DYS439 11 11 [AGAT]11

DYS448 20 20 [AGAGAT]12 N42 [AGAGAT]8
DYS456 15 15 [AGAT]15

DYS458 17.2 17.2 [GAAA]15 AA [GAAA]2 

DYS635 20 20 [TCTA]4 [TGTA]2 [TCTA]2 [TGTA]2 [TCTA]10

Y GATA H4 11 11 [TAGA]11

SRM 2391c - Component B

Marker Certified Genotype Sanger Result Repeat Structure - Allele 1 Repeat Structure - Allele 2
D1S1656 11,15 11,15 [TAGA]11 [TG]5 [TAGA]14 TAGG [TG]5
D2S1338 19,19 19,19 [TGCC]7 [TTCC]12 [TGCC]7 [TTCC]12

D2S441 10,10 10,10 [TCTA]8 TCTG TCTA [TCTA]8 TCTG TCTA

D3S1358 16,18 16,18 TCTA [TCTG]3 [TCTA]12 TCTA [TCTG]3 [TCTA]14

D5S818 10,11 10,11 [AGAT]10 [AGAT]11

D7S820 10,12 10,12 [GATA]10 [GATA]12

D8S1179 10,17 10,17 [TCTA]10 [TCTA]2 TCTG [TCTA]14

D8S1115 9,9 9,9 [ATT]9 [ATT]9
D10S1248 12,16 12,16 [GGAA]12 [GGAA]16

D12S391 19,23 19,23 [AGAT]13 [AGAC]5 AGAT [AGAT]12 [AGAC]10 AGAT
D13S317 11,11 (12,12)* [TATC]12 del [ATCA] 6 bp ds [TATC]12 del [ATCA] 6 bp ds

D16S539 10,10 10,10 [GATA]10 [GATA]10

D18S51 16,19 16,19 [AGAA]16 [AGAA]19

D19S433 13.2,15.2 13.2,15.2 [AAGG] AA [AAGG] TAGG [AAGG]12 [AAGG] AA [AAGG] TAGG [AAGG]14

D21S11 29,30 29,30

[TCTA]4 [TCTG]6 {[TCTA]3 TA [TCTA]3 TCA 
[TCTA]2 TCCATA} [TCTA]11

[TCTA]6 [TCTG]5 {[TCTA]3 TA [TCTA]3 TCA 
[TCTA]2 TCCATA} [TCTA]11 

D22S1045 16,16 16,16 [ATT]13 ACT [ATT]2 [ATT]13 ACT [ATT]2
CSF1PO 10,12 To Be Determined To Be Determined To Be Determined

FGA 24,26 24,26 [TTTC]3 TTTT TTCT [CTTT]16 CTCC [TTCC]2 [TTTC]3 TTTT TTCT [CTTT]18 CTCC [TTCC]2
Penta D 10,11 10,11 [AAAGA]10 [AAAGA]11

Penta E 12,13 12,13 [AAAGA]12 [AAAGA]13

SE33 28.2,31.2 28.2,31.2
[AAAG]2 AG [AAAG]3 AG [AAAG]10  AAAAAG 

[AAAG]17 G AAGG[AAAG]2 AG
[AAAG]2 AG [AAAG]3 AG [AAAG]9  AAAAAG 

[AAAG]21 G AAGG[AAAG]2 AG

TH01 6,8 6,8 [AATG]6 [AATG]8
TPOX 11,11 11,11 [AATG]11 [AATG]11

vWA 16,18 16,18 TCTA [TCTG]4 [TCTA]11 TCTA [TCTG]4 [TCTA]13 

DYS19 15 15 [TAGA]3 TAGG [TAGA]12

DYS385a 13 13 [GAAA]13

DYS385b 15 15 [GAAA]15

DYS389I 12 12 [TCTG]3 [TCTA]9
DYS389II 27 27 [TCTG]5 [TCTA]10 [TCTG]3 [TCTA]9
DYS390 24 24 [TCTG]8 [TCTA]11 TCTG [TCTA]4
DYS391 11 11 [TCTA]11

DYS392 13 13 [TAT]13

DYS393 13 13 [AGAT]13

DYS437 16 To Be Determined To Be Determined
DYS438 11 To Be Determined To Be Determined
DYS439 12 12 [AGAT]12

DYS448 19 19 [AGAGAT]11 N42 [AGAGAT]8
DYS456 15 15 [AGAT]15

DYS458 17 17 [GAAA]17 

DYS635 21 21 [TCTA]4 [TGTA]2 [TCTA]2 [TGTA]2 [TCTA]11

Y GATA H4 11 11 [TAGA]11

SRM 2391c - Component C

Autosomal STR Loci Y-STR Loci
D2S1338 DYS19
D2S441 DYS385a

D3S1358 DYS385b
D5S818 DYS389I
D7S820 DYS389II

D8S1179 DYS390
D10S1248 DYS391
D13S317 DYS392
D16S539 DYS393
D18S51 DYS437

D19S433 DYS438
D21S11 DYS439

D22S1045 *Amelogenin
CSF1PO

FGA
TH01
TPOX
vWA

Autosomal STR Loci Y-STR Loci
D1S1656 DYS448
D8S1115 DYS456
D12S391 DYS458
Penta D DYS635
Penta E DY-GATA-H4

SE33

Concordance with STR Kits DNA Sequencing of Alleles 

The genotypes for 41 STR Markers + Amelogenin are 
certified; 26% were previously Sanger Sequenced 

>2 STR Kits were tested for concordance 

Methods for Sanger Sequencing 
• NIST DNA sequencing procedures and all sequencing 

primers were published in 2011 (see S1) 
• Note: alternative primers were designed for D19S433 

Marker Component Allele Flanking Region Variants
D5S818 A 12 T→C 13 bp us of the repeat
D5S818 B 13 T→C 13 bp us of the repeat
D5S818 B 13 G→T 4 bp ds of the repeat
D5S818 C 10 T→C 13 bp us of the repeat
D5S818 C 11 T→C 13 bp us of the repeat
D7S820 C 10 T→G 65 bp ds of the repeat

D13S317 C 11 A→C 115 bp ds of the repeat
D16S539 A 10 A→C 16 bp ds of the repeat
D16S539 A 10 C→A 95 bp us of the repeat
D16S539 A 11 C→A 95 bp us of the repeat
D16S539 B 10 C→A 95 bp us of the repeat
D16S539 C 10 C→A 95 bp us of the repeat
Penta E A 10 G→A 123 bp us of the repeat
Penta E A 10 A→G 268 bp us of the repeat
Penta E A 10 A→C 280 bp us of the repeat
Penta E B 7 G→A 123 bp us of the repeat
Penta E B 7 A→G 268 bp us of the repeat
Penta E B 7 A→C 280 bp us of the repeat
Penta E B 15 G→A 123 bp us of the repeat
Penta E B 15 A→G 268 bp us of the repeat
Penta E B 15 A→C 280 bp us of the repeat
TPOX A 8 T→G 148 bp ds of the repeat
TPOX B 8 T→G 148 bp ds of the repeat

Future Directions 

Sanger Sequencing Repeat Structure and Motifs 
Sequence in gray is not counted towards the allele call 

Certified Values  
• A NIST certified value is a value for which NIST has the 

highest confidence in its accuracy in that all known or 
suspected sources of bias have been investigated or 
taken into account.   

• Below are 41 STR markers plus Amelogenin that have 
certified genotypes assigned by electrophoretic match to 
previously sequenced alleles (30) or by direct 
sequencing (11). 

• The remaining 30 markers were Sanger sequenced for 
Components A-C to further characterize the repeat 
structure and flanking sequence. 

Sanger Sequencing Flow Chart 

Gel separation 

Excision of bands 

15 GAAA repeats 

12 GAAA repeats 

Kline, M.C., Hill, C.R., Decker, A.E., Butler, J.M. (2011) STR sequence analysis for characterizing normal, 
variant, and null alleles. Forensic Sci. Int. Genet. 5(4): 329-332 

Sequencing Individual Heterozygous Alleles 

• Sequencing of Components A-C will be completed for all 
remaining autosomal and Y-STR loci, including non-core 
loci to raise all reference and informational genotypes to a 
certified level. 

• Sequencing will also be completed for all autosomal and Y-
STR markers for Components E and F (Component D is a 
mixture of Components A and C). 

• Once sequencing is complete, the SRM 2391c Certificate of 
Analysis will be updated with this new information. 

• This work supports the high throughput next generation 
sequencing technologies at NIST for forensic typing 
applications. 

• SRM 2391c has superseded SRM 2395 for Y-STR typing. 

Single Nucleotide Polymorphisms (SNPs) 
Found in Repeat Flanking Regions 

GenBank Reference Sequences 
The GenBank Accession numbers and reference alleles were 
obtained were based on the May 2004 assembly of the human 
genome, build 35. 

Marker
GenBank 
Accession 
 Number

Marker
GenBank 

Accession 
Number

Marker
GenBank 
Accession 
 Number

Marker
GenBank 

Accession 
Number

D1S1656 G07820 D13S317 AL353628.2 SE33 V00481 DYS393 AC006152
D2S1338 AC010136 D16S539 AC024591.3 TH01 D00269 DYS437 AC002992
D2S441 AC079112 D18S51 AP001534 TPOX M68651 DYS438 AC002992
D3S1358 AC099539 D19S433 AC008507.6 vWA M25858 DYS439 AC002992
D5S818 AC008512 D21S11 AP000433 DYS19 AC017019 DYS448 AC025227
D7S820 AC004848 D22S1045 AL022314 DYS385 AC022486 DYS456 AC010106.2
D8S1179 AF216671 CSF1PO X14720 DYS389 AF140635 DYS458 AC010902
D8S1115 AC090739 FGA M64982 DYS390 AC011289 DYS635 AC004772

D10S1248 AL391869 Penta D AP001752 DYS391 AC011302 Y GATA H4 AC011751
D12S391 G08921 Penta E AC027004 DYS392 AC06152

Sequences were aligned de novo using LaserGene SeqMan 
software and compared to SeqBuilder maps based on the 
listed GenBank reference sequences. 

The allele designations used here were derived from Butler, J.M. (2012) Advanced Topics in 
Forensic DNA Typing: Methodology. Elsevier Academic Press:  
San Diego [textbook: third edition, volume 2] and STRBase fact sheets.  The information on this 
poster is not certified until an updated Certificate of Analysis for SRM 2391c is released. 

Sequencing Results 

D2S441, Component A, is a homozygous sample with a 
(10,10) genotype.  This is an unusual example of where each 
allele in a homozygote has a different repeat structure.  One 
allele has a simple repeat of [TATG]10 and the other has an 
AG SNP, causing the repeat structure to be [TCTA]8 TCTG 
TCTA.  This is evident because of the mixture of the A and G 
bases within the repeat indicating that one allele has the A and 
the other has the G. 

Novel Repeat Motifs* 

D13S317, Component C, is a homozygous sample with an 
(11,11) genotype. However, it is sequencing as a (12,12) with 
[TATC]12 repeats.  The cause is a 4 bp [ATCA] deletion (del) 
located 6 bp downstream (ds) of the repeat, that is within 
most, if not all, of the primer sequences used in commercial 
STR typing kits. 

Marker Component Allele Allele Repeat Structure
D8S1179 C 17 [TCTA]2 TCTG [TCTA]14

D12S391 A 22 [AGAT]13 [AGAC]8 AGAT
D12S391 C 19 [AGAT]13 [AGAC]5 AGAT
D12S391 C 23 [AGAT]12 [AGAC]10 AGAT

D21S11 B 32
[TCTA]4 [TCTG]6 {[TCTA]3 TA [TCTA]3 TCA 

[TCTA]2 TCCATA} [TCTA]14

SE33 C 31.2
[AAAG]2 AG [AAAG]3 AG [AAAG]9  

AAAAAG [AAAG]21 G AAGG[AAAG]2 AG

DYS389II B 31 [TCTG]6 [TCTA]12 [TCTG]3 [TCTA]10

DYS458 B 17.2 [GAAA]15 AA [GAAA]2 

DYS635 B 20 [TCTA]4 [TGTA]2 [TCTA]2 [TGTA]2 [TCTA]10

DYS635 C 21 [TCTA]4 [TGTA]2 [TCTA]2 [TGTA]2 [TCTA]11

*Sequence variations that were not listed in Butler J.M. (2012) 
or STRBase fact sheets  

Abbreviations: bp = base pairs, us = upstream, ds = downstream 
Multiple SNPs were found in the DNA sequence in the repeat 
flanking regions.  Primers that bind on SNPs can result in null 
alleles when STR typing.  Note that the variants characterized 
in this work are constrained by the size of the original PCR 
amplicon generated (Kline et al. 2011). 
 

Funding This project was supported by an interagency agreement between NIJ and 
the NIST Law Enforcement Standards Office. Points of view in this document are 
those of the authors and do not necessarily represent the official position or policies 
of the US Department of Justice. Certain commercial equipment, instruments and 
materials are identified in order to specify experimental procedures as completely as 
possible.  In no case does such identification imply a recommendation or 
endorsement by the National Institute of Standards and Technology nor does it imply 
that any of the materials, instruments or equipment identified are necessarily the 
best available for the purpose. 

https://www-s.nist.gov/srmors/view_cert.cfm?srm=2391C 
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