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Product Disclaimer 
• I will mention commercial STR kit names and 

information, but I am in no way attempting to endorse 
any specific products.  
 
 

• NIST Disclaimer: 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 it imply that any of the materials, instruments or 
equipment identified are necessarily the best available for the 
purpose. 

 

• Points of view are mine and do not necessarily represent the official position of the 
National Institute of Standards and Technology or the U.S. Department of Justice. Our 
group receives or has received funding from the FBI Laboratory and the National 
Institute of Justice. 



Presentation Outline 

• 13 going on 20 – why do we need to increase 
the CODIS core loci? 
 

• STR kits (including Fusion and GlobalFiler) 
 
• Concordance study results 

 
• New Y-STR kits 



Additional STR Loci for the Future 

• Will be needed for more complex kinship 
analyses and extended applications 
– Example: Y-STRs needed for familial searching 

 
• Immigration testing needs more than 13 STRs 

 
• Larger DNA databases will require more loci 
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 Expanding the CODIS Core Loci 

CODIS Core Loci Working Group 
Formed in May 2010 to make recommendations 

to FBI CODIS Unit 
 

Douglas Hares (Chair) – FBI 
John Butler – NIST 

Cecelia Crouse – FL PBSO 
Brad Jenkins – VA DFS 
Ken Konzak – CA DOJ 

Taylor Scott – IL SP 

D.R. Hares (2012) Expanding the CODIS Core Loci in the United States. Forensic Sci. Int. Genet. 6: e52-e54 
Addendum to expanding the CODIS core loci in the United States, Forensic Sci. Int. Genet. (2012) doi:10.1016/j.fsigen.2012.01.003 



Core set of markers 
(e.g., CODIS 13 STRs) 

Past and 
Present 

Future 

(a) 

(b) 
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Possible scenarios for extending sets of genetic 
markers to be used in national DNA databases 

(d) 

Highly unlikely to start 
over with new loci 

Extra loci would be included 
(due to large PCR multiplexes) 

Some loci may be dropped 
to enable replacement 
with better loci 

Maintaining connection to 
legacy data is essential 



Proposed Expanded CODIS Core Loci 
D.R. Hares (2012) Forensic Sci. Int. Genet. 6(1):e52-e54 

  Locus 

Section A 
(required) 

Amelogenin 
D18S51 
FGA 
D21S11 
D8S1179 
vWA 
D13S317 
D16S539 
D7S820 
TH01 
D3S1358 
D5S818 
CSF1PO 
D2S1338 
D19S433 
D1S1656 
D12S391 
D2S441 
D10S1248 
Penta E 
DYS391 

   Locus 

Section B 
(in order of 
preference) 

TPOX 
D22S1045 
SE33 
Penta D 

Current CODIS 13 
loci in red font 



Final Expanded CODIS Core Loci 
D.R. Hares (2015) Forensic Sci. Int. Genet. In press 



Final Core 
20 aSTR  
markers 



Criteria for Acceptance of Additional Loci 
 D.R. Hares (2012) Forensic Sci. Int. Genet. 6(1):e52-e54  

• STR Loci 
– No known association to medical conditions or 

defects  
– Low mutation rate  
– High level of independence  
– High level of discrimination  
– Use by international forensic DNA community  
– Number of loci vs. discrimination factor  
– Compliance with Quality Assurance Standards 

(QAS) 
 

Considered only short tandem repeat (STR) loci due to need for compatibility 
to existing database of >10 million STR profiles 



Criteria for Acceptance of Additional Loci 
 D.R. Hares (2012) Forensic Sci. Int. Genet. 6(1):e52-e54  

• Kit performance  
– Balance between loci  
– Reliable  
– Reproducible  
– Sensitive  
– Quality results  
– Adaptable for use by NDIS laboratories (# of 

amplifications, ability of kit manufacturers to 
produce)  

– QAS compliant (documentation and availability of 
validation requirements)  

Considered only short tandem repeat (STR) loci due to need for compatibility 
to existing database of >10 million STR profiles 



Three major reasons for expanding the 
CODIS core loci in the United States 

 D.R. Hares (2012) Forensic Sci. Int. Genet. 6(1):e52-e54 

• To reduce the likelihood of adventitious 
matches as the number of profiles stored at 
NDIS continues to increase each year   
 

• To increase international compatibility to 
assist law enforcement data sharing efforts 
 

• To increase discrimination power to aid 
missing persons cases 
 



Adventitious Matches 

• The only published account of a false match from a DNA 
database came in 1999 when the UK database then 
consisting of 660,000 profiles with only 6 STR loci (SGM 
assay) lead to a “hit” between two individuals whose 6-locus 
random match probability was 1 in 37 million (R. Willing, USA 
Today, Feb 8, 2000; “Mismatch calls DNA test into question”).  
 

• Further testing with four additional STRs (SGM Plus loci) 
showed that the samples were from different individuals.  The 
UK expanded the number of core loci from 6 to 10 with 
the adoption of the SGM Plus kit to try and prevent 
another adventitious match.   
 

• The growth of DNA databases necessitates the inclusion of 
additional loci to avoid this problem. 
 

For further information, see D.N.A. Box 8.3 in Butler, J.M. (2012) Advanced Topics in Forensic DNA Typing: Methodology, p. 251 



An example in the Israeli Database 



Zaken et al. (2013) FSI-G 

• PP ESI kit (16 loci that include the European 
Core) 
 

• Found two profiles that shared 31 of 32 alleles. 
 

• Y-STR testing – same haplotype 
 

• Brothers, not identical twins. 





Zaken et al. (2013) FSI-G 

• In order to increase the discrimination power 
between related and unrelated individuals, we 
recommend that the DNA laboratories consider 
using a larger multiplex typing kit in cases like 
the one informed here.  



International Comparability 
U.S. 

 
TPOX 

CSF1PO 
D5S818 
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D13S317 
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vWA 
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D8S1179 
D18S51 
D21S11 
TH01 
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D19S433 
Penta D 
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Europe 
 
 
 
 
 
 

FGA 
vWA 

D3S1358 
D8S1179 
D18S51 
D21S11 
TH01 

D16S539 
D2S1338 
D19S433 

 
 

D12S391 
D1S1656 
D2S441 

D10S1248 
D22S1045 

SE33 

13 CODIS loci 

7 ESS loci 

5 loci adopted in 2009  
to expand to 12 ESS loci 

ESS = European Standard Set 

3 miniSTR loci 
developed at NIST 

Core locus for Germany D6S1043 Locus used in China 

Currently there are 24 autosomal STR 
markers present in commercial kits 



1    2    3   4    5    6    7    8    9  10  11  12 13  14  15  16 17  18  19  20  21  22  X   Y 

Common Forensic STR Loci 

D1S1656 

D2S441 

D3S1358 

D2S1338 

FGA 

SE33 

D8S1179 

D10S1248 

TH01 

vWA 

D12S391 

D16S539 

D18S51 D21S11 

D22S1045 

AMEL 

AMEL 

European Standard Set + D16S539, D2S1338, D19S433, SE33 

D19S433 

1    2    3   4    5    6    7    8    9  10  11  12 13  14  15  16 17  18  19  20  21  22  X   Y 

D3S1358 

D2S1338 

FGA 

D8S1179 

TH01 

vWA 

D16S539 

D18S51 D21S11 

AMEL 

AMEL 

U.S. CODIS Core Loci + D2S1338, D19S433, Penta D, Penta E 

TPOX 

D7S820 

D5S818 

CSF1PO 
D13S317 

Penta E 

Penta D 
D19S433 

U
ni

te
d 

St
at

es
 

Eu
ro

pe
 



What can we learn from European Standard Set (ESS) expansion experience? 

March 2009 issue 

http://www.promega.com/resources/articles/profiles-in-dna/2009/expansion-of-the-european-standard-set/ 

http://www.promega.com/products/pm/genetic-identity/ishi-conference-proceedings/2nd-eshi-oral-presentations/ 



Lessons from European ESS Expansion 

• Data studies should drive decisions 
– Interlaboratory study with degraded DNA (Dixon et al. 2006 article was key) 

• Casework capabilities are a primary goal 
– miniSTRs and desire for kits with ability to overcome inhibitors 



EDNAP Study Showed Value of miniSTRs 

“Recently, there has been much debate about what kinds of genetic 
markers should be implemented as new core loci that constitute national 
DNA databases. The choices lie between conventional STRs, ranging in size 
from 100 to 450 bp; mini-STRs, with amplicon sizes less than 200 bp; and single 
nucleotide polymorphisms (SNPs)…Results were collated and analysed and, in 
general, mini-STR systems were shown to be the most effective…” 



Lessons from European ESS Expansion 

• Data studies should drive decisions 
– Interlaboratory study with degraded DNA (Dixon et al. 2006 article was key) 

• Casework capabilities are a primary goal 
– miniSTRs and desire for kits with ability to overcome inhibitors 

• Initial locus selection announced through Letters to the Editor of 
the leading forensic DNA journal (Gill et al. 2006a, 2006b) 



Data Driven Decisions 

“Following a recent meeting by the ENFSI and EDNAP groups on the 4–5 April, 2005, 
in Glasgow, UK, it was unanimously agreed that the process of standardization within 
Europe should take account of recent work that unequivocally demonstrated 
that chance of obtaining a result from a degraded sample was increased when 
small amplicons (mini-STRs) were analysed…” 

              
            

     



Lessons from European ESS Expansion 

• Data studies should drive decisions 
– Interlaboratory study with degraded DNA (Dixon et al. 2006 article was key) 

• Casework capabilities are a primary goal 
– miniSTRs and desire for kits with ability to overcome inhibitors 

• Initial locus selection announced through Letters to the Editor of 
the leading forensic DNA journal (Gill et al. 2006a, 2006b) 

• Companies responded with prototype kits for evaluation 
• Expanded ESS loci were selected and voted upon after data review by 

ENFSI labs (4 years after initial recommendations were made) 
• EU adopted recommendations of ENFSI 
• Commercial kits became available to meet expanded ESS requirements 
• Population data gathered and software developed 
• European labs must be compliant by Nov 30, 2011 (2 years after 

adoption) 
• Casework capabilities not familial searching potential were the intent of 

the core loci selection 



Characterizing New STR Loci 
Main Points: 

 

• In April 2011, the FBI announced plans to expand the core 
loci for the U.S. beyond the current 13 CODIS STRs 
 

• NIST has collected and characterized U.S. population data 
on new loci to aid understanding of various marker 
combinations 
 

• We are collecting all available information from the 
literature on the 24 commonly used autosomal STR loci 
 

Publications: 
• Hares (2012) Expanding the U.S. core loci… FSI Genetics 6(1): e52-e54 
• Butler & Hill (2012) Forensic Sci Rev 24(1): 15-26 
• Butler et al. (2012) Profiles in DNA – introduces NIST 1036 data set 
• Hill et al. (2013) FSI Genetics – 29 autosomal STRs in PowerPlex CS7 and 

other kits 
 
 

 



Article in the January 2012 issue  
of Forensic Science Review 

Discusses the 24 autosomal STR loci available in commercial kits 

Available at http://www.cstl.nist.gov/biotech/strbase/NISTpub.htm 



FBI Consortium Validation 
Project 

• Purpose of the CVP 
– To have several crime labs across the U.S. 

validate these two new kits 
– To determine if these new loci are appropriate 

to add to the CODIS core set 
– To implement the new loci into the U.S. 

National DNA Database 



Implementation Plan 
Plan Published in February 2012 
http://www.fbi.gov/about-us/lab/codis/planned-process-and-timeline-for-

implementation-of-additional-codis-core-loci 

 
 

http://www.fbi.gov/about-us/lab/codis/planned-process-and-timeline-for-implementation-of-additional-codis-core-loci
http://www.fbi.gov/about-us/lab/codis/planned-process-and-timeline-for-implementation-of-additional-codis-core-loci


Determination of Additional CODIS Core Loci 

http://www.fbi.gov/about-us/lab/codis/planned-process-and-timeline-for-implementation-
of-additional-codis-core-loci 

What Why Who/How When 
Form a Working Group 
(WG) to discuss initial 
selection 

Establishes target goals CODIS Core Loci Working Group 
with FBI Chair and 5 members; 
Web meetings 

May 2010 - present 

Announce proposed 
additional CODIS core loci 

Sets desired target goals 
and informs manufacturers 

WG Chair; Publish proposed listing 
of CODIS core loci 

April 2011 online  
(published Jan 2012) 

Ongoing Progress Reports Provides updates for DNA 
community 

WG Chair; Present updates on 
status of CODIS Core Loci project 
at meetings 

2010-2012 

Implementation 
Considerations & Strategy 

Identify issues for 
implementation and timeline 

WG June 2011 - present  

Manufacturers develop 
prototype kits 

Creates tools to meet target 
goals 

Manufacturers; Provide status 
reports to WG for timeline 

2011-2012 

Test and validate prototype 
kits 

Examines if target goals can 
be met 

Validation Laboratories; Follow 
QAS compliant validation plan 

Beginning in 2012 

Review and evaluate data 
from validation 

Evaluates if desired 
performance is obtained  

NIST, SWGDAM and FBI; Provide 
feedback, if any, to Manufacturers 

In conjunction  with and at the 
conclusion of validation 

Selection of new CODIS 
core loci 

Allows protocols to be 
established 

FBI; seek input from DNA 
community and stakeholders; 
Notify Congress 

After evaluation of validation 
data and kit production factors 

Implementation of new 
CODIS core loci at the 
National DNA Index System 

Enables target goals to be 
met 

All NDIS-participating labs ~ 24 months after selection of 
new CODIS core loci 

  

D.R. Hares (2012) Expanding the CODIS Core Loci in the United States. Forensic Sci. Int. Genet. 6: e52-e54 
Addendum to expanding the CODIS core loci in the United States, Forensic Sci. Int. Genet. (2012) doi:10.1016/j.fsigen.2012.01.003 



Implementation Plan 
Plan Published in February 2012 
http://www.fbi.gov/about-us/lab/codis/planned-process-and-timeline-for-

implementation-of-additional-codis-core-loci 

 
• Selection of laboratories to participate in 

validation studies 
• Validation of proposed new CODIS core loci 
• Selection of CODIS core loci 

– Announced Nov 2014 at the CODIS meeting 
• Implementation of new CODIS core loci into 

NDIS operations 
– January 2017 

 
 

http://www.fbi.gov/about-us/lab/codis/planned-process-and-timeline-for-implementation-of-additional-codis-core-loci
http://www.fbi.gov/about-us/lab/codis/planned-process-and-timeline-for-implementation-of-additional-codis-core-loci


Validation Plan 

• CODIS Core Loci Group and NIST are currently 
working with U.S. laboratories participating in the 
consortium validation effort 
– Manufacturer grade kits were provided for validation 

effort 
– Specific plans distributed to Database, Casework and 

Missing Person Laboratories 
– 11 laboratories involved in the consortium effort 
– Manuscripts in preparation  



Component D Resolution Issue at 12S391 
PowerPlex Fusion 

1 ng DNA, 30 cycles 

At D12S319, the 18.3 & 19 peaks 
are not fully resolved so the 19 peak 
is not called 



GlobalFiler Component D at D12S391 

At D12S319, the 18.3 & 19 peaks 
are fully resolved 

1 ng DNA, 29 cycles 



Additional Loci 



More Loci are Useful  
in Situations Involving Relatives 

• Missing Persons and Disaster Victim 
Identification (kinship analysis) 
 

• Immigration Testing (often limited references) 
– Recommendations for 25 STR loci 

 

• Deficient Parentage Testing 
– often needed if only one parent and child are tested 

 
Relationship testing labs are being pushed to answer more 
difficult genetic questions…and we want to make sure the 
right tools are in place 



In February 25, 2011 issue  
of Forensic Science International… 

Disaster victim identification from the 2009 Victorian bushfires relied on DNA 
(82% involved kinship associations rather than direct matching) 
 
They advocate additional autosomal STR loci to aid kinship associations 



How do 13 loci perform for kinship analysis? 

The degree of overlap 
corresponds with possible 
values for false positive or false 
negative results. 

Parent-offspring comparisons: 
No overlap between unrelated 
and related LR distributions 
 
Full sibling comparisons: 
False positive rate = 0.027 
False negative rate = 0.033 
 
Half sibling comparisons: 
False positive rate = 0.155 
False negative rate = 0.168 
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LR threshold = 1 

Full Siblings 
(5000 simulations) 

Half Siblings 
(1000 simulations) 

log10(LR) 
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Do additional loci improve kinship determination? 
18 STRs 23 STRs 20 STRs 15 STRs CODIS 13 

LR = 1 

Median values 
10,000 
77,000 

830,000 
5,700,000 

240,000,000 

Median values 
2,400 

10,500 
83,000 

460,000 
9,300,000 

Median values 
7 

12 
20 
32 
82 



  
  

Appearing as 

Configuration N contributor 
mixture 1 2 3 4 5 

CODIS 13 

6 
1.75E-40 6.34E-09 1.61E-01 0.9457 0.9999 

GlobalFiler 0 9.59E-21 5.32E-05 0.1881 0.8599 

Proposed CODIS without SE33 1.61E-66 1.67E-16 3.81E-03 0.6798 0.9969 

Fusion 8.32E-76 2.07E-19 8.62E-04 0.5759 0.9941 

CODIS 13 

5 
9.78E-33 2.10E-06 4.14E-01 0.9897 

  

GlobalFiler 6.36E-61 7.01E-15 4.84E-03 0.6101 

Proposed CODIS without SE33 5.48E-54 9.04E-12 5.92E-02 0.9229 

Fusion 3.75E-61 7.80E-14 2.70E-02 0.8886 

CODIS 13 

4 
7.02E-25 5.15E-04 7.85E-01 

  

GlobalFiler 3.50E-46 3.49E-09 1.65E-01 

Proposed CODIS without SE33 6.28E-41 3.14E-07 4.32E-01 

Fusion 2.01E-46 1.76E-08 3.37E-01 
CODIS 13 

3 
8.42E-17 0.0595 

  

GlobalFiler 5.77E-31 0.0004 
Proposed CODIS without SE33 1.65E-27 0.0031 
Fusion 3.53E-31 0.0010 
CODIS 13 

2 
1.70E-08 

  GlobalFiler 2.05E-15 
Proposed CODIS without SE33 1.03E-13   
Fusion 1 61E-15       

# Contributors  
Coble, Bright, Buckleton,Curran 



Characterization of STR Loci 
Available in Commercial Kits 



The 10 STR Loci Beyond the CODIS 13 
STR 

Locus 
Location Repeat 

Motif 
Allele 

Range* 
# 

Alleles* 
D2S1338 2q35 TGCC/TTCC 10 to 31 40 
D19S433 19q12 AAGG/TAGG 5.2 to 20 36 
Penta D 21q22.3 AAAGA 1.1 to 19 50 
Penta E 15q26.2 AAAGA 5 to 32 53 
D1S1656 1q42 TAGA 8 to 20.3 25 
D12S391 12p13.2 AGAT/AGAC 13 to 27.2 52 
D2S441 2p14 TCTA/TCAA 8 to 17 22 

D10S1248 10q26.3 GGAA 7 to 19 13 
D22S1045 22q12.3 ATT 7 to 20 14 

SE33 6q14 AAAG‡ 3 to 49 178 
*Allele range and number of observed alleles from Appendix 1, J.M. Butler (2011) Advanced 
Topics in Forensic DNA Typing: Methodology; ‡SE33 alleles have complex repeat structure 
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Allele 
(Repeat #) 

Promega 
ESX 17 

Promega 
ESI 17 

ABI 
NGM 

Repeat Structure 
[TAGA]4[TGA]0-1[TAGA]nTAGG[TG]5 Reference 

8 133 bp 222 bp 171 bp [TAGA]8[TG]5 Phillips et al. (2010) 
9 137 bp 226 bp 175 bp [TAGA]9[TG]5 Phillips et al. (2010) 

10 (a) 141 bp 230 bp 179 bp [TAGA]10[TG]5 Lareu et al. (1998) 
10 (b) 141 bp 230 bp 179 bp [TAGA]10TAGG[TG]5 Phillips et al. (2010) 

11 145 bp 234 bp 183 bp [TAGA]11[TG]5 Lareu et al. (1998) 
12 (a) 149 bp 238 bp 187 bp [TAGA]12[TG]5 Lareu et al. (1998) 
12 (b) 149 bp 238 bp 187 bp [TAGA]11TAGG[TG]5 Lareu et al. (1998) 
13 (a) 153 bp 242 bp 191 bp [TAGA]12TAGG[TG]5 Lareu et al. (1998) 
13 (b) 153 bp 242 bp 191 bp [TAGA]13[TG]5 Phillips et al. (2010) 
13.3 156 bp 245 bp 194 bp [TAGA]1TGA[TAGA]11TAGG[TG]5 Phillips et al. (2010) 

14 (a) 157 bp 246 bp 195 bp [TAGA]13TAGG[TG]5 Lareu et al. (1998) 
14 (b) 157 bp 246 bp 195 bp [TAGA]14[TG]5 Phillips et al. (2010) 
14.3 160 bp 249 bp 198 bp [TAGA]4TGA[TAGA]9TAGG[TG]5 Phillips et al. (2010) 
15 161 bp 250 bp 199 bp [TAGA]14TAGG[TG]5 Lareu et al. (1998) 

15.3 164 bp 253 bp 202 bp [TAGA]4TGA[TAGA]10TAGG[TG]5 Lareu et al. (1998) 
16 165 bp 254 bp 203 bp [TAGA]15TAGG[TG]5 Lareu et al. (1998) 

16.3 168 bp 257 bp 206 bp [TAGA]4TGA[TAGA]11TAGG[TG]5 Lareu et al. (1998) 
17 169 bp 258 bp 207 bp [TAGA]16TAGG[TG]5 Lareu et al. (1998) 

17.1 170 bp 259 bp 208 bp Not published Schröer et al. (2000) 
17.3 172 bp 261 bp 210 bp [TAGA]4TGA[TAGA]12TAGG[TG]5 Lareu et al. (1998) 
18 173 bp 262 bp 211 bp [TAGA]17TAGG[TG]5 Phillips et al. (2010) 

18.3 176 bp 265 bp 214 bp [TAGA]4TGA[TAGA]13TAGG[TG]5 Lareu et al. (1998) 
19 177 bp 266 bp 215 bp Not published Asamura et al. (2008) 

19.3 180 bp 269 bp 218 bp [TAGA]4TGA[TAGA]14TAGG[TG]5 Lareu et al. (1998) 
20.3 184 bp 273 bp 222 bp Not published Gamero et al. (2000) 

25 Alleles Reported in the Literature for D1S1656  
15
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from Appendix 1, J.M. Butler (2011) Advanced Topics in Forensic DNA Typing: Methodology 



NIST U.S. Population Allele Frequencies 
D1S1656 (15 different alleles) 

N=1036  
(only unrelated 
samples used; 
fathers removed 
from this sample 
set) 
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Allele
African American 

(n=342)
Asian 
(n=97)

Caucasian 
(n=361)

Hispanic 
(n=236)

10 0.0146 0.0000 0.0028 0.0064
11 0.0453 0.0309 0.0776 0.0275
12 0.0643 0.0464 0.1163 0.0890
13 0.1009 0.1340 0.0665 0.1144
14 0.2573 0.0619 0.0789 0.1165

14.3 0.0073 0.0000 0.0028 0.0042
15 0.1579 0.2784 0.1496 0.1377

15.3 0.0292 0.0000 0.0582 0.0508
16 0.1096 0.2010 0.1357 0.1758

16.3 0.1023 0.0155 0.0609 0.0508
17 0.0278 0.0722 0.0471 0.0424

17.3 0.0497 0.0876 0.1330 0.1483
18 0.0029 0.0155 0.0055 0.0064

18.3 0.0234 0.0515 0.0499 0.0254
19.3 0.0073 0.0052 0.0152 0.0042



D1S1656 Characteristics 

• 15 alleles observed 
• 93 genotypes observed 
• >89% heterozygotes (heterozygosity = 0.8890) 

• 0.0224 Probability of Identity (PI) 

∑= 2) ( sfrequenciegenotypePI

These values have been calculated for all 29 STR loci 
across the U.S. population samples examined  



361 Caucasians 
342 African Americans 
236 Hispanics 
  97 Asians 

Loci sorted on Probability of Identity (PI) values 

N=1036  
(only unrelated 
samples used) 
 

29 STR Loci 
present in STR kits 

rank ordered by their 
variability 

There are several loci 
more polymorphic 
than the current 
CODIS 13 STRs 

Better for 
mixtures (more 

alleles seen) 

Better for kinship 
(low mutation 

rate) 

Locus
Alleles 

Observed
Genotypes 
Observed

Het 
(obs)

PI Value 
n=1036

SE33 52 304 0.9353 0.0066
Penta E 23 138 0.8996 0.0147
D2S1338 13 68 0.8793 0.0220
D1S1656 15 93 0.8890 0.0224
D18S51 22 93 0.8687 0.0258

D12S391 24 113 0.8813 0.0271
FGA 27 96 0.8745 0.0308

D6S1043 27 109 0.8494 0.0321
Penta D 16 74 0.8552 0.0382
D21S11 27 86 0.8330 0.0403

D8S1179 11 46 0.7992 0.0558
D19S433 16 78 0.8118 0.0559

vWA 11 39 0.8060 0.0611
F13A01 16 56 0.7809 0.0678
D7S820 11 32 0.7944 0.0726

D16S539 9 28 0.7761 0.0749
D13S317 8 29 0.7674 0.0765

TH01 8 24 0.7471 0.0766
Penta C 12 49 0.7732 0.0769
D2S441 15 43 0.7828 0.0841

D10S1248 12 39 0.7819 0.0845
D3S1358 11 30 0.7519 0.0915

D22S1045 11 44 0.7606 0.0921
F13B 7 20 0.6911 0.0973

CSF1PO 9 31 0.7558 0.1054
D5S818 9 34 0.7297 0.1104
FESFPS 12 36 0.7230 0.1128

LPL 9 27 0.7027 0.1336
TPOX 9 28 0.6902 0.1358



Probability of Identity Combinations 
(assuming unrelated individuals) 

~8-13 orders of m
agnitude 

im
provem

ent for total P
I  (n=1036) 

STR Kit or Core Set of Loci
Total 

N=1036
African Am.       

(n=342)
CODIS 13 5.02E-16 2.97E-15 1.14E-15 1.36E-15 1.71E-14
Identifiler 6.18E-19 6.87E-18 1.04E-18 2.73E-18 5.31E-17

PowerPlex 16 2.82E-19 4.24E-18 6.09E-19 1.26E-18 2.55E-17
PowerPlex 18D 3.47E-22 9.82E-21 5.60E-22 2.54E-21 7.92E-20

ESS 12 3.04E-16 9.66E-16 9.25E-16 2.60E-15 3.42E-14
ESI 16 / ESX 16 / NGM 2.80E-20 2.20E-19 6.23E-20 4.03E-19 9.83E-18

ESI 17 / ESX 17 / NGM SElect 1.85E-22 1.74E-21 6.71E-22 3.97E-21 1.87E-19

CODIS 20 9.35E-24 7.32E-23 6.12E-23 8.43E-23 4.22E-21
GlobalFiler 7.73E-28 1.30E-26 3.20E-27 2.27E-26 1.81E-24

PowerPlex Fusion 6.58E-29 2.35E-27 1.59E-28 2.12E-27 1.42E-25

All 29 autosomal STRs 2.24E-37 7.36E-35 3.16E-37 2.93E-35 4.02E-32
29 autoSTRs + DYS391 1.07E-37 3.26E-35 1.77E-37 1.29E-35 2.81E-32

Caucasians 
(n=361)

Hispanics 
(n=236)

Asians 
(n=97)



NIST U.S. Population Data 
• The data from our 1036 U.S. population samples is currently 

available on STRBase: 

 
• A summary of the NIST 1036 data set has been published in 

Profiles in DNA for autosomal and YSTR loci  
 

• Population Data announcements have been published in FSI: 
Genetics for 
– 29 autosomal STR loci (Hill et al) 
– 23 Y-STR loci (Coble et al) 

 
• Added to CODIS PopStats software in Sept 2013 

http://www.cstl.nist.gov/biotech/strbase/NISTpop.htm 



STR Kits 



STR Marker Layouts for New U.S. Kits 
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D12S391 D8S1179 D19S433 FGA D22S1045 

vWA TPOX D21S11 DYS391 TH01 D5S818 D7S820 

D16S539 CSF1PO D2S1338 D18S51 Penta D 

D3S1358 D10S1248 D1S1656 AM D2S441 D13S317 Penta E 

24plex 
(5-dye) 

D3S1358 vWA D16S539 CSF1PO TPOX 

D10S1248 D1S1656 D12S391 D2S1338 

D8S1179 D21S11 D18S51 DYS391 AM Y± 

D19S433 D2S441 TH01 FGA 

D5S818 D22S1045 D13S317 D7S820 SE33 

G
lo

ba
lF
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24plex 
(6-dye) 

100 bp 400 bp 300 bp 200 bp 

2012 

2012 

22 core and recommended loci + 2 additional loci 



GlobalFiler STR Kit 

http://www.lifetechnologies.com/us/en/home/industrial/human-identification/globalfiler-str-kit.html 

Launched Friday, September 14, 2012 



Life Technologies GlobalFiler 

FGA 

A 

vWA 

D18S51 

D19S433 

D8S1179 D21S11 

D3S1358 

TH01 

D16S539 

D2S1338 

D22S1045 

D2S441 

SE33 

100 bp 400 bp 300 bp 200 bp 

D1S1656 D12S391 D10S1248 

D5S818 D13S317 D7S820 

CSF1PO 

Y± DYS391 

TPOX 

24plex 

6-FAM 

VIC 

NED 

TAZ 

SID 

• 24 STR loci in 6 dyes (3500 use or 3130 upgrade required) 
– Includes SE33 and a Y-indel 

• GlobalFiler Express: direct amplification capabilities 
– Single source samples: 40 min amplification 

• GlobalFiler Casework 
– Casework samples: 80 min amplification 

• GlobalFiler gives ~12 orders of magnitude improvement using the 
NIST 1036 data set 

http://www.invitrogen.com/site/us/en/home/Products-and-Services/Applications/Human-Identification/globalfiler_str_kit.html 

Two separate kits 



PowerPlex Fusion 

http://www.promega.com/products/pm/genetic-identity/powerplex-fusion/ 

Launched Friday, September 14, 2012 



Promega PowerPlex FUSION 

FGA 

A 

vWA 

D18S51 

D19S433 D8S1179 

D21S11 

D3S1358 

TH01 

D16S539 D2S1338 

D22S1045 

D2S441 Penta E 

100 bp 400 bp 300 bp 200 bp 

D1S1656 

D12S391 

D10S1248 

D5S818 

D13S317 

D7S820 

CSF1PO 

DYS391 TPOX 

24plex 

FL 

JOE 

TMR-ET 

CXR-ET 

Penta D 

• 24 STR loci in 5 dyes (3130 and 3500 instrument use) 
– Includes Penta D and E 

• Direct amplification and casework capabilities: 85 min 
amp for both (one kit) 

• PowerPlex Fusion gives ~13 orders of magnitude 
improvement using the NIST 1036 data set 

http://www.promega.com/products/pm/genetic-identity/powerplex-fusion/ 



Qiagen Investigator 24plex 

http://www.qiagen.com/resources/e-learning/webinars/human-identity-and-forensics/multiplex-pcr-global-str/ 

Available worldwide from Oct 2014 and not before June 2015 in the U.S. 



Qiagen Investigator 24plex 

• 23 STR loci in 6 dyes (3500 use or 3130 upgrade required) 
– Includes SE33 

• Includes Quality Sensors for detecting degraded and/or inhibited DNA 
• 24plex GO!: direct amplification capabilities 

– Single source samples: 45 min amplification 
• 24plex 

– Casework samples: 60 min amplification 
• Qiagen 24plex gives ~12 orders of magnitude improvement using the 

NIST 1036 data set 

D3S1358 vWA D21S11 AM TH01 

D18S51 D2S441 FGA 

D16S539 CSF1PO D5S818 D13S317 D7S820 

24
pl

ex
 

24plex 
(6-dye) 

D10S1248 D22S1045 D19S433 D8S1179 D2S1338 

SE33 D12S391 D1S1656 DYS391 TPOX 

QSlower QSupper 

http://www.qiagen.com/resources/e-learning/webinars/human-identity-and-forensics/multiplex-pcr-global-str/ 

Two separate kits 



Quality Sensors 
QS 1 QS 2 

QS 1 QS 2 

Degradation 
QS 1 QS 2 

Inhibition 



Quality Sensors 
QS 1 QS 2 

QS 1 QS 2 

No DNA 
QS 1 QS 2 

Failed PCR 



Concordance Testing at NIST 



STR Kit Concordance Testing 

• Many of these STR kits have different primer 
sequences for amplifying the same STR locus 
 

• Need to analyze the same DNA samples with 
different STR typing kits looking for differences 
 

• In some rare cases, allele dropout may occur 
due to mutations in primer binding regions 
 



NIST U.S. Samples (>1450) 
• NIST U.S. population samples 

– 260 African American, 260 Caucasian, 140 Hispanic, 3 Asian 
 

• U.S. father/son paired samples 
– ~100 fathers/100 sons for each group: 200 African American, 200 

Caucasian, 200 Hispanic, 200 Asian 
 

• NIST SRM 2391b, PCR-based DNA Profiling Standard (highly 
characterized) 
– 10 genomic DNA samples, 2 cell line samples 
– Includes 9947A and 9948 

 
• NIST SRM 2391c, PCR-based DNA Profiling Standard 

– 4 genomic DNA (one mixture) 
– 2 cell lines (903 and FTA paper) 

Hill, C.R., et al. (2011) Concordance and population studies along with stutter and peak height ratio analysis for the PowerPlex® ESX 
17 and ESI 17 Systems.  Forensic Sci. Int. Genet. 5(4): 269-275. 



Benefits of NIST 1036 Data Set 

• Elimination of potential null alleles due to primer 
binding site mutations through extensive concordance 
testing performed with different PCR primer sets from all 
available commercial STR kits 
 

• Ancestry testing performed on DNA samples with 
autosomal SNPs, Y-SNPs, and mtDNA sequencing to 
verify self-declared ancestry categorization 
 

• Related individuals removed based on Y-STR and 
mtDNA results 



Purpose of Concordance Studies 
 When different primer sets are utilized, there is a 

concern that allele dropout may occur due to primer 
binding site mutations that impact one set of primers but 
not another 

STR repeat region 
PCR primer 

set 2 

PCR primer 
set 2 

PCR primer 
set 1 

PCR primer 
set 1 

Use of non-overlapping primers 
permits detection of allele dropout 

Set 1 Amplicons Set 2 Amplicons 

If no primer binding site mutations 

= 
Set 1 Amplicons Set 2 Amplicons 

If a primer binding site mutation exists 

≠ 

* 

* represents potential mutations impacting primer annealing 



Completed Concordance Studies 



Kits compared Samples Loci Compared Comparisons # Differences Concordance (%) 

ID/SGM+ 1424 11 15,664 1 99.994 
ID/Pro+ 1415 10 14,150 1 99.993 

ID/IDplex 1426 16 22,816 29 99.873 
ID/PP16 662 14 9,268 4 99.957 

ID/MiniFiler 1137 9 10,233 26 99.746 
ID/NGM 1437 11 15,807 3 99.981 
ID/NGMs 663 11 7,293 0 100.000 
ID/ESX17 1443 11 15,873 5 99.968 
ID/ESI17 1443 11 15,873 4 99.975 

ID/ESSplex 1433 11 15,763 28 99.822 
ID/ESSplexSE 662 11 7,282 17 99.767 
ID/Hexaplex 653 2 1,306 1 99.923 
PP16/SGM+ 651 9 5,859 1 99.983 
PP16/Pro+ 647 10 6,470 2 99.969 
PP16/IDplex 657 14 9,198 3 99.967 

PP16/MiniFiler 656 8 5,248 14 99.733 
PP16/NGM 657 9 5,913 3 99.949 
PP16/NGMs 662 9 5,958 1 99.983 
PP16/ESX17 662 9 5,958 1 99.983 
PP16/ESI17 662 9 5,958 0 100.000 

PP16/ESSplex 653 9 5,877 16 99.728 
PP16/ESSplexSE 662 9 5,958 16 99.731 
PP16/Hexaplex 653 2 1,306 1 99.923 

SGM+/Pro+ 1415 7 9,905 0 100.000 
SGM+/IDplex 1424 11 15,664 5 99.968 

SGM+/MiniFiler 1137 6 6,822 10 99.853 
SGM+/NGM 1424 11 15,664 4 99.974 
SGM+/NGMs 651 11 7,161 0 100.000 
SGM+/ESX17 1424 11 15,664 6 99.962 
SGM+/ESI17 1424 11 15,664 5 99.968 
SGM+/ESS 1424 11 15,664 5 99.968 

SGM+/ESSplexSE 651 11 7,161 5 99.930 
SGM+/Hexaplex 651 2 1,302 1 99.923 

Pro+/IDplex 1415 10 14,150 5 99.965 
Pro+/MiniFiler 1137 6 6,822 16 99.765 

Pro+/NGM 1415 7 9,905 4 99.960 
Pro+/NGMs 647 7 4,529 0 100.000 
Pro+/ESX17 1415 7 9,905 4 99.960 
Pro+/ESI17 1415 7 9,905 3 99.970 
Pro+/ESS 1415 7 9,905 4 99.960 

Pro+/ESSplexSE 647 7 4,529 4 99.912 
Pro+/Hexaplex 647 1 647 1 99.845 
IDplex/MiniFiler 1137 9 10,233 48 99.531 

IDplex/NGM 1426 11 15,686 30 99.809 
IDplex/NGMs 657 11 7,227 17 99.765 
IDplex/ESX17 1426 11 15,686 28 99.821 
IDplex/ESI17 1426 11 15,686 27 99.828 
IDplex/-ESS 1426 11 15,686 1 99.994 

IDplex/ESSplexSE 657 11 7,227 1 99.986 
IDplex/Hexaplex 653 2 1,306 1 99.923 
MiniFiler/NGM 1137 6 6,822 13 99.809 
MiniFiler/NGMs 656 6 3,936 10 99.746 
MiniFiler/ESX17 1137 6 6,822 10 99.853 
MiniFiler/ESI17 1137 6 6,822 9 99.868 
MiniFiler/ESS 1137 6 6,822 35 99.487 

MiniFiler/ESSplexSE 656 6 3,936 35 99.111 

MiniFiler/Hexaplex 653 1 653 1 99.847 
NGM/NGMs 657 16 10,512 14 99.867 
NGM/ESX17 1437 16 22,992 16 99.930 
NGM/ESI17 1437 16 22,992 18 99.922 
NGM/ESS 1433 16 22,928 42 99.817 

NGM/ESSplexSE 657 16 10,512 22 99.791 
NGM/Hexaplex 653 7 4,571 9 99.803 
NGMs/ESX17 662 17 11,254 4 99.964 
NGMs/ESI17 662 17 11,254 14 99.876 
NGMs/ESS 653 16 10,448 17 99.837 

NGMs/ESSplexSE 662 17 11,254 34 99.698 
NGMs/Hexaplex 653 7 4,571 3 99.934 
ESX17/ESI17 1443 17 24,531 19 99.923 
ESX17/ESS 653 16 10,448 34 99.675 

ESX17/ESSplexSE 662 17 11,254 25 99.778 

ESX17/Hexaplex 657 7 4,599 6 99.870 
ESI17/ESS 653 16 10,448 28 99.732 

ESI17/ESSplexSE 662 17 11,254 30 99.733 
ESI17/Hexaplex 657 7 4,599 3 99.935 
ESS/ESSplexSE 653 16 10,448 0 100.000 
ESS/Hexaplex 653 7 4,571 3 99.934 

ESSplexSE/Hexaplex 653 7 4,571 3 99.934 

SE33/ESX17 1443 1 1,443 6 99.584 
SE33/ESI17 1443 1 1,443 17 98.822 
SE33/NGMs 663 1 663 4 99.397 

SE33/ESSplexSE 662 1 662 21 96.828 
ESI17p/ESX17 477 17 8,109 7 99.914 
ESI17p/NGMs 477 17 8,109 2 99.975 

ESI17p/ESSplexSE 477 17 8,109 42 99.482 

ESI17p/SE33 477 1 477 4 99.161 
PP18D/ID 50 16 800 2 99.750 

PP18D/PP16 703 16 11,248 1 99.991 
ESX17*/ESX17 1443 17 24531 4 99.984 
ESX17*/ESI17p 477 17 8109 3 99.963 
ESX17*/NGM 1437 16 22992 22 99.904 
ESX17*/NGMs 663 17 11271 4 99.965 
ESX17*/ESS 1433 16 22928 30 99.869 

ESX17*/ESSplexSE 662 17 11254 44 99.609 

ESX17*/Hexaplex 653 7 4571 2 99.956 
26plex/ESX17 1443 3 4329 4 99.908 
26plex/ESI17 1443 3 4329 0 100.000 
26plex/NGM 1437 3 4311 11 99.745 
26plex/NGMs 663 3 1989 0 100.000 
26plex/ESS 1433 3 4299 0 100.000 

26plex/ESSplexSE 662 3 1986 0 100.000 

26plex/Hexaplex 653 3 1959 2 99.898 
26plex/ESX17* 663 3 1989 0 100.000 

miniSTRs/ESX17 663 3 1989 3 99.849 
miniSTRs/ESI17 663 3 1989 0 100.000 
miniSTRs/NGM 657 3 1971 3 99.848 
miniSTRs/NGMs 663 3 1989 0 100.000 
miniSTRs/ESS 653 3 1959 0 100.000 

miniSTRs/ESSplexSE 662 3 1986 0 100.000 

miniSTRs/Hexaplex 653 3 1959 2 99.898 

miniSTRs/ESX17* 663 3 1989 0 100.000 
PP21*/Identifiler 761 16 12176 6 99.951 

PP21*/PP16 761 16 12176 3 99.975 
PP21/SGM+ 761 11 8371 4 99.952 
PP21/Pro+ 761 10 7610 2 99.974 

PP21*/IDplex 761 16 12176 20 99.836 
PP21/MiniFiler 761 9 6849 14 99.796 
PP21/ESX17 761 13 9893 1 99.990 
PP21/ESI17 761 13 9893 0 100.000 
PP21/NGM 761 13 9893 5 99.949 
PP21/NGMs 568 13 7384 1 99.986 
PP21/ESS 761 13 9893 18 99.818 

PP21/ESSplexSE 568 13 7384 16 99.783 
PP21/Hexaplex 568 4 2272 2 99.912 
PP21/Sinofiler 568 16 9088 1 99.989 

PP21nk/Identifiler 639 16 10224 4 99.961 
PP21nk/PP16 639 16 10224 1 99.990 
PP21nk/IDplex 639 16 10224 18 99.824 
PPF/Identifiler 652 16 10432 2 99.981 

PPF/PP16 652 16 10432 2 99.981 
PPF/SGM+ 651 11 7161 1 99.986 
PPF/Pro+ 647 10 6470 1 99.985 
PPF/IDplex 652 16 10432 16 99.847 

PPF/MiniFiler 652 9 5868 14 99.761 
PPF/ESX17 652 17 11084 1 99.991 
PPF/ESI17 652 17 11084 0 100.000 
PPF/NGM 652 16 10432 1 99.990 
PPF/NGMs 652 17 11084 1 99.991 
PPF/ESS 652 16 10432 16 99.847 

PPF/ESSplexSE 652 17 11084 16 99.856 
PPF/Hexaplex 652 6 3912 2 99.949 
PPF/Sinofiler 568 16 9088 1 99.989 
PPF/PP21nk 639 21 13419 0 100.000 
PPF/PPY23 652 1 652 0 100.000 

PPF/YF 652 1 652 0 100.000 
PPF/PPY 652 1 652 0 100.000 

24plex/Identifiler 650 16 10400 2 99.981 
24plex/PP16 650 16 10400 2 99.981 
24plex/SGM+ 650 11 7150 1 99.986 
24plex/Pro+ 647 10 6470 1 99.985 

24plex/IDplex 650 16 10400 16 99.846 
24plex/MiniFiler 650 9 5850 14 99.761 
24plex/ESX17 650 17 11050 1 99.991 
24plex/ESI17 650 17 11050 0 100.000 
24plex/NGM 650 16 10400 1 99.990 
24plex/NGMs 650 17 11050 1 99.991 
24plex/ESS 650 16 10400 16 99.846 

24plex/ESSplexSE 650 17 11050 16 99.855 

24plex/Hexaplex 650 6 3900 2 99.949 
24plex/Sinofiler 568 16 9088 1 99.989 
24plex/PP21nk 639 19 12141 0 100.000 

24plex/PPF 650 21 13650 0 100.000 
24plex/PPY23 650 1 650 0 100.000 

24plex/YF 650 1 650 0 100.000 
24plex/PPY 650 1 650 0 100.000 

Totals 138031 1712 1,404,800 1373 99.902 

Completed Concordance Studies 

Kits (except Identifiler) were kindly provided by Promega, 
Qiagen and Applied Biosystems for concordance testing 

performed at NIST 

1,404,031 allele comparisons 
1,373 total differences 

99.9% concordance 



SRM 2391b/2391c  
PCR-Based Profiling Standard 

• The first set of samples run with new STR 
multiplex kits is SRM 2391b/SRM 2391c 
 

• All new kits tested have been completely 
concordant with the certified values of all 
markers for each component for SRM 
2391b and 2391c 
 

• One exception for SRM 2391b:  MiniFiler 
– Genomic 8 with D16S539  



SRM 2391b Genomic 8 with D16S539 
Identifiler 

PowerPlex 16 

MiniFiler 

Allele 
dropout* 

*Due to primer binding site mutation 

All allele calls with MiniFiler for 
CSF1PO, D7S820, D13S317, D18S51, 
D21S11, FGA, and D16S539 (with the 
exception noted below) match 
previously certified values. 

Slight imbalance 
with allele 11 

Null Allele 



Identifiler  
Reverse Primer? 

SRM 2391b Genomic 8 with D16S539 

MiniFiler  
Reverse Primer? 

Type 9T,11C 

T 
C 

9 repeats 

11 repeats 

34 bp 

MiniFiler 

Allele 
dropout* 

Identifiler 







Current Certified Genotypes 

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 

41 STR Markers + Amelogenin are certified 
26% have been Sanger Sequenced 

>2 STR Kits were tested for concordance 



Other Markers that were Sequenced 
and are Certified in the Update 

• Additional non-core autosomal STR markers 
– D6S1043 (Sinofiler, PowerPlex 21) 

 
• Newly available Y-STR markers in commercial 

kits 
• DYS460, DYS481, DYS533, DYS549, DYS643, 

(PowerPlex Y23, Yfiler Plus) 
 

• Rapidly mutating (RM) Y-STRs in commercial kits 
• DYS449, DYS518, DYS570, DYS576, DYS627, 

DYF387S1a/b (PowerPlex Y23, Yfiler Plus) 
 





SRM 2391c Certificate is now updated 



SRM 2391c Update 
• Sequencing of Components A-C, E & F has been completed 

for all remaining autosomal and Y-STR loci 
 

• The SRM 2391c Certificate of Analysis and Report of 
Analysis has been updated with this new information 
 

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

• SRM 2391c has replaced SRM 2395 for Y-STR typing 
 



New Y-STRs 



STR Marker Layouts for Y-STR Kits 
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DYS393 DYS458 DYS385 a/b DYS456 Y-GATA-H4 

DYS576 DYS389I DYS448 DYS389II DYS19 

DYS570 DYS635 DYS390 DYS392 DYS643 DYS439 

DYS391 DYS481 DYS533 DYS438 DYS437 DYS549 23plex 
(5-dye) 

2003 

2004 

2012 



DYS549 DYS533 DYS438 DYS437 

DYS392 DYS439 DYS390 DYS635 DYS570 

DYS481 DYS391 

DYS448 DYS389II DYS389I DYS576 DYS19 

DYS643 

DYS456 DYS385a_b DYS458 Y-GATA-H4 DYS393 

17 Y-Filer + 6 additional loci 



Yfiler Plus Kit 

scY 

RM-Y 

RM-Y 

scY 
scY 

RM-Y 

RM-Y 

RM-Y 

RM-Y 

Slide courtesy of Dr. Julio Mulero (Life Technologies) 





Improved Allelic Ladder (DYS437) 

Yfiler Yfiler-Plus 

9 Alleles 5 Alleles 

PPY-23 

9 Alleles 



Performance with related males 

Relatives in the NIST Population 
Samples 



Exact matches among the  
NIST population plates (Y-Filer) 

Sample Name DYS19 DYS389I DYS389II DYS390 DYS391 DYS392 DYS393 DYS385a/b DYS438 DYS439 DYS437 DYS456 DYS458 DYS635 DYS448 Y-GATA-H4
OT07753 14 13 29 24 11 13 13 11,14 12 12 15 15 17 23 19 12
UC10177 14 13 29 24 11 13 13 11,14 12 12 15 15 17 23 19 12

Y16 17 13 30 21 10 11 14 15,20 11 12 14 15 16 22 21 12
Y17 17 13 30 21 10 11 14 15,20 11 12 14 15 16 22 21 12

ZT79304 16 13 30 21 10 11 13 16,17 11 11 14 15 18 21 22 12
PT84253 16 13 30 21 10 11 13 16,17 11 11 14 15 18 21 22 12

WA29612 14 13 29 23 11 13 12 12,14 12 12 15 15 17 23 19 12
WT52482 14 13 29 23 11 13 12 12,14 12 12 15 15 17 23 19 12

WT52470 14 12 28 23 10 11 13 14,15 10 11 16 14 15 21 20 11
MT94827 14 12 28 23 10 11 13 14,15 10 11 16 14 15 21 20 11

Y27 14 13 29 24 10 13 13 16,16 12 12 15 15 17 23 19 13
Y28 14 13 29 24 10 13 13 16,16 12 12 15 15 17 23 19 13

ZT79994 14 13 29 24 10 13 13 11,15 13 12 16 15 17 23 19 12
ZT79995 14 13 29 24 10 13 13 11,15 13 12 16 15 17 23 19 12

PT84213 14 14 31 22 10 11 12 14,15 9 12 15 15 15 22 20 11
TT51696 14 14 31 22 10 11 12 14,15 9 12 15 15 15 22 20 11

MT94839 15 14 31 25 11 11 13 11,14 11 10 14 15 15 23 20 13
MT97158 15 14 31 25 11 11 13 11,14 11 10 14 15 15 23 20 13

JT51484 17 13 30 21 10 11 14 17,19 11 13 14 16 16 21 21 11
ZT79620 17 13 30 21 10 11 14 17,19 11 13 14 16 16 21 21 11

MT97176 14 13 30 24 11 13 13 11,14 12 12 15 17 16 23 19 12
Y4 14 13 30 24 11 13 13 11,14 12 12 15 17 16 23 19 12

JT51476 14 13 29 25 11 14 13 11,13 12 12 15 17 17 23 18 12
UT58337 14 13 29 25 11 14 13 11,13 12 12 15 17 17 23 18 12

TT51702 14 13 29 24 11 13 13 11,14 12 12 15 16 17 23 19 12
MT97185 14 13 29 24 11 13 13 11,14 12 12 15 16 17 23 19 12
ZT79333 14 13 29 24 11 13 13 11,14 12 12 15 16 17 23 19 12

PT83904 13 15 31 24 9 11 13 13,14 10 10 14 16 18 21 20 12
PT84348 13 15 31 24 9 11 13 13,14 10 10 14 16 18 21 20 12
ZT80369 13 15 31 24 9 11 13 13,14 10 10 14 16 18 21 20 12

12 sets of 2 individuals 
2 sets of 3 individuals 



Adding 6 markers from PP-Y23 
Sample Name DYS576 DYS570 DYS643 DYS533 DYS481 DYS549

OT07753 18 17 10 12 23 13
UC10177 18 18 10 13 22 13

Y16 14 19 14 11 29 11
Y17 14 19 14 11 29 11

ZT79304 15 19 14 11 28 11
PT84253 15 19 14 11 28 11

WA29612 16 17 10 12 22 14
WT52482 16 17 10 12 22 13

WT52470 16 23 12 11 26 12
MT94827 17 22 12 11 25 12

Y27 19 17 10 12 22 13
Y28 19 17 10 12 22 13

ZT79994 20 16 10 12 23 12
ZT79995 20 16 10 12 23 12

6 pairs still unresolved 
 



Two Samples from the Population Plates 
ZT79994 and ZT79995 

Match exactly over 23 Y-STRs 

ZT79994 Pos   Seq   ZT79995 Pos   Seq   
16172 T - C    16172 T - C    
16219 A - G 16219 A - G
16311 T - C    16311 T - C    
16344 C -T 16344 C -T

73 A -G 73 A -G
263 A- G 263 A- G

315.1 C   315.1 C   
469 C - T 469 C - T
523 A-del 523 A-del
524 C-del 524 C-del

Same mtDNA haplotype (U6a) 



Autosomal STR Analysis 

Sample Info CSF1PO 1 CSF1PO 2 D13S317 1 D13S317 2 D16S539 1 D16S539 2 D18S51 1 D18S51 2
ZT79994 9 11 12 14 13 13 13 14
ZT79995 11 12 11 14 11 13 13 14

D19S433 1 D19S433 2 D21S11 1 D21S11 2 D2S1338 1 D2S1338 2 D3S1358 1 D3S1358 2
ZT79994 13 14 29 30 17 25 16 17
ZT79995 14 16 30 30 17 25 17 18

D5S818 1 D5S818 2 D7S820 1 D7S820 2 D8S1179 1 D8S1179 2 FGA 1 FGA 2
ZT79994 12 12 7 12 13 13 20 21
ZT79995 13 13 8 12 13 13 20 23

TH01 1 TH01 2 TPOX 1 TPOX 2 vWA 1 vWA 2 D10S1248 D10S1248
ZT79994 7 9.3 8 8 15 18 14 14
ZT79995 7 9.3 8 11 15 17 14 14

D12S391 D12S391 D1S1656 D1S1656 D22S1045 D22S1045 D2S441 D2S441
ZT79994 21 21 13 13 15 16 10 11
ZT79995 18.3 20 13 16.3 16 17 10 11

SE33 SE33 Penta_D Penta_D Penta_E Penta_E D6S1043 D6S1043
ZT79994 16 17 9 12 13 14 12 18
ZT79995 17 23 11 14 13 14 12 12

24 STR Markers 



Kinship Analysis 

Combined
Parent-Child 0
Full Sib 56327
Half-Sib* 5692
1st Cousin 264

*Is also the same stat for Aunt/Uncle/Niece/Nephew  
  and Grandparent/Grandchild relationships  



Performance with related males 

Father-Son Mutation Rates 



Father-Son Mutations - Summary 

Meioses Mutations
AfAm 85 10
Asian 101 16
Caucasian 100 6
Hispanic 100 12

Sum 386 44 11.40%



Father to Son Father to Son 

+1 repeat -1 repeat +2 repeat -2 repeat 
DYS439 2 4 

DYS389II 3 2 
DYS481 3 2 
DYS570 3 2 
DYS576 2 2 
DYS389I 2 2 

Y-GATA-H4 1 1 1 1 
DYS458 2 1 
DYS549 1 1 
DYS635 1 1 
DYS19 1 0 

DYS390 0 1 
DYS643 1 0 
DYS385a 1 0 
DYS448 0 0 
DYS391 0 0 
DYS533 0 0 
DYS438 0 0 
DYS437 0 0 
DYS392 0 0 
DYS393 0 0 

DYS385b 0 0 
DYS456 0 0     
(sum) 23 23 1 1 



Mutations
DYS439 6

DYS389II 5
DYS481 5
DYS570 5
DYS576 4
DYS389I 4

Y-GATA-H4 4
DYS458 3
DYS549 2
DYS635 2
DYS19 1

DYS390 1
DYS643 1
DYS385a 1
DYS448 0
DYS391 0
DYS533 0
DYS438 0
DYS437 0
DYS392 0
DYS393 0

DYS385b 0
DYS456 0

The American Journal of Human Genetics 87, 341–353, September 10, 2010 



Yfiler Plus Kit 

Released August 2014 



Yfiler-Plus Kit 
Performance 

Sensitivity 



Sensitivity Experiment 
 
 

Full reaction volumes (25 ul): 
• 0.5 ng single amp 
• 0.25 ng single amp 
• 0.125 ng duplicate amp 
• 0.0625 ng duplication amp 
• 0.03125 ng duplicate amp 

 
Half reaction volumes (12.5 ul): 
• 0.5 ng duplicate amp 
• 0.25 ng duplicate amp 
• 0.125 ng duplicate amp 
• 0.0625 ng duplication amp 
• 0.03125 ng duplicate amp 

 
 
 



Marker 0.25 ng 0.5 ng
DYS576 184 222 259 491 574 491 2308
DYS389I 96 151 344 318 1083 895 1603 2581
DYS635 195 153 198 152 379 473 1341 2481
DYS389II 115 279 176 725 648 1036 1847
DYS627 142 373 165 140 1257 591 1122 3639
DYS460 463 304 129 263 328 827 2786
DYS458 404 51 261 466 581 1091 3107
DYS19 173 220 143 335 525 1250 2697
GATA_H4 97 159 226 482 153 1896 3212
DYS448 91 154 204 500 196 2255 2489
DYS391 342 231 51 1169 721 2470 3789
DYS456 330 186 269 115 732 241 1524 2143
DYS390 232 123 87 225 331 478 1664
DYS438 144 166 207 205 557 622 999 3563
DYS392 209 53 129 700 156 840 2293
DYS518 232 118 145 185 638 411 619 2322
DYS570 92 163 300 987 327 1673 3398
DYS437 83 248 364 152 749 485 1429 2494
DYS385 109 364 303 135 525 545 1261 2608
DYS385 130 383 1539 1912
DYS449 57 91 321 218 713 482 846 3598
DYS393 485 126 172 389 2184 2353
DYS439 278 130 108 916 313 668 3488
DYS481 254 375 218 1022 588 1707 3605
DYF387S1 203 208 169 413 487 1530 2173
DYF387S1 197 192 696 428 1050 2846
DYS533 209 280 93 942 456 1987 2772

0.03125 ng 0.0625 ng 0.125 ng
FULL REACTION VOLUME (25 ul)

Sensitivity Experiment 
 

   ≥ 175 RFU 
   < 175 RFU 



Marker
DYS576 84 404 740 484 2271 551 3580 1773 4986 8103
DYS389I 1080 1285 2442 1064 2389 3992 2964 8646 12160
DYS635 331 911 1540 1950 3991 965 7439 5402
DYS389II 1055 717 2561 1026 1985 3080 2211 4781 8069
DYS627 1175 876 1340 2054 2944 2168 12000 4860
DYS460 785 605 1469 2961 2146 4028 2445 3443 5921
DYS458 394 262 2099 2616 1013 4972 2265 5029 6217
DYS19 835 351 1283 1886 1464 2492 2473 4532 4871
GATA_H4 245 475 1690 1766 1274 3980 1493 2813 5701
DYS448 594 1842 1131 1611 4011 2042 3175 5857
DYS391 199 398 1140 398 2861 1632 3359 3067 6691 10923
DYS456 122 121 920 1280 1391 2803 851 3190 6202
DYS390 214 673 771 1428 2059 1212 3429 4472
DYS438 321 155 656 717 2163 1269 2201 1646 5038 6472
DYS392 153 1306 446 1853 858 2242 1960 5151 5722
DYS518 367 262 844 280 771 1661 1657 997 3357 4083
DYS570 196 592 376 1165 1754 1551 3068 2200 4346 7802
DYS437 145 1152 404 325 1424 1582 6373 1199 6266 7528
DYS385 93 613 630 1672 2218 1764 3592 1671 3160 5944
DYS385 197 726 585 1434 894 3548 2302 3706 5323
DYS449 79 112 420 1727 2309 2752 4809 2858 5308 5506
DYS393 77 824 719 621 2240 1716 3786 2111 4809 6484
DYS439 286 841 1266 1449 2781 2165 2468 4563 5620
DYS481 83 618 689 1368 3258 1737 3684 3348 7554 7676
DYF387S1 51 296 842 999 2175 1016 3089 1306 3782 8096
DYF387S1 448 499 1447 1655 2940 2757 2400 4758 4924
DYS533 527 494 4033 2288 952 2599 1869 5163 6919

0.5 ng0.25 ng0.125 ng0.0625 ng0.03125 ng
HALF REACTION VOLUME (12.5 ul)

Sensitivity Experiment 
 

   ≥ 175 RFU 
   < 175 RFU 



Yfiler-Plus Kit 
Performance 

F:M Mixtures 



200 : 1 

700 : 1 

2000 : 1 

4000 : 1 

200 ng + 1 ng 

200 ng + 0.3 ng 

200 ng + 0.1 ng 

200 ng + 0.05 ng 

1 ng 

0.3 ng 

0.1 ng 

0.05 ng 

High Female [DNA] Experiment 
 
Looking for: 
 

Artifacts 
 
Inhibition 
 

Three male samples (B, C, F) were  
each combined with same female 
 
Input female DNA was constant at  

approximately 200 ng 
 
Input male DNA at four levels in the   
 range of approx. 1 ng – 0.05 ng 
 
Male only samples for comparison 
 
24 samples total 
 



4000 : 1 
(approx. 200 ng female + 0.05 ng male) 

High Level Female Experiment 
Male Sample B 

(approx. 0.05 ng) 

Artifact? 



200 : 1 

700 : 1 

2000 : 1 

4000 : 1 

DYS449 



DYS449 



200 : 1 

700 : 1 

2000 : 1 

4000 : 1 “TAZ 413” artifact 

DYS449 



Performance with unrelated males 

NIST U.S. Population Samples 



Discrimination Capacity 

• is a measure of the number of unique 
haplotypes in a given population 

# of 
Haplotypes 

Population size 

DC =  
N 

#H 



Results so far (582 individuals) 

582  
Males 580 Unique Haplotypes 

1 Shared Haplotype 

Yfiler Plus 
 

27 Y-STRs 

DC = 0.998 



Two Caucasians 

Same Haplotype at 

Yfiler Plus Loci 



Two Caucasians 

Same Haplotype at 

Yfiler Plus Loci 

Kinship stats over 24 aSTRs 



Rapidly Mutating 
(RM) Y-STRs 

Trying to separate  
close male relatives 



Rapidly Mutating Y-STRs 
The American Journal of Human Genetics 87, 341–353, September 10, 2010 

Manfred Kayser 

13 markers 
evaluated 



Using Y-STRs with a higher mutation rate, father-son and 
brother pairs can sometimes be distinguished 

The American Journal of Human Genetics 87, 341–353, September 10, 2010 



Rapidly Mutating (RM) Y-STRs 
NIST supplied data from 1,296 U.S. samples (634 population + 331 father/son pairs)  

to RM Y-STR Study Group led by Manfred Kayser 

DYS576 DYF399S1 DYF387S1 DYS570 

RM Y-STR 
Multiplex 1 

RM Y-STR 
Multiplex 2 

DYS626 DYS627 DYS518 DYS526a DYS526b 

RM Y-STR 
Multiplex 3 

DYF403S1a  DYF403S1b DYS612 DYS449 DYS547 DYF404S1 

K. Ballantyne et al. 2010; K. Ballantyne et al. 2012 

multi-copy 



Why do these markers mutate “rapidly”? 

DYS449  (1.2%) 
DYS518  (1.8%) 
DYS547  (2.4%) 
DYS570  (1.2%) 
DYS576  (1.4%) 
DYS612  (1.4%) 
DYS626  (1.2%) 
DYS627  (1.2%) 
 
DYF387S1  (1.6%) 
DYF399S1  (7.7%) 
DYF403S1 a/b   (3.1/1.2%) 
DYF404S1  (1.3%) 
DYS526 a/b  (1.3%) 

Locus           (average mutation rate) “Large” number of repeats 

DYS547 

Multi-copy Markers 

DYF399S1 DYS458 (0.64%) is highest in Yfiler loci where average is ~0.2% 

Markers 
in 

Yfiler Plus 



Gene Diversity 

• is a measure of the uniqueness of a particular 
marker in a given population 
 

GD =  

Relative frequency 
of each allele 



Marker Y 1 type = 100% 

0 

DC = 1/100 = 0.01 

N = 100 
GD =  



4 types = 25% 

0.75 

DC = 4/100 = 0.04 

GD =  

Marker Y 

N = 100 



100 types = 0% 

0.99 

DC = 100/100 = 1.0 

GD =  

Marker Y 

N = 100 



Gene Diversity  
of the YFP 
Markers 

Locus Gene Diversity 
DYF387S1a/b 0.919 
DYS385a/b 0.919 
DYS627 0.8584 
DYS449 0.8315 
DYS481 0.82 
DYS518 0.8196 
DYS576 0.7954 
DYS570 0.7852 
DYS458 0.7671 
DYS390 0.7645 
DYS635 0.7457 
DYS389II 0.7375 
DYS448 0.7202 
DYS456 0.7015 
DYS438 0.693 
DYS19 0.6681 
DYS439 0.6533 
DYS533 0.6372 
DYS437 0.6305 
GATA_H4 0.6026 
DYS392 0.6001 
DYS460 0.5736 
DYS389I 0.548 
DYS391 0.5352 
DYS393 0.4749 



Y-STR mutations in a Paternal Lineage 

Yfiler = 0 

PPY23 = 2 

DYS549  
15  14 

RMYs = 4 

DYS570 
16  17 
DYS570  
16  17 

DYS547  
43  42 

DYF404S1 
16  17 

DYF403b 
50  49 

* * 
Missing Person Reference 



Interpretational Issues 

• We will need to move away from simply 
“excluding” based upon a number of discordant 
markers. 

• A Likelihood Ratio can provide weight to the 
evidence based upon competing propositions.  

• This will require information on the haplotype 
frequency and mutation rate data.  

 
Forensic Science International: Genetics 1 (2007) 125–128. 



Contact Information 
 

Becky Hill 
Research Biologist 
becky.hill@nist.gov 
301-975-4275 
 

Thank you for your attention 

Our team publications and presentations are available at:  
http://www.cstl.nist.gov/biotech/strbase/NISTpub.htm 

Acknowledgments: NIJ & FBI Funding 
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