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Disclaimer

| will mention commercial STR kit names and information, but |
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.

Iodll'rﬁf 00( wew are mme 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.
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Background

NGS of Forensic DNA markers
— STRs
— mtDNA
— Single Nucleotide Polymorphisms (SNPs)

NGS on the PGM- Ampliseq workflow
Experimental data

— HID-lon Ampliseq Identity Panel
— HID-lon Ampliseq Ancestry Panel



What’s in a name???
Massively parallel sequencing NGS

Second-generation sequencing

Next-generation sequencing

Whole-genome sequencing

Third-generation sequencing

HIGH-THROUGHPUT SEQUENCING

Next-generation genomics



Parallel Sequencing

‘A million capil

ary Sanger sequencer’




Parallel Sequencing

‘A million capillary Sanger sequencer’

Clonal vs population amplification
Shorter reads (Range 75 to 400)
Errors are more ‘detectable’

High coverage 100 — 1000 - 10,000x

Rely more on informatics to assemble
millions of short reads



MOORE'S LAW “rransistor density on integrated circuits doubles about every two years.” *

1950s 1970s 1980s 1990s 2000s
Silkcon 8-bit 32-bit 32-bit 64-bit
Transistor Microprocessor ‘

Microprocessor

4500
Transistors

3,100,000 592,000,000
Transistors Transistors

http://electronicsbyexamples.blogspot.com/2013/03/milestones-in-digital-electronics.html
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VISUALIZING PROGRESS

|}
‘ f 't I'a ﬂ S | StO rS \/\/ e re e O I e If the transistors in a microprocessor were represented by people,
the following timeline gives an idez of the pace of Mocre’s Law.

0 &

2,300 134,000 32 Million 1.3 Billion

Average music hall capacity Large stadium capacity Population of Tokyo Population of China

1870 1980 1980 2000 2011

Intel 4004 Intel 286 Pentium llI Core i7 Extreme Edition

Now imagine that those 1.3 billion people could fit onstage in the original music hall. That's the scale of Moore’s Law.

http://blog.trentonsystems.com/moores-law-pushing-processor-technology-to-14-nanometers/



Cost per Raw Megabase of DNA Sequence
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Forensic NGS Applications

e Short Tandem Repeats (STRs)
— PCR fragment-length polymorphisms

 Mitochondrial DNA (mtDNA)

— Sanger sequencing

* Single Nucleotide Polymorphisms (SNPs)

Capillary electrophoresis electropherogram



NGS of Forensic STR Loci
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D19S5433 VWA TPOX D18S51



NGS of Forensic STR Loci

I l l 100 bp 200 bp 300 bp 400 bp
pgsuize
paisi
p7s820
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D16S539
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NGS of Forensic STR Loci
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Sizes of largest observed alleles

(not including primer binding/flanking region)



Contants vats avadabin af Lomncallm

g '7-':';3 Forensic Saience International: Genetics

NGS of Forensic STR Loci ==

Characterization of mutations and sequence variants in the D21S11 @ o
locus by next generation sequencing

Eszter Rockenbaoer <, Stine Hansen ™', Martin Mikkelsen *, Claus Borsting *,
Nieis Morling

Allele sequences Allele length
[TCTAJB[TCTGIS[TCTAJSTA[TCTAJ3TCA[TCTAJ2TCCATA[TCTA]10 (29)
[TCTAM[TCTGI6[TCTAJ]3TA[TCTAJ3TCA[TCTAJ2TCCATA[TCTA]11 (29)

200 " 210
€000 4
2000 4
2000 1
o“ e Y

29

204,23

7856

D21S11: Individual appears homozygous by CE but different sequencing composition shown with NGS.
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NGS of Forensic STR Loci ==

Characterization of mutations and sequence variants in the D21S11 @ o
locus by next generation sequencing

Eszter Rockenbaoer <, Stine Hansen ™', Martin Mikkelsen *, Claus Borsting *,
Nieis Morling

Allele sequences Allele length
[TCTAJE[TCTGIS[TCTAISTA[TCTAJSTCA[TCTAJI2TCCATA[TCTA]10 (29)
[TCTAJA[TCTGIE[TCTAJSTA[TCTAJITCA[TCTAJ2TCCATA[TCTA]11 (29)

200 , 210

2338

31

204,23
7856

D21S11: Individual appears homozygous by CE but different sequencing composition shown with NGS.



Contants vats avadabin af Lomncallm
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NGS of Forensic STR Loci

Characterization of mutations and sequence variants in the D21S11 @ o
locus by next generation sequencing

n AT
it
0

Eszter Rockenbaoer ', Stine Hansen ™', Martin Mikkelsen *, Claus Borsting *,

Nieis Morling
Allele sequences Allele length .
[TCTAJB[TCTG]5[TCTAI3TA[TCTA]3TCA[TCTAJ2TCCATA[TCTA]10 (29) [TCTAJ5[TCTGI6[TCTAJ3TA[TCTA]3TCA[TCTAJ2TCCATA[TCTA]11 (30)
[TCTAJ4[TCTG]6[TCTAJ3TA[TCTAJ3TCA[TCTAJ2TCCATA[TCTA]11 (29) [TCTAJ4[TCTG]B[TCTAJ3TA[TCTA]3TCA[TCTAJ]2TCCATA[TCTA]12 (30)
200 210 200 210

€000 €000

2000 £000

2000 2000

0 e = ? — 30
0 203,02
BSE 7440
[TCTAJ7[TCTG]5[TCTAI3TA[TCTA]3TCA[TCTAJ2TCCATA[TCTA]10 (30) [TCTAS[TCTGIE[TCTAIBTA[TCTA]STCA[TCTAJ2TCCATA[TCTA]11 (30)
[TCTAJ4[TCTG]6[TCTA]3TA[TCTA]3TCA[TCTAJ2TCCATA[TCTA]12 (30) [TCTA[TCTGI6[TCTAISTA[TCTA]3TCA[TCTAJ2TCCATA[TCTA]12 (30)
200 210 s 200 210

3000 €000

2000 2000

1000 2000

0 = 0 e
3.263,14 E’m“z
3787 1

D21S11: Individuals appear homozygous by CE but different sequencing composition shown with NGS.



STRait Razor: A length-based forensic STR allele-calling tool for use
with second generation sequencing data

[ ] [ ]
N G S Of FO re n S I C ST R LO C I David H. Warshauer*, David Lin", Kumar Hari", Ravi Jain ", Carey Davis*, Bobby LaRue,
Jonathan L King’, Bruce Budowle®**

D.H. Warshauer et al. / Forensic Science International: Genetics 7 (2013) 409-417 411

AGCTCGATCGCGCTAGTTTAGAGCattgactctatcGATAGATAGATAGATAGATAGATAGATAGATAGATA ctgatagtatt GATTCTATCGATATATCCTAGCTA

- - oCC Orocs 7

. O - - aldpLla iy - = 1% 7

OROCT -

CTATCGATATATCCTAG

OC O

ATCGCGCTAGTTTAGAGCattaactctatcGATAGATAGATAGATAGATAGATAGATAGATAGATAcctga ca gtattGATT!
£

VaLu! - oC0

CTAGAATCT

1. Reads containing both the leading and trailing flanking regions for a
given locus are extracted from the raw sequence data. Reads with a
user-defined number of allowable mismatches in the flanking regions,
such as the substitutions denoted by asterisks (*), are detected, as well.



STRait Razor: A length-based forensic STR allele-calling tool for use
with second generation sequencing data

[ ] [ ]
N G S Of FO re n S I C ST R LO C I David H. Warshauer*, David Lin", Kumar Hari", Ravi Jain ", Carey Davis*, Bobby LaRue,
Jonathan L King’, Bruce Budowle®**

D.H. Warshauer et al./ Forensic Science International: Genetics 7 (2013) 409-417

AGCTCGATCGCGCT. AGTITAGAGCattgaCtCtatCGATAGATAGATAGATAGATAGATAGATAGATAGATACct gata gtattGA'ITCT ATCGATATATCCTAGCTA

ATCGCGCT AGTTTAGAGCattaathtathATAGATAGATAGATAGATAGATAGATAGATAGATACC’tgaca gtat‘tGMTCT ATCGATATATCCTAGCTAGAATCT

1. Reads containing both the leading and trailing flanking regions for a
given locus are extracted from the raw sequence data. Reads with a
user-defined number of allowable mismatches in the flanking regions,
such as the substitutions denoted by asterisks (*), are detected, as well.

AGCTCGATCGCGCT. AGTTTAGAGCattga ctctatc . GATAGATAGATAGATAGATAGATAGATAGATAGATA ' cctgatagtattGATTCTATCGATATATCCTAGCTA
ATCGCGCTA GTTI'AGAGCatta actctatc ' GATAG ATAGATAGATAGATAGATAGATAGATAGATA ' cct gaca g'(attGATTCTATCGATATATCCT AGCTAGAATCT

2. The surrounding sequence data, including the flanking regions, are
"shaved" away, leaving the repeat regions themselves. The repeat
regions are then filtered based on the presence of a small portion of
the repeat motif. The number of bases in each filtered repeat region is
then determined.



STRait Razor: A length-based forensic STR allele-calling tool for use
with second generation sequencing data

[ ] [ ]
N G S Of FO re n S I C ST R LO C I David H. Warshauer*, David Lin", Kumar Hari", Ravi Jain ", Carey Davis*, Bobby LaRue,
Jonathan L King’, Bruce Budowle®**

D.H. Warshauer et al. / Forensic Science International: Genetics 7 (2013) 409-417

AGCTCGATCGCGCTAGTTTAGAGCattgactctatcGATAGATAGATAGATAGATAGATAGATAGATAGATAcctgatagtatt GATTCTATCGATATATCCTAGCTA
ATAGATAGATAGATAGATAcctgatagtattGATTCTATCGATATATCCTAGCTAGAATCTCGGTGATCTAGCTATTTATCCGCTAGCCATATGTGCGATCGAATC
GCCTAGCTAGCTTAGCTATATCTAGATAGCTAGCTAGCTTTCGCGAAAGCTCGATCGCGCTAGTTTAGAGC CattgactctatcGATAGATAGATAGATAGATAGA
ATCGCGCT, AGTITAGAGCattgaC'tctathATAGATAGATAGATAGATAGATAGATAGATAGATACCtgaE agtattGATTCTATCGATATATCCTAGCTAGAATCT

1. Reads containing both the leading and trailing flanking regions for a
given locus are extracted from the raw sequence data. Reads with a
user-defined number of allowable mismatches in the flanking regions,
such as the substitutions denoted by asterisks (*), are detected, as well.

<4==

AGCTCGATCGCGCTAGTTTAGAGCattgactctatc E GATAGATAGATAGATAGATAGATAGATAGATAGATA 5 cctgatagtatt GATTCTATCGATATATCCTAGCTA
ATCGCGCTAGTTTAGAGCattaactctatc ' GATAGATAGATAGATAGATAGATAGATAGATAGATA ! CCtgaE agtattGATTCTATCGATATATCCTAGCTAGAATCT
*

2. The surrounding sequence data, including the flanking regions, are
"shaved" away, leaving the repeat regions themselves. The repeat
regions are then filtered based on the presence of a small portion of
the repeat motif. The number of bases in each filtered repeat region is
then determined.

g

GATAGATAGATAGATAGATAGATAGATAGATAGATA
GATAGATAGATAGATAGATAGATAGATAGATAGATA

(36 bases long) (GATA repeat motif)

I

3. Allele determination is performed by comparing the repeat region
lengths to the known repeat motif.

—

Allele=9



Sequences
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NGS of Forensic STR Loci
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Forensic DNA Markers

e Short Tandem Repeats (STRs)
— PCR fragment-length polymorphisms

Mitochondrial DNA (mtDNA)

— Sanger sequencing

* Single Nucleotide Polymorphisms (SNPs)

Circulgl;tgenome Mltocondrla : I\/Iaternallymherlted
m..y:;’ \l gy L
N o 2 MML H..

-------

www.wikipedia g http://remf.dartmouth.edu/images/mammalianLungTEM/source/8.html http://www.orchidcellmark.ca



mtDNA Information

PH TH’
128 g\ T
- \ D-Loop ,‘| Cytb
\'
16s
rRNA .
. : Over ten times »
* Increase in variants by oo , S
. = more variable . \e
whole genome analysis o . o
ND1f Threegytinsiemore
B— polymorphisms .
than HV alone S
ND2 £
w b
/ND4L
D3

(based on analysis of 3 SRM samples)

http://www.sas.upenn.edu/~tgschurr/labwork/labwork_text.htm|



mtDNA Information

Current Method

* Sequence based on
chromatogram

e Consensus of one forward
and one reverse

NGS

* Sequence based on
thousands of individual reads

* Improved sensitivity:
— Mixture detection
— Low level heteroplasmy

G ATCCCCGTTCCRGIGAGIICACCCTCTAEETCACCACGAICAAAAGGEACEEGCATCAEGC CGCAGC]
AGCBTCCCCGTTCCAGTGAGTTCACCCTCTBBBTCACCACGATCAAAAGGEBCBBGCBTCAAGCACGCAGCJ
CCCGTTCCAGTGAGTTCACCCTCTARRTCACCACGATCAAAAGGEACABGCATCAAGCACGCAGC!

a 710 72 730 740 750 760
ATCCCCGTICCAGIGAGITCACCCTICTARATCACCACGATCARALG EA ALGCATCAAGCACGCAGCI

001-CFI0BLD_RSAZS_Rev_2011-08-12 Fragment base #750. Baze 334 of 570

A A T C A C C A C G AT C A A A A GG A C A A G C A

I T A d T 9 d T d 3 TASTTTT I I I T d T 3 9 T |
001-CFI0ELD_RSAZ1_Rev_2011-02-12 Fragment base #750. Basze 45 of 3054

A A T C A C C AC G A T C A A A A G GHEE A C A A G C A

T T A4d T d d T a4 3 T AHRS T TTT II I TS TT I @ T
001-CF20BLD_RSAZ1_For_2011-08-12 Fragment base #750. Base IT of 351

A A AT C A A C G AT cA A A AG G AC A A G C A T

ARARAT C C CACG AT CA A AAG G G ACARA G CAHT

™) 740 )

AGCATCCCCGTTCCAGTOGAGCTTCACCCTCTAAATCACCACGATCAAAAGGAACAAGCATCAAGCACGCAGE,

AGCATCCCCGTTCCAGTGAGTTCACCCTCTAAATCACCATGATCAAAAGGGACAAGCA \GT
AGCCAT( CCe TCCAGTOUACTTCACLT CTAAATCACCACGATOCAAAAGCGACAAGCATCAAGCCACGCAL

AGCCATCCCCOTTCCAGTLGAGTTCACCOCTOCTAAATCAL TCAAA-GLCA-CAAGCATCAACCACLCAGK
AGCATCCCCOGTTCCAGTGAGTTCACCCTCTAAATCACCACGATCAAAAGLCACAAGCATCAAGCACGCAGE
AGCATCCCCOGTTCCAGTGAGTTCACCCTCTAAATCACCACGATCAAAAG CATCCAGCACGCAGC,
AGKCATCCCCGTYTCCAGTGAGTTCACCCTCTAAATCACCACGATCAAAAGGGACAAGCATCAAGCACGCAGC
ACCATCCCCOTTCCACTOGACTTCACCCTOCTAAATCACCACGATCAAAAGCGACAA CCACGCACG

AGCATCCCCOGTTCCAUTGAGTTCACCCTCTAAATCACCACGATCAAAAGGGACAAGCATCAAGCACGCAGE
AGCATCCCCOGTTCCAGTGAGTTCACCCTICTAAATCACCACGATCAAAAGGGACAAGCATCAAGCACGCAGE,
AGCATCCCCOTTCCAGTGAGTTCACCCTCTAAATCACCACGATCAAAAGLGCACAAGCATCAAGCACGCAGE
I\(,(Al(((((.ll((A(.l(.A(.ll(Af('(l(IA»\AI(A(LA((.AI(AAAA((CA(;\»\(.(Al(I\A(.(A((.(A(.(.
A Al L | TT0¢ A\GCTLAL TLALCTK CTAAA A LA 1t A\AAAL \C\ AALK CAAGL A ( N

\CCATIL C( CCALTOAL TCACK !l‘~'-l"l-‘.‘A-'\.]'-'tc‘- \AGCATCAAGCACTK A

AGCATCCCCOTTCCAGTGAGTTCACCCTCTAAATCACCACGATCAAAAGGGACAAGCATCAAGCACGCAGC
AGCATCCCCOGTTCCAGTGAGYTCACCCTCTAAATCACCACGATCAAAAGGGACAAGCATCAAGCACGCAGC,
ACCATCCCCOTTCCACTOGAGTTCACCOCTOTAAATCACCACGATCAAAAGG TCAAGKACGCAGC,
\'.:|:.wy, CCAGY AL TCACK CTAAAT ACCAC u:‘-.-.-\.)«(,; AAGCATCAAGC AL j A G o
AGCCATCCCCG GTGAGT-CACCCTCTAAATCACCACGATCAAA-GGA -CAAGC CGCACT
AGCATCCCCOGTTCCAGTGAGTTCACCCTCTAAANTCACCACGATCAAAAGGGACAAG AGCACGCACGC,
ACCATCCCCOGTTCCACTCAGCTTCACCCTOCTAAATCACCACGATCAAAAGLGCACAAGCATCAAGCACGCAGC,
ALCATCOCLC LA CCAGTLALTT AL L CTAAATCACCACGATCAAAAGLEGACAAGCATCAAGCAL A1




mtDNA Information

Current Method

* Minor peaks may not be
reproducible

* SRM 2392 99473,
1393 G/A heteroplasmy

NGS

e More consistent detection of
minor genotypes
* Validation important

Variant calling thresholds
Characterizing noise

}AGEAAIGGGCIACBIIIICIBCCCCAGBAEACIBCGEIAECCCIIAIGBAECIIBAGGGICGAAGGIGGAIIIAGCAGI

}AGLAAIGGGCIACRIIIICIACCCCAGAAAACIRCGAIAECCCIIAIGAAACIIAAGGGICGAAGGIGGAIIIAGCAGI
}AGEAAIGGGCIACRIIIICIACCCCAGAAE&CIACGhTAECCCIIAIGAAECIIAAGGGTCGAAGGIGGAIIIAGCAGI
GEAATGGGCIACAIITICIACCCCAGAAAECIACGEILECCCIIAIGAAACIIAAGGGICGAAGGIGGATTIAGCAGT

ko 1360 1370 | FEEL] 1330 1200 T1410 1420 I14
hAGAAATGGGCTACATTTTICTACCCCAGARARCTACGATAECCCTIATGARACTTARGEGTCGRARAGETGGATTTAGCAGT

3547A_F1055E042012-02-22-15-232
C A G A A A A C T A CG AT A
d T J T T TT d AT 43 TAHT
h
TE4TA_R T0SEDZ201 2-02-25-15-25-21
C A G A A A A CTAC G AT A
d T 2 T T T T 4d A T d 3 TAHT

SE4TA_T 1 L3AR0201 002 1520
C T A C G A T A
C TACG ATHA

[x3]
Ta=
-/
D=
T
T
Dlz=

WMAA/\A/\W AW Wnia

1 lm_ 1,400 1,430
' )

GCTACATTTT-CTACCCC-AGAAAA - CTACCATA LCCCTTATGAA ACGCUITCCAACGTGCATTTAS
CCTACATTTT-CTACCCC-AGAAAA-CTACCATAACCCTTATCAAACTTAACCCTCCAAGCCTCCAT TT A
CCTACATTTIT-CTACCCC-AGCAAAA ~-CTACCATACCCCTTATCAAACTTAACCOGTCGAAGCTCGGATTT A
GCCTACATTTT-CTACCCC-AGAAAA-CTACGA TTATGAAACTTAAGGCTCHAACGTG- AT TT A
CCTACATTTIT-CTACCCC-AGAAAA-CTACCATACCCCTTATCGAAACTTAACCOCTCCAACCTCCAT TT AL
GCTACATTTT-CTACCCC- AGAAAA -CTAGGATA TCAAGCTTAAGGLGTCCAACCTGCATTT A
GCTACATTTT-OTACCCC-AGAAAA-CTACGATACCCCTTATGAAACT TAAGGG TCCAAGGTGGAT TTAS
CCTACATTTIT-CTACCCC-ACAAAA -CTACCATACCCCTTATCAAACTTAACCOCTCCAACCTCCATTTA
GCTACATTTT-CTACCCC-AGAAAA - CTACCATALCCCTTATGAAATCTTAAGGGTCGAAGGTGGATTTA
GCTACATTTT-CTACCCC-AGAAAA-CTACCATACCCCTTATGAAACTTAAGCCCTCCAAG TTTAS
CCTACATTTIT -CTACCCC-AGAAA - - CTACCATACCCCTTATCAAACTTAAGCCCTCCAACCTCCGATTT A
GCTACATTTIT-C C-AGTAAA -CTAC-ATALCCCTTATGAAACTTAAGGGTCCAAGGTGCATTT

CCTACATTTIT-CTACCCC-AGAAAAACTACCATACCCCTTATCAAACTTAAGCCCTCCAAGCGTGGATTT A
GCTACATTTT-CTACCCC-AGAAAA -CTACCATAACCCTTATGAAACTTAAGGGTCGAAGGTGGATTT A
GCTACATTTT-CTACCCC-AGAAAA-CTACGATAACCCTTATG TAAGG-TCCAAGGTGGATTTAY
CCTACATTTIT-CTACCCC-AGCAAAA-CTACCATAACCCTTATCAAACTTAACCCTCCAAGCCTCGAT TT A
GCTACATTTT-CTACCCC-AGAAAA -CTACCATAGCCCCTTATGAAACTTAAGGS CCTCCAN’TTM
GCTACATTTT-CTACCCC-AGAAAAACTACCATACCCCTTATGAAACTTAAGG ACCTIGCATTTA
CCTACAYTTT-(TA(CC(-ACAAAA»(TACGATAuCCCTTATCAAACTTAACGCTCCAACCYGGATTTA<
GCTACATTTT-CTACCCC-AGAAAA -CTACCATACCCCTTATCGAAACTTAAGGLGTCGAAGGTGGAT TT A

CCTACATTTIT-CTACCCC-ACAAAA-CTACCATALCCCTTATGAA ACGCGTECAACGTGGATTT A
GCTACATTTT-CTACCCC-AGAAAA -CTACGATAGCCCTTATGAAACTTAAGGGTCGAAGGTGGAITTT A
CCTACATTTT-CTACCCC-AGAA CGACA AAATCTTAAG TCCAAGCCTLCGATTTA

CCEACATTTIT-CTACCCC ACAAAA -~CTACCATA TCAAACT TAACCOUTCCAACOCTOLCATTT A
GCTACATTTT-CTACCCC-AGAAAA -CTACGATAGCCCCTTATGAAACTTAAGGGTCGAAGGTGGATTT AL
GCTACATTTT-CTACCCC-AGAAAA -CTACGCATAACCCTTATGGAACTTAAGGGTCOAAGGTGGAT TT AL
GCTACATTTT-CTACCCCCAGAAAAACTACGATAGCCCTTATGAAACTTAAGG GGTGGATTTA!
ccn\carrrrrcracccc AGAAAA -CTACGATIMCCCCTTATGAAACTTAAGGGTCGAAGGTGGAT TTAS

THIT-C-ACCCC-AGAAAA-CTACGATACCCCTTATGAAACTTAAGGGTCGAAGGTGGAT TT Al
GCTACATTTT CTACCCC-AGAAAA-CTACGATACCCCTTATGAAANCTTAAGGGTCGAAGGTGGATTTA
GCTACATTTT-CTACCCC-AGAAAA-CTACGATACCC -TTATGAAACTTAAGGGTCGAAGGTGGAT TT A
GCTACATTTT-CTACCCC-AGAAAA-CTACGATACCCCTTATGAAACTTAAGGG TICCAAGGTGGAT TT A
GCTACATTTIT-CTACCCC-AGAAAA-CTACGATAACCCTTATGAAACTTAAGGGTCGAAGGTGGATTTAY




Minor Allele Frequency

20.0% -

15.0% -

10.0% -

5.0% -

0.0% -

Characterization of SRM 2392 and 2392

Mitochondrial genome sequencing standard
Detection of low level heteroplasmy

HL60 - 2445 C HL60-5149 T 9947A-1393 A 9947A-7861 T



Characterization of SRM 2392 and 2392-|

Mitochondrial genome sequencing standard
Detection of low level heteroplasmy
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Forensic DNA Markers

e Short Tandem Repeats (STRs)
— PCR fragment-length polymorphisms

 Mitochondrial DNA (mtDNA)

— Sanger sequencing

* Single Nucleotide Polymorphisms (SNPs)

Sanger Sequencing Allelic Discrimination (qPCR) SNaPshot

‘} I B TR B S S B ] ‘ r I | |___”__.*__" — e 5
is s alnia H cctasaarlodadd R ——

Most methods are low throughput and/or require a lot of DNA
NGS method can analyze many SNPs for many samples in one run

"Tr?RFn‘F:?F.’.R?F.‘P.FF:H‘E.?FFF#%?]

" H"Etp://portaI._c.cg.uni—koeln.de/




SNP Information

* |ISNP-Individual
* AISNP-Ancestry
* LISNP-Lineage

* PISNP-Phenotype

Avallable oniing at www.sciancedirect.caom

ScienceDirect

llﬂll
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I‘I‘QF\IIFIQ Forensic Sewnce Infermational; Genetics Supplerment Series | (Q008) 471472 —— A e
w w elseviercomocale/FSIGSS

Research article
Report on ISFG SNP Panel Discussion

J.M. Butler **, B. Budowle”, P. Gill¢, K.K. Kidd ", C. Phillips ",
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SNP Information

* |Individual Identification

— Balancing has occurred in all
populations

— Low F statistics within (F) and
among (F) populations

— High heterozygosity




SNP Information

 |Individual Identification
Pakstis 2010, Kidd 2012

— Panel of 45 unlinked SNPs

— F¢; below = 0.07 |
— Avg het > 0.4
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SNP Information

 HID-lon Ampliseq ldentity
Panel (version 2.3)

— 90 autosomal SNPs

— 30 Y-chromosome SNPs \ }

|
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SNP Information

* Ancestry Information
— High Fixation Index (F;)

— Population specific
fixation has occurred

— Low heterozygosity

* Example

— Malaria resistance SNPs in
Sub-Saharan Africa




SNP Information

HID Ancestry Panel

— Beta version 3.0

— Publicly available soon
— 170 loci

— Derived from

Kosoy et. al (2008): 128 SNPs
Kidd et. al (2014): 55 SNPs

Human Mutation
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I‘H‘JI
N £ TY

Ancestry Informative Marker Sets for Determining
Continental Origin and Admixture Proportions
in Common Populations in America
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Marta E. Alarcon-Riguelme,® Peter K. Gregersen,” John W. Belmont,® Francisco M. De La Vega,?
and Michael F. Seldin'*
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Life Tech - lon Torrent - PGM

* |on Torrent Personal Genome Machine (PGM)
— Launched in 2010

* lon Torrent sequencing:
— Emulsion PCR for single copy reactors
— Non-labeled nucleotide triphosphates
— Flowed over a bead on a semiconductor surface

 Hydrogen lon detection
— pH change is detected
— No optics




lon Torrent PGM Workflow

http://www.youtube.com/watch?v=MxkYa9XCvBQ



The PGM Instrument at NIST

OneTouch 2 OneTouch ES
(Emulsion PCR) (Enrichment)




Ampliseq Workflow

lon Ampliseq Library Kit Template Kit Sequencing Kit

\
\
Chew back Ligate Sequencin
primers adapters G &

One template per
bead/droplet

PGM “lonogram”



Front-End: Multiplex PCR

 HID-lon Ampliseq Identity Panel (IISNP)
— 120 markers in a single PCR reaction
— Amplified regions 33 bp to 192 bp long

* HID-lon Ampliseq Ancestry Panel (AISNP)
— 170 markers in a single PCR reaction
— Amplified regions 34 bp to 136 bp long

1ng
DNA

99°

99°

2:00

0:15\ 60°

4:00

18 Cycles

4°

o0

Time = 1:30

* Small amplicons well suited to degraded or damaged

DNA




Digest Primer Regions &
Ligate Adaptors

 Enzymatic digestion removes = 25 bp from ends of amplicons

* Universal sequencing adaptors are ligated to DNA
— Adaptors termed P1 and A

* Barcoded sequencing adaptors can be used in this step
— Sequence multiple samples in one PGM run

Barcode
Sequence

P1 A
Adaptor PCR Fragment Adaptor

Ligase ‘ Enzyme

Adapted and Barcoded Sequencing Template




Prepare lon Sphere Particles (ISPs)

Non-

* Libraries quantified by qPCR Ideal Ideal

— Quantity of DNA going into emPCR is very important!
— Goal: 10 % to 30 % template positive ISPs
* Too much DNA - polyclonal ISPs (mixed read)



Prepare lon Sphere Particles (ISPs)

Non-

* Libraries quantified by qPCR Ideal Ideal

— Quantity of DNA going into emPCR is very important!
— Goal: 10 % to 30 % template positive ISPs
* Too much DNA - polyclonal ISPs (mixed read)

 Emulsion PCR
— Nanoliter droplets of PCR reagents in oil
— Attaches sequencing template to the ISP

S

OneTouch 2



Prepare lon Sphere Particles (ISPs)

Non-

* Libraries quantified by qPCR Ideal Ideal

— Quantity of DNA going into emPCR is very important!
— Goal: 10 % to 30 % template positive ISPs
* Too much DNA - polyclonal ISPs (mixed read)

 Emulsion PCR
— Nanoliter droplets of PCR reagents in oil
— Attaches sequencing template to the ISP

* Enrich for positive ISPs
— Liquid handler removes non-templated ISPs
— Biotinylated primer/streptavidin beads

g\

Magnetic bead /‘
w/ Streptavidin 7

Biotinylated @ m @ OneTouch ES
PCR product




Sequencing & Data Analysis

* Library ISPs loaded onto chip
* PGM runs flows & detects pH
* Torrent Server & Torrent Suite

Sensing Layer

Software S
— Processes pH signal into base calls
Bulk Drain Source To column
_ . iliconSubstrate ~ receiver
D 1S p | ays run summa ry Photo: ww.Iifethgies.com

— Maps reads to reference genome i
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Data Analysis
HID SNP Genotyper Plugin

Allele coverage histogram
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HID SNP Genotyper Plugin

Data Analysis

Sample Name | Barcode Id Genotype String
FRAC_35-50 fanXpress_0716| Details| ——-—- G-T-————- A———m = N H-——m————= HHN-——-~ N ENO ) O it
gpXpress 017 | Details oo o W ____H__— L 1R 1 R 4 1| S, e R N
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2214 ‘o o ‘o [ 873 {1349 [ 39.3% FAa ‘378811 | 99.64
| 569 ‘o 13 ‘o L 620 641 f99.9% fac { 103696 5285 -
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‘g ‘1019 P2 ‘5 ‘907 ‘1055 | 96.9% e { 1046.97 518
: ‘g s ‘1835 i35 ‘969 ‘ogs | 99.6% LT | 3609.27 9236
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HID SNP Panel
Sensitivity Study

* Dynamic range of DNA input to PCR
— 1 ngis recommended
— 10 ng (1 data point) — no problems were observed
—1ng
— 0.5 ng
— 0.1 ng
— 0.05 ng

* Libraries were generated and pooled (n = 12)

* Sequenced on PGM 318 chip (11 M wells)
— 200 bp read chemistry

3 Replicates




HID SNP Panel Sensitivity Study

90 Autosomal SNP loci, sorted from highest to lowest coverage

0.05 ng Input DNA

‘ Thresholds:

50X analytical
DRI N NN N NN N NN NN NN NN NN NN NN NN NN NN NN SR EEEE SN s Esasesneamaanana]
300X stochastic

50% balance

0.1 ng Input DNA ‘

0.5 ng Input DNA

All scaled to 8000X coverage




All scaled to 4000 RFU

HID SNP Panel Sensitivity Study

0.05 ng Input DNA
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0.1 ng Input DNA

l

& i 1]
0.5 ng Input DNA
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HID SNP Panel Sensitivity Study

Identifiler Plus

D851179 D21S11  D7S820  CSF1PO  D3S1358  THO1 D13S317 D16S539 D2S1338 D195433 vWA TPOX D18S51  D5S818 FGA lin

1.78E+01]
1.17E+05)
1.17E+06
4.35E+03]

o1ne Just like STR loci, oo

some SNPs are

consistently less
robust

0.05 ng|

0.5ng 5.67E+14]

PGM HID SNP Panel v2.3

mmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmm
mmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmm
mmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmm
mmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmm

6.12E+15
0.05 ng 3.62E+18
7.17E+21
7.58E+27
0.1ng 8.87E+27
2.88E+30
1.16E+35)

0.5 ng
2.31E+35




HID SNP Panel Sensitivity Study

Identifiler Plus .
1.78E+01]
0.05 ng| 1.17E+05
1.17E+06)
4.35E+03
0.1 ng| 6.19E+10
6.34E+11

0.5ng 5.67E+14]

SNPs have more possible

loci and better
performance at low levels

PGM HID SNP Panel v2.3 i
6.12E+15
0.05 ng 3.62E+18
7.17E+21
7.58E+27
0.1 ng 8.87E+27]
2.88E+30
1.16E+35

0.5 ng 2.31E+35




Random Match Probability

1lin

1E+36

1E+33 -

1E+30

1E+27

1E+24

1E+21

1E+18

1E+15

1E+12

1E+09

1000000

1000

1

HID SNP Panel Sensitivity Study

HID SNPs give

better RMP o
with 50 pg than
ID+ gives with o
0.5 ng o
~ N
)
o A
i
y
A
A
0.05 ng 0.1 ng 0.5 ng

® PGM HID SNP Panel
A ldentifiler Plus



HID SNP Panel Sensitivity Study Summary

Higher RMPs are expected for SNP panel
compared to STRs due to many more loci

Under thresholds indicated, higher % SNPs
produce results than STRs also

Better STR assays (GlobalFiler or NGS-STR)
may lessen the “gap”

Validation needed for SNP thresholds



HID SNP Panel Degraded DNA Study

Sheared genomic DNA

—>Covaris S2 Focused Ultrasonicator



HID SNP Panel
Degraded DNA Study

Sheared DNA was fractionated by size range
Y

Blue Pippin system (3% Gel)

Automated size selection
1) 50 bp to 200 bp
2) 50 bp to 150 bp
3) 50 bp to 100 bp e ‘
4) 50 bp to 75 bp " IR Five individual
| agarose columns
5) 35 bp to 50 bp '

Size fractionated
fragments collected
into recovery wells



HID SNP Panel
Degraded DNA Study

Sheared DNA was fractlonated by size range

Agilent Bioanalyzer Trace

Size selected sheared DNA
50 bp to 200 bp
50 bp to 150 bp
50 bp to 100 bp
50 bp to 75 bp
35 bp to 50 bp

Input to HID Panel PCR
1 ng DNA
Built libraries and sequenced

Blue Pippin Marker
(65 bp)

Bioanalyzer
Standard

® & ITIA g S50
" o




HID SNP Panel
Degraded DNA Study

HID SNP Panel

400 bp

90 autosomal ==

lISNPs




HID SNP Panel Degraded DNA Study

Fragmented, size selected < 75 bp

Fragmented, size selected < 100 bp

Fragmented, size selected < 150 bp |

Fragmented, size selected < 200 bp

. e ———— —— - e . — et .. @

Fragmented, size selected < 250 bp

Performedin -
triplicate

. - .
Ly
|

Fragmented, non-size selected

T 77 One rep shown j




PGM 318 Chip, all scaled to 2000X coverage

Fragmented, size selected < 75 bp

90 Autosomal SNPs, sorted from smallest to largest

"_H ol -l SR —— as -
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HID SNP Panel Degraded DNA Study Summary

* SNPs and STRs show expected performance in
each fraction based on amplicon size

 Some SNPs can still amplify in degraded
samples where STRs cannot

* Due to the high number of SNPs, very high
RMPs are possible

e Better STR assays (GlobalFiler or NGS-STR)
may lessen the “gap”

e Validation needed for SNP thresholds



SNPs and Mixtures

AA

100%

0%

AB

50%

50%

BB

0%

100%

% is coverage

(like PH balance)
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HID SNP Panel
Mixture Detection

+ sample, major allele

7 for 90 HID SNPs (in
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HID SNP Panel
Mixture Detection
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Mixture Detection

HID SNP Panel

Two single source

samples in triplicate,  o°

major allele
frequency plotted
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HID SNP Panel
Mixture Detection
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HID SNP Panel
Mixture Detection
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HID SNP Panel
Mixture Detection
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SNPs in 1:1 Mixtures

1 1 1A 1A 1B 1B A B
AA AA 2 2 0 0 100% 0%
AA AB 2 1 0 1 75%  25%
AB AA 1 2 1 0 75%  25%
AA BB 2 0 0 2 50% 50%
AB AB 1 1 1 1 50%  50%
BB AA 0 2 2 0 50%  50%
AB BB 1 0 1 2 25%| 75%
BB AB 0 1 2 1 25%  75%
BB BB 0 0 2 2 0% 100%

100% -
90% -
80% -
70% -
60% -
50% -
40% -
30% -
20% -
10% -

0% -

HA

@

1 2 3 4 5 6 7 8 9
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SNPs in 1:1 Mixtures
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One single source

sample, major allele
frequency plotted
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SNPs in 2:1 Mixtures

2 1 2A 1A 2B 1B A B
AA AA 4 2 0 0 100% 0%
AA AB 4 1 0 1 83% 17%
AA BB 4 0 0 2 67% 33%
AB AA 2 2 2 0 67% 33%
AB AB 2 1 2 1 50%  50%
AB BB 2 0 2 2 33% 67%
BB AA 0 2 4 0 33% 67%
BB AB 0 1 4 1 17%| 83%
BB BB 0 0 4 2 0% 100%
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SNPs in 3:1 Mixtures

3 1 3A 1A 3B 1B A B

AA AA 6 2 0 0 100% 0%

AA AB 6 1 0 1 88% 13%

AA BB 6 0 0 2 75% 25%

AB AA 3 2 3 0 63% 38%

AB AB 3 1 3 1 50%  50%

AB BB 3 0 3 2 38% 63%

BB AA 0 2 6 0 25% 75%

BB AB 0 1 6 1 13% 88%
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SNPs in 3:1 Mixtures
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SNPs in 3:1 Mixtures
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One single source
sample and one 3:1
mixed sample,
major allele
frequency plotted
for 90 HID SNPs
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HID SNP Panel Mixtures Summary

Mixtures can be detected in SNP data based
on the coverage levels at heterozygous loci

It may be possible to determine two-person
1:1 or 2:1 mixtures (maaaybe 3:1)

More than two contributors or greater than
3:1 mixtures will be difficult to distinguish

Need to determine which SNPs “behave”
Stay tuned!
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AIM Panel
Ancestry Prediction — SRM 2391c

e Likelihood Ratio calculations

— Four categories extant in both Kidd and Seldin studies
* Europeans, African Americans, Maya, and Han Chinese

— Allows comparison of SNP sets’ performance
— Representative of major U.S. populations

Component self declared

A Female Not listed

B Male Mexican-American
C Male Melanesian

D Female:Male Mixed sample

E Female Not listed

F Male Caucasian



HID SNP Genotyper Plugin (v4.1 Beta
New Feature — Ancestry Map

 Heatmap of highest probability of origin




Ancestry Prediction
SRM 2391c Component A

SRM 2391c m Kidd 55 Seldin 128
Component ity Prediction Prediction

European European

Female Not listed 1.02 x 103 6.32 x 106

Kidd 55 SNPs

Seldin 128 SNPs



Ancestry Prediction
SRM 2391c Component B

SRM 2391c Ethnicit Kidd 55 Seldin 128
Component y Prediction Prediction

Male Mexican- European Han Chinese
American 5.39 x 10" 1.48 x 10"

Kidd 55 SNPs

Seldin 128 SNPs



Ancestry Prediction
SRM 2391c Component C

SRM 2391c Ethnicit Kidd 55 Seldin 128
Component y Prediction Prediction

Han Chinese Han Chinese

Male Melanesian 154 x 101 6.67 x 1028

Kidd 55 SNPs

Seldin 128 SNPs

.....



Ancestry Prediction
SRM 2391c Component E

SRM 2391c m Kidd 55 Seldin 128
Component ity Prediction Prediction

European European

Female Not listed 5 41 x 1021 3.92 x 10%°

Kidd 55 SNPs Seldin 128 SNPs




Ancestry Prediction
SRM 2391c Component F

SRM 2391c m Kidd 55 Seldin 128
Component ity Prediction Prediction

European European

Male Caucasian 5 35 y 10° 1.16 x 10

Kidd 55 SNPs

Seldin 128 SNPs



HID SNP Panel Ancestry Summary

170 SNP panel containing two SNP sets that
are suitable for use in U.S.

Dlug'in |ntegrates FROG'kb (http://frog.med.yale.edu/FrogKB/)

Heat maps give quick overview

nterpretation tools being developed
— Combining loci
— Choosing/combining populations


http://frog.med.yale.edu/FrogKB/
http://frog.med.yale.edu/FrogKB/

Conclusions

NGS can give more information on currently used
forensic markers

— More STRs and STR sequence info
— Whole genome mtDNA

NGS facilitates genotyping of forensic SNPs
SNPs may help with low level & degraded samples

SNPs may provide ancestry (and phenotype?)
information

Forensic NGS kits/methods are being developed
Many questions to answer prior to implementation
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