Human ldentity Testing
Using DNA

DOC Headquarters - Commerce Research Library
12 March 2015

Peter M. Vallone, Ph.D.
Leader, Applied Genetics Group
Biomolecular Measurement Division

NIST

National Institute of
Standards and Technology
U.S. Department of Commerce




* What is human identity testing?
— Aka ‘Forensic DNA Testing’

« Common questions
* NIST's role

* The future of human identity testing
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General Characteristics of Genomic DNA

Each individual has a unique DNA profile
— with exception of monozygotic siblings’

Each person's DNA is the same in every cell
— DNA from skin cells will match DNA from blood cells

An individual's DNA profile remains the same
throughout life

Half of your DNA comes from your mother

and half from your father
— implications for determining kinship

"Weber-Lehmann et al., Finding the needle in the haystack: Differentiating “identical”’ twins in paternity testing
and forensics by ultra-deep next generation sequencing Forensic Science International: Genetics 9 (2014) 42-46



Human Genome

23 Pairs of Chromosomes + mtDNA

Located in cell nucleus

Autosomes 2 copies Located in
per cell mitochondria
(multiple copies in
cell cytoplasm)
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16,569 bp
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Human Identity Testing

* Probe subsets of genetic variation in order to
differentiate between individuals
— =13 to 24 regions in the human genome

* DNA typing must be done efficiently and reproducibly
(information must hold up in court)

— Over 13 million profiles in the national FBI database’

« Typically, we are not looking at genes — little/no
information about ancestry, predisposition to disease,
or phenotypic information (facial features, eye color,
height, hair color) is obtained — evolving

thttp://www.fbi.gov/about-us/lab/biometric-analysis/codis/codis-and-ndis-fact-sheet
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Sources of Biological Evidence

Only a very small
amount of blood is
needed to obtain a
DNA profile

Muruganandhan J, Sivakumar G. Practical aspects of DNA-based

forensic studies in dentistry. J Forensic Dent Sci 2011;3:38-45



Applications of

Human ldentity Testing

* Forensic cases: matching suspect with
evidence

« Paternity testing: identifying father

» Missing persons investigations

» Military DNA “dog tag”

* National DNA database (FBI)

* Mass disasters: accounting for remains
 Historical investigations

» Genetic genealogy



What Type of Genetic Variation?

eSequence Variation

single nucleotide polymorphisms (SNPs)

insertions/deletions
GCTAGTCGATGCTC[G/A]GCGTATGCTGTAGC

eLength Variation

short tandem repeats (STRs)
CTAGTCGT[GATA][GATA]|GATA]GCGATCGT




Short Tandem Repeat (STR) Markers

An accordion-like DNA sequence that occurs between genes

TCCCAAGCTCTTCCTCTTCCCTAGATCAATACAGACAGAAGACAGGTGGATAGATAGATAGA
TAGATAGATAGATAGATAGATAGATAGATAGATATCATTGAAAGACAAAACAGAGATGGAT
GATAGATACATGCTTACAGATGCACAC

= 12 GATA repeats (“12” allele is reported)

—» 7 repeats - The number of consecutive repeat units can
—» 8 repeats « Vvary between people

—» 9repeats <

— 10repeats —rrrrrrrem = The frequency of these repeats
: E ::E::z e = observed in the general population

have been sampled and are used for
the statistical representation of a

N DNA profile
Target region
[short tandem repeat]

-
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Short Tandem Repeat (STR) Markers

An accordion-like DNA sequence that occurs between genes

TCCCAAGCTCTTCCTCTTCCCTAGATCAATACAGACAGAAGACAGGTGGATAGATAGATAGA
TAGATAGATAGATAGATAGATAGATAGATAGATATCATTGAAAGACAAAACAGAGATGGAT
GATAGATACATGCTTACAGATGCACAC

Sampling 100 individuals
Times observed Frequency lin ...

—  7repeats - 5 5% 20
—> 3repeats e - 12 12% 8.3
— Orepeats o - 22 22% 4.5
—> 10repeats pomrr—— - 32 32% 3.1
— 1lrepeats e — 20 20% 5

= 12 repeats - 7 7% 14.3
= 13 repeats mrrreeee—— - 2 2% 50

-
\
I

=

o

o

= 100%

h'd

Target region
[short tandem repeat]



Short Tandem Repeat (STR) Markers

An accordion-like DNA sequence that occurs between genes

TCCCAAGCTCTTCCTCTTCCCTAGATCAATACAGACAGAAGACAGGTGGATAGATAGATAGA
TAGATAGATAGATAGATAGATAGATAGATAGATATCATTGAAAGACAAAACAGAGATGGAT
GATAGATACATGCTTACAGATGCACAC

Marker 1 2 3 4 5 6 7 8 9 10 | 11 | 12 13 Full Profile

Frequency| 0.2 | 0.04 [0.12|0.33| 0.1 |0.57|0.31|/0.22|0.15]0.27| 0.3 [0.11| 0.09 1.48134E-10

lin.. 5.00/25.00({8.333.03|10.00{1.75]3.23|4.55(6.67|3.70(3.33(9.09|11.11| 6,750,627,188

Mock example to illustrate the product rule
Assuming independence, the frequency of each marker can be multiplied

The chance of a randomly selected unrelated individual
having this exact same profile is 1 in 6,750,627,188



Core STR Loci for the United States

Position of Forensic STR Markers on

Human Chromosomes
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Steps in Forensic DNA Analysis

Usually 1-2 day process (a minimum of ~5 hours)

Collection

A

Quantitation

.

0.75 h

.

1h

Sample the evidence

Break open the cells to release the DNA

Determine how much
was DNA recovered

1h

Amplify billions of copies of the target STRs

Lo - \ L

NEi 2] [10 5] Review DNA profile
[14][16) [13]

STR Profile



PCR

* Polymerase Chain Reaction

* A means to create billions of exact copies
of a specific region of the genome



BEREEEREEEEERERE
-

https://www.neb.com/~/media/NebUs/Page%20Ilmages/Applications/DNA%20Amplification%20and%20PCR/pcr.jpg



Denaturation
Temperature is increased
3 Lildaananananennani 5 to separate DNA strands

https://www.neb.com/~/media/NebUs/Page%20Ilmages/Applications/DNA%20Amplification%20and%20PCR/pcr.jpg
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Exponential Amplification

Istcycle —» 2ndcycle — 3rdcycle —» 4thcycle ---------- » 30th cycle
IO OOy IOy IO 31 i :
MOOOOIODT [MOOOOOD DO 27 = 2 billion copies
EEZQCQPiES T  EREARBERERAREERRRES REEARSEARRERE RS

2= copies LD

2% = 16 copies

2% = 32 copies

Exponential
Amplification

Process is repeated, and
the region of interest is
amplified exponentially

https://www.neb.com/~/media/NebUs/Page%20Images/Applications/DNA%20Amplification%20and%20PCR/pcr.jpg



PCR Thermal Cycling Profile

28 cycles
95°C 0
' 95°C 790C cooc
10 min 1 min \ 59°C [ .
_ 1 min 60 mi
1 min min
Cycles Copies
Duplex DNA denatures into 2 single strands 1 )
Polymerase and NTPs create new compliments

Repeat! 2 4

3 8

[ [l 4 16

: : 5 32

— |1 1 — 6 64
: : 7 128
[ [l 8 256
! ! 9 512
Polymerase and 10 1024

NTPs
28 268,435,456.00




Separation and Detection of

PCR products

Capillary Electrophoresis £ Fluorescence Excitation

Detection Window

CCD Detector

pillaries

High Voltage
Power Supply

http://www.philekorea.co.kr/kor/data/cheditor4/1305/a49f0e4c8103ch5277053a548368c0d8_nC5e7v8vWJIZS.jpg



Separation and Detection of

PCR products

LASER
Excitation
(488 nm)
The labeled fragments are
je0EL l ; U separated (based on size) and
) R0 E ]E' 0 detected on a gel or capillary
) R00 0 ) Jn: 0 electrophoresis instrument
() 0 IDI ] 00 () ~1 hour or less
— "l"

Fragment size ranges from 100 - 350 base pairs

L B L L L L B e e
100 110 120 130 140 140 160 170 180 140 200 210 220 230 240 240 260 T a0 a0 200 210 320 330 240 360

AN_TTS0T21_Run_31...1.fsa 1 Blue TTSOT21
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Peaks represent labeled DNA fragments separated by electrophoresis
This ‘profile of peaks’ is unique for an individual — a DNA type




Capillary Electrophoresis




PowerPlex Fusion STR Profile
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Amel
D3S1358
D1S1656
D2S441
| D10S1248
o D13S317
Penta E
D16S539
D18S51
| D2S1338
- CSF1PO

"l Penta D

THO1
VWA

- D21511

-4 D75820
D5S818
TPOX

DYS391

- D8S1179
" D12S391

D19S433
FGA
D22S1045

{X,Y}
{15,15)
11,13}
{11,11.3)
(8,12}
11,12}
(8,14}
{9,12}
{15,18)
{17,23)
(8,11}
{9,11}
{6,9}
{13,15)
{28,28)
(8,11}
{9,10}
{9,12}
{10}
{15,15)
(17,19}
{13,13}
[22.2,25)
(16,17}

)lex Fusion STR Kit

oo Multiplying the frequency of each
genotype at each
locus gives us the
Random Match Probability
(RMP) of 7.81x10-3°
for unrelated individuals

B The chance of a randomly selected
B unrelated individual
having this exact same profile is
1in...
| 128,040,973,111,396,000,000,000,000,000
,000,000,000

This test contains the FBI core STR markers



CS1:

CRIME SCENE INVESTIGATION

Unfortunately, current
DNA testing cannot be
performed as quickly as a

commercial break...

The instruments on CSI
are real — they just do not
collect data as quickly as
shown on TV




NIST and Rapid PCR

Forensic Sclence International: Genetics 3 [200E) 42-45

Contents lists available at ScienceDirect
Forensic Science International: Genetics
journal homepage: www.elsevier.com/locate/fsig
Short communication

Demonstration of rapid multiplex PCR amplification involving 16 genetic loci*
Peter M. Vallone *, Carolyn R. Hill, John M. Butler

Natiomal Institste of Standards and Technology, Blochemical Science Division, 100 Bureau Drive, Mail Stop 8311, Geithershurg, MO 20899-83117, United Srates

« Up until 2008 PCR amplification times required
approximately 3 hours

« Utilizing new (faster) DNA polymerases and rapid PCR
thermal cyclers we demonstrated results in 36 minutes

« Enabling faster commercial STR typing kits (40 min)
and fully integrated ‘Rapid DNA' typing instruments
(swab to profile in < 2 hours)



Example of a Rapid STR Profile

[THOA | DA35317 | 165539 ] [DZ51338
170 210 250 280

a0 120 170 210 250 2490 330
i}
3000
2000
1000
0 i I ' A A
12 15 20 2 12 10 13
3504 26235 4327 1260 2000 2619 1568
a0 120 230
o

o i l N |

| Total time from swab to answer: 58 min
PCR time 14 min

e — Includes set up times e

14 12 2 11
el 2277 2450 3072

[AMEL] [D55818 ] [FGA
130 170 210

l l Cotton Buccal swab
" |dentifiler STR kit




Kinship Testing

* DNA profiles can also be used to evaluate the
probability of a specific familial relationship

« As a familial relationship becomes more distant,
the ability of DNA to confirm the likelihood of that

relationship decreases

1

2.
3.
4.

Parent-offspring

Siblings

Half siblings = uncle/nephew
= grandchild

Cousins




Paternity Example

D a d Identifiler 1 | ]

[D351358 [THOL LRI [D165530 | DE5133% |
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Paternity Example

Dad

Identifiler 1
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Different Inheritance Patterns

Lineage Markers
CODIS STRLOG] s

\\ \ 1 S
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RO \ h ‘'
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\ 77

Autosomal Y-Chromosome Mitochondrial

(passed on in part, (passed on complete, (passed on complete, :
from all ancestors) | but only by sons) but only by daughters)

________________________________________________________________________________________



NIST’s Role In

Human ldentity Testing

« Reference materials
— To ensure confidence in results

 Research
— New Technologies

* Training and Education
— Workshops, papers, talks



SRM 2391c:

PCR-Based DNA Profiling Standard

9.5.5 The laboratory shall check its DNA
procedures annually or whenever
substantial changes are made to a
procedure against an appropriate and
available NIST standard reference material

or standard traceable to a NIST standard.
http://www.fbi.gov/about-us/lab/biometric-analysis/codis/qas_testlabs



SRM 2391c:

PCR-Based DNA Profiling Standard

« Components A through D: DNA extracts in liquid form
« Components E and F: DNA spotted on paper
 Certified values for STR alleles based on DNA

sequencing
Lab 1 |< -------- »{Lab 2
/

Helps meet QAS Std. 9.5.5 and ISO 17025

N/

Standard Reference Material

Calibration with SRMs
enables confidence in

comparisons of results
between laboratories

Current price: $626 USD

Genomic DNAs characterized for
the CODIS core loci and Y-STRs



NIST Forensic SRM Timeline

Q \e) Q \e) Q \e)
O %) Q Q > Y
N~ ™ 0% 0% 0% 0%
o & & e ¢
SRM 2390 L DIOIIg o eeeeeeesssseresnnnnnnssanseennns
SRM 2391
.................. 2391 series
SRM 2391a PCR-based DNA profiling
HSRM 2391b

SRM 2395 Y CHR profiling

itochondrial sequencing

itochondrial sequencing




MINISTRS

J Forensic Sci, Jan. 2005, Vol. 50, No. 1
Paper ID JFS2004216
Available online at: www.astm.org

Smaller PCR product size (<125 bp)

Characterization of New MiniSTR Loci to Aid  Ulility: typing degraded samples
Analysis of Degraded DNA*

Michael D. Coble,! Ph.D. and John M. Butler,' Ph.D.

A Miniplex01
PCR Product Size (bp)

;_
&=
-
g
E
B

ABSTRACT: A number of studies have demonstrated that successful analysis of degraded DNA specimens from mass dis D10351248
improves with smaller sized polymerase chain reaction (PCR) products. We have scanned the literature for new STR loci,

markers, which can generate amplicons less than 125 bp in size and would therefore be helpful in testing degraded DNA sz (blue)

were designed and tested for the STR loci D151677, D28441, D452364, D10S1248, D1451434, and D2251045, : L L .
triplexes. All loci show a moderate degree of polymorphism among 474 U.S. population samples tested and were reliab [ i)
100 pg of DNA template under controlled laboratory conditions and pristine DNA samples. The utility of these new loci we

the success of the miniSTR assays for typing degraded bone samples while partial profiles were observed with the majoq] D1451434

commercial STR kit.

11T

B

) o
(green)
KEYWORDS: forensic science, DNA typing, degraded DNA, STR, miniSTR, D1S1677, D25441, D4S2364, D105124 __,J‘L
i [

NED D2251045 I

(yellow) n ’\ E:i

Initial work developing miniSTRs was started for WTC identifications
John Butler (NIST), Bruce McCord (FIU), Bode Technology Group (Lorton, VA)

Technology adopted by U.S. commercial STR kit vendors
(Life Tech: MiniFiler, Promega: S5)



Technology.. Advancing Identity Technologies World Trade Center — Phase | Summary

LI I N B S I
100 120 140

T LI N N B I B B B B I B L L
M0 260 0 00 30 40 360 380 400

800

B0
400
200

Larger PCR .
products fail [0

e Il aal ke Anak vl sl B l SR L

300

yill
100

Bone samples processed

miniSTRs are
helping here

Full profiles (13 STR loci)

High partial profiles (>7 STR loci)
Low partial profiles (<7 STR loci)
No loci

Final 20% of WTC victims identified were based on a
miniSTR technique pioneered at NIST



Additional STR Loci

 The U.S. is increasing the number of core STR
markers required in the national DNA database
from 13 to 20

1. TPOX 1. D1S1656

2. D3S1358 = 5 D2s441 Two of the

3. D5S818 ® 3. D251338 new STR
o, 4 FGA O 4.D10S1248  markers
— 5 CSPIPO 5 O D12S381  -paracterized
© 6.D7S820 |G 6. D195433
8 7. D8S1179 7. Amelogenin by NIST

8. THO1

9. VWA

Coble, M.D. and Butler, J.M. (2005)

10.D13S317 Characterization of new miniSTR loci to

11.D16D339 aid analysis of degraded DNA.

12.D18S51 J. Forensic Sci. 50: 43-53.

13.D21511



STR Kit Testing at NIST

When new commercial STR
multiplex kits are developed,
prototypes are often sent to NIST
for testing

These kits are tested on 665 highly
characterized population samples
to determine if there are any
incorrect genotypes

The cause of any discordances
are confirmed by DNA sequencing
and reported to the commercial
companies prior to the kits being
released to the forensic community

—~

Example Discordant Profile
D18S51 Null Allele

ESSplex
SE -

null

NGM &

SElect
15
1293 36/

Correct type (13,15)

DNA Sequence Issue

G > ASNP S ST I
172 bp downstream GGTAGTOQRGGTTTGT
from repeat ggragrdagrrege
Normal allele ~ (15) m

GGTAGTRGGGTTTET
1

i 0

Mutation causing
null allele  (13)

'GGTAGTdAGGTTTGT

\—




The Future of

human identity testing



Rapid DNA

* Fully integrated instruments capable of
generating a DNA profile

http://integenx.com/ (RapidHit 200)

http://netbio.com/ (DNA Scan)




Rapid DNA Profile

Fully integrated process

Signal Strength (rfu)
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1] ) [s] [3 [10]11] 13 El
|Am| |  vwA | | D8s1179 | | TPOX | | FGA |

100 110 120 130 140 150 180 170 180 150 200 210 220 230 240 250 260 270 280 280 200 310 320 330 340 250 350 270 3BD 230 400 410 420 430 440 450 460 470 420 430 500

Profile generated from a buccal swab in =2 hours

x a2fg (el
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L J]ﬁll\hl\hl\hl\f

Fragment Length (bases)




Next Generation Sequencing

High throughput DNA sequencers capable
of sequencing million to billions of bases
of DNA per day are now commonplace



Next Generation Sequencing

Moore's Law

National Human Genome
Research Institute

genome.gov/sequencingcosts

$1K

T

2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014




Non-forensic applications

» Clinical research

* Inherited disease

* Reproductive health
« Cancer — gene fusion
« Rare variants

« Pre-implantation (genetic screening)
« Transplant medicine (HLA)

* Microbiomics/Metagenomics

* Gene expression | RNA seq

* Public health

* Ancient DNA

« NIPT (non-invasive prenatal testing)




Use of NGS

for forensic applications

* Forensically relevant markers (SNPs)
— newer human identity applications

— biogeographical ancestry, externally visible
traits, complex kinship

* Going in depth into STR loci and beyond

— STRs are useful for legacy (databases)
— SNPs within STRs identify ‘sub-alleles’



Sequencing STRs

THO1
TPOX
D75820
D165539
D13S317
CSF1PO
D5S818
D1051248
PentaD
PentaE
D18S51
D351358
VWA
D2sS441
D8S1179
D2251045
D251338
D195433
D151656
FGA
D125391
D21S11

Additional Alleles Obtained by Sequencing

The sequencing of STRs
reveals variation not
detected by the CE-based
techniques

mCE

Compound/Complex 1 NGS
Repeats

28

10 20 30 40 50 60
Number of Alleles



HID-lon Ampliseq Ancestry Panel

lon Torrent PGM

Markers selected to estimate biogeographical ancestry

123 Michael Seldin SNPs
| ;
145 SNPs ' Human Mutation
OFFICIAL JOURNAL
. Ancestry Informative Marker Sets for Determining HGV§
13 WII'I-HFPIW — . i 2 & HUMAN GENOME
SNPs Continental Origin and Admixture Proportions VARATION BOCIETY
in Common Populations in America
Roman Kosoy,' Rami Nassir,' Chao Tian,' Phoebe A. White,? Lesley M. Butler,® Gabriel Silva,* Rick Kittles,®
Marta E. Alarcon-Riquelme,® Peter K. Gregersen,” John W. Belmont,® Francisco M. De La Vega,?
55 Kenneth Kidd SNPs and Michael F. Seldin'*
ALFRED

The ALlele FREquency Database

A resource of gene frequency data on human populations
supported by the U. 5. National Science Foundation.

= Home = Ethics = Search = Summaries = Documentation = Register

= Contact Us

Summary Information for Sites From
KiddLab - Set of 55 AISNPs
Reference-

Kenneth K. Kidd et al. "Data unpublished".




Ancestry SNP NGS Assay

»

Sample = S277 ;

Run name
Run date

Reference name hgl9

Auto_user_SN2-13-lon_AmpliSeq_Custo
2014-01-18T00:39:042

Download

West African Self-ID [
(Cote d’lvoire)

Allele Coverage data  CSV.ZIP Single CSV file

PDF report Download

Sample Table

Statistics

MA12878_2 lonXpress_015
5057a lonXpress_016 "
506%9a lonXpress_017
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Hair and Eye Color Predlctlon

HirisPlex Eye and Hair Colour DNA Phenotyping Webtool

12px *
Welcome to the Forensic Molecular Biclogy Department of Erasmus MC. x ——
With the advancement of DMA phenctyping as a teol in Forensic and Anthropolegical usage, we now provide an easy to use
interactive website to predict both eye and hair colour from DNA using the IrisPlex and HirisPlex systems

Please see the manual for instructions. We hope you enjoy using this tocl and find it a useful addition to your analyses. If you have
any issues regarding this website, please contact us using the contact form.

The IrisPlex System

69.5% for bIond '78 5% forbrown 80% for red
and 87.5% for black

Eye color > 80 % for brown and blue predictions

Walsh S et al., (2013) The HIrisPlex system for simultaneous prediction of hair and eye
colour from DNA. Forensic Sci Int Genet. 2013 7:98-115.

IUpIoad File and Predict Phenotypesl

http://www.erasmusmc.nl/47743/3604975/HIris?lang=en



Facial Modeling

SCIENCE

Mugshots built from DNA data

Computer program crudely predicts a facial structure from gene Building a Face, and a Case, 01’1 DNA

Sara Reardon
By ANDREW POLLACK  FEB. 23, 2015
20 March 2014

@, Rights & Permissions

FACE TO FACE

Researchers have shown how 24 gene variants
construct crude models of facial structure. The-
(left) associated with one gene variant, POLR1D.
translated into constructed faces at each end of

Effect of POLR1Da

No Maximum

effect effect

Mark Allen LMiller
http://www.nature.com/news/mugshots-built-froi

Claes P, Liberton DK, Daniels K, Rosana KM, Qumcu CC, SLal. \£ul4)

There were no known eyewitnesses to
the murder of a voung woman and her
3-vear-old daughter four vears ago. No
security cameras caught a figure
coming or going.

Nonetheless, the police in Columbia,
5.C., last month released a sketch of a
possible suspect. Rather than an
artist’s rendering based on witness
descriptions, the face was generated by
a computer relying solely on DINA
found at the scene of the crime.

It may be the first time a suspect’s face
has been put before the public in this
way, but it will not be the last.
Investigators are increasingly able to
determine the physical characteristics
of crime suspects from the DNA they
leave behind, providing what could
become a powerful new tool for law
enforcement.

Modeling 3D Facial Shape from DNA. PLoS Genet 10(3): €1004224. doi:10.1371/journal.pgen.1004224
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STRBase ("Star — base”)

http://www.cstl.nist.gov/strbase/ Or Google STRBase

|.. PEter_J! .T..___D! X

[ STRBase
C A [ www.estlnist.gov/biotech/strbase/ @ el »| £
i Apps B® Hotmail = CCSO Phonebo.. ' Inside NIST Ho... w=r User Login [ RAP Modules Farensic Scienc... » [ Other bookmarl

Short Tandem Repeat DNA

Lo Created October, 1997

NIST Standard Reference Dat

]
=

- . entis s Information related to:
Serving the forensic DNA and human idenftity testing com
benefit research and application of short tandem repeat BaSiCS Of STR typi ng

solely responsible for the information herein. Please Rat

http://tsapps.nist.gov/MSDSurvey/default.aspx?ID=S&T Va ri a nt al Ie I e re po I'tS
This database has been accessed =300,000 times since 10/( STR typi n g kit

Crea e(f.bvs . g y
and Dennis J. Reedei' (NJ:SI STR IOCI faCt Sheets

with invaluable help from Jan Redme

Site creators’ curviculum v, PO p u Iatl on d ata

*Partial support for the design and maintenance of this wel
through the NIST Lenw Enforcement Standards Office. * S Oftwa re tOO I S

General Information
o Purpose of STRBase/NAR 2001 Paper describing ST,
o Publications and Presentations from NIST Human Id¢ Tea m O u tp u tS :

o NIJ-Funded Projects ¢

o Training Materials ¢ Since 1998 ~ 200 papers

o Links to other web sites ¢

B 2 Since 2000 = 865 posters/presentations/workshops




Textbooks Written by Dr. John Butler
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Applied Genetics Group ol oo

Advancing technology and traceability through
quality genetic measurements to aid work in
Forensic and Clinical Genetics

A core competency of our group is the application of nucleic acid-based methods
PCR - Genotyping — Sequencing — Real-time PCR — Digital PCR - DNA based SRMs

> (Clinical Genetics
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analysis Manager
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