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Genome variation

99.8% identity
85% variation within individuals/local,
8% within continents,
7% within populations of the same continent  





FORENSIC GENETICS

CASEWORK:

Paternity testing

Criminal casework

Identification of human remains

Criminal DNA databases

Non human DNA typing

OTHERS: 

Toxicogenetics

Forensic Molecular Pathology



DNA Typing in Forensic Analysis

1985 1990 1995 2000

Blood groups

HLA

Serum proteins

Enzymes





Alec Jeffreys

DNA fingerprint

1985 

Jeffreys, A.J., Wilson, V., and Thein, S.L.  

Hypervariable minisatellite regions in human 

DNA. Nature 314 (1985) 67-73.



DETECTION OF 

MINISATELLITES USING 

SLPs

DETECTION OF 

MINISATELLITES USING 

MLPs



DNA Typing in Forensic Analysis

1985 1990 1995 2000

Proteins

RFLPs

PCR / STRs



Short Tandem Repeats (STRs)

7 repeats

8 repeats

AATG

ADVANTAGES OF STRs OVER SLPs

Amount of DNA required

Analysis of degraded samples

Time of analysis

Standardization and value of the evidence
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Results obtained in less than 5 

hours with a spot of blood the 

size of a pinhead

probability of a random 

match: ~1 in 3 trillion

Human Identity Testing with Multiplex STRs

Simultaneous Analysis of 9 STRs and Gender ID

AmpFlSTR® SGM Plus™ kit
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Revolution in interpretation:

Scientists are convinced that any 

opinion they give has a degree of 

uncertainty and that it is their duty 

and obligation to inform the judge 

of that uncertainty. In order to do 

that, a standard called probability

exists.  

Technology revolution:

Evolution of genetic markers

Evolution of equipment

Shorter response time

Revolution: technology and interpretation



The single most important advance 
in forensic science thinking is the realisation that the 
scientist should address the probability of the 
evidence

Still the area with most important challenges and 
need of standards

Statistics, interpretation and communication

complex samples (partial genetic profiles, stochastic effects, 

DNA mixtures, low level DNA samples)

complex scenarios (massive identifications) 
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DNA Typing in Forensic Analysis

1990 1995 2000

Blood Groups 

Proteins

RFLPs

PCR / STRs

mtDNA sequencing

Sexual-chr 

markers

201020051985

SNPs



mtDNA

There are thousands of copies of mtDNA in each cell compared to two copies of 

nucDNA, making mtDNA analysis a more sensitive assay, and thus, more successful 

on highly degraded specimens (e.g., old skeletal material and hair shafts)

Y STRs

Banaheia case

Kristiansand, 

Norway





SNP: SINGLE NUCLEOTIDE POLYMORPHISM

ATCGGCGTACCTGATTCCGAATCCGTATCG

ATCGGCGTACCTGAATCCGAATCCGTATCG

Degraded samples

Parental testing: 

Distant relationships

DNA Phenotyping



Saliva stains degraded for 147 days

81% complete SNP profile /STRs were only 18% complete 

Blood degraded for 243 days

100% full SNP profiles /only 9% with STRs

Low copy number from personal belongings

Full STR profile 24% / complete SNP profiles 92%

SNP performance in critical samples
ISFG’05 Azores

SNPforID consortium



challenging DNA analysis

Casework application



Electrophoresis. 2009 Nov;30(21):3682-90.

A new multiplex for human identification using insertion/deletion polymorphisms.

Pereira R, Phillips C, Alves C, Amorim A, Carracedo A, Gusmão L.



African

European

East Asian

American

Oceanian

rs17287498 rs2069945 rs2184030 rs5030240 rs4540055 rs433342

AME/OCE-

informative
AME-informative OCE-informative

Informative for all 

groups
Informative for all 

groups
AFR-informative
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SNPs improves mini-STR sizes 
to combat degradative process

WTC (New 

York)



What is Forensic DNA Phenotyping

• Witness of a crime is usually asked about sex, appearance 

and age of the perpetrator

• DNA variants can be informative in terms of appearance 

phenotype and age prediction

• FDP refers to DNA prediction of externally visible traits of 

unknown sample donor from biological traces collected at the 

scene of a crime 

FDP is an investigative tool 



• Matching DNA profiles only works for known suspects

- reference DNA profile match

- DNA database profile match

• DNA mass screenings – when no match is found

• FDP allows for more precise selection of target group when searching 

for unknown suspects

• FDP may be useful in missing persons identification



71%

The Innocence Project, founded in 1992 by Peter Neufeld and Barry Scheck at Cardozo 

School of Law, exonerates the wrongly convicted through DNA testing and reforms the 

criminal justice system to prevent future injustice.



1. External visible characteristics 

EVC: Pigmentation traits, body 

height, hair morphology, ear 

morphology, facial shape, and for 

some age-related appearance 

traits such as hair loss, pigmented 

age spots.

2. Bio- geographic ancestry i.e., 

the geographic region of origin of 

a person’s biological ancestors

3. Estimation of age

Forensic DNA Phenotyping



Why mtDNA and Y chr are not ideal
markers for forensic DNA phenotyping  

Grandmother

African

Grandpather

African

Grandmother

mtDNA H1a

mother

mtDNA H1a

father

Y-DNA R1b1

hijo

Y-DNA R1b1

mtDNA H1a

I’m European 

and white! Look 

at my DNA!!

I’m European 

and white! Look 

at my DNA!!

Grandfather

Y-DNA R1b1







1M SNPs



Discovery of pigmentation markers

• Animal models and albism affected people indicate candidate genes in 
humans 

• MC1R – the red hair color and fair skin gene

• TYR, OCA2, TYRP1, SLC45A2 – albinism genes, candidates for natural 
eye, hair and skin color variation 

• >10 Successful GWA studies:

• Confirmation of already known loci associated with 

pigmentation (TYR, MC1R, OCA2, TYRP1, ASIP, SLC45A2, 

SLC24A5)  

• Novel pigmentation and non-pigmentation genes

• Eye colour: HERC2, SLC24A4, IRF4, LYST, DSCR9

• Hair colour: KITLG, IRF4, EXOC2, TPCN2, HERC2

• Skin colour and type: IRF4, LOC401937



HERC2 – powerful eye colour regulator

• rs12913832 in HERC2 – key predictor in all eye colour 

prediction models

• This polymorphism regulates expression of OCA2 – the important 

pigmentation gene

HERC2 rs12913832 modulates human pigmentation by attenuating chromatin-loop 

formation between a long-range enhancer and the OCA2 promoter.

Visser M, Kayser M, Palstra RJ.

Genome Res. 2012 Mar;22(3):446-55.



From the SNP to the causal gene – Functional 

studies







Forensic Sci Int Genet. 2015 

Sep;18:33-48. Forensic DNA 

Phenotyping: Predicting human 

appearance from crime scene 

material for investigative purposes.

Kayser M

2015



https://hirisplex.erasmusmc.nl/



Human height – small additive effects

variance

• 70-90% of variance of human height may be due to genetic 

component 

• 35 GWA studies and meta-analyses on height until 2016

• Additive effects of multiple loci with small effect (OR ~ 1.1) 

explain variance of human height

• Lango-Allen et al. (2010): 10% of height variance explained 

by 180 loci in the human genome (prediction of extremely tall 

stature with AUC=0.75

• Wood et al. (2014) – 9500 SNPs explains 29% of height 

variance





Facial morphology 

• Genes involved in cleft lip and other craniofacial pathologies –

candidate loci for natural variation (e.g. Boehringer et al. 2011)

• Liu et al. (2012) – GWAS identified PRDM16, PAX3, TP63, 

C5orf50 and COL17A1

• Small effect size of the identified DNA variants

• Claes et al. (2014a, b) – complex mathematical approach for 

predictive modeling involving ancestry, sex and genes

- 24 SNPs improve by 1% accuracy of face morphology prediction  



Male pattern baldness

• Very high estimated heritability 85-95%

• Brockschmidt et al. (2011) – AR-EDA2R, 20p11.22

• Li et al. (2012) – AR-EDA2R, PAX1, HDAC4, HDAC9, TARDBP, 

17q21.31, AUTS2, SETBP1

• AR-EDA2R – confirmed in Europeans in several studies

• MPB risk is predictable at an accuracy level of 0.74 when 14 

SNPs were included in the model (Liu et al, 2016)

• EUROFORGEN-NoE project on baldness up to 0.80

Liu et al. Eur J Hum Genet. 2016 Jun;24(6):895-902..

Prediction of male-pattern baldness from genotypes.



Hair morphology

• Heritability 85-95% as estimated from twins study

• Very variable among Europeans (straight-curly-wavy)

• One GWA study and several candidate studies

• Medland et al. (2009) – strongest association with TCHH on 

1q21.3

• Merely 6% of variance of hair morphology explained

• Eriksson et al. (2010) - other candidate genes: WNT10A (chr 2), 

FRAS1 (chr 4), LCE3E (chr 1), OFCC1 (chr 6)









Prediction modeling in forensics

• Regression methods, Bayesian statistics, classification trees 

• Prediction model building

- samples with known phenotype – training set (usually 70-80%)

- selecting the most accurate model 

• Prediction model testing

- Independent samples with known phenotype – testing set (usually 

20-30%)

• Parameters defining performance of the model

- sensitivity, specificity, PPV, NPV, AUC





Age prediction in forensics

• DNA methylation of markers linearly correlated with age

• Age estimation may significantly improve precision of 

a portray of an unknown individual

• Various methods considered in forensic science

- shortening of telomeres

- accumulation of 4977 bp deletion in mitochondrial DNA 

• Decrease in the number of sjTREC molecules caused by thymus 

involution occurring in the course of human life

• Zubakov et al. (2010) – accurate prediction of age groups based 

on sjTREC quantification

• DNA methylation of markers linearly correlated with age





• Illumina HumanMethylation 450 BeadChip data from populations 

all over the world.

• 177 CpG sites with informative methylation patterns

analyzed with EpiTYPER technology 

• Most informative ELOVL2, ASPA, PDE4C, FHL2, CCDC102B

, C1orf132 and chr16:85395429

• Training set of 725 European individuals (18-104 y) and a test set

of 52 monozygotic twin pairs

• Multivariate quantile regression age predictor placed  in Snipper

FSI Genetics 24: 65-74 (2016) 



• Median absolute age prediction error of 

±3.07 years 

• Percentage of prediction error relative to 

the age of 6.3%
Freire-Arada et al., 

FSIGEN 2016



Development of methylation marker sets for forensic age 

estimation using analysis of public methylation data and the 

Agena Bioscience EpiTYPER system. Freire-Aradas et al. FSIGEN 

(2016)

Predicted age with the 

panel: 64.48

Real age: 63.50



Ancestry informative makers: AIMS

AFR           EUR EUR          ASIA

C               G CG               G

EUR          ASIA

CG              GC

USC 34plex panel

Phillips et al., FSIGEN 

2010

C. Phillips. Forensic genetic analysis of bio-geographical 

ancestry . FSI Genetics 18 (2015) 49-65
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PIMA plex

L. Porras et al. 2013



Phillips et a. Ancestry markers for Asia-Pacific region



Microhaplotypes in forensic genetics

Fabio Oldoni, Kenneth K. Kidd, Daniele Podini

FSI: Genetics January 2019







Some microhaplotypes are very informative

MAPA





11-M was a ‘closed’ 

ancestry analysis

personal items 

from bomb 

assembly site in 

Leganés with DNA 

profiles that didn’t 

match with the 

terrorists

un-detonated explosives in a 

holdall found at El Pozo station



This person was European

Phillips C, Prieto L, Fondevila M, Salas A, 

Gómez-Tato A, Alvarez-Dios J, Alonso A, 

Blanco-Verea A, Brión M, Montesino M, 

Carracedo A, Lareu MV
Ancestry analysis in the 11-M Madrid bomb 

attack investigation. PLoS One. 2009 Aug 

11;4(8):e6583.



This person was European

... and had blue eyes:  rs12913832 = GG

SNIPPER



• USC testing ancestry independently plus skin 

pigmentation SNPs to reduce suspect pool 

Operation Minstead

• 18 year investigation of a series of 

aggressive rapes of elderly victims in London

•82% AFR, 12% AME 6% EUR and suggest this 

shows Windward Island origins   Y=EUR, 

mt=AFR 



Las Pesqueras

• Eva Blanco was raped and murdered in April, 1997

• Heavy rain obscured tyre marks and footprints at scene

• Small semen stain on underwear

• Police requested a mass screen of 2000 males from Algete

• Judge deemed it too expensive and likely to be ineffectual

The murder of Eva Blanco Puig - a cold case investigation



Skin

Hair

Eyes

Ancestry

Ancestry

Intermediate/
White

4190 times 
more likely

Dark 1,220 times more likely

Bro
wn

8885 times 
more likely

North 
African

>330,000,00
0,000,000,0
00 times
more likely

North 
African

63,034 times more 
likely

Black

Fair

Green-Hazel

Sub-
Saharan 

African

European

• One sample gave a full Y-

STR match - led to

identification of a brother who

had left Spain in 1999 and

lived in France

• Successful application to screen 300 Moroccans

living in a larger area around Algete

• 75 / 80 ancestry-informative SNPs successfully genotyped

• 18 / 19 pigmentation-predictive ‘SHEP’ SNPs successfully genotyped

USC asked to analyse ancestry and pigmentation



Legal and ethical issues

• Former terms “coding” and “non-coding” referring to DNA 

sequences lost their meaning

• The issue of amendment of the law allowing for FDP 

(Netherlands, UK, France)

• Externally visible traits of an individual are publically available

• FDP is useful at the stage of investigation 

• Data processed to predict EVC are not stored in forensic 

databases





Fig. 4 

Forensic Science International: Genetics 2015 18, 78-89DOI: (10.1016/j.fsigen.2015.02.002) 

New ISFG 

Nomenclature!!!

STRs + SNPs validation Santiago Ion Torrent

NGS 



Library 

preparation

Analysis

Sequencing

Next-Generation Sequencing Technologies

NGS platforms

SOLiD





The workflow of integrating omics data in forensic research and applications

A.C. ’t Hoen et al. Reproducible mRNA and small RNA sequencing across different aboratories. 

Nature Biotechnology (2013)



- Short term storage of pubic hair at various 

temperatures does not significantly affect the 

recover  bacterial microbiome.

- The greatest sources of variation in the pubic 

hair microbiome are attributed to the individual 

and gender.

Effects of storage time and temperature on pubic 

hair bacterial communities. Williams &Gibson 

FSIGEN  (in press)

Ten times more bacterial DNA than human DNA in the human body

Intraindividual variations

Validation

Statistical challenges

Soil metagenomics



We are good with some physical 

traits, geogrpahic origin and age but 

still far from photofit portrait

Low frequency- Intermediate 

penetrance variants

Gene-gene interactions, GxE 

interactions

Methylation-MicroRNA-… other 

approaches

Ethical/Legal problems for EVCs in 

some countries



H2020 EU research and innovation 

programme-grant agreement No 740580.



THE CSI EFFECT

Forensic tests are infallible

Results are obtained immediately

Creates false expectations

Creates a distorted perception of the forensic test in judges, prosecutors and jurors

Obtaining good results is not 

always possible



The hunt for the "phantom" – a critical reappraisal of 
DNA database reality

• In 2007, a female police officer was shot in her car, 
her male colleague was severely wounded

• A female DNA profile was identified in the car

• The profile generated multiple hits in the DNA 
databases of Germany and Austria

• The profile resurfaced 39 times in subsequent 
analyses of other cases (from burglaries to 
homicides)



Cases where the phantom's profile was found 



What happened then?

• The profile reappeared later in two more cases 
where the DNA source was a known male person

• Contamination was now seriously considered

• Cotton swabs were identified as potential source

• The supplier provided reference samples from the 
factory workers – and a retired 71-year old woman 
was found to match the phantom's DNA profile



It is not the science itself which is flawed but the 
interpretation and context in which these results may be 

used.



https://senseaboutscience.org




