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Ø 24	April	1981	Found	in	roadside	
ditch	near	Troy,	Ohio		

Ø 2001	autosomal	STR	profile	

Ø 2009	mtDNA	profile	to	CODIS	

Ø 2018	DNA	Doe	Project	involved	
Ø New	DNA	extraction	from	

damaged	blood	sample	

Ø Whole	genome	sequencing	by	Full	
Genomes	Corporation	

Ø 28	March	2018	New	DNA	profile	
received	and	uploaded	to	GEDmatch		

Ø Match	with	1st	cousin	once	removed	

Ø Solved	in	four	hours	
Ø 11	April	2018	Press	conference	 – 	
identified	as	Marcia	King,	aged	21	

Found in a roadside ditch in 
Troy, Ohio, 24th April 1981 

2001 STR profile generated
2009 mtDNA profile to CODIS
2018 DNA Doe project involved
New DNA extract made from highly 
degraded blood sample in storage - 
like Ana Blanco, case-file was ‘open’
Whole genome sequencing by Full 
Genomes Corporation 

28 March 2018, DNA profile uploaded to 
GEDmatch community database 
Successful match with 1st cousin-once 
removed (equivalent to 2nd cousin)

Full analysis took 4 hours
11th April 2018 press conference - 
identified as Marcia King, aged 21 

Buckskin Girl, a 37-year MP ID case - identified 11th April 2018 



Ø 24	April	1981	Found	in	roadside	
ditch	near	Troy,	Ohio		

Ø 2001	autosomal	STR	profile	

Ø 2009	mtDNA	profile	to	CODIS	

Ø 2018	DNA	Doe	Project	involved	
Ø New	DNA	extraction	from	

damaged	blood	sample	

Ø Whole	genome	sequencing	by	Full	
Genomes	Corporation	

Ø 28	March	2018	New	DNA	profile	
received	and	uploaded	to	GEDmatch		

Ø Match	with	1st	cousin	once	removed	

Ø Solved	in	four	hours	
Ø 11	April	2018	Press	conference	 – 	
identified	as	Marcia	King,	aged	21	

13 murders and 13 kidnappings 
linked to North California region

Former police office so had easy access
He possibly interfered with evidence
Four months to process rape-kit DNA
It is likely, but not admitted, that a DTC 
‘buccal swab’ was dosed with DNA and 
the SNP data uploaded to GEDmatch

10-20 relatives shared the same great-
great-great grandparents

Barbara Rae Venter constructed 
multiple, extensive family trees 

Two suspects matched likely location, 
age, appearance, modus operandi data

Collected DNA from his car door/tissue
24th April 2018 press conference - 
identified as Joseph James DeAngelo, 
aged 72: 8 plus 4 FD murder charges 

Barbara Rae Venter constructed 
multiple, extensive family trees 

The Golden State Killer Suspect  - identified 24th April 2018 
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He possibly interfered with evidence
Four months to process rape-kit DNA
It is likely, but not admitted, that a DTC 
‘buccal swab’ was dosed with DNA and 
the SNP data uploaded to GEDmatch

10-20 relatives shared the same great-
great-great grandparents

Two suspects matched likely location, 
age, appearance, modus operandi data

Collected DNA from cup/car door/tissue
24th April 2018 press conference - 
identified as Joseph James DeAngelo, 
aged 72: 8 plus 4 FD murder charges 

Ø Whole	genome	sequencing	by	Full	
Genomes	Corporation	

Ø 28	March	2018	New	DNA	profile	
received	and	uploaded	to	GEDmatch		

Ø Match	with	1st	cousin	once	removed	

Directly descended from Italian 
immigrants to the US  

Likely to have premature baldness 
(but probable age was ~70Y) 

Blue eyes

The Golden State Killer Suspect  - identified 24th April 2018 

Genealogist Barbara Rae Venter made 
multiple, extensive family trees 

13 murders and 13 kidnappings 
linked to North California region

Former police office so had easy access



Identifying the Golden State Killer - the critical steps



Identifying the Golden State Killer - steps 2-3 were DNA analysis

Genotyping >500,000 SNPs One-to-many segment analysis

Duplicate SAK swab stored frozen



Identifying the Golden State Killer - steps 2-3 were DNA analysis

Genotyping >500,000 SNPs One-to-many segment analysis
Imputation

Low level DNA

Duplicate SAK swab stored frozen



Identifying the Golden State Killer - steps 4-5 were genealogy 

Pedigree triangulation

♀

♂



Identifying the Golden State Killer - steps 4-5 were genealogy 

Pedigree triangulation

X SNPs

The confirmation of identity applies 
the principle of ‘CODIS first and last’



The IGG workflow in more detail 

CODIS first

CODIS last

Phase 1:  DNA Analysis

Phase 2:  Genealogy

Phase 3:  Investigation



Identifying the Golden State Killer - genotyping high numbers of SNPs

Genotyping >500,000 SNPs One-to-many segment analysis

Duplicate SAK swab stored frozen



Whole-genome sequencing 

Sonication creates a pool 
of random short fragments

Adaptors are ligated that 
identify each sample and 
aid library amplification

Whole sequences are 
stitched together from 
segment overlaps

MPS using conventional forensic PCR 

Hybridisation capture methods Whole-genome SNP arrays 

S B E p r i n c i p l e i s 
identical to SNaPshot

Tend to use Cy5-Cy3 
dyes so only binary 
SNPs detected

e.g. Illumina 
BeadArray

Large-scale SNP genotyping

DNA fragments with 
ligated adaptors are 
captured by probe 
hybridisation (often 
termed ‘baits’)

Probes removed and 
the enriched DNA pool 
p r o v i d e s effi c i e n t 
library amplification

Sequencing can use 
established platforms 
a t v a r i e d s c a l e s : 
I l l u m i n a N e x t S e q /
N o v a S e q , T h e r m o 
Fisher Ion GeneStudio 
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Massively Parallel Sequencing
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Current genealogy mainstays for SNPs
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Medium-scale SNP typing - kinship not IGG



Hybridisation capture methods 

DNA fragments with 
ligated adaptors are 
captured by probe 
hybridisation (often 
termed ‘baits’)

Probes removed and 
the enriched DNA pool 
p r o v i d e s effi c i e n t 
library amplification

Sequencing can use 
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5422 SNPs in total

The FORCE panel



5422 SNPs in total

Unrelated vs Half-siblings

25%

75% All

Unrelated vs First Cousins

Unrelated vs First Cousins, Once removed
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SNP-based (long 
range) familial 

searching

IGG looks beyond the pairwise comparisons of kinship tests

Unidentified crime 
scene DNA

Distant relative 
sharing a common 

ancestor and tested

Small family tree 
with no overlapping 

members

Overlapping family 
tree with no 

members tested

- matching one 
unknown to many 
potential relatives

STR-based familial 
searching

- ‘near matching’ one 
unknown to one or two 

first degree relatives

Kinship testing

H1: related as claimed

H2: unrelated

Only 12/50 US states allow 
CODIS familial searching

LR

Severe sexual 
assault kit backlog



TCF7L2

unimputed SNP genotypes

imputed SNP genotypes

Principle of imputation assumes no recombination in closely sited 
SNPs - so missing genotypes are inferred from haplotype patterns



(not in a DNA database)

5-10 generations

STR-based familial searches finds a group of close relatives

Crime-scene donor



Most pedigrees are unlinked until they go back > 10-20 generations 

Crime-scene donor Related Individuals Unlinked pedigree

Individuals without 
offspring so pedigree ends



Identifying the Golden State Killer - segment analysis

Genotyping >500,000 SNPs

Duplicate ♀ SAK swab stored frozen

One-to-many segment analysis
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SNPs

GEDmatch compares data in the intersect
All commercial testers have adapted Illumina SNP arrays



GEDmatch is an 
open database



GEDmatch applies IBD chromosome 
segment analysis to match closest relatives



CC AA

CC GG

TT AA

AA AA
CC CC

CC CC
AA AA
CC CC

GG AA

GG AA

GG GG

Defines IBD segments by identifying runs of homozygosity
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Forensic DNA

Putative relative

True phase of a 
string of forty 
SNPs (35 give 
half match)

Unphased SNP 
array data output 
(i.e. it is alphabetic: 
both AG and GA = 
AG) in 10-SNP 
panels or windows

Inferred phase 
made for each 
window (six SNPs 
incorrectly phased)

♂

♀ 

♂

♀ 

Two ‘seed windows’ 
with full SNP allele 
agreement are 
extended to the first 
opposite-
homozygote 
incompatibilities 
detected each side

Inferred IBD segment match with an undetected SNP allele incompatibility 5’ 3’

1 Phase windows 2 3 4
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Traditional STR-
based national 
DNA database 
familial search 
relationships

 cM IBDhalf 

CC AA

CC GG

TT AA

AA AA
CC CC

CC CC
AA AA
CC CC

GG AA

GG AA

GG GG

IBD segments can identify 2nd to 3rd cousins with reasonably 
good likelihoods, less reliably beyond these relationships 

 2C



The first crowdsourced genome study was the Shared cM Project



3C 4C?

Most recent common 
ancestors (MRCA)

IBD segment IBD segment

? Forensic DNA donor 

IBD segment shared by all

No data

Triangulation



CP ZO
JN

No Half  
identical

Not  
identical

Half-match (2 phased chromosomes)

Full match (4 chromosomes)

No match

No SNP  
data

Half  
identical

Not  
identical

No SNP  
data

ZO

JN

Exploring segments - two different matches in different databases 
can initiate triangulation studies



CP ZO
JN

No 

Half-match (2 phased chromosomes)

Full match (4 chromosomes)

No match

Half identical with 
multiple relatives 
(segment triangulation)

Half  
identical

Not  
identical

No SNP  
data

Half  
identical

Not  
identical

No SNP  
data

ZO+others in 
GEDmatch

Segment matching

Segment triangulation

Pedigree triangulation

Multiple individuals with matching segments allows triangulation

JN



Segment triangulation indicates shared ancestors amongst 
kinships 

(crime scene DNA)

JN



Ø 24	April	1981	Found	in	roadside	
ditch	near	Troy,	Ohio		

Ø 2001	autosomal	STR	profile	

Ø 2009	mtDNA	profile	to	CODIS	

Ø 2018	DNA	Doe	Project	involved	
Ø New	DNA	extraction	from	

damaged	blood	sample	

3 x 3 ng DNA from a femur of murder 
victim generated 3 libraries for HiSeqX  


Fragments of av. 400 bp size gave av. 
150 bp read lengths as basis for 
1,378,481 SNPs for an optimum 
GEDmatch intersect 
DNA quality and SNP call reliability 
were checked with STRs and the 
Qiagen 140-SNP ID panel respectively

Ø 24	April	1981	Found	in	roadside	
ditch	near	Troy,	Ohio		

Ø 2001	autosomal	STR	profile	

Ø 2009	mtDNA	profile	to	CODIS	

Ø 2018	DNA	Doe	Project	involved	
Ø New	DNA	extraction	from	

damaged	blood	sample	

3 billion reads gave 1,035,274 
SNPs using Table 1 thresholds 


GEDmatch search made before 
terms and conditions changed 


A cluster of relatives was found 
within a 40km radius in NW 
Croatia - likely from a single pair 
of victim’s grandparents

1 Cases in National Forensic 
Labs now being reported



Ø 24	April	1981	Found	in	roadside	
ditch	near	Troy,	Ohio		

Ø 2001	autosomal	STR	profile	

Ø 2009	mtDNA	profile	to	CODIS	

Ø 2018	DNA	Doe	Project	involved	
Ø New	DNA	extraction	from	

damaged	blood	sample	

Mother and child stabbed to death in 
Linköping in 2004. Mass screen of 6000 
men to try to match DNA left at scene  

3 separate whole-genome-sequence 
runs from 20 ng pooled DNA with 150 bp 
paired-end sequencing (NovaSeq 6000). 
Targeted 1,378,481 SNPs

SNP genotypes were increased with 
imputation and a 1.3 million and 1.9 
million dataset was applied to 
GEDmatch and FT DNA

2 Cases in National Forensic 
Labs now being reported



Pedigree triangulation

   Target testing has been used in US 
with surreptitious sample collection - 
major privacy infringement issues

Investigators may need to extend to target testing to fill pedigree



Concluding remarks

Ø 24	April	1981	Found	in	roadside	
ditch	near	Troy,	Ohio		

Ø 2001	autosomal	STR	profile	

Ø 2009	mtDNA	profile	to	CODIS	

Ø 2018	DNA	Doe	Project	involved	
Ø New	DNA	extraction	from	

damaged	blood	sample	

The application of IGG is most actively pursued in the US, but 
has been successfully used elsewhere - notably Sweden

 


Country Percentage
1 United	States 65%
2 United	Kingdom 9%
3 Canada 6%
4 Australia 4%
5 France 2%
6 Germany 1%
7 Sweden 1%
8 Ireland 1%
9 New	Zealand 1%
10 Netherlands 1%

Uploads to GEDmatch
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has been successfully used elsewhere - notably Sweden

 

Ethical considerations about individual privacy have been 
ignored in some cases and this has caused concern


UK and Sweden currently consider ethical/
privacy concerns outweigh operational benefits 
of IGG and have not advocated its use - but such 
policies also relate to the success of STR-based 
familial searching in the UK compared to the US
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Ø 2001	autosomal	STR	profile	

Ø 2009	mtDNA	profile	to	CODIS	

Ø 2018	DNA	Doe	Project	involved	
Ø New	DNA	extraction	from	
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A move towards much larger MPS SNP multiplexes will open 
up IGG to more labs - but extending familial search to 2nd-3rd 
cousin - e.g. Kintelligence (10,230 SNPs) + GEDmatch Pro 


The application of IGG is most actively pursued in the US, but 
has been successfully used elsewhere - notably Sweden

 

Ethical considerations about individual privacy have been 
ignored in some cases and this has caused concern




Thank you 

Christopher Phillips

Forensic Genetics Unit, 
University of Santiago de 
Compostela, Spain 


