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Forensic Expert
National Board of Forensic Medicine, Sweden

Worked in the field for 13 years

Developer of Familias, FamLink and FamLinkX

Applied biostatistics, relationship inference, genetic genealogy

Andreas Tillmar, PhD

- Forensic geneticist & Associate professor

- National Board of Forensic Medicine, Sweden
and Linkdping University, Sweden

- Worked in the field for over 15 years
-  Technical leadership mixed with R&D

- Applied biostatistics, relationship inference,
population genetics, genetic genealogy
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Use Q&A feature to ask questions at any
time during the presentations, we will
address them directly or at the end of the
talks

Presentations, exercises etc are available at
https://familias.name/ISFG2023

29 August (Tuesday)

Statistical inference for expanded marker panels (Part 1:
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Use of denser sets of SNPs.
Linkage and linkage disequilibrium
Methods and software

Genotype uncertainty

Simulations

Break 7.357.50pm

Statistical inference for expanded marker panels (Part 2:
G[ I NBS£7.500.008F a0 O

- Alternativebiostatisticalapproaches

- Geneticgenealogy

Break (9.00.10pm)
Exercises/example8.(109.45pnm)

- Demonstration of software
- Tutorials and exercises

Summary and questions (9-49.00)
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UsingdenseSNP panels
- Linkageand linkage disequilibrium
- Methods and software
- Genotype uncertainty
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Small vs Large expanded marker panels

Marker number 100-10,000 >10,000
Linked markers Yes, normally Yes
Linkage No, not normally  Yes

disequilibrium

Typing technology CE and MPS (low MPS (mid to high
to mid end) end) and
microarrays

Forensic utility Kinship Genealogy
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Aim with expanded ("small”) marker panels

» Solve “complex” paternity/maternity cases

— Supplementary marker panels when having small number of genetic inconsistencies in the initial standard STR
panel analysis.

« Solve more distant relationships
— Half-sibs, uncle/nephew, grandparent/grandchild, first cousins and beyond

* More sensitive DNA typing methods (MPS based)

— Missing person identification cases

Note: most methods presented herein also apply to
expanded panels of STRs (CE or MPS)
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“Small” expanded panels for kinship testing (examples)

—_—

» ForenSeq DNA Signature Prep Kit (Verogen)

— 27 autosomal STRs, 24 Y-STRs, 7 X-STRs
— 94 bhiallelic SNPs

* QIAseg™ Investigator SNP ID Panel (Qiagen)

— 140 autosomal biallelic SNPs

— Few linked markers

» HID-lon Ampliseq™ panel (Thermo Fisher)

— 90 autosomal SNPs
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“Small” expanded panels for kinship testing (examples)

A compilation of tri-allelic SNPs from 1000 Genomes
and use of the most polymorphic loci for a large-

+ MPSplex (QIAsed, Qiagen), aka ICMP panel —

— ~1200 tri-allelic autosomal SNPs, ~40 X-chromosomal SNPs, ~50 microhaplotypes | & o i il e 0 ot

* KINTELLIGENCE panel (Verogen)
— ~10000 kinship SNPs. Overlapping with the lllumina GSA array. Purpose is genealogy

hd FO R C E pan el (TI I I m ar et al) Fast and accurate kinship estimation using sparse
SNPs in relatively large database searches
— ~4000 kinship SNPs. >200 X SNPs, >800 Y SNPs, >200 AIMS, PI markers st T e 5t Stk . s 4. o st e, [
[ Collections
The FORCE Panel: An All-in-One SNP Marker Set for Seniesl (e
Confirming Investigative Genetic Genealogy Leads o P
and for General Forensic Applications
v ow |
[ Collections
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Different types of DNA markers (MPS based typing)
« STRsS

— Sequence based STR polymorphisms

« SNPs

— Bi-, tri-, tetra-allelic
— Microhaplotype
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M arke IS Length based
I ]

Alleles
e STRs

— Sequence based Sequence based

AGCTIAGCTAGCT AGCT
- AGCTIAGCTAGCT AGCT
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A Half siblings (H1) vs Unrelated (H2)

<
a = Half siblings with sequence variaticn
= = Unrelated with sequenca variation
s Half siblings without sequence varlation
= = Urrelated without sequence variation
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Markers

SNP

. |

AIC
Two alleles in the population

* SNPs

— Bi-, tri-, tetra-allelic

AICIT
Three alleles in the population

ACIGIT
Four alleles in the population
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SNP 1 SNP 2 SNP 3
Markers | | l
. 2l AIC GIT
— Microhaplotype
— All SNPs are on the same read Haplotype 1 A - G
Haplotype 2 A c T

Haplotype 3 T A G
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13 CODIS Core STR Loci |~ y
g With Chromosomal Positiond = """ - .- ‘ Hundreds - thousands of SNPs

TPOX - (i

= lro o
D3S1358 R o
g E M = (513182883
THO1 = 0751517 i 0851179
D5S818 ;351179 i 5888
Fea M Drsszo:

LCSFEPOE =
1 2 3 4 5 6 7

.......

* More information!

ES EEE M%re dependencies (marker /aIIeIe )I
g :IZ‘HSIS:SS 1;351 11‘3 ) - T
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(GenetiC) Linkage (marker dependencies)

 Linkage is a consequence of the biological phenomenon
recombination causing closely markers to be inherited as a unit
from parent to child in a higher degree than for independent
markers Noci I

-y D
Li3
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LINKAGE
Parent (chr 1)

Marker 1 —
Marker 2—
No recombination Recombination
Child (chr 1) ./M\A

Marker1 ___

Marker2 — T :I:"
) \ 1
Y

No Linkage 50% 50%

Crossover point

Linkage >50% <50%
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Linkage

* Linkage will impact transmission probabilities

« Can be accounted for, in the likelihood calculation, using a parameter for

the recombination rate

0,45

 The recombination rate can be estimated -
— Large multi generation pedigrees or parent/offsprin¢ _*

— Genetic maps (cM <->7r) i e+ 2o
T AT ._ll éo,zs
14 k=0 {Ek 1) =

— g e — ———

1 cM = 1% chance of reécombination

|||||

r=50% means unlinked

30 40 50 60 70 80 90 100
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Linkage and how it impacts the LR

Marker 1 and 2 are located on

the same chromosome

AGM

Marker 1:12/13
Marker 2:10/19

Ol

10/11 /
12/14

C

10]14.2
12|19

10 —
AGF
14/14.2 12 —
11/23

Chr3:1 Chr3:2

L 142 A paternal recombination must
have occurred in order to
explain the data (given this

—— 19 pedigree).

Maternal Paternal

The chromosomal phase of
the child can be inferred,
i.e. haplotypes

Note the | in the genotype

The probability of the observed DNA data (given this pedigree)
depends on the recombination rate between marker 1 and marker 2!

E.g. if this recombination rate is very low, the probability is very low.
Also, if the recombination rate is O (very very close markers), the
observed data is not possible (given this pedigree)

Ignoring genetic linkage may result in inflated/defalted LRs ->
wrong conclusion!
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Linkage and how It impacts the LR

* Linkage will not have effect on all pedigrees/hypotheses
— Suspect vs unrelated - case scenario

— Direct matching (random match) Man
Marker 1 - -— 12|14
Marker 2 T -— 31[36

Recombination
Child

Marker1 ___ 14
Marker2 — 31
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Linkage and how It impacts the LR

 Linkage will not have effect on all pedigrees/hypotheses

— Suspect vs unrelated - case scenario
— Direct match (random match) _ Man
— Paternity vs unrelated - case scenario
. Marker 1 -5 -— 12/14
« Chromosomal phase is unknown! Marker2 < -— 31/36
Linkage has no effect at all in a pedigree unless: . .
1. at least one individual in the pedigree (the central individual) is involved in at Recomblnatlon??
least two transmissions of genetic material, either as a parent or a child, and .
2. that individual is a double heterozygote at the loci in question. Child
Markerl _— 44

Gill et al., 2012
Marker2 — 31
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Linkage and how It impacts the LR

I— ;J21=ﬂi.1
= Pa=0.05

L pay=0.01
O
N S S S e
5 | 19/21 : 1 21/25
2 12/12 14/14

Y R Pridata | Hy)
0+ S i = Pr(data | Hy)
00 01 02 0a 04 05 pa1 (ot + (1= ) 420201 = %) +05 (2000 = p)* +25%1 - p))
p . - 4pz1
FIGURE 4.4 Recomb|nat|0n rate _otra-ptea-p? 05 (2p(1 - pr* + 20701 ‘”}'_

4 4pa
The LR as a funchon of p for a sibling case. pal

From Egeland et al.
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Now to something completely different!
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Linkage disequilibrium (LD)

Allele "A” (at marker 1) will be observed together with allele "B” (at
marker 2) in a population more/less often than expected by random

4

Allele frequencies cannot be multiplied in order to get the rarity of a given DNA profile in
population.

* Product rule cannot be applied!

» Rarity must be estimated from haplotype information (or exclude one of the markers in LD).
» Application also to criminal casework and random match probability!
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Linkage disequilibrium (allele dependencies)

Exists when alleles at different loci occur together, at a population level, more (or less) often than expected by chance

Chr2, roughly 10 cM apart DNA profile
D12S391 12/12 What is the population frequency of this profile?
VWA 15/15

t, e Rl .rsrvran an Jd_lanAanar 0L I AnAfAn AAT Fo L Anaa Rlo. . n _——

large number of possible haplotype combinations and unknown allelic phase. For casework analyses

Linkage disec that involve unrelated or related individuals, the single-locus genotype probabilities for D125391 and

in U.S. populi vWA should not be multiplied to determine the match probability of an autosomal STR profile. Since
the D125391 and wWA loci are not independent, it is recommended that the observed combination of
alleles at D125391 and vWA should be treated as a non-independent diplotype for profile probability

Affiliations + expand . . . . . . .
OMID: 21067983 pDOI' y calculations. The cbserved haplotype frequencies for U.S. African American, Caucasian, Hispanic, and

> Forensic Sci Int Gene

Asian populations are provided for match probability calculations.
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Linkage disequilibrium (allele dependencies)

Estimated from unrelated population data! Consider two SNPs with alleles A/G and C/G

A ... G
C G

Perfect haplotypes — not commonly observed (exception is males and X/Y data)

LD can be tested by comparing observed 2 (Ha g — papg)”
data (obs haplotype frequencies) with - PAPapBPE
expected data under equilibrium (multiply

allele frequencies)
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Linkage disequilibrium (allele dependencies)

Estimated from unrelated population data! Consider two SNPs with alleles A/G and C/G
A A

... G
cocoe I---

15 0.2 (Ha ¢ - PAPC)?=(0.05-0.5%0.2)2 = 0.0025

2 _ Hip—pare)” G 45 35 08 . o
DAPDEPS e r2= 0.0025 / (0.5*0.5*0.2*0.8) = 0.0625

r2>0.2 considered as high

r2 is symmetric for bi-allelic SNPs
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Linkage disequilibrium (allele dependencies)

Estimated from unrelated population data! Consider two SNPs with alleles A/G and C/G

PLINK 1.9 home

Introduction, downloads
S: 16 Jan 2023 (b7)
D: 13 Feb 2023
Recent version history
What's new?
Future development
Limitations
Mote to testers

[Jump to search box]

General usage
Gefting started
Citation instructions

Standard data input
PLIMNK 1 binary (_bed)
Autoconversion behavior
PLIMNK text (.ped, tped...)
WCF {wefl gz], -bef)
Ouxford (.gen[.gz], .bgen)
23andMe text
Generate random
Unusual chromosome IDs
Recombinatien map
Allele frequencies
Phenotypes
Covariates
Clusters of samples
Variant sefs
Binary distance matrix
IBD report {.genome)
Input filtering

Sample ID file
Variant 1D file

plink2-users GitHub File formats PLINK 1.9 index PLINK 2.0 g

Google

Linkage disequilibrium

PLINK 1.9 includes much faster implementations of PLINK 1.07's LD-based variant pruner and haplotype
block estimator, and commands to explicitly report LD statistics.

Alll of the following calculations only consider founders. If your dataset has a shortage of them, --make-
founders may come in handy.

Variant pruning

-—indep <window size>['kb'] <step size (variant ct)> <VIF threshold>
-—indep-pairwise <window size>['kb'] <step size (variant ct)> <rA2 threshold>
-—indep-pairphase <window sizex>['kb'] <=step size (variant ct)> <rA2 threshold>

These commands produce a pruned subset of markers that are in approximate linkage equilibrium with
each other, writing the IDs to p1ink.prune.in (and the IDs of all excluded variants to
n1ink.prune.out) They are currently based on correlations between genotype allele counts; phase is
not considered. (Results may be slightly different from PLINK 1.07, due to a minor bugfix in the r?
computation when missing data is present, and more systematic handling of multicollinearity.) Output files
are valid input for —-extract/--exclude in a future PLINK run.

--indep requires three parameters: a window size in variant count or kilobase (if the 'kb' modifier is present)
units, a variant count to shift the window at the end of each step, and a variance inflation factor (VIF)
threshold. At each step, all variants in the current window with VIF exceeding the threshold are removed.
See the PLINK 1.07 documentation for some discussion of parameter choices
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Linkage disequilibrium

LD, generally, decreases as a function of distance.

LD is weakened by recombinations/mutations
and decays with generations

1.0 4

0.8 4

0 100 200 300 400 500
n
FIGURE 4.8

The decay of LD illustrated by the variable D as a function of the number of generations n
for some values of p.

Distance (K
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LD and how it impacts the LR

* Redundant information!
* Need haplotype (or information about allelic dependency)

— Some approaches use haploblocks (i.e. a form of microhaplotypes)

* LR is generally overestimated if we disregard LD
— Relatives appear closer (c) 12

Posterior probability

Unrelated is true  z .|/ i .
ML 1st cousins

P P Ay :7, o

0 20000 40000 60000 80000
Number of markers

Increasing the number of SNP markers -> more LD (r2) -> posteriors will favor relationships
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LD and how it impacts the LR

 Redundant information!

* Need haplotype (or information about allelic dependency)
— Some approaches use haploblocks (i.e. a form of microhaplotypes)

* LR is generally overestimated if we disregard LD
— Relatives appear closer

 Avoid LD if possible
e For X-chromosomal markers, use FamLinkX J
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Pr(DNA|H,)
~ Pr(DNA|H,) Pr(ONA|H,)
LD Generally <100 kb (0.1 cM)
@ AF } Founders Sr?)rlj)gtgiﬁ)iteies Haplotype frequencies
Gu Gar
Child Transmission Mendelian factor
C probabilities (recombination rate)
Ge

Linkage | <90 Mb (50 cM)
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Dependency between neighbouring
markers
Observed within a pedigree

Extends long distances >10 cM

Do not affect random match probability

(unless related)
Take into account for extended pedigrees

Always take into account if also LD is
present, for all pedigrees

Measured by the recombination rate,
constant

Used to find markers linked to a disease,
in families

Dependency between alleles at different

loci
Observed in a population

Usually extends short distances <0.1 cM

Affect random match probabilities

Always take into account for all pedigrees

Meaaured by the deviation from

expectations, decays with recombinations
Used to find alleles associated with a

disease, in the population
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Software/tools

Likelihood calculation (not accounting for linkage)

— Familias (www.familias.no)
— DNA-view

Likelihood calculation (takes linkage into account)

— FamLink, FamLinkX (https://famlink.se)
— MERLIN (http://csg.sph.umich.edu//abecasis/merlin/index.html)
— R-packages (paramlink and other)

Recombination rates (more later)

— Hapmap data
— deCODE
— Rutgers

Test for LD

— SNAP (https://www.broadinstitute.org/mpa/snap/)

— Arlequin (http://cmpg.unibe.ch/software/arlequin35/)
— 1000 genomes project (http://www.1000genomes.org/)
— PLINK



http://www.familias.no/
https://famlink.se/
http://csg.sph.umich.edu/abecasis/merlin/index.html
http://csg.sph.umich.edu/abecasis/merlin/index.html
http://csg.sph.umich.edu/abecasis/merlin/index.html
https://www.broadinstitute.org/mpg/snap/
https://www.broadinstitute.org/mpg/snap/
http://cmpg.unibe.ch/software/arlequin35/
http://cmpg.unibe.ch/software/arlequin35/
http://www.1000genomes.org/
http://www.1000genomes.org/
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FamLink

In response to the commotion about D12S391 and VWA — FamLink was conceived in 2012

> Forensic Sci Int Genet. 2012 Sep;6(5):616-20. doi: 10.1016/j.fsigen.2012.01.012. Epub 2012 Mar 4.

FamLink--a user friendly software for linkage e
calculations in family genetics

ACTIONS
Daniel Kling !, Thore Egeland, Andreas O Tillmar m
Affiliations + expand
o [ Collections
PMID: 22330853 DOI: 10.1016/j.fsigen.2012.01.012

FamLink performs statistical calculations based on pec “amg“" e s e
between the DNA markers.

Started out with pairwise calculations, i.e. two genetic f¥erin rpidnaysisofdensegeneicmaps wsing

sparse gene flow trees

Gongalo R Abecasis = Stacey S, Cherny, William ©. Cookson & Lon R Cardon

First version was essentially a front-end to MERLIN |- omoin v Assciated ontent

MERLIN...and the Geneticist's Stone?
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FamLink2

« FamLink performs statistical calculations based on pedigree structures and account for linkage
between the DNA markers.

* New version published in 2020

* Implements two novel algorithms FamLink home page

Home Download  Gettingstarted Manual  Contact Help  Databases

* New interface allowing any #Markers

FamLink is compatible with all Windows versions from XP and above. Installation files are provided in FamLinkSetup.exe below. The software can alss be run in stand-alone mode on a USB stick

When downloading FamLink, you are encouraged to send us an email including:

* Freely available at https://famlink.se

library. Try downloading the files vcomp100_32bit.dil and
lht ho \db C:\Window \Syl m32 and C:\Windows\SysWOW64 for the 64 bit version

e
vmmplOO 6abit,

« FamLink? is different from FamLinkX J

FamLinkSetup v.2.4 (Upcoming release) - Multicere version available at FamLinkSetup_v.2.4_me

- Fixed several bugs related to Crested pedigrees
Increased speed in several dialogs
- Improved the model for genotype likelihoods
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FamLink — Publications

1. Kling D, Egeland T, Tillmar AO (2012) FamLink i a user friendly software for linkage calculations in family
genetics. Forensic Sci Int Genet. 6(5):616-620. Original validation paper for FamLink

2. Kling D, Egeland T, Tillmar AO, Mostad P (2015) A general model for likelihood computations of genetic
marker data accounting for linkage, linkage disequilibrium, and mutations. New method for likelihood
computations accounting for linkage, LD and mutations

3. Mostad P, Tillmar A, Kling D (2023) Improved computations for relationship inference using low-coverage
sequencing data. Novel method for likelihood computations with linkage and sequence data

4. Kling D, Tillmar A et al. [2023, In preparation] A comprehensive tool to infer relationships from low quality
sequence data. Validation of implementation in FamLink2
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FamLink — Publications

L [Complex but deals with mutations

2. Kling D, Egeland T, Tillmar AO, Mostad P (2015) A general model for likelihood computations of genetic
marker data accounting for linkage, linkage disequilibrium, and mutations. New method for likelihood
computations accounting for linkage, LD and mutations

3. Mostad P, Tillmar A, Kling D (2023) Improved computations for relationship inference using low-coverage
sequencing data. Novel method for likelihood computations with linkage and sequence data

4. Fast and works with sequence data
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FamLink — What can it do?
Versatile tool box

— LR calculation for pairs of linked DNA markers (any number!)
— Ancestry inference, Phenotype inference, Y-haplogroup inference
— Model genotype uncertainty

— Account for mutations

— Account for subpopulation structure

— Blind search

— “Quick analysis” for LR calculation of “unlimited” number of DNA markers

— Need a Familias file as the input
— Simulation module

— Similar to the simulation approach used in Familias, but linkage is taken into account
— DVI module (Simple)
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FamLink

Why use FamLink instead of Familias???

https://famlink.se
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FamLink — What do we need?

1. Genetic map — where to find? Note: bp is exact physical position,
a. Inputisin cM (not base pairs!) ———— cM can vary depending on source/study
b. deCODE (Kong et al 2010), Hapmap, Rutger -\
(https://compgen.rutgers.edu/rutgers maps.shtml)
2. Frequency data

SClence Curtentissue  Firstrelease papers  Archive  About v : Submit manuscrip
a 100N
Methods OME > SCIENCE > VOL.363,NO.6425 > CHARACTERIZING MUTAGENIC EFFECTS OF RECOMBINATION THROUGH A SEQUENCE-LEVEL GENETIC MAP
The deCODE genetic map was created at deCODE Genetics and is based on 289,658 and 8,411 SNPs on the autosomal and X chromoso) 8 ressmenameLs fyind® = 0, et al., 2010.
Each base is assigned the recombination rate calculated by assuming a linear genetic distance across the immediately flanking genetic mg Characterlzmg mUtagenic effects of recombination jie of the bases contained

within the window. The recombination rates are standardized, bringing the average to 1 for all bins used for the standardization through a sequence-level genetic map

Credits

This track was produced at UCSC using data that are freely available for the deCODE genetic maps. Thanks to all who played a part in thel

unnu
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Hardarson, H. P. Egg B. Gunnarsson, A. Oddsson, G. H. Halldorsson, F. Zink, S. A. Gudjonsson, M. L. o
Frigge, G. Thorleifsso igurdsson, S. N. Stacey, P: Sulem, 6. Masson, A. Helgason, D. F. Gudbjartsson, U
Thorsteinsdottir, K. Stefansson - 8 February 2019
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FamLink — What do we need?

FamLink home page
—

D is exact physical position,

Home Download  Getting started Manual  Contact  Help IDatabases

Databases
FamlLink2 defines genetic markers through two input files, namely .map and .freq files. Note, all files are tab-separated. The former essentially describes a genetic map and hes the format (header not needed)

[Chromosome] [Marker id] [Genetic position, in cM]
1 rs1234 23

Once imported into FamLink2 the genetic markers are defined. Next, frequencies for different populations are imported using .freq files. The format is
M rs1234

A C 02

A G 08

Where M and A are to define where a markers starts and where the alleles start.

Below we provide some example files for commonly used MPS/NGS panels

Map file Famlink project

Freq files for seven populations, many thanks to Chris Phillips

Imar et al. FORCE_genetic map.map FORCE_genetic_map.zip
and Marfa de la Puente for preparing those files

Removes some 300 SNPs from the published vcf

Snedecoretal. 9930 kintelligence_genetic_map.map TBA TBA
Phillips et al. 1241 iemp_genetic_map.map TBA TBA

vary depending on source/study

*TBA=To be added

You may send comments to daniel.kling@rmv.se
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Simple workflow to account for linkage
- an example

Familias FamLink Likelihood ratio (LR)

Case | Recomtbination
hypotheses rates

Genotypes

Population frequencies

Validated and included in our ISO 17025 accreditation for 30 STRs and 131 SNPs
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FamLink?2

Chvomaseme

BEELREEES

BHEEREERELEY

3. Enter/Import genotype data

with allele frequencies OR create your own
and marker positions

https://famlink.se
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FamLink2 Demonstration
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Simulations — lllustrated

[ 1. Founders (HW)

[ 2. Gene dropplng

[ 3. Retain typed

[ 4. Compute LR

=g S g
) om G g
wm g L
| oy

AlIA

A/B

B/B

0.25

0.5

0.25
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Simulations — lllustrated
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Simulations — lllustrated




S 1 RATTSMEDICINALVERKET

¢ NATIONAL BOARD OF FORENSIC MEDICINE
Wwww.rmv.se

A A A G G

T C T C C

Simulations — lllustrated

(sl n}

Simulation appreoach _
[Populatlon ]

[ 1. Draw founders (haplotypes) ] l

[ 3. Remove untyped (and phase) ] l
O ‘ g g ‘ O
AJG Al
cfT cfc

[ Compute metrics (e.g. LR, shared segments etc) ]
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How to understand/interpret a LR distribution plot

A Half siblings (H1) vs Unrelated (H2)
We would like to know how informative a specific marker panel is to solve | = - P —————
.- . - = = Unrelated with sequence variation
a specific case scenario (say Half-sibs vs Unrelated) | [ = arsaings it oo v
9 - A
1. We simulate DNA data for a sufficient number of families (given the specified ,I \\
hypotheses, allele frequencies, mutation rates, recombination rates). 2 Il \
& © \
2.  For each such simulated event, we calculate the LR (i.e. based on the simulated [° / \d
DNA data). =1 Y
o ]
3.  We plot the distributions of the obtained LRs (half-sibs being true, and unrelated /' '\
being true) o | v SN,
. . . \ 7; : :
If separation is good, i.e. -5 0 5 10
overlapping arga IS log10 (LR)
small, the power is good
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QIAseq™ Investigator SNP ID Panel (Qiagen)

* 140 biallelic SNPs

» Simple to evaluate the typing results
(compared to STRS)

 Very low mutation rate

* Less information per marker, but possible
to analyze a larger number.

IntJ Legal Med (2016) 130:905-914
DOI 10.1007/500414-016-1341-4

@

ORIGINAL ARTICLE

A SNP panel for identity and kinship testing using massive

parallel sequencing

Ida Grandell" - Raed Samara”® - Andreas O. Tillmar '~

Received: 20 November 2015 / Accepted: 16 February 2016 /Published online: 1 March 2016

© Springer-Verlag Berlin Heidelberg 2016

Abstract Within forensic genetics, there is still a need for
supplementary DNA marker typing in order to increase the
power to solve cases for both identity testing and complex
kinship issues. One major disadvantage with current capillary
electrophoresis (CE) methods is the limitation in DNA marker
multiplex capability. By utilizing massive parallel sequencing
(MPS) technology, this capability can, however, be increased.
We have designed a customized GeneRead DNASeq SNP
panel (Qiagen) of 140 previously published autosomal foren-
sically relevant identity SNPs for analysis using MPS. One
single amplification step was followed by library preparation
using the GeneRead Library Prep workflow (Qiagen). The
sequencing was performed on a MiSeq System (Illumina),
and the bioinformatic analyses were done using the software
Biomedical Genomics Workbench (CLC Bio, Qiagen).
Forty-nine individuals from a Swedish population were
genotyped in order to establish genotype frequencies
and to evaluate the performance of the assay. The analyses
showed to have a balanced coverage among the included loci,

and the heterozygous balance showed to have less than 0.5 %
outliers. Analyses of dilution series of the 2800M Control
DNA gave reproducible results down to 0.2 ng DNA input.
In addition, typing of FTA samples and bone samples was
performed with promising results. Further studies and optimi-
zations are, however, required for a more detailed evaluation
of the performance of degraded and PCR-inhibited forensic
samples. In summary, the assay offers a straightforward
sample-to-genotype workflow and could be useful to gain
information in forensic casework, for both identity testing
and in order to solve complex kinship issues.

Keywords Next generation sequencing - Single-nucleotide

polymorphism - Forensic genetics - Human identification -
Kinship

Introduction




density

5 10 15
Likelihood ratio (log10)

Relationship

D PARENT vs unrelated
D FULL SIBLING vs unre
D FULL SIBLING vs half sibling
| vaLr siBLNG vs unr
D FIRST COUSIN vs uni

elated

elated

related

Data from simulations of the DNA
markers included in the 140 SNP ID
panel for various familial relationships

Relationship scenario | LR (median [95%]) | Posterior probability (median
[95%])*

Parent/child vs unrelated
Full siblings vs unrelated
Full siblings vs half siblings
Half siblings vs unrelated

* Assuming equal priors  First cousins vs unrelated

1095 [106.2-1012.9]
1083 [1032-10133]
1030[10:0.2-106.]
1019 [10—0.6—104.2]
1005 [100:8-1017]

0.9999999997 [0.9999994-0.99999999999990]
0.999999995 [0.9994-0.99999999999995]
0.9989 [0.40-0.9999991]

0.987 [0.20-0.99993]

0.74 [0.14-0.979]



density

Relationship

D PARENT vs unrelated

D FULL SIBLING vs unrelated
D FULL SIBLING vs half sibling
D HALF SIBLING vs unrelated
D FIRST COUSIN vs unrelated

0 10

Likelihood ratio (Iog10)

20 30

* Assuming equal priors

Relationship scenario LR (median
[95%)])

Parent/child vs unrelated

1071.0[1016-21(26.9
Full siblings vs unrelated 1012.0[108.01016]
Full siblings vs half siblings 1059[101210109
Half siblings vs unrelated 10%6[10051C87]

First cousins vs unrelated 1012[100810%9]

Data from simulations of the DNA
markers included in the 140 SNP ID
panel combined with 30 STRs (CE
based) for various familial relationships

Posterior probability (median [95%])*

>0.9999999999999 [0.999999999999D999999999990
0.9999999999990 [0.9999999E09999999999999
0.9999990 [0.95).99999999999D

0.99997 [0.770.999999998

0.94[0.130.9997



R (X TT S E I C I N Lv E R K E T Forensic Science International: Genetics 46 (2020) 102232

Contents lists available at ScienceDirect

"ol Erieuile St sl Bt e
ELSEVIER journal homepage: www.elsevier.com/locate/fsigen
08
I C M P p an e 46 Microhaplotypes | [l 15 0.767-0.666
07 B 21 0658-0.602
[
06 B2 <05

* Approx 1200 tri-allelic SNPs

— SNPs with high heterozygozity were selected
from 1000 Genomes data

0.598-0.522 ‘
[
|
|

0.5
0.4

0.3

» Approx 50 microhaplotypes

Average Heterozygosity (AFR-EUR-EAS)

0.2

0.1

/
145 1105 20
0.658-0.6 0.598-0.5 <0.5

1270 Tri-allelic SNPs

otype patterns in single individual samples or di: jant genotypes for genomic control DNAs. A likely ex-
planation for some of these unreliably genotyped loci is that they map to multiple sites in the genome - high-
lighting the need for caution and detailed scrutiny of multiple-allele variant data when designing future forensic
SNP panels, as such patterns can arise from common structural variation in the genome, such as segmental
duplications.
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"ICMP panel”

Informativeness of the cM parsed autosomal SNP set of 1377 tri-allelic SNPs for relationship testing

Full sibs vs unrelated Half sibs vs unrelated

0.10 D FS D HS
Hur M ur

Density

« Skip STRs completely?

0.00 0.00

First cousins vs unrelated

0 [Jrc
. UR 04

o8 Second cousins vs unrelated

Density

0.2

0.0 0.0
-10 0 10 20 30 40 0 4 8

Likelihood ratio (log1o) Likelihood ratio (logio)
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The FORCE Panel: An All-in-One SNP Marker Set for

Confirming Investigative Genetic Genealogy Leads and
for General Forensic Applications
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FORCE panel — Power

FORCE panel: First cousins (FC) vs Unrelated (UR)

* First cousins are well separated f
- Even many second cousin cases can —a
FORCE panel: Second cousins (SC) vs Unrelated (UR)
be resolved
i. Emtz::::::s:,

5 10
Likelihood ratio (log10)
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Consideration, before implementing a new marker panel

(during marker selection/panel evaluation)

* What is the expected degree of information for "my” cases?

Do we have linked markers?

— What is the effect if not considered?
— Which software to use?

Do we have markers in LD?
— Incorporate markers in LD or exclude them?
— Which software to use?
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Before implementation

(during marker selection/panel evaluation)

« Estimate recombination rates (r) for all marker pairs in the panel

— The rate (r) can be estimated from family studies or via mapping functions
— If r<0.5, linkage should be accounted for

* Check the effects of linkage for case scenarios of your interest

» Perform analysis of LD

— Compare observed vs expected haplotype frequencies under LE.
— If LD exists, remove markers in the LD block or use observed haplotype frequencies when

estimating the rarity of the DNA profile.



"ICMP panel” - Impact of linkage?

* Many of the SNPs are
located around 1 cM apart
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logo LR ignoring linkage

10910 (LB ignoring linkage/LR accounting for inkage)

Full siblings vs unrelated

logro LR accounting for linkage

Full siblings vs unrelated

°3.

logro LR accounting for linkage

A

© Futubange

© Unisiea

© Fusangs

A: The logro LR values
when accounting for
linkage (X axis) and
logio LR values
ignoring linkage (Y
axis) for full siblings vs
unrelated scenarios.

B: The logio LR values
when accounting for
linkage (X axis) and
logio LR values
ignoring linkage/LR
accounting for linkage
(Y axis) for full siblings
vs unrelated scenarios.

10910 (LR ignoring linkage/LR accounting for finkage)

logo LR ignoring linkage

¥

First cousins vs unrelated

logro LR accounting for linkage

First cousins vs unrelated

logro LR accounting for linkage

© st coumen

Lyr—

© Fratcouss

C: The logro LR values
when accounting for]
linkage (X axis) and
logio LR values|
ignoring linkage (Y]
axis) for first cousins vs
unrelated scenarios.

D: The logio LR values
when accounting for|
linkage (X axis) and|
logio LR values
ignoring linkage/LR
accounting for linkage|
(Y axis) for first cousins
vs unrelated scenarios.
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Decision plots

» The fraction of simulations where different decisions (conclusions) are
taken when linkage is accounted for or not accounted for

Cousins once removed Cousins 2nd Cousins Full vs half sibs Half sibs
z c c c c
S & S & S & S 3 S 3
o W w w w
‘o w ‘o w ‘o w o w o w»
] o | L] o | L] o | L] o | L] o |
= o o o o
960 SNPs & ° B ° B ° B ° B °
] ) ) ) )
£ 3 £ 3 £ 3 £ 3 £ 3
o o o o o
In-house £ 3§ - £ 34 £ 34 £ 34 £ 34
2 = = = =
- - - - -
5 S 5 5 5 S- 5 S- 5 S-
ICMP S o | S o | S o S o S o
s e 5 T T T T T s e 5 T T T T T s e 5 T T T T T ™ e 5 T T T T T ™ e 5 T T T T T
0 2 4 6 10 0 2 4 6 10 0 2 4 6 10 0 2 4 6 10 0 2 4 6 8 10
log10 LR (decision) log10 LR (decision) log10 LR (decision) log10 LR (decision) log10 LR (decision)

From Kling & Tillmar 2019
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FORCE panel IR (no rhage) = 1E+20

Median = 0.34 cM §°

"s ;; ]

i l o
' If threshold is 1+EB, about 10% 20
> first cousins will be missed

b n log10 LRzzLinkage) :

\ LR is LR is
: underestimated
: overestimated

e J data for 1000 first cousins
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Drawbacks with expanded panels

 Limited knowledge and experience — Workshops and
courses!

* Few tools — FamLink!
* Cost — New MPS approaches!



RATTSMEDICINALVERKET

b 98 NATIONAL BOARD OF FORENSIC MEDICINE

www.rmv.se

Summary

Possible dependencies need to be studied before implementation

— Linkage (marker dependencies)
— Linkage disequilibrium (allele dependencies)

In general, linkage will be an issue, LD not

— Use dedicated software for the biostatistical evaluation
— NB! For standard "Suspect vs unrelated” / "father vs unrelated” case scenarios, linkage
will have no effect on LR (assuming LE)
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Genotype uncertainty (advanced)

 CE data

12 16
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Genotype uncertainty (advanced)

 CE data
* MPS data

-------------- 100 Reads (Coverage)

A T

Reads can having different quality parameters,
E.g. mapping guality, sequence quality etc.
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Genotype uncertainty (advanced)

- CE data
 MPS data
» Genotype calling

Manual calling vs automated calling

Do we need to exactly call genotypes???
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Genotype uncertainty (advanced)

* Binary/thresholds

— Genotype calling is based on pre-defined analytical (AT) and stochastic thresholds
(ST).

Thresholds: AT=10, ST=20

Example # Reads #Reads with | Genotype
wi t h ACo
1 11 12 AC
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Genotype uncertainty (advanced)

* Binary/thresholds
— Genotype calling is based on pre-defined analytical (AT) and stochastic thresholds
(ST).
Thresholds: AT=10, ST=20

Example # Reads #Reads with | Genotype
wi t h A Co
1 11 12 AC

11 0 No call
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Genotype uncertainty (advanced)

* Binary/thresholds

— Genotype calling is based on pre-defined analytical (AT) and stochastic thresholds
(ST).

’ Thresholds: AT=10, ST=20
Exampl # Reads #Reads with | Genotype
wi t h ACOo
1

2 11 0 No call
3 22 0 AA
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Genotype uncertainty (advanced)

* Binary/thresholds
— Genotype calling is based on pre-defined analytical (AT) and stochastic thresholds
(ST).
Thresholds: AT=10, ST=20

Exampl # Reads #Reads with | Genotype
e wi t h A Co
11 12 AC

1

2 11 0 No call
3 22 0 AA

4 4 3 No call

Works fine if mean coverage is high (say 100X), but not if coverage is low (say 5X)
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Genotype uncertainty (advanced)

» Genotype likelihoods

— “Probabilistic genotyping”. Genotype likelihoods are calculated for all possible genotype
constellations, based on the observed read data

Genotype likelihoods

Example Reads Reads Genotype likelihood
wi t h wi t h

P(AA)=0.010, P(CC)=0.008, P(AC)=0.982
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Genotype uncertainty (advanced)

« Genotype likelihoods

— “Probabilistic genotyping”. Genotype likelihoods are calculated for all possible genotype
constellations, based on the observed read data

Genotype likelihoods

Example Reads Reads Genotype likelihood
wi t h wi t h

P(AA)=0.010, P(CC)=0.008, P(AC)=0.982
2 2 0 P(AA)=0.670, P(CC)=0.007, P(AC)=0.333
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Genotype uncertainty (advanced)

« Genotype likelihoods

— “Probabilistic genotyping”. Genotype likelihoods are calculated for all possible genotype
constellations, based on the observed read data

Example Reads Reads Genotype likelihood
wi t h wi t h

P(AA)=0.010, P(CC)=0.008, P(AC)=0.982
2 2 0 P(AA)=0.670, P(CC)=0.007, P(AC)=0.333
3 50 0 P(AA)=0.99999, P(CC)=0.0000001, P(AC)=0.00001

All data can be included in the kinship prediction, need to have a model..
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Genotype uncertainty (advanced)

JOURNAL ARTICLE

CE data

MPS data

Genotype calling

Model for genotype likelihood

Results: We present a software tool, NgsRelate, for estimating pairwise
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Genotype uncertainty (advanced)

JOURNAL ARTICLE

B BMC Part of Springer Nature

- CE data
BMC Bioinformatics
. M PE data Home About Aricles Submission Guidelines Collections Join The Board Submit manuscript [F

- Genotype calling [ Linked markers
- Full model for genotype uncertainty

* Model for genotype likelihood || \yorks with any pedigrees

- Works with any #individuals
- Models subpopulation structure

the data for one or more of the persons is from low-coverage next generation sequencing

—| (1cNGS), currently available computational methods either ignore genetic linkage or do not

take advantage of the probabilistic nature of 1IcNGS data, relying instead on first estimating the

genotype. We provide a method and software (see familias.name /lcNGS) bridging the above
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Implementations
Proposed model

R-script FamLink2

<« C @ familias.name/IcNGS/ mLink2 - FO - o
K BMC Part of Springer Nature
File Tools Help
Web page for IcNGS :
BMC Bioinformatics
Tl mproves istonshin ierence usig o cove
Home About Aticles Submission Guidelines Collections Join The Board  [IEGREUTEUERITS Aulhors Patter Mosizd, Ancreas Tilmar and Danie King [elect basic hypothesis (Only one pedigree) x

Contact mostad@chaimers se or daniel King@mse

i - 7 T 7 I 7 7] Create/Edit
Description ’ 7 ]Lf I‘ e 7 i pedigree
The publication describes a navel 2pproach to relationship inference from low coverage sequencing data. The mode! combines G e ]

Display full mage

Research | Open Access | Published: 09 March 2023

Improved computations for relationship inference
using low-coverage sequencing data

Vie use example data from the publication by Tilmar et aI descrbing a SHP panel with roughly 4000 kinship Ful Sibings Haif Siblings Ful Sibings Half Sibings

(data mother) (data mother)
Qw‘ ’(\
KINEN LI

Usage and applications
-5 7%
e impiementaion s provded a5 2 apen soutce Rescrpt i fesearch puposes asthe infended use. A valated Wincons GUJ 'pfumﬁ

‘The typical input s low coverage sequance data for one o mors samples 3nd high quality genotype data (from ihatever platiom)
also possible if sampes are only high quality as well

Petter Mostad & Andreas Tillmar & Daniel Kling Qur Rescriptimplementation accepts simple allefe read counts for 2 SNP marker as input. In addition the R-scripts accepts a con Unrelated Half Siblings Half Siblings Three full siblings
(data differ... different mothers
BMC Bioinformarics 24, Article number: 90 (2023) | Cite this article Parameters . - ) - .
X ) ) Our model requires some parameters o b roush guideine but each user must review teir partcular o 5 m AP

799 Accesses | 2 Altmetric | Metrics A genetic map i necessar forthe inhertance model The msp contains genetc posiions, in o, for esch included marker. The O B moo!
Reach out fo us i you would ik fo consict your own map
Apopulation frequency database specitying the allele frequencies for each include marker. We provide an example in the nesd se Two full sblings and - Two full sblings and  Two ful sbings and Unde
#een o pecing e © Ve proude ple e et < onehalfsbing  one halfsbing (... one unrelatead (. (data mother)

Abstract Qur mode further necessilates setting some additional parameters. First, the gamma parameter refating to the probabilty of an
UMb of typed ndisuals i the requency database. On 3 conservaiive Side, NS parameter shoui tske a value n he range. &
ot o e b 0 e Wk Sl o Aoty B o PGS 8 1o St P I B
Some data. fpar s more ifult 0 gve guidance on and fuure stucies willovaluato the mpact ofdfierent parameter values. A st feapl 2

20 3l or high quaiy Sampies >100
Close
Download

The R (uploaded 2023-01-23)

Pedigree inference, for example determining whether two persons are second cousins or
unrelated, can be done by comparing their genotypes at a selection of genetic markers. When
the data for one or more of the persons is from low-coverage next generation sequencing
(1cNGS), currently available computational methods either ignore genetic linkage or do not
take advantage of the probabilistic nature of IeNGS data, relying instead on first estimating the
genotype. We provide a method and software (see familias.name/lcNGS) bridging the above

Genetic map and frequency data from the GEU population in the 1000G project as well as example uef fle with two ndvicuals.
Files used in the simulations in the paper are available for simulated depth 3 and 10 respect

https://familias.name/IcNGS https://famlink.se
RATTSMEDICINALVERKET

NATIONAL BOARD OF FORENSIC MEDICINE
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Genotype uncertainty (advanced)

i A) First cousins
Observatlotn mo?tel - Genotypes (linkage) === Genotypes (unlinked) PerfeCt qenotvpes
parameter settings o | e
* Simulated low
depth (1X) data 2 - Low coverage data

—— Call genotypes

with high error rate
(10%) and few
cells (n=5)

* Analyzed with
different parameter
settings as well as

direct genotype \
calling E |/ | ‘ | ‘
/ 0 2 4 6 8

Determine genotype log10 LR (t)
Kling et al. 2023

@ |
=}

Pr(LR>t)

]
=]

N
o
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FamLink2 Demonstration
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