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Solving relationship issues with DNA data 

Question: Are child 1 and child 2 paternal half-sibs, or unrelated  

Genetic data: 4-12 X-STRs 

Example 2 ”More complex” question Example 1 ”Simple” question 

H1: AF is the father of the child H2: AF is unrelated to the child 

Question: Is AF the biological father of the child?  

Genetic data: 15-21 autosomal STRs 

Mother 

Child 

AF 
Mother 

Child 

AF 

Legal situations: (e.g.) paternity, immigration, missing person identification, 
criminal acts (incest, human trafficking), investigative leads and more 

Child 2 Child 1 

Child 2 Child 1 

H1: Child 1 and 2 have the same father H2: Child 1 and 2 are unrelated 



X chromosome in humans 

• A female has two X chromosomes 

• A male has one X chromosome 
• In rare occasions other variations may exist, 

XXY (Klinefelter), X0 (Turner), XXX (Triple X), XYY  

 
Male Female 

x x x 



Father Mother Father Mother 

Daughter Son 

X-chromosomal inheritance pattern 



Inheritance pattern (one X locus) 

Males are hemizygous 
Females are homozygous (two alleles of the 
same variant) or heterozygous (two alleles of 
different variants) 

Forced transmission 
from father to daughter 

No transmission 
from father to son 



Inheritance pattern makes X-chromosomal analysis more (or less) 
informative compared with autosomal DNA analysis 

Generally more informative Generally less informative 

• Paternal half-sisters vs unrelated 
• Paternal grandmother/granddaughter vs unrelated 
• For many pedigress, the exclusion probability is not 

null 
 
 

• Father/son vs unrelated 
• Paternal grandfather/grandson vs unrelated 
• Paternal halfbrothers vs unrelated 

 

Tillmar et al., 2017 See Pinto et al., 2011 



Two common X-chromosomal marker panels 

• STRs (short tandem repeats) 

• “Decaplex” 
– 10 X STRs, in genetic linkage but mostly not in linkage 

disequilibrium (LD, allelic association). 

– Developed by GEP-ISFG (Gusmao et al., 2009) 

 

• Argus X-12QS 
– 12 X STRs, in four “linkage groups”, in genetic linkage 

but mostly not in linkage disequilibrium (LD, allelic 
association). 

– Investigator Argus X-12 QS (Qiagen) 

 

DXS8378 
DXS9898 
DXS7133 
GATA31E08 
GATA172D05 
DXS7423 
DXS6809 
DXS7132 
DXS9902 
DXS6789 



Basic notations: 
Genetic markers, alleles and pedigrees 

• Consider one X-chromosomal genetic marker (e.g. STR) with possible alleles A, B and C 

• Consider a family “trio” (mother, alleged father and a male child) 

C 

M AF 

A/B 

A/A B 

In this pedigree: 
– Circles represent females 
– Squares represent males 
– M is the biological mother of C 
– AF is the biological father of C 
– M and AF are unrelated 
– The genotype of the mother is A/A (homozygous) 
– The genotype of the alleged father is A (hemizygous) 
– The genotype of the child is A/B (heterozygous) 

 
 

C1 

A/B 

C2 

B/B 

C1 and C2 are full siblings, DNA data 
is available only for C1 and C2 



Basic notations: 
Allele, haplotype, genotype, diplotype 

ChrX:1 ChrX:2 

14.2 

19 

10 

12 

Maternal Paternal 

· 10/14.2 (or 10,14.2) is a genotype 

· 10 is an allele 

· 10_12 is a haplotype 

· 10_12/14.2_19 is a diplotype 
   (or 10_12|14.2_19) 
   (or   10|14.2 
            12|19) 

Female 

Locus A 

Locus B 



Inheritance patterns  (mendelian principles) 

How DNA segments are segregated from parents to child 

Infer genetic relationship from DNA data – two key components 

Informative! Not informative! 

Population genetics 

How common are shared alleles among ”unrelated” individuals? 



Books (example) 

Forensic DNA Evidence Interpretation 
John S. Buckleton, Jo-Anne Bright, Duncan Taylor 

Relationship Inference with Familias and R 
Statistical Methods in Forensic Genetics 
Thore Egeland, Daniel Kling, Petter Mostad 

Mass Identifications Statistical 
Methods in Forensic Genetics  
Daniel Kling, Thore Egeland, Andreas 
Tillmar, Lourdes Prieto 



– Focus of this first presentation - 
Assessing the weight of evidence 

• Framework for the statistical interpretation 

• Likelihood ratio principle 
– Basic principles (paternity/kinship)  

– Accounting for: 

• Mutations 

• Linkage and linkage disequilibrium 

• Presenting the evidence 

• The goal is to gain an understanding of how it works, in order to understand what 
affects the evidential weight and how it affects. 

All from an X-chromosomal perspective! 



Framework 

• The goal is to provide the evidential weight, of the DNA findings, to the court (or other decision makers). 

• The interpretation should be based on a solid framework, scientific principles, thoroughly tested 
methods 

• Different approaches exist and have been used throughput the years 
– See next slides 

• Importantly, we (forensic geneticists) provide the evidence and an interpretation, we DO NOT make 
decisions 



Different approaches to infer relationship based on DNA data 

• Likelihood based approaches 

– Calculates the likelihood of observed DNA data given pre-defined hypotheses. 

– Likelihood ratio principle, Paternity/Kinship/Sibling Index, full Bayesian approach 

 

• Exploratory approaches  

– Quantifies allele sharing properties 

– Kinship coefficient, Relationship coefficient 

 

• Segment approach 

– Measures the lengths of shared chromosomal segments 

– Most common in genetic genealogy applications 

 

Require many DNA markers (>10,000) 
and will not be covered in this workshop 



Different frameworks have historically been used for 
paternity and relationship testing 

• Exclusion probability 

– ”The probability to exclude a sibship between Adam and Boris has been calculated to 99.9%” 

• Likelihood ratio principle 

– “The observed DNA profiles are 1739 times more likely if Adam and Boris are related as half sibling than if Adam 
and Boris are unrelated” 

• Relationship probability 

– ”The posterior probability of Adam being a half sibling of Boris has been estimated to 99.99%” 

 



Likelihood based approaches - Basics 

• Relationships are estimated based on specified alternatives (sources and hypotheses/pedigrees). 

 

– Can handle two or more hypotheses, and an ”unlimited” number of individuals. 

 

• From each hypothesis/pedigree, a likelihood or conditional  
probability of observing the genotype results is computed based on Mendelian principles and underlying 
allele/ haplotype frequencies. 

• This approach is current golden standard for classic forensic testing and the recommended approach. 

– ISFG (Gjertson et al., 2007, Tillmar et al., 2017, Roewer et al., 2020) 

– ENFSI (ENFSI Guideline for Evaluative Reporting in Forensic Science, 2016) 

– AABB (Guidance for Standards for Relationship Testing Laboratories, 2016) 

– SWGDAM (Recommendations of the SWGDAM Ad Hoc Working Group on Genotyping Results Reported as Likelihood Ratios) 

• Via the Bayesian principle it is possible to combined evidence from multiple sources and convert prior 
information into posterior likelihoods and/or probabilities to aid decision making. 



Is John the father of Mia? 

DNA testing to solve relationship issues 

DNA data 

  DXS10101 DXS10301 HPRTB  …. 

Mia:  12,13  22,22  31,32.2  ….   

Mother of Mia: 12,14  22,23.2  31,30  …. 

John:  13  22  32.2  …. 

Can we use the information from the DNA data to answer the question?     

YES! 
We estimate the “weight of evidence” by biostatistical calculations. 

How much more (or less) probable is it that John is the 
father of Mia, compared to not being the father of Mia? 

We will follow the recommendations given by: 
Gjertson et al., 2007 “ISFG: Recommendations on biostatistics in paternity testing.”  
and  
Tillmar et al., 2017 “DNA Commission of the International Society for Forensic 
Genetics (ISFG): Guidelines on the use of X-STRs in kinship analysis.” 





C 

M AF 

GM=a,b GAF=c 

GC=a,c 

C 

M AF 

GM=a,b 
GAF=c 

GC=a,c 

Paternity trio – An example 

• Which pedigree/hypothesis explains the observed DNA data the best? 
‒ We calculate and compare these probabilities, and can get an estimate of the strength of the 

DNA evidence, supporting either hypothesis 





Genotype/diplotype, allele/haplotype frequencies 

• We need genotype/diplotype frequencies vs allele frequencies/ haplotype. 

• Genotype/diplotype frequencies could be estimated from observed population genotype/diplotype 
reference data  
(requires large number of reference individuals) 

or 

• Genotype/diplotype frequencies could be estimate from population allele/haplotype frequencies 
(assuming Hardy-Weinberg Equilibrium) 

• Allele/haplotype frequencies should be estimated from a case-independent set of reference individuals from 
the population of interest. 

• The size of such reference database depends on the expected number of alleles/haplotypes, 
homogeneity/heterogeneity of the population (200-500 individuals could be sufficient, but could require 
more). 

• The population should reflect the population of interest in the case. 
 





Allele/haplotype frequencies 

• Gusmao et al., 2025 

 

 

 

 

 

• https://famlink.se/fx_databases.html 
 



Subpopulation correction 

 

 

“If a significant degree of substructuring is known to be present in a population, algorithms 

that take substructuring into consideration shall be used.” (Gjertson et al., 2007) 

• What is subpopulation effects? 
• First developed by Wright in (1965) 
• Balding & Nichols (1994) 

• How to estimate it? 
• Reasonable values (0-0.05, less than 0.001) 

• Sampling formula (Fst = θ) 

For X loci, see Ayres et al., (2005) Calculating the exclusion probability and paternity index for 
X-chromosomal loci in the presence of substructure. FSI 149:201–203 



LR= 

C 

M AF Founders 

Child 
Transmission 
probabilities 

Mendelian factor 

Genotype 
probabilities 

(for each founder) 

2*pi*pj 

pi*pi 

Assuming Hardy-Weinberg 
equilibrium (HWE) and no 

substructure 

GC 

GM 
GAF 

Heterozygous 

Homozygous 

pi: allele frequency 
for allele i 

=0.5, if parent is heterozygous 

=1, if parent is homozygous or hemizygous 

Could also be µ, r etc 

 

Hemizygous 
pi 





LR= 
= 

=  
dc pp 2

Pc : Probability to observe allele “c” in the population (e.g. population frequency) 

Count of allele ”c” 

Total number of observed alleles in the 
population database 

 
ba pp 2  

dc pp 2 0.5 1 

 
ba pp 2  

dc pp 2 0.5  dc pp 2

1 

Paternity trio – A simple example with one X-chromosomal marker 



 
ba pp 2  

dc pp 2 0.5 0.5 

 
ba pp 2  

dc pp 2 0.5  dc pp 2
LR= 

= 

= 
0.5 

 
dc pp 2

Pc : Probability to observe allele “c” in the population (e.g. population frequency) 

Count of allele ”c” 

Total number of observed alleles in the 
population database 

Paternity trio – A simple example with one X-chromosomal marker 



M AF 

GM=10,11 GAF=13 

GC=10,13 

0.5 

M AF 

GM=10,11 
GAF=13 

GC=10,13 

  11102 pp  
2.14132 pp 

0.5   11102 pp  
2.14132 pp   

2.14132 pp 

LR= 

Paternity trio – real X-STR data 

1 

 
2.14132 pp 

1 

 
2.14132 pp 

C 

C 





STR mutations 

• Brinkmann et al (1998) found 23 mutations in 10,844 parent/child offsprings. Out of these 22 
were single step and 1 were two-step mutations. 

• Mutation rate may depend on marker, sex (female/male), age of individual, allele size 

“The possibility of mutation shall be taken into account whenever a genetic inconsistency is 
observed” (Gjertson et al., 2007) 

• Gusmao et al (2025) 



Models for STR mutations 

Different approaches to calculate LR accounting for mutations exist. 

The most used one “Stepwise mutation model” 

LR ~ (µtot*adj_steps)/p(paternal allele) 

0 +1 +2 +3 -1 +2 +3 -2 -3 

1- µtot 

µ+1 µ-1 µ+2 µ+3 µ-2 µ-3 

12 13 14 15 11 10 9 Allele: 

µtot=µ+1+µ-1+µ+2+µ-2+… 



M AF 

GM=10,11 GAF=13 

GC=10,12 

100% for 13 to be 
the parental allele 

Total mutation 
rate for the locus 

90% of mutations 
are 1-step 

50% are loss of 
fragment size 

Mutation model decreasing with range 

Paternity trio - Mutation 

A software like FamLinkX 
will consider all mutation 
possibilities (if the mutation 
rate is set to >0) 

C 

“Stepwise 
decreasing 
with range” 











Linkage and Linkage disequilibrium (LD)  
Argus X12 QS 

1. LD within each linkage group => Haplotypes instead of alleles 
 

2. Co-segregation of markers from different linkage groups 
(i.e. linkage groups are linked) => LR per marker/linkage group 
cannot be multiplied into a combined LR 
 



Linkage and Linkage disequilibrium 

• Linkage 
– Can be described as the co-segregation of closely located loci within a family 

or pedigree. 

– Effects the transmission probabilities! 

 

• Linkage disequilibrium (LD) 
– Allelic association. 

– Two alleles (at two different markers) which is observed more often/less 
often than can be expected. 

– Effects the founder genotype probabilities, not the transmission 
probabilities! 

 



C 

M AF 

10/11 
12/14 
 

19 
13 

10/14.2 
12/19 

AGF AGM 

Marker 1: 14.2/15.2 
Marker 2: 10/19 

Marker 1 and 2 are located on 
the same chromosome (chr X) 

The chromosomal phase of 
the child can be inferred  

ChrX:1 ChrX:2 

14.2 

19 

10 

12 

Maternal Paternal 

A recombination must have occurred at AGM to 
explain the data (given this pedigree). 

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 0 (very very close markers), the 
observed data is not possible (given this pedigree) 
 
Ignoring genetic linkage may result in false LRs 

Linkage and how it impacts the LR 

AGMF 

14.2 
10 



LR= 

C 

M AF Founders 

Child Transmission 
probabilities 

Mendelian factor 

 (recombination rate) 

Genotype 
probabilities 

Haplotype frequencies (instead of allele frequencies) 

GC 

GM 
GAF 

Linkage 

Linkage disequilibrium (LD) 

 
Linkage and LD will be more in focus next week! 



Presenting the evidence 

• Important that we can present the evidential weight to the decision makers! 

• Likelihood ratio (LR) (or Paternity index (PI)) 

• Posterior probability (must set priors!) 

Simplifies to LR/LR+1 if we have two hypotheses with equal priors 

Li=Likelihood under hypothesis i 
πi=Prior probability for hypothesis i 

45 report LR(PI) and/or 36 paternity probability 
(ESWG questionnaire, proficiency test 2017) 

Gjertson et al., 2007 



• H1: The tested female children has the same father 

• H2: : The tested female children has different fathers 

• Likelihood, Pr(DNA|H1)=0.0123 

• Likelihood, Pr(DNA|H2)=0.0010 

• LR=12.3 (…”the observed DNA data is 12.3 times more likely if the tested children has the 
same father, than if the tested children has different fathers”) 

• Prior probability: 0.8 (H1), 0.2 (H2) 

 

 

• Posterior probability, Pr(H1|Evidence): 
0.8*0.0123/(0.8*0.0123+0.2*0.001)=0.98008 (…”the posterior probability that the 
tested children has the same father has been estimated to 98.0 %.”) 

 

An example 

Gjertson et al., 2007 



Reporting a verbal statment 

• Depending on the decision maker, it could be advisable to 
include a verbal statement in the report.  

– How to do this?  

– When is the evidence “high”, when “low”, when “inconclusive”? 

 

 

Hummel 1981 Biomathematical evidence of paternity, (Beweis der Vaterschaft) Berlin, Springer 

ENFSI Guideline for Evaluative Reporting in 
Forensic Science 



Setting the hypotheses? 

• Who? 

– Court/customer to hinder bias 

• How many hypotheses? 

– Only the relevant to hinder ”dilution” 
• 99% uncle vs 1% unrelated (if 2 hypotheses) 

• 33% uncle vs 33% half sibs vs 33% grandfather vs 1 % unrelated. (if 4 hypotheses) 

• Always report assumptions 

– ”Full siblings” vs ”unrelated”, not ”Siblings” vs ”not siblings”, not only “Siblings”  

 

 



Authentic case example 1 

-DNA profiles from alleged father and child 
- No genetic inconsistencies 

Father vs unrelated : LR=75 654 625   i.e. >99.999% father 
 
Uncle vs unrelated: LR=23 975              i.e. >99.99% uncle 
  
Father vs uncle: LR=3 155         i.e. >99.9% father 



Full siblings? 
DNA profiles from individuals A and B 

Full siblings vs unrelated : LR=132   i.e. >99% full siblings 
 
Full siblings vs half siblings: LR=0.01  i.e. <1% full siblings 

Choice of hypotheses matters! 

Authentic case example 2 



• Separate file (and solutions) 

Exercises 


