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Disclaimer! 

Points of view are those of the presenters and do not necessarily represent 

the official position or policies of the National Board of Forensic Medicine or 

ISFG. Certain commercial software, instruments, and materials are identified 

in order to specify experimental procedures as completely as possible. In no 

case does such identification imply a recommendation or endorsement, nor 

does it imply that any of the materials, instruments, or equipment identified 

are necessarily the best available for the purpose. 
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Cytogenetic 

Marker 

Linkage 

Physical 

localisatio

n 

Rutgers 

Map v.2 

localisation group [Mb] [cM 

Kosambi] 
    NCBI 36 

p 22.31 DXS10148 X1 9.198 19.84 

p 22.31 DXS10135 X1 9.199 20.03 

p 22.31 DXS8378 X1 9.33 20.21 

centromere DXS7132 X2 64.572 90.75 

q 12 DXS10079 X2 66.632 90.82 

q 12 DXS10074 X2 66.894 90.83 

q 26.2 DXS10103 X3 133.246 149.37 

q 26.2 HPRTB X3 133.443 149.66 

q 26.3 DXS10101 X3 133.482 149.75 

q 28 DXS10146 X4 149.335 183.72 

q 28 DXS10134 X4 149.401 183.96 

q 28 DXS7423 X4 149.46 184.19 

Cytogenetic 

Marker 

Physical 

localisatio

n 

Rutgers 

Map v.2 

localisation [Mb] [cM 

Kosambi] 
  NCBI 36 

p 22.31 DXS8378 9.33 20.21 

p 22.2 DXS9902 15.234 32.32 

centromere DXS7132 64.572 90.75 

q 21.31 DXS9898 87.682 101.29 

q 21.33 DXS6809 94.825 108.12 

q 21.33 DXS6789 95.336 108.47 

q 22.3 DXS7133 108.928 118.18 

q 23 GATA172D05 113.061 124.36 

q 27.1 GATA31E08 140.062 160.54 

q 28 DXS7423 149.46 184.19 

<0.5cm 

Decaplex 

https://pubmed.ncbi.nlm.nih.gov/19082839/  
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https://chrx-str.org/xdb/marker.jsf?marker=DXS10148&cid=5336016
https://chrx-str.org/xdb/marker.jsf?marker=DXS10135&cid=5336016
https://chrx-str.org/xdb/marker.jsf?marker=DXS8378&cid=5336016
https://chrx-str.org/xdb/marker.jsf?marker=DXS7132&cid=5336016
https://chrx-str.org/xdb/marker.jsf?marker=DXS10079&cid=5336016
https://chrx-str.org/xdb/marker.jsf?marker=DXS10074&cid=5336016
https://chrx-str.org/xdb/marker.jsf?marker=DXS10103&cid=5336016
https://chrx-str.org/xdb/marker.jsf?marker=HPRTB&cid=5336016
https://chrx-str.org/xdb/marker.jsf?marker=DXS10101&cid=5336016
https://chrx-str.org/xdb/marker.jsf?marker=DXS10146&cid=5336016
https://chrx-str.org/xdb/marker.jsf?marker=DXS10134&cid=5336016
https://chrx-str.org/xdb/marker.jsf?marker=DXS7423&cid=5336016
https://chrx-str.org/xdb/marker.jsf?marker=DXS8378&cid=5336016
https://chrx-str.org/xdb/marker.jsf?marker=DXS9902&cid=5336016
https://chrx-str.org/xdb/marker.jsf?marker=DXS7132&cid=5336016
https://chrx-str.org/xdb/marker.jsf?marker=DXS9898&cid=5336016
https://chrx-str.org/xdb/marker.jsf?marker=DXS6809&cid=5336016
https://chrx-str.org/xdb/marker.jsf?marker=DXS6789&cid=5336016
https://chrx-str.org/xdb/marker.jsf?marker=DXS7133&cid=5336016
https://chrx-str.org/xdb/marker.jsf?marker=GATA172D05&cid=5336016
https://chrx-str.org/xdb/marker.jsf?marker=GATA31E08&cid=5336016
https://chrx-str.org/xdb/marker.jsf?marker=DXS7423&cid=5336016
https://pubmed.ncbi.nlm.nih.gov/19082839/
https://pubmed.ncbi.nlm.nih.gov/24632058/


Markers 
Different kits 

 STRs 

SNPs 

1. Many alleles 

2. Mutations 

3. LD 1. Two alleles 

2. Low mutation 

3. Little LD 

8 



Markers 

X-SNPs are chosen to be have no significant LD  
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Haplotypes 



Haplotypes 
What is a haplotype? Sequence of alleles on the same chromosome 

What is special with the X-chromosome? Males only have one 

Phase uncertainty 

 

 

Marker Child Sibling 

DXS10148 19,20 19,19 

DXS10135 16,17 16,17 

DXS8378 10,10 10,10 

Haplotype 
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Haplotypes 
 

 

Ambigious haplotypes 

12_19 can be from mother or 

from different fathers 
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Haplotypes 
 

 

Ambigious haplotypes 

12_19 can be from mother or 

from different fathers 
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M1: 12, x 

M2: 19, x 

M1: 14 

M2: 18 
M1: 13 

M2: 17 

M1: 13, 14 

M2: 17, 18 

M1: 12 

M2: 19 
M1: 12 

M2: 19 

Other possibilities? 



Haplotypes 
 

 

Ambigious haplotypes 

Haplotypes ”certain” 

12_19 is from the grandfather 

12_19 can be from mother or 

from different fathers 
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Haplotypes 
 

 

Ambigious haplotypes 

Haplotypes ”certain” 

12_19 is from the grandfather 

12_19 can be from mother or 

from different fathers 
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M1: 12, 11 

M2: 19, 16 



Haplotypes 

 

 

Ambigious haplotypes 

One crossover 

Three crossovers 



Haplotypes 
Ambigious haplotypes 

Three crossovers! 



Haplotypes 
Tracing X-haplotypes through pedigrees 

 

https://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=2ahUKEwiy-JrvhfTcAhXDAJoKHXcmCKoQjRx6BAgBEAU&url=https://en.wikipedia.org/wiki/Identity_by_descent&psig=AOvVaw0CM9b5rj2Swy1xKGy0P-GZ&ust=1534593883734677


Haplotypes 

Tracing haplotypes through pedigrees 

 

No IBD possible! 



Haplotypes 
Tracing X-haplotypes through pedigrees 

 

IBD 



Haplotypes 
For X-chromosomal databasing – males are prefered 

Exact inference of haplotypes 

 

 

Marker Male1 Male2 Male3 Male4 … Malen 

DXS10148 19 19 20 20 … 23 

DXS10135 16 16 16 17 … 17 

DXS8378 10 10 11 11 … 11 



Haplotypes 



Haplotypes 



Haplotypes 



Haplotypes 
Estimating haplotype frequencies 

A long history of different methods 
 Expectation maximization (EM) 

 MCMC - PHASE 

 IMPUTE2, SHAPEIT2 

For X-chromosomal STR markers we consider a Dirichlet model 

 

 



Haplotypes 
The Lambda model 

 
Observations 

Haplotype frequency 
Size of database 



Haplotypes 
The Lambda model 

 
Observations 

Haplotype frequency 
Size of database 

Example 

 
Haplotype 12_20 is  

observed 10 times in a  

database of size 652 

F12_20=10/652 



Haplotypes 
The Lambda model 

 
Observations 

Haplotype frequency 
Size of database 

Example 

 
Haplotype 12_20 is  

observed 0 times in a  

database of size 652 

F12_20=0/652 



Haplotypes 
The Lambda model 

 
Observations 

Haplotype frequency 
Size of database 

Example 

 
Haplotype 12_20 is  

observed 0 times in a  

database of size 652 

F12_20=0/652 

12 
20 

12/14 
20/21 

What about this case? 



Haplotypes 
The Lambda model 

 
Observations 

Haplotype frequency 
Size of database 

Expected frequency (based on allele frequencies) 

Lambda is a weight parameter 



Haplotypes 
The Lambda model 

 
Observations 

Haplotype frequency 
Size of database 

Expected frequency (based on allele frequencies) 

Lambda is a weight parameter 

Example 

 
Haplotype 12_20 is  

observed 0 times in a  

database of size 652 

F12_20=? 

12 
20 

12/14 
20/21 

What about this case? 



Haplotypes 
The Lambda model 

Observations 

Haplotype frequency 
Size of database 

Expected frequency (based on allele frequencies) 

Lambda is a weight parameter 

Example 

 
Haplotype 12_20 is  

observed 0 times in a  

database of size 652.  

Lambda=100,  

p12=0.2, p20=0.3 

F12_20=(0+100*0.2*0.3))/(652+100)= 

6/752 

12 
20 

12/14 
20/21 

What about this case? 



Haplotypes Marker Haplotype 

DXS10148 19 

DXS10135 16 

DXS8378 10 

ci 

0 0 0.0001 0.0001 

1 1/100 0.00035 0.0001 

10 10/100 0.0025 0.0001 

C=652 



Difficulties 

In computations of likelihoods we, 

Model population haplotype diversity – Estimate frequencies 

Model haplotype transmission within a pedigree – Recombination 

Requires iteration over possible haplotype «states» - Phasing 

Mutations are highly relevant for STR markers (less so for SNPs) 

 

 
More next week! 



Haplotypes are not needed for statistical calculation when 
using markers from Decaplex (or FORCE)! 

 

Instead, allele frequencies are sufficient 

 



FamLinkX – Demonstration 4 



Demonstration 
Marker Position (cM) Alleles Frequencies 

DXS10148 19.84 12, 14 0.1, 0.9 

DXS10135 20.03 20, 21 0.1, 0.9 

12 
20 

12/14 
20/21 

LRaf=1/2p12 * 1/2p20=5*5=25 

Haplotype Observations Freq 

12 20 1 1/100 

12 21 9 9/100 

14 20 1 1/100 

14 21 89 89/100 

LRhf=p14,21/(2p12,20p14,21  + 2p12,21p14,20 )=0.89/ 2(0.01*0.89 + 0.09*0.01)=45 

37 



Databases and populations 



Population genetics 

Interpretation: Little information in allele frequencies alone? 

Allele frequencies for 5 different populations 



Population genetics 

Interpretation: Little information in allele frequencies alone? 

Allele frequencies for 5 different populations 



Population genetics 

Interpretation: Little information in allele frequencies alone? 

Allele frequencies for 5 different populations 



STRUCTURE 

Each sample is assinged a mosaic of populations assuming K populations  

E.g. yellow represents a  

European ancestry 



STRUCTURE 

Interpretation: A vague trend where Somalia is 

represented by blue-ish. Too few markers to draw 

strong conclusions about population differences using 

this method. 



Differentiation 

Separates multi-dimensional data into two 

Dimensions (MDS or PCA) 



Differentiation 

Interpretation: A vague separation with  

outliers 

From Gusmao et al. 2025 



Differentiation 

Interpretation: A vague separation with  

outliers 

From Gusmao et al. 2025 

Outliers 



Differentiation 

Interpretation: Somali population is 

 outlier. Asian populations cluster and 

European/Middle East 

From Bergseth et al. 2023 



Linkage disequilibrium (LD) 

Recall from first presentation 



Linkage disequilibrium (LD) 

Haplotype Observations Ho He 

12 20 9 9/20 0.5*0.5 

12 21 1 1/20 0.5*0.5 

14 20 1 1/20 0.5*0.5 

14 21 9 9/20 0.5*0.5 

Example 

D=0.45-0.25=0.2 

r2=(0.45-0.25)2/(0.5*0.5*0.5*0.5)=0.64 



Population genetics 

LD measured by D between pairs of alleles at two markers 

Somalia Norway Sweden 

Difficult to assess the overall LD 



Linkage disequilibrium (LD) 

Entropy 



Linkage disequilibrium (LD) 

H is entropy and ps is allele frequency 



Linkage disequilibrium 
Normalized Entropy Difference (NED) 

Joint entropy 
Single marker entropies 

Two SNPs with 

minor allele 

frequencies of 0.5. 

NED as computed 

based on the 

degree of LD (D) 

0 

0,2 

0,4 

0,6 

0,8 

1 

0 0,05 0,1 0,15 0,2 0,25 0,3 

D 

NED 

r2 



Population genetics 

Interpretation: Similar patterns of NED for the populations 



Population genetics 

Interpretation: Smaller databases may fail to detect the presence of LD 



Population genetics 

Interpretation: The smaller the sampled database, the higher the NED 

Data based on linkage equilibrium (LE) 



Population genetics 

Interpretation: Large databases leads to low (zero) estimates of lambda 



On the importance of size 

From Bergseth et al. 2022 

In small sized databases there is less LD?? 

59 



On the importance of size 

60 

Example 

 
Two SNPs with 2 alleles each => Total 4 possible haplotypes 

Two STRs with 15 alleles each => Total of 225 possible haplotypes 



On the importance of size 

From Bergseth et al. 2022 

61 

5376 possible haplotypes! 

Only 362 observed 



On the importance of size 

From Bergseth et al. 2022 
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Simulation as a mean to evaluate markers 

63 

Are these markers useful? 



Simulation as a mean to evaluate markers 

64 

From Bergseth et al. 2022 

Conclusion: 12 X-STRs is more  

informative then 10 extra aSTRs   



Simulation as a mean to evaluate markers 

65 

From Bergseth et al. 2022 
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