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Case examples 
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Curious cases of X 
See https://link.springer.com/article/10.1007/s00414-017-1612-8 for 

further cases! 

https://link.springer.com/article/10.1007/s00414-017-1612-8
https://link.springer.com/article/10.1007/s00414-017-1612-8
https://link.springer.com/article/10.1007/s00414-017-1612-8
https://link.springer.com/article/10.1007/s00414-017-1612-8
https://link.springer.com/article/10.1007/s00414-017-1612-8
https://link.springer.com/article/10.1007/s00414-017-1612-8
https://link.springer.com/article/10.1007/s00414-017-1612-8


Curious case of X (1) 
H1: Paternal half sisters 

H2: Unrelated 

IBD1=1 



Curious case of X (1) 
H1: Paternal half sisters 

H2: Unrelated 

DXS10135: 14/14 DXS10135: 14/14 



Curious case of X (1) 
H1: Paternal half sisters 

H2: Unrelated 

DXS10135: 14/14 DXS10135: 14/14 

LR=f14
3/… 

14 14 14 



Curious case of X (1) 
H1: Paternal half sisters 

H2: Unrelated 

DXS10135: 14/14 DXS10135: 14/14 

LR=f14
3/f14

4=… 



Curious case of X (1) 
H1: Paternal half sisters 

H2: Unrelated 

DXS10135: 14/14 DXS10135: 14/14 

LR=f14
3/f14

4=1/f14
 



Curious case of X (1) 
H1: Paternal half sisters 

H2: Unrelated 

DXS10135: 14/14 DXS10135: 14/14 
LR=1/f14 

L
R

 

f14 

Conclusion: If 14 is rare, the LR is high 



Curious case of X (1) 
H1: Paternal half sisters 

H2: Unrelated 

DXS10135: 14/14 

DXS10124: 20/20 

DXS10135: 14/14 

DXS10124: 20/20 

 

LRLE=1/f14*1/f20 

LRLD=1/f14_20 

 



Curious case of X (1) 
H1: Paternal half sisters 

H2: Unrelated 

DXS10135: 14/15 

DXS10124: 20/21 

DXS10135: 14/16 

DXS10124: 20/22 

 

LRLE=1/4f14*1/4f20 

LRLD=??? 

 



Curious case of X (1) 
H1: Paternal half sisters 

H2: Unrelated 

DXS10135: 14 | 15 

DXS10124: 20 | 21 
DXS10135: 14 | 16 

DXS10124: 20 | 22 

 

LRLE=1/4f14*1/4f20 

LRLD=??? 

 

LRLD=f14_20*f15_21*f16_22 /… 

14 

20 



Curious case of X (1) 
H1: Paternal half sisters 

H2: Unrelated 

DXS10135: 14 | 15 

DXS10124: 20 | 21 

or 

… 

 

 

DXS10135: 14 | 16 

DXS10124: 20 | 22 

or 

… 

 

LRLE=1/4f14*1/4f20 

LRLD=??? 

 

LRLD=f14_20*f15_21*f16_22 /[(2f14_20f15_21+…)*(2f14_20f16_22+…] 



Curious case of X (1) 
H1: Paternal half sisters 

H2: Unrelated 

DXS10135: 14 | 15 

DXS10124: 20 | 21 

or 

DXS10135: 15 | 14 

DXS10124: 20 | 21 

 

 

DXS10135: 14 | 16 

DXS10124: 20 | 22 

or 

DXS10135: 16 | 14 

DXS10124: 20 | 22 

 

LRLE=1/4f14*1/4f20 

LRLD=??? 

 

LRLD=f14_20*f15_21*f16_22 /[(2f14_20f15_21+2f14_21f15_20)*(2f14_20f16_22+2f16_20f14_22)] 



Curious case of X (1) 
H1: Paternal half sisters 

H2: Unrelated 

DXS10135: 14 | 15 

DXS10124: 20 | 21 

or 

DXS10135: 15 | 14 

DXS10124: 20 | 21 

 

 

DXS10135: 14 | 16 

DXS10124: 20 | 22 

or 

DXS10135: 16 | 14 

DXS10124: 20 | 22 

 

LRLE=1/4f14*1/4f20 

LRLD=??? 

 

LRLD=f14_20*f15_21*f16_22 /[(2f14_20f15_21+2f14_21f15_20)*(2f14_20f16_22+2f16_20f14_22)] 

Conclusion: Since the phase (haplotypes) is not certain, we need to add both possibilities 



Curious case of X (1) 
H1: Paternal half sisters 

H2: Unrelated 

DXS10135: 14 | 15 

DXS10124: 20 | 21 

or 

DXS10135: 15 | 14 

DXS10124: 20 | 21 

 

 

DXS10135: 14 | 16 

DXS10124: 20 | 22 

or 

DXS10135: 16 | 14 

DXS10124: 20 | 22 

 

LRLE=1/4f14*1/4f20 

LRLD=??? 

 

LRLD=f14_20*f15_21*f16_22 /[(2f14_20f15_21+2f14_21f15_20)*(2f14_20f16_22+2f16_20f14_22)] 

Assumption: 14_20 is rare, 15_20 and 16_20 are common 



Curious case of X (1) 
H1: Paternal half sisters 

H2: Unrelated 

LRLE=1/4f14*1/4f20 

LRLD=??? 

 

LRLD=f14_20*f15_21*f16_22 /[(2f14_21f15_20)*(2f16_20f14_22)] 

What happens if 14_20 is extremely rare??? 



Curious case of X (1) 
H1: Paternal half sisters 

H2: Unrelated 



Curious case of X (1) 
H1: Paternal half sisters (genotypes G1 and G2) 

H2: Unrelated 

”Forced” paternal haplotype Maternal haplotypes 

Two different haplotype setups Two different haplotype setups 

DXS7132:   13 

DXS10079: 19 

DXS10074:  18 

 



Curious case of X (1) 
H1: Paternal half sisters (genotypes G1 and G2) 

H2: Unrelated 
Interpretation: LR switches from below 1 to above at lambda=10. 

Answer lies in the combination of rare shared paternal haplotype and phase uncertainty 



Curious case of X (1) 
H1: Paternal half sisters (genotypes G1 and G2) 

H2: Unrelated 

How often does it happen?? 

We simulate data in an extended Northern 

European (NEU) database, N=2624 

 

Compute LR using a smaller Norwegian (NOR)  

Database, N=631. 

24 



Curious case of X (1) 
H1: Paternal half sisters (genotypes G1 and G2) 

H2: Unrelated 

How often does it happen?? 

We simulate data in an extended Northern 

European (NEU) database, N=2624 

 

Compute LR using a smaller Norwegian (NOR)  

Database, N=631. 

25 



Curious case of X (2) 
H1: Two females are full sisters 

H2: The two females are maternal half sisters 



Curious case of X (2) 

19   24.1 

21   20 

13   13 

14 19 

21    21 

10    13 

19 

21 

13 



Curious case of X (2) 

Requires mutation 

19   24.1 

20   21 

13   13 

14 19 

21    21 

10    13 



Curious case of X (2) 

 

6 5

19,21,13 14,21,10 24.1,20,13 19,20,13 14,21,10 24.1,21,131

2 14,21,10 19,21,13 24.1,20,13 19,20,13 24.1,21,13 19,21,13 24.1,20,13

14,21,13 19,21,10 19,20,13 24.

0.5 (1 ) 0.5 (1 )

2 2

2

F F F F F FL
LR

L F F F F F F F

F F F F

       
   

  1,21,13 19,21,13 24.1,20,132F F  

Paternal haplotype requires a single mutation No mutations 



Curious case of X (2) 

 

6 5

19,21,13 14,21,10 24.1,20,13 19,20,13 14,21,10 24.1,21,131

2 14,21,10 19,21,13 24.1,20,13 19,20,13 24.1,21,13 19,21,13 24.1,20,13

14,21,13 19,21,10 19,20,13 24.

0.5 (1 ) 0.5 (1 )

2 2

2

F F F F F FL
LR

L F F F F F F F

F F F F

       
   

  1,21,13 19,21,13 24.1,20,132F F  

Maternal half sisters 



Curious case of X (2) 
Interpretation: LR depends on mutation rate and behaves differently 

depending on lambda 



Curious case of X (3) 
Real example from a paternity case 

Marker Alleged father Child 

DXS7132 14 14/14 

DXS10079 20 15/21 

DXS10103 16 16/18 

32 

Possible mutation 



Curious case of X (3) 
Real example from a paternity case 

Marker Alleged father Child 

DXS7132 14 14/14 

DXS10079 20 15/21 

DXS10103 16 16/18 

 14,20,161

2 14,20,16

(20 21)

[]

FL
LR

L F

 
 

Paternal haplotype will ”cancel out” 

33 

Possible mutation 



Curious case of X (3) 
Real example from a paternity case 

Marker Alleged father Child 

DXS7132 14 14/14 

DXS10079 20 15/21 

DXS10103 16 16/18 

 14,20,161

2 14,20,16

(20 21)

[]

FL
LR

L F

 
 

Paternal haplotype will ”cancel out” 

34 

Possible mutation 



Curious case of X (3) 
Real example from a paternity case 

Marker Alleged father Child 

DXS7132 14 14/14 

DXS10079 20 15/21 

DXS10103 16 16/18 

Haplotype Observations 

in Sweden 

Observations in 

Spain 

[14 20 16] 14 0 

[14 21 16] 6 1 

[14 15 18] 0 1 

[14 21 18] 6 1 

[14 15 16] 5 0 

14,15,18 14,15,161

2 14,21,16 14,15,18 14,21,18 14,15,16

(20 21)

[2 2 ]

F FL
LR

L F F F F

     


35 

Two alternative haplotype setups for the child 



Curious case of X (3) 
Real example from a paternity case 

Marker Alleged father Child 

DXS7132 14 14/14 

DXS10079 20 15/21 

DXS10103 16 16/18 

Haplotype Observations 

in Sweden 

Observations in 

Spain 

[14 20 16] 14 0 

[14 21 16] 6 1 

[14 15 18] 0 1 

[14 21 18] 6 1 

[14 15 16] 5 0 

14,15,16

14,21,18 14,15,16 14,21,18

(20 21) (20 21)

2 2
swe

F
LR

F F F

  
 

14,15,18

14,21,16 14,15,18 14,21,16

(20 21) (20 21)
R

2 2
spa

F
L

F F F
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Pseudo-counts 

37 



New frequency model 
We may use pseudocounts 

Activate 

38 



New frequency model 

We may use pseudocounts 

( )i i i
i

c d
F

C D





 


 

D describes the total number of observations in a case 

di is the number of ”weighted” observations for haplotype i.  

Suggested by Balding for autosomal markers 

39 



New frequency model 

Example – Paternal half sisters (revisited) 

D=4 (there are four 

observations, two for each 

female) 

Haplotype di 

12 19 14 0.5 

12 19 18 0.5 

13 19 14 0.5 

13 19 18 0.5 

13 18 18 0.5 

13 19 18 0.5 

14 18 18 0.5 

14 19 18 0.5 

40 



New frequency model 
Example – Paternal half sisters (revisited) 

D=4 (there are four 

observations, two for each 

female) 

Haplotype di 

12 19 14 0.5 

12 19 18 0.5 

13 19 14 0.5 

13 19 18 0.5 

13 18 18 0.5 

13 19 18 0.5 

14 18 18 0.5 

14 19 18 0.5 

41 



New frequency model 

Example 
With pseudocounts Without pseudocounts 

42 



New frequency model 
Model does not change the haplotype frequencies in the 

database 

Adjusts the frequencies on-the-fly 

More intuitive results 

Mathematically sound? 

Good for smaller databases (say <1000 haplotypes) 

43 



Anepleudies 

44 

Big thanks to Marisa Faustino for sharing slides! 



Aneuploidy 

Loss or gain of one or more chromosomes 

 

45 

XX 
XX 

XX 
XX 

46, 

XX 

XX

X XX 
XX XX

X 

46, XX / 

47, XXX 

XX

X XX

X XX

X XX

X 

47, 

XXX 

Euploid Female 
Female with 

Trisomy X 

Female with 

mosaic Trisomy X 



Aneuploidy 

Loss or gain of one or more chromosomes 

 

46 

XX 
XX 

XX 
XX 

46, 

XX 

XX

X XX 
XX XX

X 

46, XX / 

47, XXX 

XX

X XX

X XX

X XX

X 

47, 

XXX 

Euploid Female 
Female with 

Trisomy X 

Female with 

mosaic Trisomy X 



Kinship Investigation Problem 
 

47 

X 

LR = ? 

Paternal 
half-sisters

Unrelated

Hypotheses



 Establish the mathematical framework to 

weight the DNA evidence of independent 

X chromosome markers in kinship 

analyses, between 2 non-inbred 

individuals when: 

48 

Euploid  

Female (46, XX) 
or Male (46, XY) 

X chromosome 
aneuploidy  

Assumptions: 

 

• Parents without aneuploidies 

• No allelic mutations 

• Full codominance 

Objective 

Triple or Trisomy X (47, XXX) 

Turner syndrome (45, X0) 

Klinefelter syndrome (47, XXY) 

♀ 

♀ 

♂ 

f = 1 in 1,000 



Kinship Investigation 
 

49 



Kinship Investigation 
 

50 

Key points (Trisomy X): 

 

• Paternal extra X chr: 

1 pair of IBD alleles (max 2 

peaks) 

 

• Maternal extra X chr:  

1 pair of IBD or non-IBD 

alleles (max 3 peaks) 

 

• 3 non-IBD alleles:  

maternal extra X chr 



Kinship Investigation 

51 
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Kinship Investigation 

Electropherograms  Genotypes  Infer the IBD 

state       

   (sometimes) 
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Kinship Evaluation 

Euploi

d 

Trisomy X 
♀ ♂ o

r 
♀ 
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Euploi

d 

Kinship Evaluation 

? Trisomy X 
♀ ♀ 
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Genotypic configurations 

9 possibilities 16 possibilities 

Pinto et al., (2011) 

X X  X X X 
♀♀

X X  X X 
♀♀



56 

Genotypic configurations 

9 possibilities 16 possibilities 

Pinto et al., (2011) 

X X  X X X 
♀♀

X X  X X 
♀♀

1:

2 

2:

1 

Peak heigh 

ratio 
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Joint Genotypic Probabilities 

P (IBD arrangement 1) 

frequency of allele a 

(

…

) 

6 ways to arrange the alleles 

considering IBD arrangement 1 

X X  X X X 
♀♀
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IBD arrangements 

The IBD arrangements represent the different possibilities 

of individuals sharing pairs of IBD alleles per marker 



59 

IBD arrangements 

non-inbred 

The IBD arrangements represent the different possibilities 

of individuals sharing pairs of IBD alleles per marker 



IBD arrangements 

60 

3 arrangements 7 arrangements 

Pinto et al., (2011) 

X X  X X 
♀♀

X X  X X X 
♀♀



IBD arrangements 

61 

3 arrangements 7 arrangements 

Pinto et al., (2011) 

X X  X X 
♀♀

X X  X X X 
♀♀

allele 

IBD 

non-IBD extra allele 



IBD arrangements 

62 

3 arrangements 7 arrangements 

Pinto et al., (2011) 

X X  X X 
♀♀

X X  X X X 
♀♀

? 
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IBD arrangements probabilities 

When the extra X chromosome is maternal: 

Paternal  
half-sisters 

    

F  : 

FT : 

F  : 

FT : 

F  : 

FT : 

F  : 

FT : 

F  : 

FT : 

F  : 

FT : 

F  : 

FT : 
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IBD arrangements probabilities 

When the extra X chromosome is maternal: 

Paternal  
half-sisters 

    

F  : 

FT : 

F  : 

FT : 

F  : 

FT : 

F  : 

FT : 

F  : 

FT : 

F  : 

FT : 

F  : 

FT : 
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P(x) inference 

  

Paternal half-sisters 

a a             a b b                       a b c  

non-IBD 

Paternal half-sisters 

When the extra X chromosome is maternal: 
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P(x) inference 

  

Paternal half-sisters 

a a             a b b                   a b c  

non-IBD 

Paternal half-sisters 

When the extra X chromosome is maternal: 

a Y 
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P(x) inference 

  

Paternal half-sisters 

a a             

a Y b, b or X 

a b b 

a b b  

a b b  

IBD 

IBD 

non-IBD 

a a                a b c  

non-IBD 

Paternal half-sisters 

When the extra X chromosome is 

maternal: 



P(x) estimation 

Depends on: 

Number of crossovers  between the 

centromere and marker 

Type of meiosis error   

0.00 

0.00 

0.00 

0.00 

0 1 2 3 4 5 6 7 8 9 10 

𝑃
(𝑥
) 

 

No. crossovers between the centromere and 
marker 

 Graph made from an equation adapted  from Côté and 

Edwards, (1975) 
 Considering P(meiosis I errors) = 0.63 (Thomas et al. (2001)) 

68 



 Dependent on kinship 

 Independent of genotypes 

IBD arrangements probabilities  
 

Pat half-

sisters 
Unrelated 

69 

 Dependent on the  

kinship & P(x) value & 

genotypes 

Pinto et al., (2011) 

Pat half-

sisters 

Unrelate

d 

F  : 

FT : 

F  : 

FT : 

F  : 

FT : 

F  : 

FT : 

F  : 

FT : 

F  : 

FT : 

F  : 

FT : 

Maternal 

extra X 

chromosome 

X X  X X 
♀♀

X X  X X X 
♀♀
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Kinship Evaluation 

Euploid 
Trisomy X 

♀ ♂ o

r 

♀ 





Expanded marker panels 

72 



FORCE 
Different kits 

 STRs 

SNPs 

1. Many alleles 

2. Mutations 

3. LD 1. Two alleles 

2. Low mutation 

3. Little LD 

73 



FORCE 

X-SNPs are chosen to be have no significant LD  

74 



Kintelligence (ForenSeq) 
• Includes 106 X-SNPs 



MPSplex 
• Includes 29 SNPs (tri-allelic) 



Exceedance plots 
P

ro
b
a
b
ili

ty
 t

o
 s

o
lv

e
 a

 c
a
s
e
 

Threshold (e.g. LR) 

50% probability to solve a case with LR=1000 

77 



Utility of simulations (Argus X12) 

Probability that we can solve a case with the given threshold 

80% chance to solve paternal 

half siblings with X12 but only 6-

7% for 23 aSTR if LR=10,000 

78 



FORCE X-SNPs 
242 SNPs (only linkage, no LD) 

From Bergseth et al. 2022 
Power increased substantially 

At LR>1000 

Relationship E(LR>t, Argus X12) E(LR>t, FORCE) 

Pat. Half sisters 90% 100% 

Mat. Half sisters 20% 70% 

Mat. Half siblings 40% 90% 

Mat. Half brothers 60% 85% 

79 



FORCE X-SNPs 

E(LR>1000, Argus X12) E(LR>1000, FORCE) E(LR>1000, Decaplex) 

 

61% 88% 36% 

80 

Maternal cousins 

IBD0=0.625 

IBD1=0.375 



FORCE X-SNPs 

81 

Paternal cousins 

E(LR>1000, Argus X12) E(LR>1000, FORCE) E(LR>1000, Decaplex) 

 

48% 81% 25% 

IBD0=0.5 

IBD1=0.5 
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