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A B S T R A C T   

The pedigree likelihood ratio (LR) can be used for determining kinship in the forensic kinship testing. LR can be 
obtained by analyzing the DNA data of Short tandem repeat (STR) and single nucleotide polymorphism (SNP) 
loci. With the advancement of biotechnology, increasing number of genetic markers have been identified, 
thereby expanding the pedigree range of kinship testing. Moreover, some of the loci are physically closer to each 
other and genetic linkage between loci is inevitable. LRs can be calculated by accounting for linkage or ignoring 
linkage (LRlinkage and LRignore, respectively). GeneVisa is a software for kinship testing (www.genevisa.net) and 
adopts the Lander–Green algorithm to deal with genetic linkage. Herein, we used the simulation program of the 
software GeneVisa to investigate the effects of genetic linkage on 1st-degree, 2nd-degree, and 3rd-degree kinship 
testing. We used this software to simulate LRlinkage and LRignore values based on 43 STRs and 134 SNPs in 
commercial kits by using the allele frequency rate and genetic distance data of the European population. The 
effects of linkage on LR distribution and LRs of routine cases were investigated by comparing the LRlinkage values 
with the LRignore values. Our results revealed that the linkage effect on LR distributions is small, but the effect on 
LRs of routine cases may be large. Moreover, the results indicated that the discriminatory power of genetic 
markers for kinship testing can be improved by accounting for linkage.   

1. Introduction 

DNA typing methods are used to resolve several problems associated 
with kinship testing, such as inheritance, emigration, identification of 
victims in mass accidents, and finding the criminal’s close relatives from 
a DNA database. Kinship testing can be conducted by evaluating the 
DNA data of different loci obtained using DNA typing methods. Short 
tandem repeat (STR) loci and single nucleotide polymorphism (SNP) loci 
are currently used for kinship testing, with STR loci being more 
commonly used. Forensic identification is performed using loci supplied 
as commercial kits. Different pedigrees can represent possible relation
ships between involved individuals. We can obtain pedigree likelihoods 
by analyzing DNA typing data of the involved individuals. Then, the 
likelihood ratio (LR) of two different pedigrees can be obtained to 
determine which relationship is true. 

With the advancement of biotechnology, especially with the advent 
of next-generation sequencing technologies, an increasing number of 
loci have been developed and used for paternity testing. As the number 
of loci increased, some of the loci were found to be physically closer to 

each other on the chromosome and linkage between the loci became 
inevitable. Linkage indicates that alleles on two loci that are physically 
close to each other may be inherited as a unit during meiosis [1], that 
means genetic recombination did not occur between them. The degree of 
linkage can be measured on the basis of the recombination rate. The 
number of base pairs between two loci determines the physical distance 
between the two loci. By contrast, the genetic distance between two loci 
can be measured in centimorgans (cMs), with 1 cM representing a 1 % 
chance of recombination between the alleles of two loci. Another allelic 
correlation is linkage disequilibrium (LD) [2]. LD refers to the non- 
random correlation of alleles of different loci in a population. If the 
genetic distance between two loci is < 0.5 cM, whether the alleles of the 
two loci are in LD must be tested [3,4]. When two or more loci are in LD, 
haplotype frequencies instead of allele frequencies are used to obtain LR. 

The International Society of Forensic Genetics (ISFG) recommends 
the use of autosomal genetic markers for kinship testing through 
biostatistics methods without accounting for linkage [5]. It has also 
shared guidelines regarding the use of X-STRs in kinship testing 
involving linkage [6]. The effects of genetic linkage of autosomal loci on 
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kinship testing has been investigated [3,7–14]. Two basic methods are 
used to compile the computer program for determining the LR under the 
condition of linkage or no linkage. In the first method, that is, the 
Elston–Stewart method [15], the computing time increases linearly with 
the number of meiosis events of the pedigree and increases exponen
tially with the number of genetic markers. By contrast, in the second 
method, that is, the Lander–Green (L–G) method [16], the computation 
time increases linearly with the number of genetic markers and increases 
exponentially with the number of meiosis events of the pedigree. 
Bayesian networks can analyze the probability of occurrence of multiple 
non-independent or interrelated events and can be used for imple
menting both of the aforementioned methods [17]. The software Fam
Link [7] and MERLIN [18] implementing the L–G algorithm and 
software KinBN [8] implementing the Bayesian network algorithm are 
used to perform linkage analysis for forensic purposes. Based on the 
kinship testing of full siblings versus unrelated individuals, Tillmar et al 
[3] determined the impact of linkage by using simulation modules of 
MERLIN and FamLink and a series of SNP and STR loci (27 STR + 134 
SNP). Based on a series of relationship tests, Morimoto et al [8] deter
mined the impact of linkage by using simulation modules of KinBN and 
21 STR loci of the GlobalFiler kit. In addition, Zhang et al [9] investi
gated the impact of linkage on the discrimination power of a series of 
SNP and STR loci (40 STR + 91 SNP) in two commercial kits by using 
real genotype data from 74 full-sibling pairs, 114 uncle/aunt-nephew/ 
niece pairs and 93 grandparent-grandson/granddaughter pairs. 

In this study, we used the software GeneVisa [14] implementing the 
L–G algorithm to investigate the effects of genetic linkage. First, 43 STR 
and 134 SNP loci were selected from commercial kits. The allele fre
quencies of these loci in the European population were obtained from 
published articles and public web resources, and the genetic distance 
between these loci were obtained based on the genetic maps of the 
European population created by Bhérer C et al [19]. Second, by using a 
combination of STR and SNP loci in three kinship testing cases, we 
compared the results of the software GeneVisa with those of other 
software to validate this software. Finally, based on several relationship 
tests, the effects of genetic linkage on routine cases, LR distribution 
curves and discrimination power parameters were investigated using the 
43 STR and 134 SNP loci in 4 commercial kits. The relationship tests 
discriminated individuals with first-degree, second-degree, and third- 
degree kinship from unrelated individuals. When the discrimination 
power of 43 STRs and 134 SNPs was insufficient for the relationship 
tests, a full sibling of the involved person was added to improve the 
discriminative power. 

2. Materials and method 

2.1. Basic principle 

We aimed to identify the relationship between individuals. Different 
relationships were described by different hypotheses. The pedigree 
likelihood of different hypotheses was evaluated based on genetic evi
dence, and then, LR was used to determine the most acceptable hy
pothesis. To determine the effects of genetic linkage, two types of LR 
were considered: LRignore without considering linkage and LRlinkage 
considering linkage. 

The software GeneVisa use the Lander–Green (L–G) algorithm to deal 
with genetic linkage. Herein, we describe LRlinkage and LRignore based on 
the L–G algorithm. Let G = [G1, G2….Gm] represent the genetic evidence 
of m loci, Gn represent the genetic evidence at the n-th loci, v = [v1,

v2⋯.vm] represent the inheritance vector of m loci,vn represent the in
heritance vector at the n-th loci, H = [H1, H2] represent two opposing 
hypotheses describing two types of kinship, and Z = [Z1, Z2] represent 
the inheritance vector established based on the different hypotheses, for 
example, Z1 represents the inheritance vector established based on the 
kinship described by hypothesis H1. Then, LRignore based on m loci that 
are independent of each other can be expressed as follows: 

LRignore =
P(G|H1)

P(G|H2)
=

∏m

n=1

∑
vn∈Z1

P(Gn, vn|H1)
∑

vn∈Z2
P(Gn, vn|H2)

=
∏m

n=1

∑
vn∈Z1

P(Gn|vn,H1) × P(vn|H1)
∑

vn∈Z2
P(Gn|vn,H2) × P(vn|H2)

LRlinkage values for m linked loci can be expressed using the recursive 
formulas: 

If m = 1 

LRlinkage = LRignore =
P(G|H1)

P(G|H2)
=

∑
v1∈Z1

P(G1, v1|H1)
∑

v1∈Z2
P(G1, v1|H2)

=

∑
v1∈Z1

P(G1|v1,H1) × P(v1|H1)
∑

v1∈Z2
P(G1|v1,H2) × P(v1|H2)

Herein, P(G1, v1|H) = P(G1|v1,H)× P(v1|H)

If m > 1 

LRlinkage =
P(G|H1)

P(G|H2)
=

∑
vm∈Z1

P(G1⋯Gm, vm|H1)
∑

vm∈Z2
P(G1⋯Gm, vm|H2)

=

∑
vm∈Z1

P(Gm|vm,H1) ×
∑

vm− 1∈Z1
P(vm|vm− 1,H1) × P(G1⋯Gm− 1, vm− 1|H1)

∑
vm∈Z2

P(Gm|vm,H2) ×
∑

vm− 1∈Z2
P(vm|vm− 1,H2) × P(G1⋯Gm− 1, vm− 1|H2)

The basic idea of the aforementioned formulas is similar to that of 
previous studies [14,20]. P(vn|vn− 1,H) depends on the recombination 
rate r, and P(vn|vn− 1,H) = rd × (1 − r)s− d , where s is the amount of 
meiotic events in the pedigree described by the hypothesis and d rep
resents differences between the vectors vm and vm− 1. If we ignore the 
effects of the subpopulation and mutation and assume f founders to be 
present in the pedigree, let a = [a1,a2….a2f] represent a collection of 
founder alleles compatible with genotypes and vectors, then we have 
P(Gm|vm,H) =

∑
a
∏2f

i=1P(ai), where P(ai) represents the frequency of 
allele ai. 

We generally use threshold t to determine the relationship. If LR > t, 
H1 is considered to be true, that is, the individuals have the relationship 
described by H1; otherwise, H2 is true. 

2.2. Genetic markers, allele frequencies, and recombination rate 

A total of 44 STRs were selected from three commercial kits, namely 
PowerPlex® Fusion kit (Promega, America), Investigator HDplex kit 
(Qiagen, Germany), and SureID® 23comp Human DNA Identification 
Kit (Ningbo Health Gene Technologies, China). These STR loci are 
commonly used in kinship testing. SNP loci can be used as supplements 
to improve the system power for kinship testing. GeneRead DNAseq 140 
IISNP (Qiagen, Germany) is a relatively commonly used SNP kit, so we 
selected 140 SNPs in this panel for our research. There is genetic linkage 
between these loci [4,21], and when using two or more of the afore
mentioned kits for kinship testing, the linkage will affect the LR values, 
so these STRs and SNPs were used to investigate the effects of genetic 
linkage. Allele frequencies of the STR loci in the European population 
were taken from previous studies [22–24]. The allele frequency of the 
Northern Italian population is not significantly different from those of 
almost all of the European neighboring populations [24]. Therefore, we 
used the allele frequency of the Northern Italian population instead of 
that of the European population. Allele frequencies of SNP loci in the 
European population were obtained from the 1000 Genomes Project 
(https://www.internationalgenome.org). 

The physical positions of STRs and SNPs were obtained from [21] 
and [4], respectively, which were from dbSNP (https://www.ncbi.nlm. 
nih.gov/snp/) and the BioProject (https://www.ncbi.nlm.nih. 
gov/bioproject/). The genetic positions of these genetic markers were 
obtained based on the genetic maps of the European population created 
by Bhérer C et al [19]. If the physical position of a genetic marker 
matched directly in these European genetic maps, the genetic position of 
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this marker was directly obtained. If no match occurred, a linear 
calculation was performed to infer the genetic position of this marker 
based on its closest markers. Finally, the Kosambi mapping function was 
used to determine the recombination rate based on the genetic distance 
between genetic markers. 

D5S2500 and D5S2800 exhibited a very close genetic distance of less 
than 0.5 CM. We removed D5S2500 to avoid LD. In accordance with Ran 
Li et al [4], four pairs of genetic markers and one group of three genetic 
markers in the 140 SNP genetic markers were in LD; hence, we removed 
six SNP genetic markers to avoid LD. Of the remaining 43 STR and 134 
SNP loci, pairs of loci with a genetic distance of less than 0.5 CM were 
tested for LD, and the results revealed no LD in these loci [4]. 

2.3. Validation of the kinship program 

The software GeneVisa (https://www.genevisa.net) was used for 
kinship testing in this study. The primary version of GeneVisa can only 
handle STR genetic markers [14]. However, this version can also handle 
SNP genetic markers at present. The software has been validated using 
STR genetic markers [14]. We further used three kinship cases in Fig. 1 
to validate the software by using a combination of 14 STR and SNP 
markers. The results without linkage were compared using Familias3.3 
[25] and those involving linkage were compared using FamLink 2.1 [7]. 

2.4. Simulations 

The effects of linkage were evaluated based on the distinction be
tween first-, second-, and third-degree relatives from unrelated in
dividuals. The corresponding kinship testing is described in terms of H1 
and H2 as follows:  

i. H1: two full siblings and H2:two unrelated.  
ii. H1: nephew–uncle and H2: two unrelated.  

iii. H1: two first cousins and H2: two unrelated. 

For the kinship tests ii and iii, the discrimination ability of 43 STRs 
and 134 SNPs was inferred insufficient based on previous study results 
[26]. We, therefore. added a full sibling of the involved person to 
improve the discriminative ability. The corresponding kinship testing is 
described as follows:  

iv. H1: uncle–two nephew and H2: two full siblings and one 
unrelated.  

v. H1: two full siblings and one first cousin and H2: two full siblings 
and one unrelated. 

The kinship tests iv and v corresponded to cases 1 and 2 in Fig. 1, 
respectively, in which the relationship between individual 1 and indi
vidual 2 had to be determined. The full sibling of individual 1, that is, 

Fig. 1. Relationships of H1 and H2 in three kinship cases. Typed individuals are numbered.  
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individual 3, was also involved in the kinship testing. 
The simulation program of GeneVisa can simulate LR distributions. 

In this study, 10,000 simulations based on the kinship testing i–v were 
performed considering H1 and H2 true respectively. In each simulation 
process, the program first simulated the genotype of individuals based 
on the allele frequency, recombination rate, allelic mutation rate, and 
Mendelian laws of inheritance. Allele frequency and recombination rate 
are consistent with Section 2.2. The average mutation rate of STR was 
adopted from a previous study [27]. For STR loci, the mutations were 
programmed to occur between two genes existing in the frequency file 
[22–24] and 99 % of the mutations were programmed to occur with a 
minimum number of steps between two genes, meaning that most of the 
mutations were one-step and very few were multi-step (≥ 2-step). The 
other 1 % is directly set to multi-step mutation. For SNP loci, mutations 
are ignored. Then, the L–G algorithm was used to obtain LRlinkage and 
LRignore values based on the allele frequency and recombination rate, as 
no genetic inconsistency was presented in the kinship tests i–v. 

To determine the effects of genetic linkage, LRlinkage values were 
compared to LRignore values in 10,000 simulations. First, we compared 
the distributions of LogLRlinkage

10 with those of LogLRignore
10 . The discriminatory 

ability of kinship testing is determined by various parameters including 
sensitivity, specificity, and accuracy [28]. We here defined sensitivity as 
the proportion of cases in which involved individuals with kinship H1 
are correctly identified. Specificity was defined as the proportion of 
cases in which involved individuals with kinship H2 are correctly 
identified. Accuracy is the proportion of cases in which individuals with 
relationship H1 or H2 are correctly identified. To study the impact of 
gene linkage on LR distribution, we determined sensitivity, specificity, 
and accuracy at different thresholds based on LRlinkage and LRignore 
values. The threshold recommended by ISFG is 100 or 1000 [5]. Herein, 
we used 1, 10, 100, and 1000 as thresholds of LR values, corresponding 
to log10LR values of 0, 1, 2, and 3, respectively. Finally, we obtained 
LogLRlinkage/LRignore

10 to determine the effects of linkage on LRs of routine 
cases. 

3. Results 

Without considering genetic linkage, the calculation results of soft
ware GeneVisa and software Familias for the cases in Fig. 1 are consis
tent. When considering linkage, the calculation results of software 
GeneVisa and software FamLink for the cases in Fig. 1 are consistent. 
The following are the simulation results for the effects of genetic linkage 
on 1st-degree, 2nd-degree, and 3rd-degree kinship testing. 

3.1. First-Degree kinship analysis 

When the number of genetic markers increased, the ability to 

identify kinship improved (Table 1 and Fig. 2). For example, under the 
condition involving linkage, when 134 SNPs were added (from 43 STRs 
to 43 STRs + 134 SNPs), the accuracy increased from 99.75 % to 100 % 
at threshold 1000, and the impact of linkage also increased. For 43 STRs, 
the impact of linkage on the LR distribution was not apparent. (Fig. 2a). 
Comparing Fig. 2a with Fig. 2b, we observed that the addition of 134 
SNPs increased the impact of linkage on the LR distributions and 
rendered it more apparent. Accuracy and sensitivity increased under the 
condition involving linkage. For example, at threshold 1000, when 22 
STRs were used, sensitivity and accuracy increased from 90.16 % to 
90.40 % and 95.07 % to 95.20 %, respectively. When 43 STRs were used, 
accuracy increased further from 99.66 % to 99.75 %. 

Furthermore, with an increase in the number of genetic markers, the 
impact of linkage on the LR of cases significantly increased (Fig. 3a). In 
10,000 simulations considering H1 to be true, when 22 STRs were used, 
the number of LRlinkage/LRignore > 4 was 3, with a maximum value of 
4.5118. When 43 STRs were used, this number became 2123, and the 
number of LRlinkage/LRignore > 10 was 393, with a maximum value of 
67.8561. When 134 SNPs + 43 STRs were used, this number was 7286, 
and the number of LRlinkage/LRignore > 10,000 was 518, with a maximum 
value of 3018270.66. A similar situation occurs in 10,000 simulations 
considering H2 true. In addition, if linkage was ignored, individuals in 
the three cases with full sibling relationships were misclassified as un
related individuals at threshold 100 or 1000, no such case was observed 
when linkage was considered. 

3.2. Second-Degree kinship Analysis 

With an increase in the number of genetic markers or the addition of 
a full sibling, the ability to identify kinship from unrelated relatives 
increased (Table 2). For example, at threshold 1000, when 134 SNPs 
were added, LRignore accuracy increased from 80.12 % to 92.00 %. When 
a full sibling was added using 134 SNPs + 43 STRs, LRignore accuracy 
increased from 92.00 % to 97.89 %. During this process, the impact of 
linkage also increased. 

For 43 STRs, the impact of linkage on the LR distribution was not 
very obvious (Fig. 2c). On comparing Fig. 2c with Fig. 2d, we found that 
the impact of linkage on the LR distribution based on H1 true became 
more apparent with the addition of a full sibling. Accuracy and sensi
tivity increased when considering linkage. For example, at threshold 10 
(log10LR threshold is 1), with the use of 143 SNPs + 43 STRs, sensitivity 
increased from 96.47 % to 97.52 % under the condition involving 
linkage. When a full sibling of the nephew was added, under the con
dition of with linkage, sensitivity increased from 99.07 % to 99.46 % and 
accuracy increased from 99.52 % to 99.71 %. However, specificity 
mostly decreased when linkage was considered. For instance, at 
threshold 10, with the use of 143 SNPs + 43 STRs, specificity decreased 
from 99.85 % to 99.81 %. When a full sibling was added, specificity 

Table 1 
The parameter values based on the kinship testing of full siblings versus unrelated individuals.  

Loci Thresholds        
(Log10LR) Sensitivity(%)  Specificity(%)  Accuracy (%)    

LRlinkage LRignore LRlinkage LRignore LRlinkage LRignore 

22STR 0 99.46 99.40 99.42 99.45 99.44 99.43  
1 98.23 98.14 99.85 99.87 99.04 99.01  
2 95.61 95.45 99.96 99.96 97.79 97.71  
3 90.40 90.16 99.99 99.98 95.2 95.07 

43STR 0 99.97 99.96 100 100 99.99 99.98  
1 99.89 99.85 100 100 99.95 99.93  
2 99.75 99.69 100 100 99.88 99.85  
3 99.50 99.31 100 100 99.75 99.66 

134SNP + 43STR 0 100 99.99 100 100 100 100.00  
1 100 99.99 100 100 100 100.00  
2 100 99.97 100 100 100 99.99  
3 100 99.97 100 100 100 99.99 

22STR: 20 Codis loci, Penta D and Penta E, or loci in PowerPlex® Fusion kit. 
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decreased from 99.97 % to 99.95 %. Overall, accuracy increased, for 
example, at threshold 10. Accuracy increased from 98.16 % to 98.67 % 
with the use of 43 STRs + 134 SNPs, and when a full sibling was added, 
accuracy increased from 99.52 % to 99.71 %. 

Additionally, for LR values of specific cases, as a full sibling was 
involved or the number of genetic markers increased, the impact of 
linkage on LR values significantly increased (Fig. 3c and d), which in
dicates that linkage had a greater impact on the LR values of cases. In 
10,000 simulations based on H1 true, when 43 STRs were used, the 
number of LRlinkage/LRignore > 5 was 16, with a maximum value of 
8.0882. with the use of 143 SNPs + 43 STRs, this number became 1873. 
When a full sibling was involved, the number of LRlinkage/LRignore > 5 
increased to 5571, and the number of LRlinkage/LRignore > 100 was 1021, 
with a maximum value of 34193.18. A similar trend was shown in 
10,000 simulations based on H2 true. 

3.3. Third-Degree kinship analysis 

When the number of genetic markers or the number of individuals 
involved increased, the ability for third-degree kinship analysis and the 
impact of linkage on LRs also increased. For 43 STRs, the impact of 

linkage on the distribution was not significant, with the differences 
between LRlinkage accuracy and LRignore accuracy being < 0.50 % at all 
thresholds (1, 10, 100, and 1000) (Table 2). For 134 SNPs + 43 STRs, the 
impact of linkage on the LR distribution was more significant, with 
differences between LRlinkage accuracy and LRignore accuracy at thresh
olds 10, 100, and 1000 being > 1 % (Table 2). When a full sibling was 
further added, the impact of linkage on the LR distribution based on H1 
true became more obvious, similar to the second-degree kinship (Fig. 2e 
and f). The differences between LRlinkage accuracy and LRignore accuracy 
at thresholds 10, 100, and 1000 became > 2 % (Table 2). Sensitivity 
increased from 50.01 % to 56.37 % at threshold 100 and from 25.53 % to 
33.08 % at threshold 1000, corresponding to differences of 6.36 % and 
7.55 %, respectively. The differences between LRlinkage parameters and 
LRignore parameters of third-degree kinship tests are more significant 
than those of second-degree kinship tests. 

Fig. 3e and f reveals that the impact of linkage on LR values increased 
with the addition of genetic markers or relatives. In 10,000 simulated 
cases based on H1 true, when 134 SNPs + 43 STRs were used, the 
number of LRlinkage/LRignore > 20 was 7, with a maximum value of 
46.2892. With the addition of a full sibling, this number became 300, 
with a maximum value of 382.5946. 

Fig. 2. Distributions of LRlinkage and LRignore values for different kinship tests. FS: two full sibs UN: uncle–nephew FC: two first cousins UR: two unrelated UTN: 
uncle–two nephew FSC: two full siblings and one first cousin FSU: two full siblings and one unrelated. 
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Fig. 3. Boxplots of LRlinkage/LRignore for different kinship tests. FS: two full sibs UN: uncle–nephew FC: two first cousins UR: two unrelated UTN: uncle–two nephew 
FSC: two full siblings and one first cousin FSU: two full siblings and one unrelated. 

Table 2 
The parameter values based on differentiating second-degree relatives and third-degree relatives from unrelated individuals.  

Loci Thresholds       
(Relationship) (Log10LR) Sensitivity(%)  Specificity(%)  Accuracy (%)    

LRlinkage LRignore LRlinkage LRignore LRlinkage LRignore 

43STR 0 97.10 96.71 97.25 97.34 97.18 97.03 
(UN/UR) 1 90.88 90.59 99.52 99.51 95.2 95.05  

2 78.65 78.05 99.92 99.93 89.29 88.99  
3 61.01 60.24 99.99 99.99 80.50 80.12 

134SNP + 43STR 0 99.04 98.57 99.26 99.31 99.15 98.94 
(UN/UR) 1 97.52 96.47 99.81 99.85 98.67 98.16  

2 93.25 91.85 99.97 99.97 96.61 95.91  
3 86.37 83.99 100 100 93.19 92 

134SNP + 43STR 0 99.84 99.6 99.89 99.92 99.87 99.76 
(UTN/FSU) 1 99.46 99.07 99.95 99.97 99.71 99.52  

2 98.82 97.96 100 100 99.41 98.98  
3 97.28 95.78 100 100 98.64 97.89 

43STR 0 82.19 81.95 85.43 84.95 83.81 83.45 
(FC/UR) 1 46.80 46.07 98.54 98.55 72.67 72.31  

2 17.19 16.34 99.97 99.96 58.58 58.15  
3 3.88 3.38 100 100 51.94 51.69 

134SNP + 43STR 0 88.33 87.23 90.35 89.89 89.34 88.56 
(FSC/FSU) 1 64.78 62.81 98.96 98.81 81.87 80.81  

2 35.97 32.87 99.91 99.9 67.94 66.39  
3 14.89 11.62 100 100 57.45 55.81 

134SNP + 43STR 0 93.86 91.71 94.71 93.77 94.29 92.74 
(FSC/FSU) 1 79.44 75.41 99.20 99.02 89.32 87.22  

2 56.37 50.01 99.96 99.95 78.17 74.98  
3 33.08 25.53 99.99 100 66.54 62.77 

UN: uncle-nephew UR: two unrelated UTN: uncle-two nephew FSU: two full sibs and one unrelated FC: two first cousins UR: two unrelated FSC: two full siblings and 
one first cousin FSU: two full siblings and one unrelated. 
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4. Discussion 

In this study, we utilized the simulation modules of the software 
GeneVisa to investigate the linkage impact of 134SNP + 43STR. The 
effect of genetic linkage on the overall distribution of LR values is 
relatively small, but the effect on LR values of routine cases may be 
large. According to the study by Morimoto et al [8], based on various 
kinship scenarios, linkage between 21 STR loci of the GlobalFiler kit had 
a significant effect on routine cases, but has little impact on the distri
bution of LR values. According to this study, with the increase in the 
number of genetic markers and individuals involved in the kinship 
testing, the linkage impact on routine cases will increase (see Fig. 3), and 
eventually the linkage will have an impact on the distribution of LR 
values (see Fig. 2). For example, for the kinship testing of full siblings 
versus unrelated individuals, when we added 143 genetic markers, the 
linkage effect become larger (see Fig. 2a and Fig. 2b), for the kinship 
testing of uncle/nephew versus unrelated, when we add a full sibling of 
an involved person, the linkage effect on LR distribution of H1 true 
simulations become more significant (see Fig. 2c and Fig. 2d). 

In this study, several parameters were used, as described in reference 
[28], including sensitivity, specificity, and accuracy, to illustrate LR 
distributions. These parameters can also be used to evaluate the 
discriminatory power of genetic markers for various kinship tests. Ac
cording to a previous study’s description [28], sensitivity is equal to the 
positive rate that can be defined as the rate of LR > t in simulations 
based on H1 true, whereas specificity is equal to the negative rate that 
can be defined as the rate of LR < t in simulations based on H2 true. 
Further, the false positive rate (the rate of LR > t in simulations based on 
H2 true) and the false negative rate (the rate of LR < t in simulations 
based on H1 true) were obtained, and hence, we derived false positive 
rate is equal to 1 minus specificity and false negative rate is equal to 1 
minus sensitivity. 

For example, for the kinship testing i with two full siblings and two 
unrelated conducted using 43 STRs, the false negative rate was 0.31 % 
based on the LRignore values and 0.25 % based on the LRlinkage values at 
threshold 100. 

Additionally, based on the parameters sensitivity, specificity, and 
accuracy, two other parameters related to system power assessment the 
positive predictive value (PPV) and the negative predictive value (NPV) 
can be obtained. PPV represents the proportion of participants correctly 
determined as kinship H1 and NPV represents the proportion of partic
ipants correctly determined as kinship H2. In case of full sibling testing 
(two full siblings and two unrelated individuals), if we assume the 
predictive value depended on the proportion of full siblings in the 
population [28], these data cannot be obtained easily and may vary 
among different populations. In kinship testing, the statement of the 
involved individuals can offer some clues for kinship determinations. 
Thus, the proportion of full siblings in kinship testing is different from 
that in the population. During kinship testing, we assumed that the 
proportion of full sibling pairs and unrelated pairs are the same. We, 
thus, performed 10,000 simulations based on each H1 true and H2 true. 
According to the same number of simulations considering H1 and H2 
true, we obtained the following expressions: 

PPV =
positive rate

positive rate + false positive rate  

NPV =
negative rate

negative rate + false negative rate 

For example, for full sibling testing performed using 43 STRs, NPV 
was 99.31 % and 99.5 % based on LRignore and LRlinkage values at 
threshold 1000, respectively. 

The discriminatory power of 43 STRs and 134 SNPs in kinship testing 
were evaluated using the aforementioned parameters. For the full sib
ling testing, 43 STRs demonstrated a high discrimination power. When 
43 STRs and 134 SNPs were used in a combination, the full sibling pairs 

were effectively identified from unrelated pairs. The sensitivity, speci
ficity, and accuracy were 100 % at all thresholds under the condition 
with linkage. The 43 STRs + 134 SNPs also exhibited a high discrimi
natory power for second-degree kinship testing. For the kinship testing 
with uncle–nephew and two unrelated individuals, the accuracy 
exceeded 90 % at all thresholds. When we further added a relative (full 
sibling), the accuracy exceeded 97 % at all thresholds. However, for 
third-degree kinship testing, the discriminatory power of 43 STRs and 
134 SNPs was relatively insufficient (Table 2). In this case, the distri
bution differences between LRlinkage parameters and LRignore parameters 
at common thresholds is more significant than that in second-degree 
kinship testing for which 43 STRs and 134 SNPs exhibited a high 
discriminatory power. 

Because the probability of mutation occurrence is very low, the 
hidden mutation is usually ignored in the routine kinship case under the 
condition that the genetic data are consistent with the inheritance law. 
In this study, mutations of STR loci were considered while simulating 
individual genotypes, but not while obtaining LR. In addition, this study 
does not consider LD and the population substructure. The impact of 
genetic linkage needs to be further investigated in the presence of hid
den mutation [29] and LD and based on the population substructure 
[30]. 

In conclusion, as the number of available genetic markers increased, 
linkage between genetic markers became inevitable. GeneVisa is a useful 
tool for dealing with linkage for kinship testing. In this study, involving 
genetic linkage had no significant effect on LR distributions, but may 
have large effect on routine cases. For a specific kinship testing, the 
linkage effect on LR distributions and routine cases tended to increase 
with the number of genetic markers used and that of individuals 
involved. Linkage was considered to improve the discriminatory power 
of genetic markers for kinship testing. Our study provides a guideline for 
considering linkage in kinship testing. 
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