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Abstract Lineage-based haplotype markers (e.g., Y chro-
mosome STRs and mitochondrial DNA sequences) are
important adjunct tools to the autosomal markers for
kinship analysis and for specialized kinship applications
such as database searching. Traditionally, the prosecution or
kinship hypothesis considers the haplotypes in the same
lineage and the probability of genotype data given the
lineage hypothesis is simply set at 1 if the number of
mismatched loci or nucleotides between the questioned
person and the references is less than a predefined
threshold. In this study, a kinship hypothesis based on a
fixed relationship of the questioned person in the reference
family is introduced. A graphical model is proposed to
calculate the probability of the genotype data given the
kinship hypothesis, which is the product of haplotype
frequency of the founder in the pedigree and the transmis-
sion probability from the founder to all descendants. Proper
mutation models are suggested for Y chromosome STRs
and mitochondrial DNA sequence variants (i.e., SNPs) to
calculate the transmission probability. The methods to infer
the genotypes of the untyped individuals in the pedigree
and the computational complexity of handling these
untyped individuals are also addressed. Lastly, numerical

examples of the applications are given to demonstrate the
kinship hypothesis and the algorithms.
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Introduction

The Y chromosome and the mitochondrial DNA (mtDNA)
genome are inherited through the paternal and a maternal
lineage, respectively. The genetic markers carried on these
lineage chromosomes can be useful for kinship analysis to
provide additional support or to exclude relationships
particularly for complex kinships, for more distant relation-
ships, and for database searches (with very limited family
member candidates) [1–14]. The discrimination power of
current multiplex Y-STR systems used for identification,
although dependent on the size of the population sample,
can reach 0.999 with 10 Y-STRs and 0.9999 with 16 Y-
STRs [15, 16]. Haplotypes of the hypervariable regions I
and II (HVI and HVII, respectively) of the mtDNA genome
yield a similar discrimination power which is dependent on
the length of sequence used and also on the size of the
reference population database [13]. Generally, a DNA
profile comprised of both mtDNA and Y haplotypes will
be shared once in about every 1,000,000 individuals using
current typing strategies. Although biologically indepen-
dent of autosomal markers, Walsh et al. [17] and Budowle
et al. [15] statistically tested for dependence and found that
for the forensic markers on the Y chromosome and mtDNA
haplotypes there were no detectable departures from
independence with the forensically selected autosomal
STR loci. Therefore, the likelihood ratios calculated for
autosomal markers, Y-STR haplotypes, and mtDNA
sequences can be directly multiplied together.
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In kinship analysis cases, lineage markers often are
used as an adjunct tool to the autosomal STR markers.
Methods to calculate the likelihood ratio (LR) for the
lineage markers have been discussed and have been
applied in real cases [4, 7, 9–12, 14]; these approaches
mainly focus on the manner to calculate haplotype
frequency. The prosecution or kinship hypothesis usually
considers the haplotypes in the same lineage instead of a
fixed relationship of the questioned person in the
reference family. Yet, little has been described on the
probability of genotype data given the lineage or kinship
hypothesis. In most cases, this probability is simply set at
1 if the number of mismatched loci or nucleotides
between the questioned person and the references is less
than a predefined threshold (e.g., less than two mis-
matched nucleotides infers that mtDNA sequence cannot
be excluded as possibly being from the same lineage
[18]). However, mutations and inconsistent haplotypes
among the questioned person and the reference(s) should
be taken into account in the likelihood calculation. Rolf
et al. [6] suggested a method for calculating the
probability of segregating the haplotypes in multiple
generations. However, they did not include a mutation
model to deal with multiple step mutations and complex
mutation events. For example, two single locus Y-STR
haplotypes {11} and {10} are more likely to be in the
same lineage explained by mutation than haplotypes {11}
and {8.2}, although both scenarios vary from each other
at one mismatched locus. In addtion, the details of the
pedigree structure were not considered in [6]. Instead,
only the number of transmission events or generations
between individuals was considered.

Ge et al. [19] described the methods to calculate the
lineage-based LR with multiple references, in which the
same mutation model for the autosomal STRs was
suggested for Y-STRs, only the closest available relatives
were considered and the haplotype was directly compared
to the haplotype of the questioned person. However, given
the hypothesis that the questioned person has a fixed
relationship with the references, the LRs of the lineage
markers should be calculated in a pedigree in a similar
manner to that used for autosomal markers [19–22]. In this
study, we provide more sophisticated algorithms to formal-
ize the likelihood calculations of both Y-STR and mtDNA
haplotypes, in which the likelihood is calculated in a
pedigree fashion and the kinship hypothesis is based on a
fixed relationship rather than solely on lineage. The
computational complexity is analyzed and methods to
reduce the complexity are discussed. Preliminary mutation
models for the mtDNA are introduced to calculate the
transmission probability between mtDNA haplotypes. Lastly,
numerical examples of the applications are given to explain
the algorithms.

Methods

The general principle of the LR calculations of lineage
markers is the same as that for autosomal markers, which
compares the probabilities of genotype data, including both
the questioned person and the reference family member(s),
given the hypothesis of kinship Hk: the questioned person
(Q) is a specific member of the family (F), or the
hypothesis of non-kinship or unrelated Hnk: Q is unrelated
to F. The LR is represented by the following expression:

LR ¼ PrðQ;FjHkÞ
PrðQ;FjHnkÞ ¼

PrðQ;FjHkÞ
PrðQÞ»PrðFÞ ð1Þ

Pr(Q) is the haplotype frequency of Q, namely, the Y-STR or
mtDNA haplotype frequency in a database with selected loci
or ranges. Pr(F) is the pedigree probability of F. Pr(Q, F\Hk) is
the pedigree probability of both Q and F given Hk. Note
that Hk is different from the hypothesis “Q belongs to the
lineage of F”, in which the position of Q in F is not
determined.

Although the mutation mechanisms of Y-STRs and
mtDNA haplotypes are different, the principles of the
pedigree likelihood are the same for Y-STR and mtDNA
haplotypes. In the following, the details are introduced of
the algorithms to obtain the pedigree likelihoods using Y-
STR haplotypes as a template. Pedigree likelihood of the
mtDNA can be calculated by the same algorithm but with a
different mutation model. Main estimates of the lineage
haplotype frequency will be presented.

Pedigree likelihood for Y-STR

The pedigree likelihood based on the Y-STR haplotypes is
actually the product of the haplotype frequency of the
founder (i.e., the person without antecedent relatives in the
pedigree) and the transmission probability from the founder
to all descendants, which is dependent on the mutation
steps between each father–son transmission event. The
whole pedigree is regarded as a directed acycling graph
[23], in which vertices are the family members and the
directed edges represent the genetic transmission from
fathers to sons (see Fig. 1 as an example).

Suppose there are N father–son pairs (i.e., FS1, FS2, ...,
FSN) in the pedigree and the genotype of each individual in
the pedigree is known, the cumulative transmission proba-
bility of the pedigree, TP, is the cumulative product of the
transmission probability of each father–son pair at each locus
(Eq. 2), assuming the mutation events at each locus are
independent:

TP ¼
YN
i¼1

YK
k¼0

TPðFSikÞ ð2Þ
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where TP(FSik) is the transmission probability of ith father–
son pair at kth locus, which depends on the mutation rate at
this locus (μ) and the mutation steps (x) between the
genotypes of the father–son pair. Since the majority of Y-
STR mutations are slippage mutations, the same mechanism
as the autosomal STRs [24], the same mutation model for
autosomal STRs, two-phase model [25–27], can be used for
Y-STRs. This mutation model appears to be the most
suitable for the Y and autosomal STRs [27]. The transmis-
sion probability between two alleles can be presented as Eq.
(3)

TPðFSikÞ ¼ 1� m x ¼ 0
1 2= mað1� aÞx�1 x ¼ 1; 2; :::;1

�
ð3Þ

in which α is the probability of being a one-step mutation.
Equal probabilities for gaining or losing repeats are assumed.
According to [28], about 95% of mutations result in one-step
differences, similar to that of the autosomal STRs, hence α is
set at 0.95 (although any reasonable value can be set). The
mutation rates vary according to the markers [24].

The mutation step (x) between two integer alleles or two
fractional alleles with the same fraction is defined as the
absolute numerical difference between the alleles. For
example, the mutation step is 2 between {10} and {12}
or {10.2} and {12.2}. The mechanism of mutations
between integer and fractional (e.g., {10}à{10.2}) STR
alleles or fractional alleles with different fractions (e.g.,
{10.1}à{10.2}) is different from slippage-based mutation.
The probability of a partial repeat mutation is much lower
than that of the average STR slippage mutation rates (i.e.,
2×10−3) and likely higher than that of the SNP mutation
rates (i.e., 10−8). Because there are no data on partial repeat
mutations, we arbitrarily set the probability at 10−5; further
investigations are needed to establish a more accurate
probability. For mutations increasing the number of alleles
(e.g., {10}à{10, 11}), a duplication or insertion may explain
the event. The slippage mutation and the duplication event are
assumed to be independent. We also arbitrarily set the
probability of insertion events at 10−5. For mutations which

lose some alleles (e.g., {10, 11}à{10}), we assume only
slippage mutation as it is more likely.

The pedigree likelihood is the product of the haplotype
frequency of the founder, Pr(founder), and the transmission
probability within the pedigree (Eq. 4). The computational
complexity is on the order of N×K for a pedigree with all
individuals having unambiguous genotypes.

L ¼ PrðfounderÞ � TP ð4Þ
In situations where genotypes are not available at some

loci for some individuals in the pedigree, the genotypes are
inferred. The likelihood of the pedigree with untyped
individuals is the sum of the likelihood of all possible
subpedigrees with all individual’s genotypes typed or
inferred. Note that different subpedigrees may have
different founder profiles (see Appendix for an example).

The genotype assignment with minimum mutation steps
to explain the pedigree is preferred. Assume that the
genotypes of the untyped individuals can only be composed
of one or more of the observed alleles in the pedigree or the
alleles between these observed alleles. The number of alleles
should be the same as those of the majority of the observed
genotypes in the pedigree. For example, in Fig. 1, the
individual a can only be {11} for the first locus. The chance
that a has a genotype {12} or {10, 11} at the first locus is
remote and thus can be ignored in the likelihood calculation.

Suppose all individuals have the same number of
observed alleles (m; e.g., m=2 means that all individuals
have two alleles), there are X number of possible alleles
(X≥m), including both observed alleles and the alleles
between these observed alleles, in the whole pedigree (e.g.,
X=4 if three individuals in a pedigree have alleles {8,9},
{9,11}, and {8,11} at a locus, respectively) and Y number
of untyped individuals at a specific locus the number of
possible subpedigrees (NP) at this locus is

NP ¼ X
m

� �Y

ð5Þ

Using the second locus in Fig. 1 as an example, m=1
(e.g., all individuals in the pedigree have only one allele at
the second locus), X=2 (e.g., all possible alleles in the
pedigree at the second locus are {20} and {21}), and Y=2
(e.g., there are two untyped individuals a and c); the
number of subpedigrees is 22=4. The computational
complexity is exponential mainly depends on the Y.
Fortunately, in most real cases, both X and Y are less than
3 or 4, which is acceptable and the computation can be
completed in a reasonable time (i.e., less than 1 s with the
current computation ability). For any pedigrees or subpedi-
grees with all the genotypes determined, the computational
complexity is linear to the number of transmission with the
pedigrees (i.e., the number of edges in the acycling graph).

a 

b:{11,20}  c

d:{11,20}  e:{11,21} 

 

 

 

Fig. 1 A two-locus Y-STR pedigree including individuals from a to e.
The vertices represent individuals and the directed edges are father–
son transmissions. b, d, and e have Y-STR genotypes available; a and
c are untyped. Individual d is the questioned person with genotype
{11,20}, and the missing person d has a brother e and an uncle b as
the family references
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Pedigree likelihood for mtDNA

The algorithm for pedigree likelihood calculation based on
mtDNA haplotypes is the same as that for Y-STR
haplotypes, except that the mtDNA and Y-STR loci have
different mechanisms and rates of mutation. mtDNA
mutations tend to be due to base substitution (i.e., transition
and transversion), deletion, or insertion. The independence
of mutation events between bases is assumed.

The mutation rates for the mtDNA genome are known to
be higher than those of nuclear DNA [13, 29]. Many
nucleotide substitution models [30] have been proposed,
such as Kimura model, Tamura model, HKY model, and
unrestricted model, etc. Unfortunately, there has been no
systematic study for which model is the best fit for human
mtDNA sequences. The Kimura model [31] was used
(simply as a starting point), which assigns different
substitution rates to transitions and transversions, but the
substitution rates of two different transitions, as well as two
different transversions, are assumed equal. The mutation
rates are assumed to be even for all nucleotides, although
relatively high mutation rates were observed at some
hotspots [32, 33]. More sophisticated models can be
implemented with further data. According to the summa-
rized data in Howell et al. [34], 15 mutations in 1,246
transmission events were observed in HVI and HVII, which
leads to an average mutation rate 2.0×10−5 across HVI and
HVII (i.e., 15/(1,246×610)). Table 1 summarizes the
mutation rates of HVI and HVII for the Kimura model
[35, 36].

To accommodate heteroplasmy, the mtDNA pedigree
likelihood of a base position is the sum of likelihood of
subpedigrees with a nucleotide fixed for each individual. For
untyped individuals at a base position, the genotype can be all
four possible nucleotides (although transitions tend to be
favored over transversions at many sites). Suppose there arem
mtDNA typed individuals in a pedigree with T1, T2, ..., Tm
number of nucleotides, respectively, the number of possible
subpedigrees with fixed nucleotides for all typed individuals
is the product of the number of nucleotides of individuals

(i.e.,
Qm
k¼1

Tk). To save the computational time, the transmission

probability may be directly set at 1 for bases at which all
individuals share at least one nucleotide. Subpedigrees with
transversion mutation may be ignored if there are other
subpedigrees which only contain transition mutations or no
mutation.

Haplotype frequency

There are many reasonable suggestions to estimate haplo-
type frequency of the lineage markers. Let n be the database
size and x be the number of observations of the lineage
profile. The suggested haplotype frequency estimates
mainly include the followings.

1 p ¼ x
n

2 p ¼ xþ2
nþ2 [37, 38]

3 p ¼ 1� a1=n, where α is (1−confidence interval),
usually 0.05 [38, 39]

4 The “surveying” methods [40, 41]
5 p ¼ x

n þ q 1� x
n

� �
[15, 16], where θ is the measure of

population substructure
6 Upper bound of 95% binomial confidence interval [16];

the Clopper and Pearson’s binomial confidence interval
is suggested

Discussion

This study provides formalized methods for calculating the
pedigree likelihood based on lineage markers, in which the
hypothesis of kinship is defined by a fixed relationship with the
reference family. The traditional direct comparison between
the haplotypes has been the hypothesis that the reference(s)
and the questioned person are in the same lineage. These two
hypotheses are conceptually distinguishable, although the
likelihoods given them may not be significantly far apart.
The pedigree likelihood usually gives more conservative
results compared with the direct comparison method.

There are several ways to implement the process and
reduce computation time. For simple cases with all haplotypes
“matching,” the transmission probability within a pedigree
may be set at 1. For example, suppose the haplotypes contain
17 Y-STR loci with mutation rates of 2×10−3 across all loci,
the transmission probability is about 0.968 from father to
son, or 0.938 from grandfather to grandson (i.e., two
transmission events). Similar values can be obtained for
mtDNA. However, when the possibility of mutations present
in the pedigree, the formalized algorithms need to accom-
modate various mutation types and mutation steps. Another
way to reduce computational time is to search those subpedi-
grees which have the fewest mutation steps in all subpedigrees
and only calculate the likelihoods of these minimum subpedi-

Table 1 Human mitochondrial DNA nucleotides mutation rates
(×10−6) assuming Kimura model

Nucleotides Mutations

A T C G Insertion Deletion

A 0.2 0.2 3.6 0.5 0.5

T 0.2 3.8 0.2 0.5 0.5

C 0.2 3.6 0.2 0.5 0.5

G 3.6 0.2 0.2 0.5 0.5
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grees. This shortcut will not substantially change the likelihood
of the pedigree since for STRs one more step mutation is much
less likely. For mtDNA, the subpedigrees with minimum
number of the transversions, deletions, and insertions are the
main contributors to the total pedigree likelihood.

A recent study onmtDNA confirmed [42] what has been an
assumed basis for forensic interpretations that heteroplasmy is
ubiquitous in human cells. This observation supports that
individual humans have multiple haplotypes instead of one.
Assuming the mutation at each base is independent from
other bases, for an mtDNA sequence range with 610
nucleotides, the transmission probability between two identi-
cal mtDNA sequences is about 0.9879. Starting from a single
zygotic cell with 1,000 homogeneous mitochondrial genomes,
after 20 cell divisions any sampled cell (e.g., white blood cell)
has about a 99.99% chance of having at least two mutations
on at least one mitochondrial DNA sequence. The interpre-
tation rule of two or more mismatched nucleotides for
excluding two samples (based on HVI and HVII sequences)
as originating from the same source was appropriate for the
sequencing technology applied [18]. Although, there is a
small probability of a false exclusion, two differences residing
on a single molecule in a pool of mitochondrial genomes
would not be detectable. However, with a high resolution
technology (e.g., the technology used in [42]), the same rule
[18] would not strictly apply. At present, the mtDNA
mutation model assumes uniform mutation rates across all
bases of the mtDNA sequence. However, mutation hotspots
do exist on mtDNA [32, 33]. Further studies are required to
develop more sophisticated mutation models for mtDNA,
which may allow base-specific mutation rates.

These algorithms will be implemented into the software
program MPKin [19].
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Appendix—numerical examples

Case 1: Y-STR

Figure 1 is used as an example to explain the Y-STR
haplotype-based likelihood ratio calculation. Let Hk be the
hypothesis that d is the brother of e and nephew of b, and
Hnk be the hypothesis that d is unrelated to the family of b
and e. The likelihood of the family given Hk is the sum of
the following four likelihoods, each of which is the
likelihood of a subpedigree with untyped data determined.

1. a={11,20} and c={11,20}
L1=Pr({11,20})×Pr(11à11)

4×Pr(20à20)3×Pr(20à
21)

2. a={11,20} and c={11,21}
L2=Pr({11,20})×Pr(11à11)

4×Pr(20à20)×Pr(20à
21)×Pr(21à20)×Pr(21à21)

3. a={11,21} and c={11,20}
L3=Pr({11,21})×Pr(11à11)

4×Pr(20à20)×Pr(20à
21)×Pr(21à20)2

4. a={11,21} and c={11,21}
L4=Pr({11,21})×Pr(11à11)

4×Pr(21à20)2×Pr(21à
21)2

The likelihood of the family given Hnk is the product of
the haplotype frequency of d, Pr({11,20}), and the
likelihood of the family only containing b and e, which is
the sum of the following four subpedigrees with inferred
genotypes for a and c.

1. a={11,20} and c={11,20}
L1=Pr({11,20})×Pr({11,20})×Pr(11à11)

4×Pr(20à
20)2×Pr(20à21)

2. a={11,20} and c={11,21}
L2=Pr({11,20})×Pr({11,20})×Pr(11à11)

4×Pr(20à
20)×Pr(20à21)×Pr(21à21)

3. a={11,21} and c={11,20}
L3=Pr({11,20})×Pr({11,21})×Pr(11à11)

4×Pr(20à
21)×Pr(21à20)2

4. a={11,21} and c={11,21}
L4=Pr({11,20})×Pr({11,21})×Pr(11à11)

4×Pr(21à
20)×Pr(21à21)2

Let the mutation rate μ=0.002, one-step mutation propor-
tion be 0.95, haplotype frequency of {11,20} be 0.2, and
haplotype frequency of {11,21} be 0.3. Pr(11à11)=Pr(20à
20)=Pr(21à21)=(1−μ) and Pr(21à20)=Pr(20à21)=1/2μα
in terms of Eq. (3). The likelihood ratio is 1.43. To reduce
computational time, L2, L3, and L4 in Hk and L3 in Hnk,
which have higher number of mutation steps than others, can
be ignored, and the likelihood is still about 1.43.

Case 2: mtDNA

Figure 2 is used as an example to explain the mtDNA-based
likelihood ratio calculation. Let Hk be the hypothesis that c
is the sister of b, and Hnk be the hypothesis that c is
unrelated to the family of b. The likelihood of the family

 a 

c:{A,T}  b:{A,Y}   

Fig. 2 A two-base mtDNA haplotype pedigree including individuals
from a to c. Individual c is the questioned person with mtDNA
sequence {A,T} and the missing person c has a sister b with a mtDNA
sequence {A,Y}. Y presents a heteroplasmic base, which could be
nucleotides C or T. The mtDNA of the mother a is not available
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given Hk is the sum of the following four likelihoods, each
of which is the likelihood of a subpedigree with untyped
data determined.

1. a={A, T} and b={A,T}
L1=Pr({A,T})×Pr(AàA)2×Pr(TàT)2

2. a={A, T} and b={A,C}
L2=Pr({A,T})×Pr(AàA)2×Pr(TàT)×Pr(TàC)

3. a={A, C} and b={A,T}
L3=Pr({A,C})×Pr(AàA)2×Pr(CàT)2

4. a={A, C} and b={A,C}
L4=Pr({A,C})×Pr(AàA)2×Pr(CàT)×Pr(CàC)

The likelihood of the family given Hnk is the product of
the haplotype frequency of c, Pr({A,T}), and the likelihood
of the family only containing b, which is the sum of
frequencies of two haplotypes, Pr({A,T}) and Pr({A,C}).
Let the frequency of {A,T} and {A,C} be 0.2 and 0.3,
respectively. Using the mutation rates in Table 1, the
likelihood ratio is about 2.0.
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