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1. Introduction

DNA markers on the X-chromosome have been shown to be
powerful tools for solving complex relationship cases [1,2].
Paternity trio cases can most easily be solved with autosomal
short tandem repeat (STR) markers alone, while test of paternity
duos involving a daughter or more complex family relations could
gain from X-chromosomal testing. The main application of X-STR
markers is however in deficient paternity cases, especially the
DNA-analysis of multiple females under the hypothesis that they
share the same father (e.g. Fig. 1) [3].

Males carry one X-chromosome, so their haplotype is trans-
ferred to their biological daughters. Females carry two X-
chromosomes. The two female X-chromosomes are prone to
recombination during meiosis, which necessitate a consideration
of two features that can have an impact on the interpretation and

calculation of probabilities in relationship testing. These featu
include physical dependency between loci (later on referred t
linkage) and the allelic dependency between alleles at different
(later on referred to as linkage disequilibrium, LD) [4]. Linkag
the co-segregation of closely located loci in a pedigree, w
linkage disequilibrium measures the allele co-segregation a
population level. For a given set of markers, linkage can
measured by obtaining recombination frequencies from fam
samples and linkage disequilibrium can be estimated from all
and haplotype frequencies.

The main aim of the present study was to investigate eight X-
markers based on a Swedish population sample. Evaluation
statistical parameters of interest for both forensic- and relations
tests were considered. The study of the characteristics of linkage
linkage disequilibrium has been of special interest. Over the p
years many articles have been published on X-STR markers with
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A B S T R A C T

X-chromosomal short tandem repeats (X-STR) have proven to be informative and useful in com

relationship testing. The main feature of X-STR markers, compared to autosomal forensic markers, is

all loci are located on the same chromosome. Thus, linkage and linkage disequilibrium may occur.

aim of this work was to study population genetic parameters of eight X-STR markers, located in

linkage groups. We present haplotype frequencies, based on 718 Swedish males, for the four link

groups included in the Argus X-8 kit. Forensic efficiency parameters have been calculated as well as

allelic association between the tested markers for detection of linkage disequilibrium. To study

occurrences of recombination between the loci, both Swedish and Somali families were type

mathematical model for the estimation of recombination frequencies is presented and applied on

family samples. Our study showed that the tested markers all have highly informative forensic values

that there is a significant degree of linkage disequilibrium between the STR markers within the

linkage groups. Furthermore, based on the tested families, we also demonstrated that two of the link

groups are partially linked. A consequence of these findings is that both linkage and link

disequilibrium should be accounted for when producing likelihood ratios in relationship testing wit

STR markers.

� 2008 Elsevier Ireland Ltd. All rights reser
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description of typing details and population data [5–10]. Howe
there has not been the same activity concerning studies of h
linkage and linkage disequilibrium might impact probab
calculation in relationship testing. Previously, Krawczak
ge and linkage disequilibrium for eight X-STR markers, Forensic Sci.

mailto:andreas.tillmar@rmv.se
http://dx.doi.org/10.1016/j.fsigen.2008.09.006
http://www.sciencedirect.com/science/journal/18724973
http://dx.doi.org/10.1016/j.fsigen.2008.09.006


show
affec
briu
mag
pop
sam

2. M

2.1.

7
pop
the
bloo
repr
Swe
reco
two
mot

M
was
to th
FTA-
mod
PCR
DXS
DXS
anal
(App
man
refe
auto
prov

2.2.

H
wer
Add
hapl
[2,1
Wei
diffe
prog
betw
test
wer
pop
pop
Mar

Fig. 1
E hav

2

G Model

FSIGEN-397; No of Pages 5

Ple
Int
ed in a theoretical example how the likelihood ratio was
ted taking arbitrary values of linkage and linkage disequili-

m into account. Here we have made an effort to study the
nitude of linkage and linkage disequilibrium based on real
ulation data. For the purposes described, we have analyzed the
ples with the X-chromosomal kit Argus X-8.

aterial and methods

Sample and typing

18 unrelated males and 106 unrelated females from a Swedish
ulation were typed for the frequency estimation as well as for
evaluation of forensic parameters. The samples come from
d donors and have previously been shown to be good
esentatives of the Swedish population [12]. In addition, 16
dish and 16 Somali families were typed for the estimation of
mbination fractions and mutation analysis. In these families
to nine children were accompanied by a genetically confirmed
her and father.

ultiplex PCR-amplification (Mentype1 Argus X-8, Biotype)
performed on 1–10 ng of DNA extracted from blood according
e manufacturer’s protocol, or directly from buccal swabs using
cards. Both sample types were amplified in 10 ml reactions
ified from the manufacturer’s instructions. The kit includes

-primers of eight STR-loci located in four linkage groups,
10135-DXS8378, DXS7132-DXS10074, HPRTB-DXS10101 and
10134-DXS7423 (described in [13]). PCR-amplicons were
yzed in an ABI Prism 3100 capillary electrophoresis sequencer
lied Biosystems) using the filter set recommended by the
ufacturer, and the sequenced ladder included in the kit as

rence. ROX-550 was used as size standard. Results were typed
matically using GeneMapper ID ver. 3.2 with the binset
ided by the manufacturer (www.biotype.de).

Statistical methods

aplotype frequencies for loci within the four linkage groups
e calculated by simple counting based on the 718 typed males.
itionally, population parameters were computed based on
otype frequencies as follows: mean exclusion chance (MEC)

4,15], power of discrimination (PD) and P-values for Hardy–
nberg equilibrium (HWE). Associations between alleles from
rent loci were tested using the Genetic Data Analysis software
ram by Lewis and Zaykin [16]. In this test a comparison is done

number of populations could be performed due to lack of matching
marker sets. Mutations were studied based on the family data.

A mathematical model was set up in order to obtain estimates
of recombination frequencies between two loci. This was done as
follows: For N families we have X-chromosomal data from a
mother and k confirmed children. We restricted ourselves to
mothers heterozygous at both loci. Since the haplotype status of
the mother is not known, we have to consider two possibilities.
Assuming one of the possibilities, for s of the children an
overcrossing (or an even number) has occurred, whereas for the
remaining k-s children no overcrossings have occurred. If we
assume the other state of the haplotype of the mother, k-s

overcrossings have instead occurred.
Let r be the probability for an odd number of overcrossings to

occur between the two tested loci. We would like to estimate r

from the family data. We know, a priori, that r is somewhere in the
interval between 0 and 0.5 and use a prior distribution for r that is
constant on this interval.

If our data is one family as above, with k children, we get the
likelihood

pðdatajrÞ ¼ 0:5 � rsð1� rÞk�s þ 0:5 � rk�sð1� rÞs

Thus the posterior becomes

pðrjdataÞ/ pðdatajrÞ � pðrÞ/ rsð1� rÞk�s þ rk�sð1� rÞs

for 0 � r � 0.5 and 0 otherwise.
Let k1,. . .kN and s1,. . .sN be the observed values for N families.

Then repeated Bayesian updating gives the posterior

pðrjdataÞ/
YN

i¼1

½rsi ð1� rÞki�si þ rki�si ð1� rÞsi �

For numerical calculations, we can define x0,. . .xn by xj = j/2n for a
suitably large n, and compute the logarithm of the posterior at each
xi as

y j ¼ logð pðr ¼ x jjdataÞÞ ¼
XN

i¼1

log½rsi ð1� rÞki�si þ rki�si ð1� rÞsi � þ C

for some constant C. For specificity, we compute with C = 0, and the
mean ȳ is subtracted from all yj values. As an estimate for r, we use
the posterior mode, which can be approximated as the xj, where yj

is maximal. The credibility interval (95%) can be defined as the [xl,
xs], so that values yl to ys are larger than all yj outside this interval,
and so that the values from exp(yl) to exp(ys) sum to 95% of the sum
exp(yj). The obtained recombination frequencies were compared
with recombination frequencies (rh) converted from physical
distances using Haldane’s mapping function [4]:

rh ¼
1

2
ð1� e�2dÞ

where d is the physical distance between loci.
Finally, an example is given illustrating the effect of using

markers that is in LD on forensic calculations, i.e., the change in
paternity index (PI) using the expected haplotype frequencies
(assuming linkage equilibrium) instead of observed haplotype
frequencies. Let ILD = PIExp/PIObs be the ratio of the different
paternity indexes, where PIExp and PIObs are calculated with
expected haplotype frequencies and observed frequencies, respec-
tively. Consider a deficiency case as in Fig. 1. Assume that X-
chromosomal DNA data is available for individuals A, C, D and E

. Pedigree representing a deficiency case where the question is whether D and

e the same father or not.

A.O. Tillmar et al. / Forensic Science International: Genetics xxx (2008) xxx–xxx
een pairs of loci. P-values were obtained using Fisher’s exact
with 10,000 permutations. The Swedish haplotype frequencies
e compared with frequencies from African, Asian and European
ulation samples [13,17] by applying the Exact test of
ulation differentiation [18]. P-values were obtained using a
kov chain of 100,000 steps. Only a comparison with a limited
ase cite this article in press as: A.O. Tillmar, et al., Analysis of linka
. Gene. (2008), doi:10.1016/j.fsigen.2008.09.006
and that the question is whether B is the father of both D and E. The
alternative is that D and E are unrelated. For simplicity we assume
that the case is non-ambiguous, i.e. the paternal haplotype is
deducible. The paternity index, given the pedigree in Fig. 1, for each
of the four linkage groups is then 1/ppat, where ppat is the frequency
of the paternal haplotype (assuming absence of recombination
ge and linkage disequilibrium for eight X-STR markers, Forensic Sci.
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between the loci within each linkage group). We calculated ILD for
all observed haplotypes weighted against the number of times
each haplotype was observed in the Swedish population, thus
giving a representative sample. The distributions of the obtained
ILD for each of the four linkage groups are presented in a box plot.

3. Results

Swedish haplotype frequencies for the four linkage groups are
presented in Supplementary Table 1. The calculated population
and forensic efficiency parameters based on haplotype frequencies
can be seen in Table 1. Hardy–Weinberg equilibrium was not
tested on haplotypes but on single loci, since the haplotype status
of the typed female was not known. Marker DXS7423 departed
from HWE, using a 5% cut-off for statistical significance. Here we
encountered the ‘‘multi-testing problem’’ caused by a combined
total of eight tests of HWE. We addressed this problem using the
method described by Zaykin et al. [19]. Applying the method for
correction for multiple testing no ‘‘overall’’ departure from HWE
could be seen (P > 0.05).

In order to analyze frequency differences between populations
we compared the Swedish haplotype frequencies with information
from four other population samples. As expected the Swedish
haplotype frequencies showed more similarities with the Eur-
opean populations than with the non-European populations
(Table 2).

The observed haplotype frequencies were also used to study the
allelic association for the eight loci. Using Fisheŕs exact test to
compare observed and expected haplotype frequencies we showed
that the loci within each of the four linkage groups were in LD
(P < 0.0018, after adjustment for multiple testing), while loci
located in different linkage groups could not be shown to be in LD
after adjustment for multiple testing (Table 3).

Calculated case specific paternity indexes will typically differ
using expected haplotype frequencies rather than observed
frequencies when loci are in LD. An illustration of such divergence
is shown in Fig. 2. The box plot shows how the paternity ratio

Recombination fractions were estimated using both Swed
and Somali family samples (Table 4). Two recombinations w
confirmed within two different linkage groups, one in a Swed
family (in linkage group DXS7132-DXS10074), and the other
Somali family (DXS10134-DXS7423). Overall, the recombinat
fractions between loci located in different linkage gro
were estimated to be less than 50% in two cases. In partic
between linkage group 3 and 4 the observed recombina
fraction was estimated to be around 25% (95% credibility inte
17%-35%). When the estimated recombination frequencies w
compared with frequencies based on Haldane’s mapping, o

Table 1
Population genetic data of forensic efficiency parameters for four pairs of linked X-STR markers in a Swedish population.

DXS10135–DXS8378 DXS7132–DXS10074 HPRTB–DXS10101 DXS10134–DXS

PDF 0.9991 0.9967 0.9983 0.9975

PDM 0.9780 0.9584 0.9704 0.9637

MEC Krüger 0.9516 0.9122 0.9332 0.9088

MEC Desmarais Trio 0.9775 0.9568 0.9696 0.9625

MEC Desmarais Duo 0.9566 0.9190 0.9420 0.9292

PDF, PDM: Power of discrimination for females and males, respectively; the probability to discriminate two unrelated persons.

MEC: Mean exclusion chance; the probability to exclude a non-true relationship (trio or duo).

Note that MEC Desmarais Trio is the same as polymorphism informative content (PIC) and that PDM coincides with expected heterozygosity (HET).

Table 2
P-values from population comparison of haplotype frequencies using the Exact test for population differentiation.

Population DXS10135–DXS8378 DXS7132–DXS10074 HPRTB–DXS10101 DXS10134–DXS

Germany [13] 0.020 0.301 0.002 0.346

Japan [13] 0.006 0.000 0.000 0.010

Ghana [13] 0.000 0.000 0.000 0.000

Hungary [17] 0.362 0.180 0.157 0.960

Table 3
P-values from test for linkage disequilibrium.

Marker pair Linkage groups P-va

DXS10135/DXS8378 1/1 0.00
DXS10135/DXS7132 1/2 0.124

DXS10135/DXS10074 1/2 0.071

DXS10135/HPRTB 1/3 0.175

DXS10135/DXS10101 1/3 0.008

DXS10135/DXS10134 1/4 0.141

DXS10135/DXS7423 1/4 0.013

DXS8378/DXS7132 1/2 0.005

DXS8378/DXS10074 1/2 0.246

DXS8378/HPRTB 1/3 0.242

DXS8378/DXS10101 1/3 0.681

DXS8378/DXS10134 1/4 0.928

DXS8378/DXS7423 1/4 0.180

DXS7132/DXS10074 2/2 0.00
DXS7132/HPRTB 2/3 0.029

DXS7132/DXS10101 2/3 0.142

DXS7132/DXS10134 2/4 0.834

DXS7132/DXS7423 2/4 0.049

DXS10074/HPRTB 2/3 0.346

DXS10074/DXS10101 2/3 0.011

DXS10074/DXS10134 2/4 0.068

DXS10074/DXS7423 2/4 0.133

HPRTB/DXS10101 3/3 0.00
HPRTB/DXS10134 3/4 0.413

HPRTB/DXS7423 3/4 0.709

A.O. Tillmar et al. / Forensic Science International: Genetics xxx (2008) xxx–xxx
DXS10101/DXS10134 3/4 0.024600

DXS10101/DXS7423 3/4 0.219600

DXS10134/DXS7423 4/4 0.000000

Abbreviations for loci in the linkage groups are as follows: 1, DXS10135 and

DXS8378; 2, DXS7132 and DXS10074; 3, HPRTB and DXS10101; 4, DXS10134 and

DXS7423.

Significant P-values after Bonferroni correction (P < 0.0018) are marked as bold.
differs using expected haplotype frequencies based on allele
frequencies instead of observed haplotype frequencies. Even
though the medians of ILD are close to one, the variations of ILD

are considerable. This means that for some haplotype combina-
tions a paternity index would be significantly influenced if the
observed LD is not taken into account.
Please cite this article in press as: A.O. Tillmar, et al., Analysis of linkage and linkage disequilibrium for eight X-STR markers, Forensic Sci.
Int. Gene. (2008), doi:10.1016/j.fsigen.2008.09.006
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recombination frequency between linkage group 3 and 4
red, thus suggesting that this might be a recombination
pot.
utations occur naturally in repeated sequences at a certain

uency, this is also true for X-chromosomal markers. Two
ations were found investigating 142 meioses from Swedish
ilies and 158 meioses from Somali families. The two mutations
e both found in Somali families, one between a mother and son
arker DXS10135 (allele 29 to 28), and the other between a

her and son in marker DXS10074 (17 to 16).

iscussion

ver the last decade a number of publications have described
yping of X-chromosomal markers (SNPs and STRs) and also the
ication of these markers in forensic casework, i.e. solving
plex family relationships. STR markers on the X-chromosome
valuable sources of information for a wide spectrum of family
tellations [2].
ight X-chromosomal markers included in the X-STR-kit
uced by Biotype have been widely studied regarding allele

uencies for a large number of populations. Genetically and
stically interesting features of X-STR markers, such as linkage
linkage disequilibrium, have not been analyzed to the same
nt. In this study we analyzed a large population sample in
r to get information about how X-chromosomal markers
ve both within a family and at a population level. Regarding

frequencies, parameters describing the tested population, and
forensic efficiency of the tested loci, the Swedish population
sample was found not to deviate from other studied populations.
However, one notable observation concerned the population
comparison where Swedish X-STR frequencies tend to be more
population specific than for autosomal markers [20].

Since DNA-results from several X-STR markers are used
simultaneously in relationship testing, there is a significant risk
of observing both linkage and linkage disequilibrium. Linkage
disequilibrium, meaning allelic dependency, was seen for all loci
within each of the four linkage groups. We also showed that the
frequency of recombination between loci in different linkage
groups was not always 50%, thus the assumption of independence
does not hold.

Using DNA in relationship testing requires some calculation of
an impartiality weight of evidence given by the DNA-result.
Likelihood calculations are most often used to provide such a
weight regarding the hypotheses tested. The model such likelihood
calculations should be based on depends among other things on
the DNA-markers analyzed. The widely used assumption of
independence between DNA-markers and corresponding alleles
does not hold for X-chromosomal markers, thus making inter-
pretation and likelihood calculations more complex.

If alleles from different loci are in linkage disequilibrium there
will typically be a discrepancy in the paternity index if the
haplotype frequencies are inferred from allele frequencies rather
than from haplotypes (Fig. 2).

All together, the X-chromosome markers included in the
Mentype Argus X-8 kit offer the possibility to solve complex
kinship cases where autosomal STR markers do not provide the
information needed. Our study has, however, shown that both
linkage and linkage disequilibrium have to be taken into
consideration when making interpretation in relationship testing
based on the tested X-STR markers.
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Appendix A. Supplementary data

Supplementary data associated with this article can be found, in

the online version, at doi:10.1016/j.fsigen.2008.09.006.

4
mbination frequencies (95% credibility interval) from Swedish and Somali families.

loci Sweden Somalia Sweden and Somalia combined Haldane’s mapping function [4]

0135–DXS8378 0.00 (0.00–0.052) 0.00 (0.00–0.05) 0.00 (0.00–0.03) 0.002

378–DXS7132 0.39 (0.24–0.50) 0.50 (0.29–0.50) 0.45 (0.31–0.50) 0.336

132–DXS10074 0.03 (0.001–0.11) 0.00 (0.00–0.05) 0.01 (0.001–0.05) 0.018

0074–HPRTB 0.50 (0.24–0.50) 0.50 (0.32–0.50) 0.50 (0.34–0.50) 0.368

B–DXS10101 0.00 (0.00–0.07) 0.00 (0.00–0.06) 0.00 (0.00–0.03) 0.0002

0101–DXS10134 0.29 (0.19–0.495) 0.22 (0.13–0.35) 0.25 (0.17–0.35) 0.136

0134–DXS7423 0.00 (0.00–0.06) 0.02 (0.001–0.09) 0.01 (0.001–0.05) 0.002

umber of informative meiosis for the different pairs of loci was for the Swedish sample between 33 and 55, for the Somali sample between 45 and 69 and for the

ined sample between 84 and 116.

A.O. Tillmar et al. / Forensic Science International: Genetics xxx (2008) xxx–xxx
. Comparison of paternity indexes calculated with observed and expected

type frequencies for four pairs of closely linked X-chromosomal STRs. The

bution of the ratios of ILD for all possible haplotypes is presented in the box

Derivation of ILD can be found in the material and methods section. The box

contains medians, 2.5%, 25%, 75% and 97.5% percentiles and ‘‘outliers’’

cated by +). The loci studied were as follows, starting from the left: DXS10135-

378 (‘‘Linkage grp 1’’), DXS7132-DXS10074 (‘‘Linkage grp 2’’), HPRTB-

0101 (‘‘Linkage grp 3’’) and DXS10134-DXS7423 (‘‘Linkage grp 4’’).

ase cite this article in press as: A.O. Tillmar, et al., Analysis of linka
. Gene. (2008), doi:10.1016/j.fsigen.2008.09.006
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