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Abstract Short tandem repeat (STR) markers are extensively
being used for human identification as well as paternity and
forensic case work. X-chromosome STR (X-STR) markers
are a powerful complementary system especially in deficiency
paternity testing. Many X-linked microsatellites have been
evaluated but further studies are required to determine
population specific statistics. Here, we report allele frequen-
cies of 13 X-linked microsatellites (DXS8378, DXS9902,
DXS6810, DXS7132, DXS981, DXS6793, DXS6801,
DXS6789, GATA172D05, HPRTB, GATA31EO08,
DXS8377, and DXS7423) in the Pakistani population. Blood
samples were collected from individuals representing all major
ethnic groups of the Pakistan population. A total of 5-18
alleles were observed for each locus and altogether 109 alleles
for all 13 X-STR loci. Heterozygosity in females ranged from
0.524 to 0.884. No significant deviation was observed from
Hardy—Weinberg equilibrium for all 13 microsatellites. In
addition, there was no evidence of linkage disequilibrium in
any pairs of these markers. These results strongly suggest that
the X-linked microsatellites described here can potentially
serve as an extension to autosomal systems currently used in
parentage analysis and forensic case work.
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Introduction

Short tandem repeat (STR) markers are extensively being
used for human identification as well as paternity and
forensic case work. Recently, X-chromosomal STR (X-
STR) markers have attracted attention because of their
usefulness in complex kinship and deficiency paternity, in
particular, when the disputed child is female [1-3]. These
markers can also be used in sibship analysis of two females
having the same biological father and in relationship
testing, especially for grandmother/granddaughter relation-
ship, as both share a common X-chromosome allele. Addi-
tionally, X-STR markers have proven to be extremely helpful
to investigate stains to identify the female DNA profile [4, 5].

Although many X-STRs microsatellites have been
validated for paternity testing, additional population studies
would enhance our understanding of the polymorphism and
allelic distribution associated with these loci. Since there is
correlation between degree of polymorphism and the
mutation rate at a given locus [6], the estimation of
mutation rates would be beneficial to both parentage and
forensic case work as they are important for correct genetic
profile interpretation. Furthermore, linkage disequilibrium
(LD) between X-STR loci has proven to be population-
specific [7]. Therefore, LD studies of pertinent populations
would be essential for X-STRs use in forensic case work. In
short, with additional population statistics, X-STRs could
potentially serve as an extension to autosomal systems
currently used in parentage analysis and forensic case work.

Here, we report allele frequencies of 13 X-linked micro-
satellites (DXS8378, DXS9902, DXS6810, DXS7132,
DXS981, DXS6793, DXS6801, DXS6789, GATA172D05,
HPRTB, GATA31E(08, DXS8377, and DXS7423) in a
Pakistani population. The samples were collected from a large
group of individuals representing all major ethnic groups of
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the Pakistani population. A total of 5—18 alleles were observed
for each locus and altogether 109 alleles for all 13 X-STR loci.
Heterozygosity in females ranged from 0.524 to 0.884. No
significant deviation was observed from Hardy—Weinberg
equilibrium for all 13 microsatellites. In addition, there was no
evidence of linkage disequilibrium in any pairs of these
markers.

Materials and methods

According to the recent census, the Pakistani population
consists of five major ethnic groups. The Punjabis make up
55 %; the Pakhtuns, 15%; the Sindhis, 14%; the Muhajirs,
8 %; and the Balochs, 4% of the total population (Statistics
Division, Ministry of Economic Affairs and Statistics,
Government of Pakistan, http://www.statpak.gov.pk). Blood
samples were collected from 432 unrelated individuals (285
males and 147 females) representing all five major ethnic
groups. In addition 50 “true trios” families, i.e., father,
mother, and daughter were collected to investigate X-
chromosomal inheritance and stability of these markers.
Genomic DNA was extracted from whole blood using the
phenol-chloroform method [8]. The quantity of DNA was
determined using a spectrophotometer.

Polymerase chain reactions were carried out in a 20 pl
reaction volume containing 10 ng of genomic DNA, 0.125 uM
of forward and reverse primers, 75 mM Tris HCI, 20 mM
(NH),SO4, 2 mM MgCl,, 200 uM of each deoxyribonu-
cleotide triphosphate (ANTP), 1 U of Taq Gold polymerase.
Each STR marker was amplified individually. The ampli-
fication was performed in a GeneAmp PCR Thermal Cycler
System 2700 (Applied Biosystems). The polymerase chain
reaction (PCR) consisted of a denaturation at 95°C for 5
min, followed by 30 cycles consisting of denaturation at
94°C for 1 min, annealing at 57°C for 1 min, extension at
72°C for 1 min and a final extension at 72°C for 30 min.

The capillary electrophoresis was performed using 1 pl of
amplified product, 12 pl formamide, and 0.5 pl GeneScan
LIZ-500 size standard (Applied Biosystems). The amplified
products were separated on an ABI 3100 Genetic Analyzer
(Applied Biosystems). Results were analyzed using GeneScan
Analysis software 3.7 (Applied Biosystems). Human DNA
sample from Promega was used as reference for genotyping
(Promega) [9].

Primer sequences for DXS981, DXS6789, HPRTB,
DXS8377, and DXS7423 were redesigned to adjust
fragment length to have similar annealing temperatures in
multiplex PCR (Supplementary Table 1 online). The primer
sequences for DXS8378, DXS9902, DXS6810, DXS7132,
DXS6793, DXS6801, GATA172D05, and GATA31EO0S8
were obtained from the Genome Database [http:/www.
gdb.org]. Alleles were assigned according to the recom-
mendations of the International Society of Forensic Hae-
mogenetics commission [10].

The presence of new alleles was confirmed by bidirectional
sequencing. Primers were designed using the primer3 program
(http://primer3.sourceforge.net). Amplifications were per-
formed in 25 pl reactions containing 50 ng of genomic
DNA, 2.5 pl 10X GeneAmp PCR buffer I, eight pmoles of
each primer, 2.5 mM dNTP, 2.5 mM MgCl, and 1 unit of Tag
DNA polymerase. The PCR consisted of a denaturation step
at 96°C for 5 min, followed by 40 cycles, each consisting of
96°C for 45 s followed by 57°C for 45 s and at 72°C for
1 min. The PCR products were used for bidirectional se-
quencing using BigDye Terminator Ready reaction mix
according to the manufacturer’s instructions (Applied Bio-
systems). Sequencing products were re-suspended in 10 pl
of formamide and denatured at 95°C for 5 min. Sequencing
was performed on an ABI PRISM 3100 automated sequenc-
er (Applied Biosystems). Sequencing results were assembled
using ABI PRISM sequencing analysis software version 3.7
(Applied Biosystems) and analyzed with Chromas software
(http://www.technelysium.com.au/chromas.html).

Table 1 Statistical parameters for X-chromosomal STRs in Pakistani population (n=432)

DXS8378 DXS9902 DXS6810 DXS7132 DXS981 DXS6793 DXS6801 DXS6789 GATA172D05 HPRTB GATA31E08 DXS8377 DXS7423

HWE' 0477 0.759 0.43 0.646 0047  0.028
PIC* 0.654 0.647 0.568 0715 075 0.511
MECI*  0.653 0.648 0.567 0715 075 0.511
MECI* 0511 0.503 0.42 0578 0622 0364
Hopd 0.653 0.687 0.66 0.741 0599  0.524
PD; 0.862 0.857 0.801 0.9 0924  0.758
PD,’ 0.687 0.73 0.621 0726  0.808  0.613

0.217 0.09 0.617 0.275 0.165 0.976 0.646
0.613 0.737 0.738 0.708 0.748 0.882 0.578
0.613 0.737 0.738 0.708 0.748 0.882 0.578
0.465 0.606 0.606 0.569 0.617 0.797 0.433
0.66 0.741 0.721 0.714 0.719 0.884 0.667
0.837 0.918 0.916 0.895 0.918 0.978 0.807
0.707 0.758 0.751 0.719 0.766 0.905 0.643

HWE Hardy—Weinberg equilibrium, PIC polymorphism information content, MEC mean exclusion chance (7 for X chromosomal markers in trios,
1T for X chromosomal markers in duos [22], H,,, observed heterozygosity, PD’ power of discrimination in females, PD" power of discrimination

in males

#Only female’s data is used for the analysis

®Only male data is used for the analysis
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Allele frequencies for each locus were calculated for both
males and females collectively. Observed heterozygosities
(Hobs) were calculated with PowerStatsV12 software
(http://www.promega.com). Hardy—Weinberg equilibrium
(HWE) was calculated by an exact test with GENEPOP
software [11]. The polymorphism information content
(PIC), mean exclusion chance (MEC), power of discrimi-
nation in females (PDf) and power of discrimination in
males (PDm) were calculated with chromosome X web
software [12]. Linkage disequilibrium test was performed
for all the pairs of markers with ARLEQUIN software [13].

Results and discussion

Here, we report allele frequencies of 13 X-linked micro-
satellites (DXS8378, DXS9902, DXS6810, DXS7132,
DXS981, DXS6793, DXS6801, DXS6789, GATA172D0S5,
HPRTB, GATA31E08, DXS8377, and DXS7423) in the
Pakistani population. The samples were collected from a
large group of individuals (2=432) including 285 males
and 147 females, representing all major ethnic groups of
Pakistan population. These X-STR microsatellites span the
entire X-chromosome and represent all 4-linkage groups
previously categorized by Szibor et al. [5]. Allelic frequencies
for 13 STR markers are shown in Supplementary Table 2
online and other statistical parameters are specified in
Table 1.

A total of 5-18 alleles for each locus were observed and
altogether 109 alleles for all 13 X-STR loci. Heterozygosity
in females ranged from 0.524-0.884. These results showed
that DXS8377 is the most informative marker with
heterozygosity at 0.844, where as DXS6793 is the least
informative, with heterozygosity at 0.524. The X-STR
markers show no significant deviation from the Hardy—
Weinberg equilibrium (p>0.01) (Table 1). Genotypes for
the reference DNA sample (NA9947A) are in accordance
with the recommendations of Szibor et al., except for
marker HPRTB the recommendations of Gomes et al. were
followed [9, 14]. Genotype of (10, 10) were observed for
the reference DNA sample (NA9947A) with marker
DXS6793, which has not been reported in earlier studies.
Alleles 14, 15, and 16 for marker DXS6793 were absent in
Chinese but are present in the Pakistani population [15].
Similarly, alleles 10 and 18 for marker DXS981 were
absent in Korean population but were observed in the
Pakistani population [4]. The allele 7 of GATA172D05 was
reported in German, Korean, and Colombian population but
is absent in the Pakistani population, consistent with the
Italian population [4, 16—-19]. The allele 10 of marker
HPRTB was reported in German, Hungarian, Korean,
African Americans, Hispanics, and Portuguese populations
but were not observed in the Pakistani population [1, 4, 15,

17]. Presence of new alleles was confirmed by sequencing
the PCR products. We did not detect any mutations in 100
meiotic events (50 maternal transfers, 50 paternal transfers)
at any locus.

Since X-chromosome recombines only in female germline,
X-linked STR markers have higher a degree of linkage
disequilibrium compared with autosomal STR markers [20].
The exact test for LD was performed for all the markers
described here in the Pakistani population. No evidence of
LD was detected in any pairs of these markers. Previously
markers DXS6789 and DXS6801 have been reported to be
in strong linkage disequilibrium [21]. Although an estimated
p value of 0.020 was observed in the Pakistani population for
markers DXS6789 and DXS6801. Nevertheless, this p value
is above the significance level of 0.000641 (obtained after
Bonferroni correction) suggesting no evidence of association
between the above mentioned pair of markers. Therefore, all
the markers of this study can be considered to be
independent for parentage analysis and forensic case work
in the Pakistani population. Haplotype frequencies for these
two markers (DXS6789 and DXS6801) are shown in
Supplementary Table 3 online.

Conclusion

Our results strongly suggest that all 13 X-STRs described
here can efficiently be used in parentage analysis and
provide a powerful tool in forensic case work, in particular,
to identify the female DNA profile in mixture analysis.
Human population characteristics at the genetic level are
integral to both forensic biology and population genetics
and to the best of our knowledge, this is the first study
involving all major ethnic groups of Pakistani population.
A study for development of a multiplex PCR kit based on
the X-STR markers described here is in progress.
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