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Abstract We studied six X-linked microsatellites in a large
group of Spanish individuals (n=614) from five different
regions located in northern, central and southern Spain. All
the markers had tetranucleotide repeat units (DXS9895,

DXS9898, DXS7130, DXS7132, GATA172D05 and DXS
6789). They were amplified in two triplex PCR reactions.
There were no significant sex- or region-related differences
in allelic frequencies, suggesting that general national
databases can be adequate as a reference for X-linked
markers. The analysis of those six short tandem repeats
combined in 316 males revealed 300 different “temporary
haplotypes”, 283 of which were found only once. There
was no evidence for statistically significant linkage disequi-
librium among the loci studied. Therefore these markers are
quite polymorphic and useful for forensic purposes.

Keywords STR . Microsatellites . X chromosome .
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Introduction

Microsatellites of the X chromosome have been increasingly
studied in recent years as a useful tool in forensic analysis.
Since fathers transmit the same X chromosome to all their
daughters, they are particularly useful in deficiency paternity
cases when the child is a female, in maternity testing, and in
paternity cases involving blood relatives [1]. Thus, several
groups have published methods to amplify different micro-
satellites and have reported allelic frequencies [2–5]. In fact,
our group reported the characterisation of five polymorphic
loci on the X chromosome in a single reaction [6]. However,
some trinucleotide repeats were included that are prone to
show stutter bands that under some circumstances may
complicate the interpretation of genetic profiles.

It has been shown that the allelic frequency distribution
of autosomal short tandem repeats (STR) usually shows
little variation within large populations (i.e., within a given
country or even through Europe [7]). However, although
frequencies from different continents have been published
(for instance, see [2, 8–10]), it is unclear to which extent X-
linked markers display differences at the regional level.
This is an important issue in order to decide which database
is needed to interpret DNA results. On the other hand, the
degree of linkage disequillibrium among different markers
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is unclear. This is a critical information in order to establish
if the results of different loci can be treated as independent
and the likelihood ratios combined.

Therefore we decided to explore the potential usefulness
of different tetranucleotide microsatellites, to study the
allelic frequency distribution in several populations distrib-
uted from the north through the south part of Spain, and to
analyse the degree of linkage disequillibrium among the
studied loci.

Materials and methods

Subjects Unrelated subjects living in five Spanish regions
were studied (Fig. 1). They comprised 614 individuals, in-
cluding 205 from Cantabria (75 women, 130 men), 96 from
the Basque Country (52 women, 44 men), 110 from Galicia
(57 women, 53 men), 115 from Castilla (57 women, 58
men), and 96 from Andalucia (57 women, 39 men).

Markers were amplified in two triplex reactions: one for
markers DXS 7130, DXS 7132 and DXS 6789, and another
for markers DXS9895, DXS 9898 and GATA 172D05.
Previously published primer sequences were used (Table 1).
Forward primers were labelled with various fluorochromes.
The amounts of each primer in the reaction were as follows:
20 pmol DXS7130, 26 pmol DXS7132, 4 pmol DXS6789, 3

pmol DXS9898, 6 pmol DXS9895 and 3 pmol GATA172
D05. The total reaction volume was 25 μl and contained 1.5
mM MgCl2, 5 nmol each dNTP, and 2 U Taq polymerase.
The amplification protocol consisted of an initial denatur-
ation at 94°C for 10 min, followed by 8 cycles with denatur-
ation at 94°C for 1 min, annealing at decreasing temperature
between 62 and 59°C (1°C decrease every 2 cycles), and
extension at 72°C for 1 min. Then 24 cycles at 94°C for 1
min, 58°C for 1 min, 72°C for 1 min, followed by a final
extension at 72°C for 30 min.

Aliquots containing 1.2 μl of PCR product were mixed
with 24 μl formamide and 1 μl TAMRA as an internal
standard, heated for 5 min at 95°, quenched in an ice bath
for 10 min and injected into an ABI prism 310 capillary
electrophoresis system (Applied Biosystems, Foster City,
CA, USA). Fragment size was determined with the local

Table 1 Primer sequences

Marker Primer sequences

DXS 9895 F FAM-TTG GGT GGG GAC ACA GAG
DXS 9895 R CCT GGC TCA AGG AAT TAC AA
DXS 9898 F HEX-CGA GCA CAC CTA CAA AAG CT
DXS 9898 R TCG ATT AGG TTC AGT TCC CA
GATA172D05F TET-TAG TGG TGA TGG TTG CAC AG
GATA172D05R ATA ATT GAA AGC CCG GAT TC
DXS 6789 F TET-GTT GGT ACT TAA TAA ACC CTC TTT
DXS 6789 R AAG AAG TTA TTT GAT GTC CTA TTG
DXS 7130 F FAM-CTG CAA GCC ATT TGG AAT AT
DXS 7130 R TCC TAG GAC TGG GAA AGG AC
DXS 7132 F HEX-GAG CCC ATT TTA ATA AAT CC
DXS 7132 R GCC AAA CTC TAT TAG TCA AC

F Forward, R reverse

Table 2 Allelic frequencies (triplex 1)

DXS9895 DXS9898 GATA172D05

Frequency SE Frequency SE Frequency SE

6 – – – – 0.162 0.012
7 – – – – 0.004 0.002
8 – – – – 0.170 0.012
8.3 – – 0.268 0.015 – –
9 – – – – 0.060 0.008
10 – – 0.011 0.003 0.287 0.015
11 – – 0.208 0.013 0.204 0.013
12 0.008 0.003 0.290 0.015 0.111 0.010
13 0.273 0.015 0.160 0.012 0.001 0.001
14 0.196 0.013 0.056 0.008 – –
15 0.340 0.016 0.006 0.003 – –
16 0.150 0.012 – – – –
17 0.030 0.006 – – – –
18 0.003 0.002 – – – –
Between
regions (p)

0.89 0.80 0.52

Fst 0.004 0.003 0.002
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Fig. 1 Regions included in the study: 1 Cantabria, 2 Basque
Country, 3 Galicia, 4 Castilla, 5 Andalucia
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Fig. 2 Location of STRs on the X chromosome
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Southern method implemented in Genescan software.
Some common alleles were sequenced as previously
reported to help in allele typing [11]. We also typed DNA
sample NA9947 (available in the Poweplex kit from
Promega, Madison, WI, USA) as a control. The results
were in agreement with those reported by Szibor et al. [12].

DNA analysis Six STRs with tetranucleotide repeat units
were studied (Fig. 2). Genomic DNA was extracted from
peripheral blood by a commercial method, according to
manufacturer’s instructions (Qiagen, Hilden, Germany), and
quantified by light absorbance. An aliquot containing 10–30
ng DNAwas used to amplify the regions of interest by PCR.

Data analysis Sex and population differences in allelic
frequencies were tested by a Monte Carlo extension of
Fisher’s exact test, using SPSS software (SPSS Inc., Chicago,

IL, USA). Disequilibrium linkage andWright’s Fst values for
population stratification were estimated with GDA software
(P.O. Lewis and D. Zaykin, Genetic Data Analysis, v.1.1.
http://lewis.eeb.uconn.edu/lewishome/software.html), which
implements the formulae published by Weir [13]. Locus and
haplotype diversities were calculated as ð1�P

pi2Þ
ðn=n� 1Þ; where pi is the allele or haplotype frequency
[14]. The matching probability was estimated as 1−diversity.
The polymorphism information content (PIC) was estimated
as 1�P

pi2 �PP
pi2pj2: The average power of dis-

crimination (PD) and the expected probability of exclusion
(PE) were estimated with the following formulae proposed
by Desmarais et al. [2].

PD ðfemale sampleÞ ¼ 1� 2
X

p2i

� �2
þ
X

p4i

PD ðmale sampleÞ ¼ 1�
X

p2i

PE ðtrioÞ ¼ 1�
X

p2i þ
X

p4i �
X

p2i

� �2

PE ðmotherlessÞ ¼ 1� 2
X

p2i

� �
þ
X

p3i

Results

There were no sex-related differences in allelic frequencies.
Likewise, the frequency distributions were very similar in
all the populations studied. Therefore, combined data from
male and female individuals from all regions studied are
shown in Tables 2 and 3. Only locus DXS7130 displayed
some between-region differences, marginally significant in
the unadjusted analysis (p=0.035), but not significant after
Bonferroni adjustment for multiple comparisons. The over-
all Fst value was 0.009.

Data about gene diversity and the forensic efficiency of
genetic markers are shown in Table 4.

The hemizygosity of male subjects allows an analysis of
temporary haplotypes to be performed. Thus in 316 male
subjects, 300 different haplotype-like allelic combinations
were found, 15 were observed twice, one was found in three
subjects, and 283 were found only once. Therefore, haplo-
type-like diversity was 0.9996, and the resulting matching
probability was 0.0004.

We did not find definitive evidence for linkage disequilib-
rium among the loci studied.When data from the hemizygotic
males were analysed, all but one of the loci pairs tested for
linkage disequillibrium were associated with p values well
above 0.15. Only the pair DXS7130–GATA1 72D05 (sepa-
rated by 7.5 Mb) was associated with a significant crude p
value of 0.032. However, it was still far away from the p value

Table 4 Forensic efficiency of
the markers studied

PIC Polymorphism information
content, PD power of
discrimination, PE power of
exclusion

DXS7130 DXS7132 DXS6789 DXS9895 GATA172D05 DXS9898

PIC 0.716 0.739 0.816 0.727 0.790 0.753
PD female 0.894 0.903 0.904 0.894 0.934 0.911
PD male 0.733 0.758 0.752 0.748 0.805 0.772
PE trio 0.699 0.719 0.718 0.705 0.777 0.735
PE motherless 0.560 0.583 0.582 0.566 0.653 0.601

Table 3 Allelic frequencies (triplex 2)

DXS7130 DXS7132 DXS6789

Frequency SE Frequency SE Frequency SE

9 0.001 0.001 0.001 0.001 – –
10 0.005 0.002 – – – –
11 0.026 0.005 0.018 0.004 0.001 0.001
12 0.088 0.009 0.114 0.010
13 0.039 0.006 0.289 0.015 0.001 0.001
13.3 0.034 0.006 – – – –
14 – – 0.326 0.015 0.010 0.003
14.3 0.244 0.014 – – – –
15 – – 0.190 0.013 0.041 0.006
15.3 0.427 0.016 – – – –
16 – – 0.050 0.007 0.013 0.004
16.3 0.118 0.011 – – – –
17 – – 0.006 0.003 0.003 0.002
17.3 0.015 0.004 – – – –
18 – – – – 0.004 0.002
18.3 0.001 0.001 – – – –
19 – – 0.001 0.001 0.036 0.006
19.3 0.002 0.001 – – – –
20 – – 0.002 0.001 0.382 0.016
21 – – 0.002 0.001 0.263 0.014
22 – – – – 0.156 0.012
23 – – 0.001 0.001 0.066 0.008
24 – – – – 0.024 0.005
Between
regions (p)

0.035 0.67 0.15

Fst 0.066 0.006 0.002
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of 0.002 that represents the significance threshold after
Bonferroni adjustment for multiple comparisons. Further-
more, when data from females were analysed, we did not find
evidence for significant disequillibrium between those two
loci (p=0.41). In fact, in female samples only two loci pairs
were associated with crude p values below 0.05, but still
above the 0.002 threshold: DXS9895–DXS9898 (p=0.006),
and DXS9895–DXS6789 (p=0.01). However, there was no
evidence for disequillibrium between those loci and DXS7
132, which has an intermediate location (see Fig. 2).

Discussion

The six X-linked markers reported in this paper can be
amplified in two PCRs and may be quite useful in forensic
cases. DXS7130 and DXS9895 were somewhat less in-
formative than the other markers. As in the case with auto-
somal markers, these X-linked loci did not reveal a
significant population stratification at the level studied
here, which included individuals from the northern, central
and southern parts of Spain. Therefore, it seems reasonable
to use general national reference databases when interpret-
ing the results.

The human X chromosome sequence has been recently
elucidated, comprising about 155 Mb [15]. Markers ana-
lysed in this study are distributed throughout a 100-Mb
region. A note of caution is usually raised about the lack of
independence when interpreting the results of several
markers located on the same chromosome. Indeed, some
linkage disequilibrium among several X-linked markers
was previously reported [16]. However, despite being theo-
retically possible, in the present study we did not find clear
statistical evidence for such a disequillibrium. It should be
stressed that physical linkage is not the only cause of an
apparent linkage disequilibrium. Other phenomena, includ-
ing population stratification, can have the same result. On
the other hand, as a rule of thumb, the genetic distance of 1
cM (1 recombination per 100 meiosis) roughly corresponds
to a physical distance of 1 Mb. However, there is now
evidence that recombination rates vary largely throughout
the genome and is not just a monotonic function of the
distance. It is recognised that factors other than the physical
distance between loci are involved [15, 17]. Indeed, the X
chromosome appears to be rather prone to recombination,
and an absence of linkage has been reported in other
studies, even when quite close markers were studied [8, 18].

Nevertheless, even if the results are conservatively
interpreted at the “haplotype” level, because of the theo-
retical possibility of linkage disequilibrium, which could
potentially be demonstrated in larger studies, these markers
appear to be quite discriminating. X chromosomes may
recombine during female, but not male, meiosis. Thus, fa-
thers transmit the same single X chromosome to all their
daughters. Therefore, it is interesting to know the frequency
and the discriminative power of those “temporary haplo-
types” present in men. In the present study, we found 283
unique haplotypes among 316 males, with a matching
probability of 0.04%.

In conclusion, this set of tetranuclotide X-linked STRs
appears to be quite useful in forensic cases. They do not
show clear evidence for disequilibrium linkage and are
quite discriminating; moreover, general databases seem to
be adequate for reference purposes.
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