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Abstract Ten X-chromosome short tandem repeats (X-STRs:
DXS8378, DXS7132, DXS9898, DXS6809, DXS6789,
DXS101, GATA172D05, HPRTB, DXS8377, and
DXS7423) were analyzed in a sample of unrelated individ-
uals (108 males and 110 females) from the Santander
Department in Colombia. In this sample, gene diversities
varied between 63.56%, for DXS8378, and 91.41%, for
DXS8377. For this set of 10 X-STRs, a high discrimination
power was obtained for both male (1 in 3×106) and female
(1 in 9×1010) samples and a high mean exclusion chance in
father/daughter duos (99.993%) and in father/mother/
daughter trios (99.9999%), demonstrating the usefulness
of this set of markers in forensic and kinship analysis.
Hardy–Weinberg equilibrium was tested in the female
sample and no significant deviations were found. Pairwise
analysis showed significant differences in the comparison
with samples from Spain, Peru, and Argentina and with
African American and Hispanic samples from New York.
This same set of X-STRs was also typed in 51 mother/

father/daughter trios, 43 mother/son duos, and in a single
father/daughter pair. In total, four mutations were observed;
one at DXS7132 and at DXS6809, and two at DXS8377.
Two mutations were paternal and one maternal; and to a
fourth mutation, it was not possible to define its origin.
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Introduction

The study of X-chromosome short tandem repeats (X-STRs)
is, at the present time, of great interest in population genetic
studies, specially in the forensic field and in kinship testing
[8, 21]. Many studies revealed their efficiency in supple-
menting autosomal and Y-chromosomal STR analyses
[7, 13, 16].

Several X-STRs have been recently validated for
forensic use. Nevertheless, further studies are still needed
on allele frequency distributions in different populations,
mutation rates, and linkage disequilibrium to establish
reference population databases [2, 12, 15]. In the case of
X-STRs, it is particularly important to screen possible
associations between loci (linkage disequilibrium). This can
be specially important in admixed and possibly substruc-
tured populations, such as in South American populations
with Amerindian, African, and Caucasian ancestry. Both
historical and genetic data have shown that this is the case
in Colombia [5, 18–20].

The aim of the present study was to type 10 X-STR loci,
using a single multiplex PCR-based system, to establish the
genetic profile of a Colombian (Santander Department)
population and also to compare our results with those from
historically related populations.
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Reliable estimates of mutation rates are important in
kinship analysis, however, few X-STRs segregation studies
have been reported for these markers. For this reason, we
also report the results of the analysis of meiotic transfers in
a sample where biological kinship was controlled with
autosomal markers.

Materials and methods

DNA samples

Samples were selected from individuals living in Santander,
Colombia that have been submitted for routine paternity
tests. Unrelated father and mother samples (108 males and
110 females) were selected for allele frequency estimations.
In cases where the biological relationship had been
previously confirmed by using autosomal markers, the
offspring was also typed for segregation analysis (in total
51 trios involving a daughter, 43 trios involving a son, and
a single father/daughter pair). The biological relationship
was previously confirmed by using autosomal STRs with
paternity and maternity index values above 10,000. Auto-
somal STRs were typed using the Powerplex 16 kit
(Promega Corporation, Madison, WI, USA), following the
manufacturer’s instructions.

Genomic DNA was extracted from peripheral blood
samples using the salting out method according to Miller et
al. [14].

Markers genotyping

The 10 X-STR loci (DXS8378, DXS7132, DXS9898,
DXS6809, DXS6789, DXS101, GATA172D05, HPRTB,
DXS8377, and DXS7423) were amplified in one PCR
multiplex reaction using the protocol described by Gomes
et al. [12]. Amplicons were separated in an ABI 310
Sequencer (AB Applied Biosystems, Foster City, CA,
USA) and typed using the Genescan 2.1.1 Analysis
software. Allele designations were based on comparison
with reference DNA control sample 9947A (female) from
Promega commercial kits (Promega Corporation) and
following the same nomenclature as in Gomes et al. [12].

Statistical analysis

Allelic frequencies, gene diversities, and population pair-
wise genetic distances (RST and FST) were calculated using
the ARLEQUIN ver 3.0 software [10]. The same software
was used to perform exact test of population differentiation
and linkage disequilibrium test. Genetic distance estima-
tions were based on the sum of squared size differences
(RST), except in the case of DXS9898 where a high number

of nonconsensus 8.3 alleles prevented the use of this
method. In this case, we used the method based on the
number of different alleles (FST) in accordance with Pereira
et al. [17].

Statistics for forensic efficiency evaluation of each loci,
namely, expected probability of exclusion (PE) in trios
involving daughters (PET) and in father/daughter duos
(PED), power of discrimination in females (PDF) and in
males (PDM) were calculated according to the method of
Desmarais et al. [6].

Results and discussion

A Colombian population sample of 218 genetically unrelated
individuals (108 males and 110 females) living in Santander
Department was studied for the 10 X-chromosome markers.
Allele frequency distributions observed for the 10 loci in male
and female samples were compared by an exact test of
differentiation. Exact test p values varied between 0.01338±
0.0018 for DXS7423 and 0.85762±0.0103 for HPRTB (data
not shown). After applying Bonferroni correction for
multiple tests (significance level, 0.005), no significant
differences were found for any loci between the male and
female subgroups. In view of this, samples were pooled and
allele frequencies are presented in Table 1. Alleles 13 and 14
not previously described in other populations were found in
the GATA172D05 loci.

Hardy–Weinberg equilibrium was tested in the female
sample and no deviations were detected when the 10 loci
were analyzed (exact p values ≥0.08237; Table 2).

Linkage disequilibrium analysis

Linkage disequilibrium was tested for all pairs of loci in the
male sample. Exact p values below 5% were only found in
3 out of the 45 pairwise comparisons (p=0.0069, between
DXS8378 and DXS101 loci; p=0.0060, between DXS9898
and DXS101; and p=0.0264, between DXS7132 and
DXS6809). Nevertheless, all tests released values above
the significance level of 0.0011 (obtained after Bonferroni
correction) providing no evidence of association between
the studied markers Thus, genetic substructure in the
present admixed population is not reflected in our sample
for these markers. These results are in accordance with the
distances between the selected X-chromosome loci
(>5 Mb), except for DXS6809 and DXS6789 that are
closely located and have been shown to be in strong linkage
disequilibrium in a German population sample [22].
Therefore, although no evidences of association were found
between these two loci, to allow future comparisons and
sample size enlargements, haplotype frequencies for these
two loci were included in Table S2.
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Table 1 Allele frequencies for ten X-STRs in a Santander, Colombia
population sample

Allele X-STR loci SD

DXS8378
10 0.4817 0.0276
11 0.2805 0.0248
12 0.2317 0.0233
13 0.0031 0.0030
14 0.0031 0.0030
DXS7132
11 0.0061 0.0043
12 0.0671 0.0138
13 0.2317 0.0233
14 0.3232 0.0258
15 0.1951 0.0219
16 0.0823 0.0151
17 0.0701 0.0141
18 0.0152 0.0067
19 0.0092 0.0052
DXS9898
7 0.0031 0.0030
8.3 0.1098 0.0172
10 0.0122 0.0060
11 0.0732 0.0144
12 0.3293 0.0259
13 0.3933 0.0270
14 0.0762 0.0146
15 0.0031 0.0030
DXS6809
28 0.0122 0.0060
29 0.0061 0.0043
30 0.0366 0.0103
31 0.0915 0.0159
32 0.1738 0.0209
33 0.3293 0.0259
34 0.2713 0.0245
35 0.0457 0.0115
36 0.0213 0.0079
37 0.0122 0.0060
DXS6789
15 0.0366 0.0103
16 0.1250 0.0182
17 0.0061 0.0043
18 0.0031 0.0030
19 0.0518 0.0122
20 0.4756 0.0276
21 0.1768 0.0210
22 0.0945 0.0161
23 0.0244 0.0085
24 0.0031 0.0030
25 0.0031 0.0030
DXS101
15 0.0031 0.0030
16 0.0061 0.0043
18 0.0183 0.0074
19 0.0243 0.0085
20 0.0061 0.0043
21 0.0305 0.0095

Table 1 (continued)

Allele X-STR loci SD

22 0.0183 0.0074
23 0.0762 0.0146
24 0.3079 0.0255
25 0.1585 0.0201
26 0.1738 0.0209
27 0.0976 0.0164
28 0.0488 0.0119
29 0.0244 0.0085
30 0.0061 0.0043
GATA172D05
6 0.1098 0.0172
7 0.0031 0.0030
8 0.1768 0.0210
9 0.0640 0.0135
10 0.3293 0.0259
11 0.1799 0.0212
12 0.1281 0.0184
13 0.0061 0.0043
14 0.0031 0.0030
HPRTB
11 0.0061 0.0043
12 0.0915 0.0159
13 0.2317 0.0233
14 0.3415 0.0262
15 0.2348 0.0234
16 0.0762 0.0146
17 0.0092 0.0052
18 0.0092 0.0052
DXS8377
39 0.0061 0.0043
40 0.0092 0.0052
41 0.0335 0.0099
42 0.0488 0.0119
43 0.0457 0.0115
44 0.0915 0.0159
45 0.0854 0.0154
46 0.1342 0.0188
47 0.1189 0.0178
48 0.0884 0.0157
49 0.1067 0.0170
50 0.0915 0.0159
51 0.0518 0.0122
52 0.0213 0.0079
53 0.0305 0.0095
54 0.0274 0.0090
55 0.0031 0.0030
56 0.0031 0.0030
58 0.0031 0.0030
DXS7423
13 0.0427 0.0111
14 0.2896 0.0250
15 0.4543 0.0275
16 0.0793 0.0149
17 0.1342 0.0188

SD: standard deviation
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Forensic efficiency parameters

Based on frequency distributions estimated in the global
sample (Table 1), forensic efficiency statistical parameters
were calculated for each locus in the Santander sample, and
are presented in Table 2. In our population sample,
DXS8378 was the least polymorphic marker whereas the
most diverse was DXS8377. Overall values obtained for the
power of discrimination where high in females (PDF=
0.99999999999) and males (PDM=0.9999997), and com-
bined mean exclusion chances in trios (PET=0.999999) and
duos (PED=0.99993).

Population comparisons

The allele frequency distributions in our sample were
compared with data available for the same markers studied
in other populations from the same continent [9, 11, 12, 15]
and also with data available for the same 10 STRs in a
Spanish sample [1] because Spain was one of the main
sources of emigration that contributed to the Colombian
gene pool. Although available data on other South
American populations are scarce, in the few possible
comparisons, low, nonsignificant genetic distances were
observed (see Table S1). Nevertheless, in comparisons with
a Spanish sample, we found high genetic distances for these
10 X-STRs. When performing comparisons with data
available for African American and Hispanic samples,
significant differences were also observed in 9 out of the
10 comparison with African Americans, decreasing to 2 out
of 10 comparisons with the Hispanic sample.

This contrasts with what was previously observed for Y-
STRs where urban populations from Colombia cluster with
European origin samples and stands far apart from the non-
Caucasian ones [3, 4]. However, this is not a surprising
result taking into account the highly asymmetric pattern of

mating that has been observed in most South American
countries with maternal lineages predominantly from
Amerindian origin and a high proportion of male contribu-
tion of European origin in Colombia [5].

Segregation analysis

The same set of 10 X-STR loci was typed in a total of 51
mother/father/daughter trios, 43 mother/son duos, and in a
single father/daughter pair. Four mutations were observed;
one at DXS7132 and at DXS6809, and two at DXS8377
(Table 3). Two of the mutations were paternal and one
maternal, and for a fourth mutation, it was not possible to
define its origin. In three cases, the mutations were single
step and in one case, for DXS8377, it was found a two-step
mutation (allele 53 to 55). Because this STR presents a
complex structure with trinucleotide and hexanucleotide
repeat motifs, sequence analysis was carried out. The result
was compatible with the gain of two repeats occurred in the

Table 2 Parameters of forensic interest in 108 male and 110 female of Santander Department, Colombia

HET obs HET esp HWE exact test PET PED PDM PDF

DXS8378 0.60909 0.63130 0.82847±0.00050 0.5657 0.4174 0.6356 0.7973
DXS7132 0.72727 0.78402 0.36990±0.00061 0.7573 0.6293 0.7873 0.9248
DXS9898 0.69091 0.69971 0.58655±0.00480 0.6673 0.5257 0.7135 0.8718
DXS6809 0.73636 0.77011 0.50753±0.00062 0.7428 0.6122 0.7752 0.9171
DXS6789 0.66364 0.73196 0.08237±0.00036 0.6836 0.5427 0.7133 0.8881
DXS101 0.76364 0.82740 0.17466±0.00029 0.8107 0.6985 0.8292 0.9523
GATA172D05 0.81818 0.81233 0.37713±0.00049 0.7677 0.6414 0.7953 0.9304
HPRTB 0.74545 0.76916 0.42834±0.00052 0.7224 0.5868 0.7602 0.9046
DXS8377 0.96364 0.92026 0.75715±0.00046 0.9076 0.8368 0.9141 0.9862
DXS7423 0.60909 0.67277 0.41779±0.00070 0.6336 0.4883 0.6837 0.8498
Combined % 99.99990 99.993 99.99997 99.9999999990

HET obs: observed heterozygosity, HET esp: expected heterozygosity, HWE exact test: p value HWE analysis, PET: expected probability of
exclusion in trios involving daughters, PED: expected probability of exclusion in mother/son duos, PDM: power of discrimination in males, PDF:
power of discrimination in females.

Table 3 Observed mutations in a total of 51 mother/father/daughter
trios, 43 mother/son duos, and in a single father/daughter for X-
chromosome STR markers

Locus Case Genotype Agea

DXS7132 1 Father 13 32
Mother 13–15 23
Daughter 13–14 –

DXS6809 2 Father 34 48
Mother 33–34 39
Daughter 33–35 –

DXS8377 3 Father 53 30
Mother 45–46 30
Daughter 46–55 –

4 Mother 46–58 14
Son 59 –

The paternity and maternity indexes for the four cases are >1.5×106 .
a Father’s and mother’s age at time of birth (years).
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trinucleotide motif from father [(AGA)33-(GGA-AGA)5-
(AGA)2-GGA-(AGA)6] to son [(AGA)35-(GGA-AGA)5-
(AGA)2-GGA-(AGA)6]. It is worth mentioning that the
observed allele structures correspond to one repeat less than
that determined by fragment size analysis. This result is
explained by a 3-bp insertion (AGG) at the 5′ repeat
flanking region in both the father and son alleles, giving
rise to the following sequence:

Forward primer—AGAGAGGAGAAGAAGGAGAAG
GAGGAGA (AGG)2—Repeat.

In conclusion, the 10 X-STRs studied in this work
demonstrate to be highly informative and present a high
discrimination power. The differences obtained in the allele
frequency distributions between our sample and those on
other populations confirms the need for using population-
specific databases for forensic casework and kinship
analysis in Santander.
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