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Abstract Twenty-one X-chromosomal short tandem re-
peat (STR) loci, including the six clusters of linked
markers DXS10148–DXS10135–DXS8378 (Xp22),
DXS7132–DXS10079–DXS10074 (Xq12), DXS6801–
DXS6809–DXS6789 (Xq21), DXS7424–DXS101
(Xq22), DXS10103–HPRTB–DXS10101 (Xq26),
DXS8377–DXS10146–DXS10134–DXS7423 (Xq28)
and the loci DXS6800, GATA172D05 and DXS10011
were typed in a popula3tion sample from Ivory Coast (n
=125; 51 men and 74 women). Allele and haplotype
frequencies as well as linkage disequilibrium data for
kinship calculations are provided. On the whole, no
significant differences in the genetic variability of X-STR
markers were observed between Ivorians and other sub-
Saharan African populations belonging to the Niger–
Kordofanian linguistic group.
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Introduction

X chromosomal short tandem repeat (STR) loci combine
the characteristics of uniparental and autosomal genetic
markers and therefore possess highly desirable features for
paternity testing, especially in deficiency paternity cases
with female offspring [1]. Moreover, X-STR haplotype
analysis can be used to detect kinship between alleged
relatives in large and incomplete pedigrees [2, 3]. Because
of the distinctive genetic properties of the X chromosome
—low genetic diversity, strong effects of genetic drift, and
long linkage disequilibrium (LD) intervals—the forensic
application of X-STR markers requires precise knowledge
of genetic variability in relevant populations [4]. At present,
the number of studies describing X-STR allele and
haplotype diversity in sub-Saharan Africa is very limited
[5, 6]. In order to provide detailed population data for
kinship calculations, we analyzed the genetic diversity of a
large set of X-STR markers in a sample from Ivory Coast
(northwest Africa). Markers included in the panel comprise
six clusters of closely linked loci (<3 cM) for haplotype
testing: DXS10148–DXS10135–DXS8378 (Xp22);
DXS7132–DXS10079–DXS10074 (Xq12); DXS6801–
DXS6809–DXS6789 (Xq21); DXS7424–DXS101
(Xq22); DXS10103–HPRTB–DXS10101 (Xq26);
DXS8377–DXS10146–DXS10134–DXS7423 (Xq28).
Their physical and genetic localization on the X chromo-
some is shown in Table S1.

Materials and methods

Blood samples (n=125) were obtained after informed
consent from unrelated healthy adults (74 females and 51
males) residing in the rural village of Ouangolodougou,
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Sampling was anonymous in order to prevent linkage to the
original donor. DNA was extracted using the ChargeS-
withch gDNA Normalized Buccal Cell kit (Invitrogen,
Carlsbad, CA) and the automatic magnetic separator
KingFisher mL (Thermo Labsystems, Vantaa, Finland)
following the manufacturer’s instructions.

Amplification of X-STR markers was performed in four
separate multiplex reactions. Loci DXS10135, DXS8378,
DXS7132, DXS10074, HPRTB, DXS10101, DXS10134
and DXS7423 were amplified by means of the Mentype
Argus X-8 kit (Biotype GE, Dresden Germany) according
to the manufacturer’s instructions. The remaining X-STRs
were amplified with three in-house developed PCR assays
as described by Bekada et al. [7]. Typing was done by
capillary electrophoresis on the ABI PRISM 310 Genetic
Analyzer (Applied Biosystems, Foster City, CA) in com-
parison to allelic ladders and control DNA from K562 and
9947A cell lines (Promega, Madison, WI) using the
GeneScan and Genotyper software version 3.7 (Applied
Biosystems) [8]. Sequencing of DXS6801 and DXS10148
variant alleles was performed with the Big Dye Terminator
Sequencing kit (Applied Biosystems), using the unlabelled
multiplex PCR primers.

The following statistical parameters of forensic interest
were calculated using the on-line functions provided by the
ChrX-STR.org 2.0 database (http://www.chrx-str.org) [9]:
expected heterozygosity (h), polymorphism information
content (PIC), power of discrimination in females (PDF)
and males (PDM), mean exclusion chance for autosomal
markers in trios (MECI), X-STRs in trios with daughters
(MECII), and X-STRs in father/daughter duos (MECIII).
Haplotype diversity, exact test of differentiation (100,000
Markov steps) between male and female allele frequencies,
test of Hardy–Weinberg equilibrium (HWE) in the female
subsample, pairwise test of LD between pairs of markers
within clusters of linked loci in the male subsample, and
locus by locus population pairwise genetic distances (FST)
between Ivorians and other populations were calculated
with Arlequin software [10]. Principal component analysis
(PCA) was performed by means of the R-package software
v2.0.1 (http://www.r-project.org). Reduced median net-
works describing phylogenetic relationships between pop-
ulations were obtained with the Network 4.1.1.2 software
(www.fluxus-engineering.com), using the reduced median
algorithm (r=2) followed by the median-joining algorithm
(ε=0) [11, 12].

Results and discussion

No significant differences in allele distribution between
the male and female subsamples were observed, based on

the global test of population differentiation. Allele
frequencies for the 21 X-STR markers were therefore
combined over both sexes and are reported in Table S2.
For ten loci, these are, to our knowledge, the first
population data reported in the literature for sub-Saharan
Africa [5, 6]. Among them, locus DXS6801 shows a
relatively high occurrence of alleles <10 (7.5%), previ-
ously unobserved in worldwide populations [9]. At locus
DXS10148, 11.5% of the analyzed chromosomes carry
alleles with long repeat motifs (>36). Such variants were
not detected in the original study describing DXS10148
variability in Europeans [13], but are present in Algeria
(4.9%) [7]. They possibly represent a trace of the sub-
Saharan African contribution to the genetic pool of
northern African populations, already evidenced by Y
chromosome and mitochondrial DNA studies [14, 15].
Rare variants observed in hemizygous males were con-
firmed by sequencing and a selection of electropherograms
is shown in Fig. S1. It can be seen that, whereas DXS6801
short alleles display a conventional [ATCT]x–N7–
[ATCT)]2 motif [9], the repeat structure of DXS10148
long variants is complex and slightly different from the
one originally described by Hundertmark et al. [7, 13].

Based on the observed and expected distribution of
genotypes in the female subsample, and after Bonferroni
correction for multiple testing, a single significant deviation
from HWE (p<0.002) was detected at locus DXS10146,
due to a reduction of observed heterozygosity (0.676)
compared to expected heterozygosity (0.937). Interestingly,
we have observed the same significant excess of homo-
zygotes at locus DXS10146 in a similarly typed Italian
population sample [16]. Allele drop-out due to low
efficiency of the used PCR assay is an unlikely explanation
for this result, since peak height ratio in DXS10146
heterozygous genotypes appeared extremely well balanced
(0.855) and comparable to that observed in strictly
validated STR typing commercial kits [17]. A possible
alternative reason may be the presence, in both populations,
of variants in the primer binding sites generating null alleles
[18]. Concordance studies with different set of primers are
therefore required to clarify the significance of these
findings.

Statistical parameters of forensic interest calculated for
the 21 X-STR loci are shown in Table S3. The p values of
pairwise test of LD and the complete list of haplotypes
observed in the male subsample are given in Table S4.
Significant LD was observed exclusively between two pairs
of markers, located in Xq26 (DXS10103–DXS10101, p=
0.025) and Xq28 (DXS10146–DXS7423, p=0.001). The
limited extent of LD found in the Ivorian sample, compared
to Europeans [19], reflects the longer evolutionary history
and relatively constant population size that shaped the
genetic background of sub-Saharan African populations
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[20], and should be taken into account in kinship testing
calculations [21].

Locus by locus pairwise genetic distances (FST) between
Ivorians and other relevant population samples from
Angola, Mozambique, Uganda [5], Ghana [6], Algeria [7],
Italy [16, 22], African Americans [23], Portugal [24], Spain
[25] and Pakistan [26, 27] are shown in Table S5. Since at
locus HPRTB two different nomenclatures exhibiting one
repeat difference are currently used in forensic literature
[28], population data were revised in order to make them
consistent with the allele designation adopted in the present
study [8]. It can be noticed that most of the statistically
significant FST values were found in comparison with non-
sub-Saharan African populations. The PCA plot summariz-
ing the relationships between Ivorians and other popula-
tions, based on a subset of four unlinked loci (DXS8378,
DXS7132, DXS101, and DXS8377), is shown in Fig. 1. As
can be seen, Ivorians tightly cluster with sub-Saharan
African populations belonging to the Niger–Kordofanian
linguistic group, whereas the outlier position of Uganda can
be explained by the more diversified genetic structure of
middle-eastern Africa [29].

In Table 1, haplotype diversity calculated for the six
clusters of linked loci in the Ivorian population sample is
compared to that previously observed in Algerians and
Italians [7, 16]. X-chromosomal variability in the sample

from sub-Saharan Africa is generally greater than that
found in the Mediterranean basin, as expected according to
the Out-of-Africa evolutionary model for Eurasian popula-
tions [20]. The high genetic diversity of Ivorians is also
evident in the networks depicted in Fig. S2 (the cluster in
Xp22 was excluded from the analysis due to the complex
repeat structure of locus DXS10148). It can be seen that the
most common haplotypes were predominantly shared
between Italian and Algerian individuals, whereas the
Ivorian sample appears to be more diversified and located
on peripheral ramifications of the networks. The observed
pattern is coherent with the results of a previous study of
the X chromosome, performed on a macro-geographic
scale, confirming a recent out-of-Africa expansion for
human populations [30].

The demand for genetic testing in families from sub-
Saharan Africa is constantly increasing. This entails not
only conventional paternity cases, but also complex kinship
analysis in immigration procedures, where DNA can assist
the reunification with undocumented relatives [31]. In such
circumstances, the recourse to X-chromosomal markers can
be highly effective in discriminating between alternative
pedigrees [32]. The allele and haplotype frequencies
reported here provide the necessary data for kinship
calculations in cases involving subjects of western African
descent.

Ivory Coast Algeria Italy

DXS10148–DXS10135–DXS8378 0.998 0.998 0.998

DXS7132–DXS10079–DXS10074 0.994 0.994 0.984

DXS6801–DXS6809–DXS6789 0.994 0.989 0.983

DXS7424–DXS101 0.981 0.979 0.977

DXS10103–HPRTB–DXS10101 0.986 0.989 0.985

DXS8377–DXS10146– 1 0.999 1
DXS10134–DXS7423

Table 1 Haplotype diversity of
X-STR clusters in Ivorians,
Algerians and Italians

Fig. 1 PCA plot for Ivorians
and ten reference populations:
ANG Angola [5], MOZ
Mozambique [5]; UGA Uganda
[5], GHA Ghana [6], ALG
Algeria [7], ITA Italy [16, 22],
AAM African Americans [23],
POR Portugal [24], SPA Spain
[25], PAK Pakistan [26, 27]
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