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INTRODUCTION

The study of the gene pool of human populations
using X chromosome markers is one of intensively
developing directions, since the X chromosome has a
number of advantages in solving problems of popula�
tion genetics due to peculiarities of inheritance and
recombination. In many respects, the X chromosome
is similar to autosomes; however, it is more stable at
least in placental mammals, since it only recombines
in females. The peculiarities of inheritance make
X chromosome a convenient tool for population
genetic analysis, since male hemizygosity for this
chromosome allows to easily determine haplotypes.
Due to the low efficient size, this chromosome is largely
exposed to the effects of genetic drift, which results in
higher indices of interpopulation diversity [1].

DNA identification in criminalistics and forensic
medicine is based on the analysis of the frequency of
different marker DNA loci (located in autosomes, sex
chromosomes (Y and X), and mitochondrial DNA) in
biological samples. Each of these systems has a num�
ber of both advantages and disadvantages that decrease
their informativeness in some complicated cases. The
use of a test system based on X�chromosomal markers
will allow one to solve this problem. X chromosome
markers are especially informative in complicated
cases of kinship determination, when only the mate�
rial from distant relatives is available for the analysis. X

chromosome markers are capable to resolve the issue
of paternity, when DNA of the supposed father is not
available [2], or the issue of paternity is between close
relatives [3]. Thus, when determining kinship between
father and daughter (and paternal grandmother and
granddaughter), X chromosome markers are more
informative than autosomal markers 2 and 4 times,
respectively. In this case, chromosome and mtDNA
markers are useless. Probabilistic calculations of the
coincidence of genotypes based on the reference allele
frequencies in population (from which the studied
DNA profile originates from) are key in DNA identi�
fication. The accuracy of the result estimation
depends on the reference group; incorrectly the
selected reference population decreases a discriminat�
ing capacity of the test system. Russian population is
extremely heterogeneous ethnically and genetically;
therefore, it is necessary to create special databases for
reference allele frequencies of the used markers [4–7].
In addition, more intensive genetic drift in small and
isolated Siberian populations results in a decrease in
heterozygosity, which also influence the identification
potential of test systems [8, 9]. In all three systems of
markers that are used in DNA identification, system�
atic knowledge about the frequencies of their alleles in
Russian populations, which can be used as reference,
were lacking until recently. This problem began to be
successfully solved for autosomal STR standard used
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in Russia, including in our previous works. However, it
remains very urgent for X chromosome markers [10, 11].

In the present work, the genetic diversity of ten
Siberian populations for X�chromosome STR markers
was analyzed in order to estimate identification poten�
tial of the test system based on ten X�STR markers and
to determine the allele frequencies for these markers in
populations.

EXPERIMENTAL

DNA samples of 604 men (unrelated, without
cross�breeding in three generations) belonging to ten
Siberian population samples were analyzed. These
populations represent three racial types, i.e., Cauca�
sian, Mongoloid, and Ural (Table 1).

The best�studied markers in world populations are
included in the multiplex (DXS8378, GATA172D05,
DXS7132, DXS9898, DXS7423, DXS8377, DXS101,
DXS6809, DXS6789, and HPRTB) and were selected
for population genetic analysis [12].

Total DNA was isolated from venous blood samples
by phenol–chloroform extraction. Genotyping was
carried out using the PCR of each locus with subse�
quent multiplex analysis of fragments based on the
method of capillary gel electrophoresis on genetic
analyzer (AbiPrism3130xl, AbiPrism3730xl). PCR
was conducted in 20 µL of mixture, which included 1–
1.5 ng DNA, 10× PCR buffer, 2.5 mM MgCl2, 0.2 mM
each dNTP, 0.75 units of activity Taq�DNA�poly�
merase, and 0.01–0.02 optical units of each primer.
The number of repeats was determined by sequencing
of several samples with different allele variants for each
locus on AbiPrism3130xl genetic analyzer. The struc�
ture of repeats is presented in Table 2.

The allele frequencies and expected heterozygosity
were determined by standard biostatistical methods.
The estimation of linkage disequilibrium (LD), analy�
sis of genetic diversity and differentiation (AMOVA)
were conducted by means of Arlequin v. 2000 program
package [13]. Since the gametic phase of men’s DNA
samples is known, haplotype frequencies were deter�
mined without using additional statistical algorithms.
In order to determine the association of the average
expected heterozygosity with geographical indices, the
Spearman correlation coefficient was calculated.
Analysis was carried out based on the principal com�
ponents method using STATISTICA 6.0 program.
The identification potential of the system based on
X�chromosome markers was estimated using standard
population statistical indices. These indices include
the probability of determining the differences between
two unrelated individuals (PD), exclusive capacity
(PE), and the probability of random genotype coinci�
dence (MP) [14].

RESULTS AND DISCUSSION

Analysis of Genetic Diversity

An analysis of the allele frequency distribution of
STR markers demonstrated that modal allele mainly
coincide in populations of different ethnicity; how�
ever, there are loci, for which the distribution of fre�
quencies differs in Caucasians and Mongoloids (Fig. 1).
The allele frequencies are given in electronic supple�
mentary to the article (http://www.medgenetics.ru/
UserFile/File/Doc/Evolution%20Doc/Simonova%
202014.pdf). No identical haplotypes were found in
individuals from ten population groups.

The average level of expected heterozygosity (He)
was 0.73 (Table 3). Out of ten X�STR markers, the

Table 1. Characteristics of populations

Ethnos Population Sample size Localization Race type

Russians Tomsk (RUS) 68 Tomsk oblast Caucasian

Tuvinians Kyzyl (TUV) 127 Republic of Tuva Mongoloid

Buryats
Агинское@ (BUA) 43 Chita oblast Mongoloid

Kurumkan district (KUR) 25 Republic of Buryatia Mongoloid

Altaians
Beshpel’tir (ALB) 80 Republic of Mountain Altai Mongoloid

Kulada (ALK) 46 Republic of Mountain Altai Mongoloid

Khanty
Russkinsk (HAR) 46 Khanty�Mansi Autonomous Area Ural

Kazym (HAR) 50 Khanty�Mansi Autonomous Area Ural

Siberian Tatars Tomsk (TAT) 40 Tomsk oblast Ural, 
Mongoloid

Khakasses Askiz district (KHA) 79 Republic of Khakassia Ural
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DXS8377 (He = 0.886), DXS101 (He = 0.814),
DXS6809 (He = 0.764), DXS6789 (He = 0.776) loci
demonstrated the largest variability, and DXS7423
(He = 0.613), DXS8378 (He = 0.667) had the lowest
variability. The highest level of average expected het�
erozygosity for ten loci was detected in Siberian Tatars
(He = 0.781) and Russians (He = 0.774), which is
apparently due to the development of these peoples
based on ancestral groups that are heterogeneous in
origin. The maximal level of heterozygosity in the
other eight populations belongs to Buryats (BUA) and
is 0.750.

No significant association between He value (for all
system of markers) and geographical parameters was
found (He/latitude 0.214 p = 0.644; He/longitude
⎯0.143, р = 0.760).

Genetic Differentiation of Populations

The total level of genetic differentiation in ten pop�
ulations was relatively small (Fst = 0.031), which is
slightly higher than values obtained using autosomal

microsatellites (Fst = 0.025), but significantly less
than those determined by Y�STR (Fst = 0.186) [4].

The GATA172D05 (Fst = 0.062, p = 0.000),
DXS101 (Fst = 0.045, p = 0.000), HPRTB (Fst =
0.034, p = 0.000), and DXS7132 (Fst = 0.034, p =
0.000) loci mostly contribute to interpopulation diver�
sity. Fst values for other loci are lower than average,
and minimal values belong to DXS8378 (Fst = 0.007,
p = 0.125), DXS8377 (Fst = 0.007, р = 0.011) loci.
The genetic distances matrix (Rst) between ten popu�
lations is presented in Table 4.

Genetic Relationships between Populations

Integral characteristics (that cause variability in
allele frequencies of the genes in populations) were
detected using principal components method (Fig. 2).
Data on allele frequencies in 15 world populations
were involved for analysis [12, 15–28].

The first two principal components in total explain
25% of the variability of allele frequency in the studied
populations. Two clusters (African and Mongoloid)
are clearly marked out in the space of two principal

Table 2. Structure of repeats and allele nomenclature

Locus Repeat structure Allele

DXS8378 PF�N18�(CTAT)n�N20�PR

PF�N18�(CTAT)10�N20�PR 10

GATA172D05 PF�N5�(TAGA)n�N39�PR

PF�N5�(TAGA)10�N39�PR 10

DXS7132 PF�(CTTA)n�N38�PR

PF�(CTTA)11�N38�PR 11

DXS9898 PF�N15�(TATC)2�(ATC)�(TATC)n�N58�PR

PF�N15�(TATC)2�(ATC)�(TATC)10�N58�PR 10

DXS7423 PF�N52�(TCCA)n�N47�PR

PF�N52�(TCCA)10�N47�PR 10

DXS8377 PF�N31�(AGA)n�(GGA�AGA)m�(AGA)2�GGA�(AGA)6�N25

PF�N31�(AGA)19�(GGA�AGA)5�(AGA)2�GGA�(AGA)6�N25 38

DXS101 PF�N80�(CTT)n�(ATT)m�N14�PR

PF�N80�(CTT)6�(ATT)9�N14�PR 15

DXS6809 PF�N47�(CTAT)n�(ATCT)3�N9�(TATC)3�(ATCT)5�N10�(ATCT)m�N14�PR

PF�N47�(CTAT)8�(ATCT)3�N9�(TATC)3�(ATCT)5�N10�(ATCT)11�N14�PR 30

DXS6789 PF�N130�(GATA)n�(CATA)m�N23�PR

PF�N130�(GATA)7�(CATA)7�N23�PR 14

HPRTB PF�N107�(TCTA)n�N76�PR

PF�N107�(TCTA)14�N76�PR 14
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Fig. 1. Distribution of allele frequencies of DXS8378,
DXS6789, DXS9898 loci in populations of Russians and
Altaians. Allelic variants are presented on the abscissa axis,
and allele frequencies are presented on the ordinate axis.

components. The Mongoloid cluster is located in the
space of negative values of principal components, it
included the following population, including Altaians,
Buryats, Tuvinians, Japanese, Taiwanese, Han, Kaza�
khs (living in China territory), Uighurs, Americans of
Asian origin, Khakasses, and Colombians. The loca�
tion of the Khakasses population (belonging to Ural
race type) in Mongoloid cluster indicates larger Mon�
goloid component in this population. The entrance of
the Colombian population in this cluster is rather log�
ical, since the colonization of America occurred from
the territory of Siberia, and populations of indigenous
ethnic groups in Southern and Central Siberia have

the largest genetic similarity to modern American
Indians of South America [29]. The African cluster is
located aside from Eurasian populations, and it con�
tains four population groups (African Americans and
residents of Angola, Mozambique, and Uganda. Two
first principal components explain the 36% of allele
frequency variability among Siberian populations
(Fig. 3). The placement of populations in the space of
principal components allows one to isolate three clus�
ters. The majority of Siberian populations are located
in the cluster of Southern and Eastern Siberia, two
populations of the Western Siberian Khanty generate a
separate group, while Siberian Tatars cluster with Rus�
sian population of Siberia, which probably reflects a
considerable degree of crossbreeding of Siberian
Tatars with newly arrived Slavic population [30, 31].

Linkage Disequilibrium

It is necessary to take into account the linkage of
loci when calculating the test system identification
potential. An analysis of linkage disequilibrium of all
pairs of loci in ten populations using Bonferroni cor�
rection (p < 0.001) detected linkage in six populations,
including DXS7423 and DXS8377 in Khakasses and
Tuvinians; GATA172D05 and DXS8377 in Buryats
(BUA); GATA172D05 and DXS7423, DXS8378 and
DXS101 in Siberian Tatars; and DXS6809 and DXS6789
in Buryats (KUR) and Altaians (ALK). However, the
rather large distance between GATA172D05–DXS8377,
GATA172D05–DXS7423, and DXS8378–DXS101
loci and the absence of linkage between intermediate
loci allow one to attribute these results to the effect of
sample.

Criminalistics Indices

In order to estimate the identification potential of
the test system based on ten X�STR, the following
indices, including the probability of discrimination of
unrelated individuals (PD), exclusive capacity (PE),
and probability of random genotype coincidence
(MP), were calculated.

The average PE value for ten loci in ten populations
was 0.999097. A maximal PE value (0.9999) was in
population of Siberian Tatars.

The average value of the probability of establishing
the existence of differences between two unrelated
individuals (PD) was 0.9999999997 on women and
0.999998 in men. In the Russian population, MP value
is 0.839 × 10–12 in two randomly selected unrelated
women and 0.235 × 10–7 in men. Average MP values for
ten populations are 0.326 × 10–10 and 0.186 × 10–6,
respectively.

Obvious differences between population groups
indicate the need to select maximally accurate refer�
ence group for DNA identification. The panel out of
ten microsatellite X chromosome markers containing
DXS8378, GATA172D05, DXS7132, DXS9898,
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DXS7423, DXS8377, DXS101, DXS6809, DXS6789,
and HPRTB has a high identification potential. The
collected data on allele frequencies in ten populations
allow one to use this panel of markers for the DNA
identification of members of ethnic groups of Siberia.
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