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1. Introduction
The discovery of an anonymous multiallelic locus in 1980 demonstrated for the first time
that the human DNA contains hypervariable regions (Wyman & White, 1980). Eight alleles
of a polymorphic locus that was not associated with any known gene were identified during
the blot hybridization of total human genomic DNA treated with the restrictase EcoRI with
a human DNA fragment (16 tbp in length) isolated from a phage genomic library. The
multiallelic nature of the polymorphism at this locus did not stem from a variation in
restriction sites; rather, it originated from a variable number of tandem repeats in the short
core DNA sequence. Later, other similar polymorphic sites were detected near the 5 end of
the insulin gene (Bell et al., 1982), in the Harvey ras oncogene (Capon et al., 1983), in the globin pseudogene (Proudfoot et al., 1982), and within the -globin cluster (Weller et al.,
1984). In 1985, Jeffreys et al. published the results of their research, in which they described a
fourfold repeat of 33 nucleotides in one of the introns of the human myoglobin gene
(Jeffreys et al., 1985). These polymorphic regions consisted of tandem repeats of a short
sequence (11–60 bp) and were termed variable number tandem repeats (VNTRs) (Kendrew
& Lawrence, 1994).
The other term for VNTR loci, minisatellites, was attributed based on the similarity of some
of their properties with those of highly repetitive satellite DNA sequences. Tandem satellite
DNA repeats are combined into a huge and structurally diverse group arranged into
continuous clusters with monomeric units positioned in a head-to-tail configuration. The
differences between minisatellite loci and satellite DNA are the greater variability in the
length of the repeating unit of the latter (varying from 10 to 1000 bp) and chromosomal
localization: satellite DNA is located in the regions of near-centromere heterochromatin in
metaphase chromosomes and in the chromocenters of interphase nuclei, whereas
minisatellite sequences are distributed evenly over most regions of all chromosomes (Miklos
& John, 1979).
The classification of Jeffreys et al. discriminates between microsatellites (with an elementary
link of 2–6 bp), minisatellites (up to 100 bp), midisatellites (100–400 bp), and macrosatellites
(up to several thousand bp) (Jeffreys et al., 1994). Later, a great emphasis was placed on loci
that were generally classified as microsatellites with elementary links of less than 10 bp
(short tandem repeats, STRs) and minisatellites with links of more than 10 bp in size
(VNTRs) (Schlotterer C., 1998; Gemayel et al., 2010). These two types of variable DNA were
used as genetic markers in genomic and population studies.
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Many minisatellites are characterized by hypervariability and a high degree of
polymorphism. Their heterozygosity is 85–99%, whereas the maximum heterozygosity of
biallelic loci is 50% (Bois, 2003; Gemayel et al., 2010). Minisatellite loci have been used
actively in criminalistics, in the panels of highly informative markers used for the
identification of individuals and ascertainment of filiation (Jurka & Gentles, 2006; HongSheng et al., 2009). Data on the population frequencies of hypervariable markers were
important for the determination of data reliability in such investigations (Zhivotovskii,
1996).
Minisatellite markers have also been used intensively in genetic studies, including the study
of genomic diversity in human populations. However, during the last few years, because of
the great technological efforts that are necessary for the typing of minisatellite markers, the
main focus of population genetics research has been the investigation of short tandem
repeats (STRs) and single nucleotide polymorphisms (SNPs) (Kelkar et al., 2008). Difficulties
in the classification and determination of minisatellite allele variants halted the progress of
the use of these DNA markers in population research. However, recently, the peculiar
properties of minisatellites (i.e., new data regarding their functional significance) have
rendered this class of DNA markers actual again (Babushkina & Kucher, 2011, Gemayel et
al., 2010). Taking into account the high mutation rate of hypervariable minisatellites, their
polymorphic nature allows not only the determination of population divergence over long
periods, but also the detection of the specificity of the relatively modern (hundreds of years
ago) ethnic history of populations.

2. Minisatellite loci in human DNA
The high degree of polymorphism of minisatellite sequences is evidence of the high rate of
their evolution; nevertheless, most of them are rather stable. Hypermutability was
demonstrated for only a few minisatellite loci (Bois, 2003). These loci are very suitable
models for studying the mechanisms that lead to the variability of minisatellite sequences.
Minisatellites are classified as hypermutable only when their mean mutation frequency in
germ line cells is greater than 0.5%; this rate may be equal (e.g., MS1 minisatellites) or vary
(e.g., CEB1 minisatellites) between male and female germ cells. According to rough
estimates, less than 10 out of about 300 minisatellites typed in families were hypermutable
(Amarger et al., 1998). No structural peculiarities distinguishing hypermutable minisatellites
from other tandem repeats were found; the ratio of repeats with near-telomere localization
to those distributed evenly over the genome was the same for minisatellites of the human
genome as a whole (Vergnaud & Denoeud, 2000).
Several models have been accepted for the interpretation of the mechanisms underlying the
mutational processes in minisatellite loci that result in the duplication of a repeating unit.
Levinson and Gutman suggested that tandem repeat duplication occurs at random, but can
be repeated many times after such an occurrence because of nonspecific mating of DNA
chains resulting from replisome slippage (Levinson & Gutman, 1987). At present, this model
is considered as acceptable to explain the appearance and increase in the length of
microsatellites with an elementary repeat unit smaller than 10 bp (Kasai et al., 1990;
Gemayel et al., 2010). The model developed by Buard and Vergnaud envisages the effect of
cis activators on the stability of minisatellites (Buard & Vergnaud, 1994). According to this
model, initiation of the recombination hotspot located outside the minisatellite structure
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may stimulate a perfect mosaic of intra- and interallele events. As a whole, the process
appears to be an exchange that is analogous to gene conversion, with the involvement of
sister chromatids. The increase of the length of minisatellites is usually polar: i.e., it consists
of the addition of a new region of tandem repeats to the 3-end region of the minisatellite.
The conservativeness of the flanking regions of the minisatellite cluster is indirect evidence
of the correctness of this model, whereas highly intensive reorganizations, such as intra- and
interallele exchange of repeating units, occur inside the cluster (Harris, 2002).
The processes that determine the instability of minisatellites are different in somatic cells
and germ line cells (Bois, 2003). The events of crossing over and gene conversion occur in
the germ line, supposedly during meiosis. The somatic instability of minisatellites is
determined mainly by intra-allele duplications. Figure 1 shows the events that lead to the
instability of the minisatellite loci of human DNA are as follows. Moreover, the appearance
of the double-stranded breaks of DNA outside the minisatellite region can lead to their
migration to the minisatellite region (for a detailed review see Bois, 2003). Some models
have been proposed to explain the mechanisms of this migration. The transfer of a doublestranded break results in the accumulation of mutations within the minisatellite cluster, but
not in other regions of genomic DNA, which explains the hypervariability of minisatellites
(Bois & Jeffreys, 1999, Bois, 2003).

Fig. 1. Simplified model of human minisatellite instability (according to Bois, 2003). The
allele destined to be mutated is shown with dark shadows, and the recipient allele is in
black. An initial double strand break (DSB) outside or within minisatellite repeat can, after
5’-3’ resection, generate simple intra-alleleic duplication (no strand invasion), unilateral
conversion, crossing over, or reciprocal gene conversion (strand invasion). The two steps not
yet fully understood is indicated with a circled question mark. The mechanism leading to
the generation of the initial DSB remain elusive. The identification of intermediates of
conversion or recombination need to be characterized to dissect the various pathways.
Reprinted from Genomics Vol.81, No.4, Bois, P.R. Hypermutable minisatellites, a human
affair?, pp. 349-355, issn 0888-7543, Copyright 2003, with permission from Elsevier
(http://www.sciencedirect.com/science/article/pii/S0888754303000211)
The availability of complete genome sequences and increased knowledge of genome biology
indicate that minisatellites may occur within coding and regulatory regions, and that some
minisatellites are involved in the processes of genome regulation (Gemayel et al., 2010).
These sequences not only have specific biological functions, but, via their intrinsic
instability, may also lead to faster rates of evolution of genes and their associated
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phenotypes. Variable minisatellites, as is the case for the FLO1 gene of the benign brewer’s
yeast S. cerevisiae, lead to gradual, quantitative functional changes that may allow the rapid
adaptation of the organism to changes in the environment (Verstrepen et al., 2005).
Correlative observations between minisatellite allele size and gene expression patterns have
been made in higher eukaryotes, including humans. One example is the minisatellite located
upstream of the promoter of the human insulin gene INS. Shorter minisatellite alleles are
linked to altered expression of INS, both in vitro and in vivo, and to predisposition to insulindependent diabetes mellitus (Bell et al., 1992; Bennett et al., 1995). Another study showed
that this minisatellite affects the expression of the nearby IGF2 gene, which encodes the
insulin-like growth factor II (Paquette et al., 1999). The locus encompassing the INS and
IGF2 genes is termed IDDM2, and the minisatellite is located between the genes. The exact
mechanism underlying this upregulation was not determined in the study; however, it was
suggested that the tandem repeated structure of minisatellite loci might potentiate Z-DNA
formation, which alters gene expression (Gemayel et al., 2010).
Several studies of human genes showed that minisatellites might interact with transcriptional
factors. For example, the minisatellite located in intron 2 of the serotonin transporter gene 5HTT may influence its transcription levels by binding the transcription factor YB-1 (Klenova et
al., 2004). The location of minisatellites involved in the regulation of gene expression and
function need not be limited to promoter sequences. These loci have been found in other
expression regulatory sequences, including the 5and 3UTRs of transcripts and introns. Many
of these loci have a function in regulating gene expression, and variation in repeat units often
affects their activity (Kawakami et al., 2001; Fuke et al., 2001).
Another mechanism of transcriptional regulation involves the possible interaction of
miRNA with minisatellites. The unusual properties of the 27 bp minisatellite situated at
exon 4 of endothelial NO synthase have been demonstrated in vitro using endothelial cell
culture (Song et al., 2003). eNOS gene expression and eNOS protein concentration and
enzyme activity correlate with the allele size of this VNTR. Moreover, the transcript of this
VNTR is a short intronic repeat small RNA (sirRNA) that inhibits eNOS expression during
transcription via a negative regulation mechanism (Zhang et al., 2005).

3. Hypervariable minisatellite DNA markers in human population genetics
In 1985, Jeffreys et al. published the results of their research, in which they described a
minisatellite—a fourfold repeat of 33 nucleotides—in one of the introns of the human
myoglobin gene (Jeffreys et al., 1985). Using this minisatellite as a probe, the authors isolated
and characterized several hypervariable sequences (cores) from a human genomic library;
all of these also proved to be minisatellites with 3–29 repeating units. These cores, despite
their similarities to each other, exhibited some differences in their nucleotide composition
and varied in length from 16 to 64 bp. They were similar in that all repeating links
comprised an almost identical 15-nucleotide sequence, referred to by the authors as the core
sequence, which may be described as a consensus sequence bearing certain similarities to
the  sequence of  phage DNA (GCTGTGG). The ability of probes based on the core
sequence to identify many such minisatellite loci during blot hybridization with total human
DNA demonstrated the multiplicity of their localization in the genome. This property,
together with the high level of polymorphism determined by the variability of the number
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of repeats, underscored the method of multilocus DNA fingerprinting (Jeffreys et al., 1994).
Using different “policore” samples for blot hybridization, Jefferies et al. were the first to
show that the hybridization pattern detected comprises many loci containing a family of
minisatellites (Jeffreys et al, 1988). Blot hybridization of such sites using restricted genomic
DNA revealed a picture of multiple hybridization, i.e., the presence of these loci in the
genome set. The level of polymorphism of the blot hybridization patterns was extremely
high, because it was determined by a combination of a large number of independent
hypervariable genome loci.
Later, two independent groups of researchers, led by Ryskov in the USSR and Vassart in
Belgium, discovered another family of hypervariable regions with multiple localizations in
the genome, which was detected using M13 phage DNA (Ryskov et al., 1988; Dzhincharadze
et al., 1987; Vassart et al., 1987). The use of two small regions that are typical of minisatellite
sequences within the M13 phage DNA as a natural probe for blot hybridization with
restricted DNA yielded multiple patterns of hybridization and a high level of
interindividual polymorphism, which was comparable to that observed for the minisatellites
described by Jeffreys et al. M13 minisatellites exhibited universal distribution in animate
nature; they were found in microorganisms, plants, animals, and humans (Ryskov et al.,
1988; 1990). The genomic fingerprinting technique, which analyzes many genomic
polymorphic systems in the same experiment, has been used widely in forensic medicine
and parentage testing (Semenova et al., 1996; Shabrova et al., 2006).
The DNA multilocus patterns determined using M13 phage hybridization were used for the
first time in human population studies by Barysheva et al. (Barysheva et al.,1989, 1991a,
1991b; Semina et al., 1993). These authors determined the characteristics of M13 DNA
fingerprint patterns, performed segregation analyses, and estimated the mutation frequency
in M13 human minisatellite loci. The result of the cluster analysis of a genetic distance
matrix confirmed data on the relationships in the group of local populations under
consideration. Kalnin et al. were the first to apply multiple correspondence analysis (MCA)
to the analysis of DNA fingerprinting data in human population studies (Kalnin et al., 1995).
These studies demonstrated the great potential of this approach for the analysis of complex
DNA multilocus blot hybridization patterns, which yield adequate results despite the
inevitable errors of fragment identification that arise from the analysis of multiple
autoradiographs (Shabrova et al., 2006).
However, the difficulty in analyzing DNA multilocus blot hybridization patterns, combined
with the need to use the cumbersome method of blot hybridization, limited the widespread
use of this approach in population genetics. Minisatellites detected later, which had unique
localizations in the genome, were used widely in subsequent studies, as their detection was
based on the simpler and more accessible PCR method. It eventuated that a set of singly
localized (monolocus) minisatellites yielded identification patterns with an information
content similar to that of the minisatellites of Jeffreys et al. or of the M13 multilocus probes.
This fact favors the significant development of studies of the population characteristics of
these monolocus minisatellites. The minisatellites used most frequently in population
studies are those included in forensic identification panels, the most popular of which are
the 3APOB and D1S80 minisatellites; the properties of these minisatellites will be addressed
in detail.

60

Studies in Population Genetics

4. The 3APOB minisatellite polymorphism in human population research
One of the VNTR loci maps to chromosome 2 and is located 75 bp from the second
polyadenylation signal at the 3 end of the APOB gene (Huang &Breslow, 1987). The APOB
protein is one of the major low-density lipoproteins and plays a central role in the
metabolism of serum cholesterol. The 3APOB hypervariable region consists of a tandemrepeat sequence that is rich in A and T. Two basic types of 15-nucleotide-long core repeats
have been identified (Buresi et al., 1996). The tandem repeating unit of the 3APOB
minisatellite consists of two tandem sequences of 14 and 16 bp; thus, neighboring allelic
variants differ from each other by 30 bp, or by 2 repeats. Allelic variants differ in the number
of repeats and contain 25 to 55 repeat units (Ludwig et al., 1989). The literature describes
several systems of alleles for the 3APOB locus. Since the establishment of one such system
by Ludwig, allelic variants are denoted as 30, 32, 34, etc., according to the number of
repeated units. According to the system of Boerwinkle (Boerwinkle et al., 1989), which
counts one structure-segment sequence before the minisatellite cluster, the same allelic
variants are designated as 31, 33, 35, etc., respectively. Thus, the allelic variant with number
36 of Ludwig’s system corresponds to variant 37 of Boerwinkle’s system. In addition to the
two types of core segment structure, the 3APOB alleles of a number of core segments have
sequence microvariations (a pure AT sequence is interrupted by a C or a G), usually
concentrated at the 3 end of the minisatellite (Chen et al., 1999; Marz et al., 1993; Buresi et
al., 1996). In the human population samples analyzed by Buresi et al., a haplotype analysis
of such substitutions revealed the presence of five allelic sequences. The authors found the
ancestral state of the 3APOB minisatellite allelic sequence via comparison with another
allele sequence variant discovered in primates and showed that different types of allele
sequences in humans appeared during 3APOB minisatellite evolution due to three possible
conversions at the minisatellite locus (Buresi et al., 1996).
The 3APOB polymorphism has been used widely in investigations of the history and
diversity of humans, both worldwide and in individual population groups (Buresi et al.,
1996; Destro-Bisol et al., 2000; Renges et al., 2002; Kravchenko et al., 1996; Poltl et al., 1996;
Zago et al., 1996; Verbenko et al., 2005). It has been considered as a suitable locus for a pilot
study of the relationships between the shape of allele-size distributions of minisatellites and
the microevolutionary processes leading to their present-day distribution (Destro-Bisol et
al., 2000). The allele-size frequencies can be used to calculate interpopulation genetic
distances. Higher differences in the level of polymorphism have been found in populations
with different origins and ethnicities (Buresi et al., 1996; Destro-Bisol et al., 2000; Renges et
al., 2002; Kravchenko et al., 1996; Poltl et al., 1996).
The use of the 3APOB minisatellite as a marker in the study of evolutionary models was
launched in 1992 (Renges et al., 2002). Subsequently, scientists from many countries studied
the 3APOB minisatellite polymorphism in a large number of human populations. Although
the allele frequencies vary considerably among different populations, the similarities in their
distribution shapes should be noted. Generally, two allelic variants (34 and 36 repeats) are
detected most often (their total frequency is 57–77%), one or two allelic variants are less
frequent (usually a variant containing 32, 46, or 48 repetitions, with frequencies up to 12%),
whereas other alleles occur with a frequency of less than 5% (Boerwinkle et al, 1989a;
Ludwig et al., 1989; Deka et al., 1992; Friedl et al., 1990; Renges et al., 1992; Lahermo et al.,
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1996; Spitsyn et al., 2000; Destro-Bisol et al., 2000; Khusnutdinova et al., 1999;
Khusnutdinova and et al. 2003; Akhmetov et al, 2006; Bermisheva et al., 2007). As an
example, we considered the population characteristics of the 3APOB polymorphism in
Eastern European populations.
Eastern Europe is inhabited by a great number of ethnic groups that differ significantly in
their characteristics (Kuzeev, 1985; Bunak, 1965). East Slavs are the main population group
in Eastern Europe. The formation of East Slavic peoples (Russians, Ukrainians, and
Belarusians) is supposed to have occurred because of the long-term migration and
expansion of ancestral Slav tribes from Central Europe to the territory of the Russian Plain,
which was settled by pre-Finno–Ugric tribes, since the Late Paleolithic (Sedov, 1979;
Alekseeva, 1973). Ethnic groups of the southern region and surrounding Ural Mountains,
which neighbor the East Slavic peoples, have an even more luxuriant history resulting in the
formation of the Turkic language groups of Tatars and Bashkirs, the peoples of the North
Caucasus, and Mongoloid populations such as the Kalmyks.
The Eastern Slavonic linguistic group (Indo–European linguistic family) was represented by
samples from Russian populations from the European (northwestern) part of Russia
(Oschevensk, Belaia Sluda, Kholmogory, Mezen, Kursk, Novgorod, Cossacks, Sychevka,
Kostroma, and Smolensk), and six Byelorussian populations (Grodno, Pinsk, Mjadel,
Bobruisk, Nesvij, and Khoiniki) from different regions of the Republic of Belarus (for a
detailed description of the Byelorussians, see Popova et al. (Popova et al., 2001). The Belaia
Sluda group is an isolated Russian population living at the border of the Arkhangelsk
region of northern Russia with the Republic of Komi. The Oschevensk group is an isolated
Russian population living in the Kargopol district of the Arkhangelsk region. From
ethnohistorical and anthropological points of view, these Russian groups might carry an
admixture of ancient Vepsian (Ageeva, 2000) or Saami lineages (Sedov, 1979; Alekseeva,
1973). The Kholmogory are based in a town near the city of Arkhangelsk, representing
Russian north-coast dwellers, and the Mezen group is from the same lineage, which is
derived from Russians who migrated from Novgorod to the northeast, starting in the 16th
century. The Novgorod group is from the northwestern European part of Russia. The Kursk
group is a southwestern Russian population. The Cossacks are a southern Russian
population from the Krasnodar region (settled at the Kuban River). The Smolensk group is
from the town of Ugra, with a complex history of population movements (southwestern part
of Eastern Europe), and the Sychevka group is also from the Smolensk district of Russia
(from the central part of the Russian Plain, which borders the Tver district).
Populations from the western Ural region were represented by Finno–Ugric speakers—the
Komi–Permyats from the Perm district of Russia, the Komi–Ziryans (Izhemski and Priluszki
Komi subpopulations), the Udmurts, and the Meadow Maris—and by Turkic speakers
(Altaic linguistic family): the Bashkirs, from the Beloretsky region of the Republic of
Bashkiria, and the Tatars, from the town of Almetyevsk (for a detailed description of these
groups see Bermisheva et al., 2003). The Komi (Komi–Zyryans) are one of the most
numerous peoples of the Finno–Ugrian group: they occupy the northeasternmost location
among European ethnic groups, which adjacent to the Nentsy. They inhabit the territory of
the basins and the tributaries of the Vichegda, Mezen and Pechora rivers. The contemporary
Komi people consist of some distinct ethnographic groups, which formed during the 8th to
the 19th centuries. Two geographically different ethnographic groups were studied in this

62

Studies in Population Genetics

work. One of them, the Izhemski Komi, takes a particular place among the Komi groups.
They stand out because of a number of peculiarities of their language and traditional
economy. The latter has long been based on the commodity of reindeer breeding. Moreover,
the Izhemski Komi exhibit some anthropological traits that differentiate them from other
Komi groups. Unlike the Izhemski Komi, the Priluzski Komi have traditionally occupied
themselves with farming and cattle breeding. In addition, the Priluzski Komi belong to
ethnic groups that, historically, formed before the Izhemski Komi people. Two ethnic
groups originate from the Altaic linguistic family, but do not inhabit the Ural region: these
are the Kalmyk and Yakut populations. Kalmyks inhabit the steppe region located to the
northwest of the Caspian Sea. This ethnic group settled in their current region of inhabitance
during a migration from the Dzungaria region of Central Asia in the 16th century
(northwestern China). The Yakut population lives in East Siberia and belongs to the Turkic
linguistic group (Altaic linguistic family). In classical anthropology, they are classified as the
Central Asian type (Cavalli-Sforza et al., 1994). In this study, samples from the Elista region
of Kalmykia and from a central group of Yakut people were examined.
The blood samples used in this study were obtained by venipuncture into EDTA-coated
Vacutainer tubes after obtaining informed consent from each individual. To fulfill the
selection criteria, all individuals had to belong to the native ethnic group of the region
studied (descended from at least three generations living in the region), be unrelated to each
other, and be healthy. DNA isolation and purification, PCR analysis, gel electrophoresis,
and multidimensional statistical analyses were performed as described in Verbenko et al
(Verbenko et al., 2003a, 2006). Calculations of population characteristics, pairwise genetic
distances, and molecular variances were performed using POPGENE version 1.32 (Yeh et al.,
1999) and GDA (Weir, 1996, Lewis & Zaykin, 2001) software. Fisher’s exact testing of
contingency tables was performed using RxC software (Miller, 1997). The phylogenetic
interrelation in the populations of Eastern Europe was studied based on data on the
variability of these minisatellite loci, and genetic distances were calculated according to Nei
(Nei, 1972). The matrix obtained was used for analysis using the method of
multidimensional scaling, which visualizes interrelations between the populations and
facilitates the significant interpretation of results, especially regarding the multimodal
distribution of the frequencies of allele variants.
The data obtained revealed the presence of 31 allelic variants of the 3APOB minisatellite,
ranging in size from 24 to 54 repetitions with varying frequency in the population. Nine (in
a population of Meadow Mari) to 17 (in a population of Bobruisk Belarusians) different
alleles were found in different populations. A wide range of variability in 3APOB
minisatellite alleles indicates a high level of polymorphism in the populations under study.
In the Eastern European populations studied here, the most frequent allelic variants of the
3APOB minisatellite had 34 and 36 repeats. The allele with 36 repeats is dominant in
European populations of Eastern Slavs (Russian, Belarusian, and Ukrainian), whereas the
allele with 34 repeats is most frequent in the Asian populations (Kalmyk and Yakut). This is
consistent with the results of the majority of the works addressing the variability of this
marker in populations worldwide. Major allelic variants represent the largest contribution
to the peculiarity of allele frequency differences in the populations; however, a wide range
of information stems from minor allelic variants containing 30, 32, 38, 40, or 42 repeats,
which contribute to the identity of particular groups and specific populations.Modality is a
peculiarity of the distribution of allele frequencies at the 3APOB minisatellite locus, which
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can be treated as the main human-group diagnostic feature. The histogram (Figure 2)
displays the allele frequency distributions of the 3APOB minisatellite in populations of
Russians, Yakuts, and Africans (Cameroon) (Destro- Bisol et al., 2000). The pronounced
differences in the distribution of the major alleles containing 34 and 36 repeats can be
observed. In contrast to those observed for European and Asian populations, the profile of
the allele frequency distribution in populations of sub-Saharan African origin is unimodal
(Deka et al., 1992; Renges et al., 1992; Destro-Bisol et al., 2000).
The allele spectrum of the 3APOB minisatellite in Eastern European populations (Russians,
Belarusians, Ukrainians, Adygeis, Circassians, and Abkhazians) is bimodal, with peaks at
alleles 34–36 and 48. In contrast, the Asian populations of Kalmyk and Yakut and the
population of the Volga–Ural region do not exhibit the second peak; the frequency
distribution of the allelic variants observed in these populations is unimodal.

Fig. 2. 3’-end APOB minisatellite allele frequency distributions in populations of three main
human groups.
A comparative analysis of the data obtained with European and Asian population data from
literature revealed the similarity between the Eastern Slavs and the European populations of
western and central Europe, and the Yakut and Kalmyk – with Asian populations (Chinese
and Japanese) (Verbenko et al., 2003a). The analysis of the data using multidimensional scaling
showed two clusters: Asian and European, which has a compact core. At the heart of the
European population cluster were Germans, French, Swedish, Russians, Ukrainians, and
Belarusians. The proximity of the East Slavic populations to the main Western Europeans
supports the view of archaeologists and anthropologists regarding a Central European origin
for the Eastern Slavs. According to this type of research, the ancestral home of the Slavs was
settled between the Oder and the Vistula (Sedov, 1979 as cited in Verbenko et al., 2003a).
The Figure 3 shows the results of multidimensional scaling of Nei’s pairwise genetic
distances calculated for Eastern European populations. The resulting graph can be
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interpreted as both first and second dimensions, and considering the axes together. Based on
the first dimension, it should be noted that a core group of populations inhabiting Eastern
Europe is concentrated at the origin of the coordinates, whereas the populations with Asian
origin of Kalmyk and Yakut are visibly removed from it. A common alliance of Eastern
Slavs (Russian, Ukrainian, and Byelorussian populations), Northern Caucasians (Adygeys—
including Adygei–Shapsugs of the Black Sea coast—Abkhasians, and Circassian
populations), and populations living close to the Ural Mountains region (Komis, Bashkirs,
and Mari) may be distinguished further taking into account the second dimension.

Fig. 3. Multidimensional scaling plot (two dimensions) of Nei’s genetic distances among 26
populations of Eastern Europe and one population from Siberia based on 3’APOB
minisatellite variability. Linguistic affiliations of populations are designated with
geometrical figures. Abbreviations are: Russians: Cossacks (C), Belaya Sluda (BS),
Kholmogory (H), Kostroma (KOS), Novgorod (N), Oschevensk (Osheven), Smolensk (S),
Kursk (KUR); Belarussians: Grodno (GR), Khoiniki, Nesvij (NES), Mjadel’ (MJAD), Bobruisk
(BO); Ukrainians: Kiev (K), Lviv (LV), Alchevsk (AL); Other ethnic groups: Circassians,
Abkhazians, Adygeis, Shapsugs (North Caucasus geographic region); Bashkirs (Beloretsky
region), Komi-Permyats (KO), Izhemski Komi (IzKomi), Priluzski Komi (PriKomi), Maris
(Ural geographic region), Kalmyks, Yakuts.
If the linguistic classification of populations is taken into account, Eastern Slavonic,
Northern Caucasian, Altaic, and Finno–Ugric clusters can be assigned. Within the main cluster
of Eastern Slavs, discrete Russian, Ukrainian (Kravchenko et al., 1996), and Belarusian
populations can be differentiated easily. Despite their wide geographical distribution, the
Eastern Slavonic populations (Russians, Ukrainians, and Byelorussians) have a common
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historical lineage and are also closely associated according to their 3APOB polymorphisms.
For example, although Kuban Cossacks (an ethnic community of Russians from the Krasnodar
region) inhabit part of the Northern Caucasus, they are closer to the Eastern Slavonic
populations than to other populations of their locality. The closest relationships among the
Eastern Slavonic linguistic group are between the Russian and Ukrainian populations. The
greatest diversity is found for the Byelorussian populations, which are distributed around
other Eastern Slavonic populations on the plot. This diversity was possibly caused by longterm gene flow during numerous migrations through the Belarus region.
The cluster of the Finno–Ugric linguistic family and the Northern Caucasian linguistic
family are close to the Eastern Slavonic linguistic group cluster. The Bashkirs belong to the
Altaic language family, although their localization in the graph is close to the populations of
the Finno–Ugric language family. However, there is some level of proximity of the Bashkir
population to other peoples of the Altaic language family (the Kalmyk and Yakut). The
position of Komi–Permyats, in this case in the immediate vicinity of the Eastern Slavonic
populations, alienates them from the populations living close to the Ural Mountains region
and may be due to the peculiarities of the ethnic history of the Komi–Permyats (Bunak, 1965;
Kuzeev, 1985). We know that this ethnic group was separated from the Komi people only a
few centuries ago, and is characterized recently by very close contact with Eastern Slavonic
populations, which apparently left an imprint on the formation of the gene pool of the Komi–
Permyats. The special arrangement of the Izhemski Komi, which alienates them from other
groups, may also be due to the peculiarities of the ethnic history of this group (Khrunin et al.,
2007).We found similar 3APOB diversity among Eastern Slavonic and Northern Caucasus
ethnic groups. However, there were significant differences for the Kalmyk and Yakut
populations of Asian origin, as well as for Uralic Komis, Mari, and Bashkirs. The differences
observed are similar to those obtained based on other DNA polymorphisms (Belyaeva et al.,
1999, 2003; Bermisheva et al., 2001; Khar’kov et al., 2004; Kravchenko et al., 2002; Malyarchuk
et al., 2001, 2002; Mirabal et al., 2009; Orekhov et al., 1999; Popova et al., 1999, 2001; Shabrova
et al., 2004) and are in good agreement with ethnohistorical (Ageeva, 2000) and
anthropological data (Alexeeva, 1973, Sedov, 1979). These observations underscore the
significance of the 3APOB minisatellite locus for population genetics research.
Thus, the 3APOB minisatellite locus exhibits decreased genetic heterogeneity among 16
broadly distributed Eastern Slavonic populations, in contrast with its significant
heterogeneity among Northern Caucasian populations and among Altaic and Finno–Ugricspeaking populations. This peculiarity may reflect the integrity of the Eastern Slavonic gene
pool and suggests negligible influences from neighboring ethnic groups during the process
of origin and differentiation of Eastern Slavs at the 3APOB genome site. At the same time,
the genotype frequency distribution revealed significant differences between Eastern
Slavonic groups—both among the ethnic groups and between closely related populations
belonging to one ethnic group that reveals high-differentiation properties of this marker.

5. D1S80 minisatellite polymorphism in human population research
The hypervariable minisatellite locus D1S80 (pMCT118) is the second most frequently used
marker in population studies; it is located in the short arm of chromosome 1 and is a tandemly
organized repeating region with an elementary link of 16 bp (Nakamura et al, 1988).
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D1S80 is located at a distance of 16.5 kb from the start of the gene that encodes the 2
subunit of phospholipase, which plays an important role in the calcium metabolism of
cerebral neurons, but no imbalance due to coupling between D1S80 region and the sequence
of this gene has been found (Jeffreys et al, 1985; Sajantila et al., 1992; Tanaka, 2005). The
allele variants of D1S80 vary in length because of variable repetition of the elementary link
(15 to 41 or more repeats). According to the notation of alleles by Nakamura et al.
(Nakamura et al, 1988), different alleles are designated in compliance with the number of
repeats. The spectrum and frequencies of D1S80 alleles have been described fairly
comprehensively, as this locus has been used intensively in criminalistics and forensic
medical examinations (Kasai et al., 1990). Subsequently, Budowle et al. suggested the
possibility of using D1S80 to differentiate populations (Budowle et al., 1991, 1995). The first
investigation of the variability of this locus on a global scale, namely, in 43 populations from
different regions of the world, was published by Duncan et al. in 1996 (Duncan et al., 199697). Clear distinctions were noted between populations of different main human groups and
high similarity was shown among populations of the same main human group.
The subsequent report of a global analysis of D1S80 variability, performed by Mastana and
Papiha (Mastana & Papiha, 2001), described the study of the marker in 84 world
populations. The authors presented the spectra of D1S80 allele frequencies and, using the
method of factor correspondence analysis, revealed clear-cut distinctions between
European, Asian, Afro-American, American Indian, and Indian ethnic groups.
Subsequently, the D1S80 polymorphism was analyzed in 33 world populations with a focus
on the variability of the marker in sub-Saharan African populations (aboriginals of Africa)
and a population of Arabian origin (the population of Egypt) (Herrera et al., 2004). As the
differentiation of ethnic groups based on D1S80 data provided a very good description of
the peculiarities of the groups, which were demonstrated previously via the analysis of
biochemical markers, and conforms with the geographical locations of the populations with
the peculiarities of their origin, the authors drew a conclusion allowing the applicability of
only one marker, D1S80, to the study of the phylogenetic interrelationships of populations
(Herrera et al., 2004).
A multimodal distribution is the distinctive feature of the spectrum of D1S80 allele
frequencies. Some D1S80 alleles occur quite frequently, e.g., the total frequency of allele
variants with 18 and 24 repeats is as high as 70% (Das & Mastana, 2003, Herrera et al., 2004,
Walsh & Eckhoff , 2007). The first major allele, which contains 18 repeat units, occurs in 5.5–
9% of sub-Saharan African populations, in 15–21% of Asian populations, and in 13–35% of
European populations. The second major allele (24 repeats) has a frequency of 26–45% in
Europeans, 6–29% in sub-Saharan Africans, and 17–24% in Asians(Das & Mastana, 2003;
Duncan et al., 1996-97; Budowle et al., 1991, 1995; Herrera et al., 2004; Sajantila et al., 1992).
Some of the allele variants may either have a very high or very low frequency in particular
populations, or even in the main human groups. Thus, in comparison with other main
human groups, sub-Saharan Africans are characterized by very high frequencies of alleles 17
(up to 10%), 21 (up to 16%), 22 (up to 12%), 28 (up to 20%), and 34 (up to 31%), and a low
frequency of allele 18. Moreover, the diversity of the aboriginal groups of Africa is so high
that each population has its own typical profile of distribution with different numbers of
repeats and positions of modes (modal values). This picture is also typical for the
aboriginals of northern Australia.
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We studied the polymorphism of the D1S80 minisatellite in 32 populations from the Eastern
European region (Verbenko et al., 2003b, 2004, 2006, 2007; Khrunin et al., 2007; Limborska et
al., 2011a). The study revealed the presence of 27 allele variants of the D1S80 minisatellite,
with sizes ranging from 15 to more than 41 repeats and with varying frequencies in these
populations. Various populations of Eastern Europe have 11 (in Ukrainians from Lviv
(Kravchenko et al., 2001) and Byelorussians from Nesvij) to 20 (in Kalmyks) different allele
variants. The broad spectrum of variability observed for the alleles of the D1S80 minisatellite
provides evidence of the high level of polymorphism present in the populations under
study. Though the allele frequencies vary significantly in different populations, their
common features can be traced in their distribution. As a rule, three alleles (with 18, 24, and
31 repeats) occur at maximal frequency (the total frequency of their occurrence is 50–75%),
one or two alleles occur more rarely (usually, these are variants containing 22, 25, 28, and 30
repeats, with frequencies of up to 11%), whereas other alleles usually occur with a frequency
of less than 5%. Allele 24 is predominant in the European populations of Eastern Slavs
(Russians, Belarusians, and Ukrainians) and allele 18 predominates in the populations of
Kalmyks and Yakuts, which have an Asian origin. The populations of the Volga–Ural region
(Tatars, Udmurts, Bashkirs, Maris, and Komis) and the populations of the Adygei–Abkhazia
group (Adygeis, Abkhazians, and Circassians) have approximately the same frequencies of
alleles 18 and 24. The frequency of allele 31 is low in European populations, intermediate in
Asians, and maximal (up to 17%) in some populations of the Volga–Ural region.
The distribution of D1S80 allele frequencies in the populations studied is multimodal (see
examples in Figure 4). The spectrum of alleles in European (Russian), Asian (Yakut), and
Uralic (Udmurt) populations has common maxima for alleles 18 and 24. The ratio of the
frequencies of alleles 18 and 24 is unequal among populations of the main human groups; the
phenomenon of inversion of the frequency of the major alleles 18 and 24 is particularly
noticeable between Asian and European populations. The comparison of D1S80 allele
frequency distributions between the populations studied and worldwide populations revealed
a similarity between Central European populations and Eastern Slavs, and between Yakut and
Kalmyk populations and other Asian populations of China and Japan (Verbenko et al., 2006).
The capacity of minisatellite D1S80 to differentiate Eastern European populations was
studied using multidimensional scaling of Nei’s genetic distance matrix based on D1S80
allele distributions (Fig. 5, mathematical space). The main group including the Eastern Slav
and Adygei–Abkhazian populations is concentrated in the cluster to the right of the origin
of coordinates; the genetic relationship of these two groups can be interpreted easily based
on their common European origin. Thus, European populations form one of the main
clusters on the multidimensional scaling plot. Populations with an Asian origin (Kalmyks
and Yakuts) are characterized by significant remoteness from Europeans. Populations of the
Ural geographic region (Udmurts, Maris, Komis, Bashkirs, and Tatars) are located to the
right of the origin of coordinates, in an intermediate position between the European and
Asian populations. The second dimension provides the distinct differentiation between the
populations that live close to the region of the Ural Mountains and the populations with an
Asian origin.
The grouping of populations according to linguistic classification is indicated in the Figure
5. The populations of the Eastern Slavonic linguistic family (Russians, Ukrainians, and
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Belarusians) form a single cluster, which also includes the populations of the Northern
Caucasian linguistic family, as a subcluster. Russian populations from the Arkhangelsk
region (Oschevensk and Belaya Sluda settlements), which are located within the cluster of
the Finno–Ugric linguistic group, are the exception. The peculiar positions of these
populations may be a reflection of peculiarities in their ethnic history regarding the
variability of the D1S80 minisatellite; they were formed in the course of the development of
northern lands by Russians under the active assimilation of native Finno–Ugric peoples,
starting from the second millennium AD. This fact seems to have left a mark on the
formation of their gene pool. A comparison of these findings with the results obtained in the
study of mitochondrial DNA and Y chromosome markers revealed the corresponding
peculiarities of these populations. Thus, a detailed analysis of the combination of nine
polymorphic restriction sites with mutations of the first hypervariable segment of the
mitochondrial DNA of the Russian population of Oschevensk in the Arkhangelsk region
revealed a high frequency of the U5b1 mitotype, which is typical of the Finno–Ugric
population of Lapps (Belyaeva et al, 2003; Balanovsky et al, 2008; Limborska et al., 2011b). An
analysis of the haplotypes of Y chromosome microsatellite markers in the populations of
Eastern Slavs demonstrated the kinship between these populations; only the population of
Oschevensk in the Arkhangelsk region was characterized by a special set of haplotypes.
Comparison of these findings with the variability of Y chromosome haplotypes in European
populations revealed the kinship between the Arkhangelsk population from Oschevensk and
not only Slavic, but also Finno–Ugric populations (Khrunin et al., 2005). The analysis of the
data of mitochondrial DNA and Y chromosome polymorphisms, taking into consideration the
peculiarities of ethnic history, leads to the conclusion that the gene pools of some Russian
populations from the Arkhangelsk region contain an ancestral Finno–Ugric component.

Fig. 4. D1S80 minisatellite allele frequency distributions in populations from Russia.
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Fig. 5. Multidimensional scaling plot (two dimensions) of Nei’s genetic distances among 31
populations of Eastern Europe and one population from Siberia. Linguistic affiliations of
populations are designated with geometrical figures. The triangle includes the populations
of North Caucasus linguistic family (except for Russians). Abbreviations are: European
origin populations: Circassians, Abkhazians, Adygeis (AD), Shapsugs (Shap) (North
Caucasus geographic region); Russians: Cossacks, Belaya Sluda (BSluda), Kholmogory
(Khol), Kostroma, Novgorod (NG), Oschevensk (Osheven), Mezen (M), Smolensk (Ugra
district) (Smol), Smolensk (Sychevka district) (S), Kursk (1); Belarussians: Grodno, Khoiniki,
Nesvij, Mjadel’ (MJ), Bobruisk (BO), Pinsk; Ukrainians: Kiev (2), Lviv, Alchevsk (A);
Circassians, Abkhazians, Adygeis (AD), Shapsugs (Shap) (North Caucasus geographic
region); Other ethnic groups: Bashkirs, Tartars, Komi-Permyats, Izhemski Komi, Priluzski
Komi, Udmurts, Maris (Ural geographic region), Kalmyks, Yakuts.
Based on the aforementioned data, we can conclude that there is a spectrum of distribution
of allele frequencies of specific alleles of D1S80 for the main human groups and for
individual populations. It should be noted that the nature of the variability of this
minisatellite differs from that of the 3APOB minisatellite locus; however, both represent
markers that can be used to differentiate clearly the major human groups and identify the
peculiarities of individual populations. A good example is the case of the Russian
populations of European origin that live in the Arkhangelsk district: the Oschevensk and the
Belaia Sluda. These two populations from the same ethnic group can be readily
distinguished from other Russian populations using multidimensional scaling of the D1S80
minisatellite variability genetic distance matrix, whereas the 3APOB minisatellite, which is

70

Studies in Population Genetics

located in a different chromosome, does not differentiate these populations among other
Russians. One can propose that the characteristics of 3APOB and D1S80 reflect different
aspects of the history of population evolution.
Thus, the minisatellite DNA markers 3APOB and D1S80 are sensitive and informative
markers that can be applied to the study of the genetic structure of populations and
population differences, and can be used to determine the genetic affinities among
populations and to reconstruct their evolutionary relationships. The minisatellites D1S80
and 3APOB have been used extensively in population studies worldwide. Analysis of these
loci in the population of Russia is an important part of population studies, both in terms of
describing the variability of the gene pool, and as an annex to the global analysis of the
origin and differentiation of human populations.

6. Allele spectrum shape subdivision using the SNP–VNTR haplotype at
D1S80
To explore the evolutionary scenario underlying the complex allele distribution shape of
D1S80 in different populations, we used an innovative technique of simultaneous
determination of SNPs and minisatellites (Limborska et al., 2011a). Using fluorescently
labeled primers and fragment analysis via capillary electrophoresis, we identified a
hypervariable combination of the minisatellite polymorphism at the D1S80 locus and a SNP
(G>T, rs16824398) adjacent to (74 bp) the minisatellite. The approach applied allows the
determination of autosomal haplotypes representing the combinations of VNTR alleles with
certain repeat numbers and alleles of the flanking SNP (Figure 6). A comparison of the
SNPrs1682498-D1S80 haplotype frequencies was performed in populations of European
(Russians), Asian (Yakuts), and African origin (from the sub-Saharan region; student
volunteers from the Peoples’ Friendship University of Russia, Moscow).

Fig. 6. Schematic of SNP-VNTR system (hypervariable minisatellite polymorphism
combination of locus D1S80 and a single-nucleotide polymorphism) depicting double
heterozygote autosomal haplotype for a diploid organism. In this example, one homolog has
a G allele at the SNP and minisatellite locus of four (as e.g.) repeat units. The other homolog
has a T allele at the SNP and minisatellite locus of two (as e.g.) repeat units.
The distributions of D1S80 allele frequencies in the populations studied are shown in
Figures 7-9. Twenty-two alleles containing 16–41 repeats were detected among the 820
chromosomes typed. The allele spectra of all populations were multimodal, with the main
peaks at alleles 18 and 24 in the Russian and Yakut samples. The frequency of allele 24 was
high in the two Russian populations and the frequency of allele 18 was highest among the
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Yakuts. The African allele spectrum was expanded and had peaks at alleles 18 and 24, albeit
at lower frequency; the other major alleles were alleles 21 and 28.

Fig. 7. D1S80 minisatellite allele frequency distributions in two geographically Russian
populations (Europeans ).
An analysis of the amplified SNPrs1682498-D1S80 allelic pairs revealed the chromosomerelated specificity of D1S80 allele spectra. A likelihood-ratio test was used to assess the
significance of the LD between each D1S80 allele and SNP alleles. One of the most frequent
variants, allele 24, was significantly associated with the T allele in non-African samples (D =
0.75–0.93; P < 1  10–4). This combination was 10 times more frequent than the combination
including the G allele. No significant association between allele 24 and the SNP background
was observed in the African group, in which both combinations occurred almost equally
(20.5% and 15.1%, respectively; D = 0.11; P = 0.465). In Africans, the T allele was associated
most strongly with allele 21. This combination also occurred 10 times more frequently than
the combination including the G allele. Another frequent D1S80 allele containing 18 repeats
was in complete LD (D = 1.00) with the G allele and was not detected on the T background
in any of the populations. However, it occurred about three times more frequently in non-
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African populations (40.4–47.3%) than in African samples. The other common D1S80 alleles
(28 and 31) and population-specific alleles (e.g., 16 in Yakuts and 33 in Africans) were also
associated mainly with the G allele. One exception was allele 31 among the Yakuts, which
had no specific linkage with any of the SNP alleles (G, 12.3%; T, 10.9%; D = 0.09; P = 0.785).
Generally, the African samples showed greater genetic diversity for each SNP allele
background than did the samples from the other populations. Lower values of allele
diversity were estimated on the T background in each population. This could be explained
by the observation that most D1S80 alleles were less frequent on the T background, and that
the absolute number of alleles was also lower compared with that observed for the G
background (including the absence of alleles with more than 32 repeats on the T
background). A comparison of the SNP-linked D1S80 allele distributions between pairs of
populations revealed a high degree of similarity (P > 0.01) among the allele spectra on the T
background in non-African samples. In the case of the G-background-related distributions, a
similarity was evident only among Russian samples.

Fig. 8. D1S80 minisatellite allele frequency distributions in Yakut population (Asians).

Minisatellite DNA Markers in Population Studies

73

Fig. 9. D1S80 minisatellite allele frequency distributions in Sub-Saharan African population
The allele frequency patterns of the D1S80 locus are multimodal in many different
populations (Duncan et al. 1997, Verbenko et al. 2006, Khrunin et al., 2007; Walsh and
Eckhoff 2007), and similar patterns were observed in the population samples presented in
the current study. However, unlike other studies that did not provide any data on the
potential contribution of homoplasy to the allele spectra observed, the use of a system
including SNPs allowed us to describe and analyze the distribution patterns of the D1S80
alleles according to their chromosomal location. We started with the analysis of the
chromosome-related patterns of D1S80 alleles in samples from Russia (Russians and
Yakuts). We paid particular attention to the analysis of D1S80 polymorphisms among
northern Russians (individuals from the Mezen district of the Arkhangelsk region), who
exhibit differences from other Russians and proximity to the Finno–Ugric- and Balticspeaking populations (Balanovsky et al. 2008; Khrunin et al. 2009; Limborska et al., 2011b).
Yakuts are typical North Asians (Cavalli-Sforza et al. 1996) who are one of the groups that is
genetically most distant from Russians (Khrunin et al. 2005, 2007; Verbenko et al., 2005;
Flegontova et al., 2009). Subsequently, taking into account the extensive data available on
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the D1S80 polymorphism among African populations, we compared the D1S80 allele
patterns of Russians and Yakuts with our African samples. Although our African DNAs
were collected from students who presumably came from all over sub-Saharan Africa, the
final distribution of D1S80 allele frequencies observed did not differ significantly from the
spectra described for African populations in general (Herrera et al., 2004).
The empirical haplotype phase determination subdivided the total D1S80 allele set into two
haploid allele spectra marked with the corresponding alleles of the rs16824398 SNP. In nonAfrican samples, the major D1S80 alleles (18 and 24) were associated with a different SNP
background. In the context of this finding, the differences in D1S80 allele spectra between
populations of different ethnic origins described previously may be explained by the different
ratio of chromosomes with T and G alleles. In our study, these frequencies were close in
Russian samples from Smolensk and Mezen, and were different in the Yakut population.
The comparison of D1S80 allele distributions on each of the SNP backgrounds in the
populations studied suggests an African origin for both the European and Asian SNP–
VNTR haplotypes. In the non-African samples, the most frequent VNTR allele had 24
repeats on chromosomes carrying the T allele and 18 repeats on chromosomes carrying the
G allele; the frequencies of these alleles were lower in the African samples. The most
frequent alleles in the African samples were VNTR alleles with 21 repeats (on chromosomes
with the T allele) and 28 repeats (on chromosomes with the G allele). Generally, the African
samples revealed an expanded spectrum of frequent VNTR alleles on both types of
chromosomes. This observation is consistent with the corresponding greater values of
genetic diversity estimated for Africans.
Our results suggest that, during their migration out of Africa, modern humans carried only
a subset of the VNTR spectrum on each of the SNP backgrounds tested. The further
evolutionary history of non-African groups (European and Asian ancestors) was
accompanied by founding bottlenecks, which were stronger in Asian populations (Keinan et
al. 2007, Auton et al. 2009), resulting in the current different ratio of chromosomes with G
and T alleles. The greater genetic diversity estimated on the G background for each
population suggests that the rs16824398 locus with G at a polymorphic position is a more
ancestral sequence than the T-containing variant. This is also consistent with the results of
the analysis of corresponding reference sequences in apes, where only G variants are found
(the Ensembl project).
Thus, our study demonstrated the effectiveness of applying a haplotyping approach to the
analysis of VNTR polymorphisms. Using this method, we identified the chromosomerelated characteristics of D1S80 allele patterns, as well as their population features. Taken in
the context of other studies, our main findings also illustrate clearly the potential
advantages of this SNPrs1682498-D1S80 system over single D1S80 locus testing in
population studies and in cases of complex kinship diagnoses.
The subdivision of the D1S80 allele spectrum shape on the linked SNP background is
indicative of populations of the main human groups. Considering the SNP ancestral state,
the data obtained conform to the out-of-Africa hypothesis of evolution of human
populations and provide some details regarding the migration scenario of the main human
groups. The application of this SNP–VNTR approach to different sites of the autosomal
genome may provide detailed insights into population microevolution.
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7. Conclusion
In the past few years, minisatellites have been on the periphery of the attention of
researchers. The current focus of interest is the use of SNPs in population studies because of
new high-yield methods of testing (DNA microarrays).
Recently, another type of tandemly repeated hypervariable regions of the genome—
microsatellites—received renewed interest, as some of them turn out to be the basis of a
number of hereditary diseases. This has contributed to the development of new studies of
microsatellites, which resulted in certain fundamental conclusions regarding their origin in
evolution, the direction of their variability, and their role in the functioning of genomes.
However, existing situation does not negate the significance of minisatellites as very
important regions of the genome, especially considering that it has become clear that some
of them have a regulatory role regarding the genome. Because of the significant advances in
whole-genome sequencing technologies, it can be assumed that, in the near future, the
detailed study of minisatellites will be possible as it becomes clear how the features of their
appearance and their manner of variability are different from those of microsatellites.
Here, we have tried to show the relevance, importance, and effectiveness of minisatellites
based on the example of the use of two minisatellites (D1S80 and 3APOB) in population
research. Each of the two minisatellites is located at different chromosomes and can trace the
evolutionary trajectory of the population, as it is marked by the corresponding genome
segment. It is believed that the genome contains a lot of sites, each of which keeps its own
evolutionary history record.
The variability of each of the markers studied (D1S80 and 3APOB) in populations of Eastern
Europe agrees quite well with the picture obtained from the analysis of anthropological
data, as well as with historical and ethnographic data. Most analyses of other types of DNA
markers have yielded similar differentiation patterns for populations of Eastern Europe (for
a review see Verbenko & Limborska, 2008; Limborska et al., 2011b). In the case of
multidimensional scaling of the matrix of genetic distances for each of the minisatellites
studied, Ural populations were located between the European and Asian populations,
which is a visual representation of the human origin and diagnostic properties of the
markers. The individual features of the 3APOB minisatellite marker include a good
population segregation of the Eastern Slavs and Northern Caucasian language families. The
use of the minisatellite marker D1S80 together with the main human-group
origin/diagnostic features, allows the determination of the specific evolutionary trajectories
of individual populations. For example, this marker can be used to distinguish Eastern
Slavonic populations from those with stronger expression of the Finno–Ugric component
(northern Russian Arkhangelsk region).
The high degree of differentiation of populations based on the variability of the minisatellite
markers D1S80 and 3APOB in combination with the method of multidimensional scaling of
data processing allows the differentiation of not only distant, but also closely related
populations of one ethnic group. Despite the coincidence of main cluster patterns of
population differentiation in Eastern Europe detected for each marker, the analysis of
individual minisatellite markers can lead to the identification of the specific features of the
population. The pattern of variation observed for each minisatellite marker is specific
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because of the different positions of the markers in the genome. According to Dobzhansky,
the action of evolutionary events (mutations and genetic drift, followed by the action of
selection) on populations may result in different effects on some parts of the genome, which
leaves a trace on the frequency distribution of alleles in the population (Dobzhansky T,
1970). Thus, we can assume that the frequency distribution of the allelic variants of the
D1S80 and 3APOB minisatellite loci can be used to characterize certain features of the
genetic history of populations. Taking into account the significant differences observed
between the frequency distributions of the allelic variants of minisatellite markers among
populations of different main human groups and ethnic groups, these markers should be
classified as highly differentiated and origin-diagnostic tools.
Special possibilities appeared in evolutionary studies with the simultaneous detection of
minisatellites and a flanking SNP. The analysis of these combined haplotypes allows the
subdivision of the allele spectrum based on differences in the allelic state of SNPs with
decreased mutation rate. Considering the ancestral state of the SNP, these data provide
some details regarding the migration scenario of the main human groups. The application of
this SNP–VNTR approach to different sites of the autosomal genome may provide detailed
insights into population microevolution. It can be assumed that the use of a set of such
markers would allow the most informative description of the structure of the gene pool of a
particular region, and the identification of the features of the microevolution, origin, and
genetic history of its populations.
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