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Abstract—The nucleotide sequence variation of hypervariable segment 1 (HV S1) was analyzed for mtDNASs
of 88 phylogeographical clusters characteristic of African, West Eurasian, or East Eurasian populations. A sig-
nificant difference in the distribution of mutationswas reveal ed for the mitochondrial gene pools of the regional
human populations. The HV S1 positions were identified whose instability is explained by strand displacement
during mtDNA replication. Strand displacement was assumed to be a major mechanism of context-dependent
mutagenesis associated with the regional differentiation of human populations.
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INTRODUCTION

The human mitochondrial genome is a circular
DNA of 16,569 bp that shows a clonal maternal inher-
itance and experiences no recombination [1, 2]. Mito-
chondrial genome variation has recently attracted par-
ticular interest in relation to human evolution, genetic
history of ethnic and racial groups, and molecular
medicine.

As population genetic studies have revealed, the
human mitochondrial gene pooal displays a continent-
specific distribution of monophyletic clusters (groups
and subgroups) of mtDNASs, with gene pools of partic-
ular ethnic and racial populations containing different
sets of mtDNA groups[2]. On the strength of the phy-
logeographical data, all Eurasian mtDNA groups
belong to three macrogroups—M, N, and R—which
originated from one African group, L3, and spread
through Eurasia since its colonization by modern-type
humans started about 60,000 years ago [3-5]. The
mitochondrial gene pools of the West and East Eur-
asian populations differ in the origin and composition
of mtDNA groups. While mtDNAs of macrogroups N
and R prevail in the West Eurasian gene pool, the East
Eurasian one mostly consists of mtDNAs of macro-
group M and specific variants of macrogroups N and
R. Gene pools of African populations consist of
mMtDNA groups belonging to macrogroup L.

Several explanations are possible for the geograph-
ical difference in mtDNA groups prevailing in the
Eurasian and in the African populations. One is that

the difference results from random processes. This
implies that various Eurasian regions were initialy
colonized by small populations and, consequently,
gene drift played a crucial role in fixing mtDNA vari-
ants of particular macrogroups. On the other hand,
genetic differences between regional Eurasian popul a-
tions might result from selection, which accompanied
the adaptation of populationsto new climatic and geo-
graphical conditions. Evidence has aready been
obtained for the possible effect of selection on mito-
chondrial gene pools of various regional populations
[6-11]. Thus an analysis of full-length mtDNA
sequences has revealed differences in the variation of
mitochondrial genes for populations of the tropical,
temperate, and Arctic zones [10]. This shows that cli-
matic factors might contribute to the structural varia-
tion of the mitochondrial gene pool among regional
populations of the world. Yet it is still unclear how
selection affects the variation of the major noncoding
mtDNA region, which harbors all structural and func-
tional elements responsible for the initiation and reg-
ulation of transcription and replication of the mito-
chondrial genome. With the existing phylogeographi-
cal structure of the mitochondrial gene podl, it is
necessary first to study the mutation spectra of partic-
ular fragments of the major noncoding mtDNA region
in various regional populations. Sequence variation
has been most extensively studied for hypervariable
segment 1 (HVSL), which isat the 5' end of the major
noncoding region. The objective of this work was to
analyze the distribution of HV S1 nucleotide substitu-
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tions in mtDNA types of the phylogeographical
groups characteristic of three regions: Africa, Western
Eurasia, and Eastern Eurasia.

EXPERIMENTAL

Variable positions of mtDNA were identified using
a phylogenetic approach, which reveals the unstable
nucleotide positions where identical mutations arose
repeatedly and independently in different mtDNA
clusters [12]. Data were used on the variation of
HV S1 sequences in mtDNA groups identified by the
polymorphism of coding mitochondrial genome
regions, which have a far lower mutation rate than
noncoding regions. A database included 7482 variants
of the HV S1 sequence (region 16,092-16,365), which
represented 88 mtDNA groups. Of these, 28 (H, HV*,
pre-V, pre-HV, R*, T1, T*, J*, Jla, J1b, J2, K, U*, U1,
U2, U3, U4, U5, U7, U8a, U8b, N1a, N1b, N1c, N*,
I, W, and X) are common in the West Eurasian popu-
lation (total 3834 HVS1 sequences [13]); 34 (C, Z,
M8a, D4 (including D*), D5, G2, G3, G4, E, M*,
M7*, M7b, M7c, M9, M10, A, N9a, N2, N*, Y, R9a,
R*, F*, Fla, Fl1b, Flc, F2, B*, B4*, B4a, B4b, B5*,
B5a, and B5b), in the East Eurasian populations (total
801 sequences [14-18]); and 26 (L1al, L1a2, L1b,
Lic*, L1cl, L1c2, L1c3, L1d, L1le, L2a*, L2ala,
L2alb, L2b, L2c, L2d1, L2d2, L3bl, L3b2 (including
L3b*), L3d, L3el, L3e2, L3e3, L3e4, L3f*, L3f1, and
L3g), in African populations (total 2847 sequences|[5]).

The analysis of variation and the search for variable
positionsin mtDNA HV Sl included several steps. First,
median networks were used to cluster the HV S1 nucle-
otide sequences into groups of related mtDNA types on
evidence of the distribution of group-specific variants of
coding regions. Second, variable HV S1 positions were
identified for each group of mtDNA types. Third, the
portion of variable positionsin HV S1 was estimated for
each group of mtDNA types. Mutations were identified
against the Cambridge human mitochondrial DNA
sequence (L strand) [1], which is commonly used as a
reference in mitochondrial genetics. Only direct muta-
tions were considered (with the only exception of posi-
tion 16,223). This was because individual mtDNA sub-
groups must be analyzed to identify reverse mutations
and to diagnose their independent generation in different
MtDNA lines; such analysis is feasible only for a few
MtDNA groups with well-characterized substructures
[5]. Both direct and reverse mutationswere considered in
the case of postion 16,223, since the Cambridge
sequence, which belongs to cluster R, is known to differ
from evolutionarily younger (N-, M-, and L3-root)
MtDNA seguences in having 16,223C. Hence transition
T — C,whichledtotheoriginsof cluster R and of sev-
eral mtDNA typesin macrogroups M and L, was consid-
ered to be a direct mutation, while transition C — T,
which was detectable in various mtDNA groups of clus-
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ter R (H, J, K, pre-HV, R*, U2, U3, U4, U5, B4), was
considered to be areverse mutation.

The homoplastic direct mutation rate was com-
puted as a ratio between the number of independent
identical mutations having arisen in different phyloge-
netic clusters and the number of clusters examined.
The significance of the differencesin the mutation rate
for HVS1 mutation spectra was estimated with the t
test, using the STATISTICA/w 5.0 program. Statisti-
cal analysis of the model of dislocation mutagenesis
was performed with the CONSEN program [19, 20].
The model is based on the assumption that DNA
strand displacement arising at repetitive sequences
during replication quickly leads to sequence align-
ment, with nonpaired bases generated in one strand at
the site of displacement [21].

RESULTS AND DISCUSSION

A large body of data on the variation of mtDNA
HV S1 in human populations has been accumulated by
now. For instance, the mtradius database harbors more
than 17,000 individual nucleotide sequences[17]. Yet
published data demonstrate that there are far fewer
HV S1 sequences having a phylogenetic status con-
firmed by additional analysis of the polymorphism of
coding regions of the mitochondrial genome. Previ-
ously a database has been constructed of 7482 HV S1
nucleotide sequences (region 16,092-16,365) that
belong to 88 phylogenetic mtDNA groups that are
widespread in the African and Eurasian populations.
West Eurasian samples represent various regiona
populations of Europe and Western Asia; East Eur-
asian samples mostly represent the North Asian (Sibe-
rian and Central Asian) population, whose gene pool
has been studied in the most detail; and African sam-
ples represent various regional populations of Africa.

The gene pools of West Eurasian populations are
characterized by mtDNA types belonging to mono-
phyletic clusters HV, TJ, and U of macrogroup R or
clusters N1, W, and X of macrogroup N [13]. These
macrogroups were respectively designated as
R(WEA) and N(WEA). In the gene pools of East Eur-
asian populations, mtDNA types of macrogroup M are
most common and those of macrogroups R and N
occur at relatively high frequencies. However, the R
and N lines of the East Eurasian gene pool belong to
R(EEA) clusters B and R9 and N(EEA) clustersA and
N9, which are unusual for the European and West
Asian populations [16, 17]. The gene pools of African
populations mostly consist of mtDNA groups belong-
ing to macrogroup L ; groups U6 and M1 occur only in
populations of northeastern Africa [5]. Yet these
groups were excluded from the analysis because of
their Eurasian origin [4, 23].

The HVS1 mutation spectrum was reconstructed
on the basis of the L-strand of the Cambridge mtDNA
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Table 1. Frequency distribution of transitionsin the regional mutation spectra of mtDNA HV S1

West Eurasia: the N(WEA) East Eurasia: the M, N(EEA), C
Transition and R(WEA) groups and R(EEA) groups Africa the L groups
n m m/n n m m/n n m m'n
T—C 38 274 7.2 36 161 4.4 34 203 59
C—T 71 429 6.0 61 180 29 56 338 6.0
A—G 47 134 2.8 32 65 2.0 42 97 2.3
G—A 14 72 5.1 8 54 6.7 10 62 6.2

Note: nisthe number of polymorphic positions, misthe number of mutations, and n/misthe mutation pressure (the mean number of muta-

tions per polymorphic position).

sequence and analyzed in the above three regional
populations. Of the 274 positions examined, 202
proved to be variable, affected by 2212 mutations.
Most mutations were transitions: the transition-to-
transversion ratio was 14:1. The ratio dlightly varies
with region, being 13.5:1 in West Eurasia, 14:1 in
Africa, and 15.8:1 in East Eurasia. An analysis of the
distribution of transitions among the individual phylo-
geographical groups of mtDNA demonstrated that
pyrimidine transitions are most common (Table 1).
Compared with purine transitions, pyrimidine transi-
tions are 3.4 times more frequent in the African and
West Eurasian populations and 2.9 times more fre-
guent in the East Eurasian population. Another infor-
mative index is the ratio between the number of vari-
able positions and the number of mutations occurring
in these positions. This ratio reflects the mutation
pressure on particular nucleotides. High ratios were
obtained for all nucleotides but adenine. In addition,
the mutation pressure on cytosine in the East Eurasian
group was lower than in the other regional groups (2.9
vs. 6.0). It should be noted that the variability of indi-
vidual nucleotides (as estimated from the number of
polymorphic positions) correlates significantly with
their content in HV S1 (r = 0.99): the higher the con-
tent of a particular nucleotide, the higher its variabil-
ity. However, the distribution of mutation pressure
was not associated with the nucleotide composition of
HVSL1. Thus adenines, which, along with cytosines,
are most common in the L-strand of mtDNA HVS1
(34.7 and 35%, respectively), are least affected by
mutation pressure compared to the other nucleotides
(Table 1). In contrast, guanines occur at alow (9.1%)
frequency and experience a high mutation pressure (at
least five independent mutations per polymorphic G).

Comparison of the mutation spectrum of mtDNA
HVSL for the three regional human populations
showed that some nucleotide positions are variable in
all three populations. Table 2 shows 18 such positions.
Each of theseis a hot point in at least one phylogeo-
graphical group of mtDNA sequences; i.e., it is char-
acterized by more than ten mutations having arisen
independently in different mtDNA groups [24].
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Among the 18 positions, the hottest points are 16,093,
16,129, 16,189, 16,311, and 16,362. For each of these
positions, more than ten identical mutations were
found in each regional mutation spectrum, that is, in
28 mtDNA groups of the West Eurasian population, in
34 mtDNA groups of the East Eurasian population,
and in 26 mtDNA groups of the African population.
Importantly, the three mutation spectra differ signifi-
cantly (P < 0.05) in the mutation rate at certain posi-
tions (Table 3). In Table 3, horizontal lines show the
nucleotide positions with mutations significantly
more frequent in one of the three regional groups. The

Table 2. Hypervariable positions of HV S1 and the number of
identical mutations in the regional mtDNA mutation spectra*

West Eurasia| East Eurasia:| Africa
Position| Mutation | 28 mtDNA | 34 mtDNA |26 mtDNA
groups groups groups
16093 | T—C 22 13 20
16129 (G—A 15 19 12
16145 |G— A 12 12 10
16172 | T—C 14 10 15
16189 | T —C 22 15 24
16192 |C—T 13 5 15
16209 | T—C 10 6 15
16234 | C—T 11 7 16
16256 | C—T 12 5 17
16261 |C—T 9 5 11
16274 |G — A 12 7 13
16278 |C—T 15 4 14
16290 |C—T 12 4 7
16291 |C—T 16 8 16
16304 | T—C 13 7 4
16311 | T—C 20 20 15
16355 |C—T 12 6 11
16362 | T—C 20 13 21

* The number of identical mutations in mtDNA groups is indi-
cated.
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Table 3. Differencesin the distribution of HV S1 mutations between regional phylogeographical groups of mtDNA

West Eurasia:

Group N(WEA), R(WEA)

East Eurasia M, N(EEA), R(EEA)

Africa: L

West Eurasia:
N(WEA), R(WEA)

16094, 16129GC, 16144,
16164AT, 16165, 16195,
16211, 16214CA, 16216,
16219, 16220AC,
16239CA, 16267, 16281,
16336

East Eurasia: M,
N(EEA), R(EEA)

Africa L 16111CA, 16166, 16254

16093, 16114, 16147, 16168, 16169,
16186, 16188, 16189, 16192, 16207,
16211, 16214, 16220AC, 16222, 16223,
16224, 16231, 16239, 16256, 16264,
16265, 16265AC, 16278, 16286, 16290,
16291, 16297, 16304, 16318, 16318AT,
16320, 16327, 16355, 16356, 16362

16164, 16291CA

16093, 16111CA, 16114, 16166, 16169,
16172, 16186, 16187, 16188, 16189,
16192, 16209, 16213, 16214, 16234,
16254, 16256, 16264, 16278, 16320

16136, 16147, 16174,
16211, 16220AC, 16222,
16223, 16224, 16231,
16262, 16265, 16271,
16287, 16297, 16298,
16304, 16318AT, 16319,
16324, 16325, 16356

16319

16111CA, 16141,
16187CA, 16188CA,
16284AC, 16293AT,
16330

Note: Positions are indicated for transitions established against the L-strand of the Cambridge mtDNA sequence. In the case of transver-
sions, both position and type of substitution areindicated. The diagonal showsthe mutationsfound only in the corresponding regional
group (unique mutations). Horizontals show the mutations that significantly (P < 0.05) differ in frequency between the regional
mtDNA mutation spectra. Region-specific mutations (i.e., those that were found only in one of the three spectra or were significantly

more frequent in one spectrum) are in boldface.

highest number of such positions was observed in the
West Eurasian mutation spectrum. The data of Table 3
demonstrate that, in the West Eurasian gene pool,
mutations in 35 positions arose at a higher frequency
than in the East Eurasian gene pool and mutations at
21 positions were more frequent than in the African
gene pool. The African gene pool significantly dif-
fered in the mutation rate at 3 and 20 positions from
the West and East Eurasian gene pools, respectively.
The East Eurasian mutation spectrum contains only
one position (16,319) in which mutations arose more
frequently than in the African gene pool. The diagonal
shows the nucleotide positions that are variable only
in one regional group. Consequently, mutations in
these positions are unique. Their numbers were 15, 7,
and 2 intheWest Eurasian, African, and East Eurasian
spectra, respectively. Such unique, region-specific
mutations arising independently in at least two
mMtDNA clusterswerefound in each of thethreeHV S1
mutation spectra. It is noteworthy that transversions
account for a considerable portion of total unique
region-specific mutations. Their frequency reached
70% in the African spectrum, where five of the seven
unique mutations were transversions.

Thus, the results clearly demonstrate that the
mtDNA HV S1 mutation spectra of the three regional
human populations significantly differ in mutation
rate at certain nucleotide positions. Moreover, some
nucleotide positions became unstable only in particu-
lar phylogeographical (regional) mtDNA groups in
the course of individual evolution of the mitochon-
drial gene pools, whose divergence started severa
tens of thousands of years ago. The causes of this are
still obscure. As mentioned above, phylogeographical

mtDNA groups of the tropical, temperate, and Arctic
zones have earlier been reported to differ in distribu-
tion of nonsynonymous mutations of mitochondrial
genes [10]. The difference has been explained by
selection associated with adaptation of the corre-
sponding populations. Both findings, however, require
a better understanding of the molecular mechanisms
generating mutation hot points in the mitochondrial
genome.

As previous studies have reveal ed, the mechanisms
of mutations in the major noncoding mtDNA region
dependsto agreat extent onthe DNA context [24, 25].
One of the most important mechanisms is strand dis-
placement (dislocation) at mononucleotide repeats or
regions of secondary structures (hairpins, loops) inthe
course of DNA replication. The model of dislocation
mutagenesis explains the generation of 20% hot
pointsin HVS1 [24].

An analysis of the HVS1l mutation spectrum
showed that 23.4% (517 of 2212) of the mutations
arising in 34.7% (70 of 202) of the variable positions
may be explained in terms of dislocation mutagenesis.
All HV S1 positions prone to dislocation mutagenesis
are listed in Table 4. In the case of mutations arising
in the vicinity of position 16,223, context variants
were analyzed both with T and with C located in this
position. For instance, the root sequences of groups Z
and K are respectively 16,185-16,223-16,224—
16,260-16,298 and 16,224-16,311 (transitions rela-
tive to the Cambridge mtDNA sequence). The muta-
tion in position 16,224 arose twice and in different
nucleotide contexts, since position 16,223 is occupied
by T in group Z and by C in group K. In both cases,
dislocation mutagenesis is the most probable mecha-
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Table 4. Didocation mutationsin mtDNA HVS1

Mutation Nucleotide position

Transitions

C—T 16095, 16173, 16188% 2, 16197, 16223,
16250, 16262, 162872, 16296, 16353,
16355%, 16358, 16363

T—C 16094%, 16152, 161722, 16189% 2, 16223,
162241, 16249, 16263, 16288, 16297,
16352, 163561, 16357, 16362

A—G 16119, 16203, 16207%, 16254?, 16272,
16275, 16318!

G—A 16204, 16255, 16274, 163193

Transversions

T—A 16092, 16342

A—T 16120, 16137, 16171, 16351

T—G 16144

A—C 16166, 16220, 16227, 16240, 16258,
16265%, 16269, 16293

C—A 16108, 16114, 16147, 16169, 16214,
16239%, 16242, 16245, 16257, 16266,
16278, 16286, 16292, 16327

C—G 16107, 16111, 16128

G—C 16129%, 16319

Note: Mutations characteristic of the 1 West Eurasian, 2 African,
and ° East Eurasian mutation spectra are indicated. Muta-
tions were identified against the L-strand of the Cambridge
mtDNA sequence. Mutationsindicated in theregional HV S1
mutation spectra (Table 3) are in boldface.

nism of transition in position 16,224, but its mecha-
nisms differ. In the case of group K, transition
(16,224) arose in the context of R-root sequence and
changed CCCTCAA to CCCCCAA (nucleotide
16,224 is boldfaced, the dislocation site is under-
lined). In the case of group Z, transition (16,224)
arose in the context of M-root sequence and changes
CCTTCAA to CCTCCAA.

In thelist of dislocation mutations (Table 4), those
observed in the regional mutation spectra(Table 3) are
shown in boldface. It should be noted that the portion
of positions prone to dislocation mutations was 34.5%
(19 of 55) in the West Eurasian mutation spectrum and
16.7% (4 of 24) inthe African mutation spectrum (dis-
location mutations corresponding to particular
regional spectra are indicated in Table 4). The only
position (16,319) with a mutation rate significantly
higher in the East Eurasian than in the African mtDNA
groupsis also prone to disl ocation mutagenesis. Thus,
the model of strand displacement during replication of
the mitochondrial genome explains the mechanism of
some mtDNA mutations found in regional spectra. It
is clear, however, that a variety of mechanisms are
responsible for mutations arising in the mitochondrial
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genome. This important problem deserves further
investigation.
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