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Abstract—Yu.P. Altukhov suggested that heterozygosity is an indicator of the state of the gene pool. The idea
and a linked concept of genetic ecological monitoring were applied to a new dataset on mtDNA variation in
East European ethnic groups. Haplotype diversity (an analog of the average heterozygosity) was shown to
gradually decrease northwards. Since a similar trend is known for population density, interlinked changes
were assumed for a set of parameters, which were ordered to form a causative chain: latitude increases, land
productivity decreases, population density decreases, effective population size decreases, isolation of subpop
ulations increases, genetic drift increases, and mtDNA haplotype diversity decreases. An increase in genetic
drift increases the random inbreeding rate and, consequently, the genetic load. This was confirmed by a sig
nificant correlation observed between the incidence of autosomal recessive hereditary diseases and mtDNA
haplotype diversity. Based on the findings, mtDNA was assumed to provide an informative genetic system for
genetic ecological monitoring; e.g., analyzing the ecologydriven changes in the gene pool.
DOI: 10.1134/S1022795411110056

INTRODUCTION
Writing this article for the issue devoted to the
memory of Academician Yu.P. Altukhov, we remem
bered the important step in the development of Rus
sian population genetics that was closely associated
with Altukhov. A comparison with modern studies
shows that the current step is characterized by a rapid
accumulation of experimental data, which are impor
tant, but particular results. Altukhov and his col
leagues focused more on observing regularities, gener
alizing, and formulating concepts, which provided a
bridge between theoretical constructs and applied
studies of gene pool diversity.
As one of his generalizations, Altukhov suggested
that heterozygosity is an integral parameter that is
associated with both individual lifespan [1, 2] and the
state of the population gene pool, noting that both a
decrease and an excessive increase in heterozygosity

are similarly unfavorable for the normal function of a
population [3]. A ratio between heterozygosity
(intrapopulation variation) and interpopulation varia
tion was considered to be an important speciesspe
cific constant, any bias from the constant suggesting
an unfavorable state of the gene pool structure [3]. In
this idea, Altukhov’s works are closely related to stud
ies by Professor Yu.G. Rychkov, another leader of
Russian population genetics, and his school, espe
cially to studies of the distribution of interpopulation
variation [5–7] and genetic ecological monitoring [8].
In memory of these prominent researchers and in
an attempt to reestablish, at least partly, the theoretical
component in Russian population genetics, we ana
lyzed new experimental data on mitochondrial DNA
(mtDNA) variation in East European populations.
Rather than analyzing the data in the context of his
torical migrations as is common now (such an analysis
was performed previously; e.g., see [9]), we attempted
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a theoretical generalization, using the concepts of the
important role of heterozygosity and the approaches
to genetic ecological monitoring, which had been
developed by Altukhov, Rychkov, and their colleagues.
In particular, we considered the geographical variation
of haplotype diversity (an analog of heterozygosity in
the case of mtDNA) and its association with both eco
logical parameters and the population load of heredi
tary diseases (genetic load).
The concept of genetic ecological monitoring [8,
10] is based on the idea that the gene pool is a vital
resource of the population and is important for its sta
ble existence. These views of the gene pool originated
from works of A.S. Serebrovsky, a founder of gene
geography, and was developed by Rychkov’s school of
Russian gene geography. Similar studies are now in
progress in the global science; an example is provided
by pharmacogenetics, which focuses on the differ
ences in drug responses among populations and is
intensely developed now. In a general sense, such stud
ies are a particular field of ecological genetics [11],
which focuses on the mechanisms that sustain adapta
tion of populations to the given environment and
manifest themselves in increasing frequencies of the
genes that are most favorable in the given conditions.
It is important to note that the majority of studies
focus on a particular gene that plays a certain role in
adaptation of its carrier to natural or artificial environ
mental conditions. In contrast, Russian population
genetics focuses on the gene pool and its structure,
that is, on changes in the population distribution of the
total gene set. Examples are provided by Altukhov’s
works on the association between mean heterozygosity
(averaged over many genes) and lifespan and on the
optimal level of interpopulation differences [1–3].
Although studies focusing on similar problems are
many, we could not find a work that where adaptation of
human populations is considered on the basis of the
structure of the total gene pool, rather than individual
genes, and changes in the gene pool are monitored over
time. In this work, we summarized our investigations in
the field. Mitochondrial DNA was chosen as the DNA
system best characterized among all genetic markers.
MATERIALS AND METHODS
Dataset on mtDNA variation. Mitochondrial DNA
is one of the genetic systems most intensely studied in
current research, and dozens of population genetic
studies focusing on mtDNA analysis in particular pop
ulations are published annually. Data on mtDNA can
additionally be found in papers on forensic medicine,
where mtDNA is employed in personal identification.
Thus, ample publications with data on an extremely
large sample of mtDNA specimens appeared in the
past 20 years. Our team have collected and system
atized this information in a database for many years.
The resulting database MURKA (mtDNA data
base and integrated software; Zaporozhchenko, Bal

anovsky, Pshenichnov, and Balanovska), which accu
mulated for several years, is intended for further devel
opment. The database included information in
33000 mtDNA samples in 2004, 62000 mtDNA sam
ples in 2007, 95000 samples in 2008, and 135000 sam
ples in 2010 and currently has data on 168000 mtDNA
samples. An important feature of our database is that
the populations under study are characterized in the
most thorough and comprehensive manner; the char
acteristics include the population designation, sample
size, administrative location (country and province),
ethnicity, language group, geographical coordinates,
references to the data sources, etc.
The applications of the database are not restricted to
a study of the East European populations, as in this
work. Using the database, we analyzed the general reg
ularities at the formation of populations in highlatitude
Eurasia and, in particular, the origin of Saami (Lopars)
[12]. We found that the north Eurasian populations pre
serve the separation of western and eastern gene pools,
as common for total Eurasia, and that the eastern com
ponent comes to prevail considerably in northern
regions, extending far into Europe. However, this influ
ence did not reach the Saami, and all main components
of their mitochondrial gene pool suggest an East Euro
pean origin for the ancestors of the Saami.
In collaboration with French researchers, we used
the database to study the genetic relationships of two
Central African population groups, Bantuspeaking
farmers and Pygmy hunter–gatherers [13]. The study
showed that mtDNA haplogroup L1c is the most prev
alent in both of the groups and that their common
ancestral population lived approximately 70000 years
ago. The Pygmy and Bantu ancestral populations
evolved independently during their more recent his
tory. A recent gene flow was demonstrated for the two
Central African populations and proved to be asym
metric, from the Pygmy to Bantu population, but not
otherwise. This finding agrees with the ethnographic
observations that, although rare, marriages between
Bantu males and Pygmy females do occur, whereas
opposite marriages are unknown.
The above two examples show that the database has
a broad range of applications. As a universal applica
tion, we created an atlas of the geography of mtDNA
haplogroups in Eurasian populations. Database infor
mation was mapped to produce distribution maps for
each of the major haplogroups. Several maps of the
atlas were published in [14] and are available at our
web site (www.genofond.ru). In this work, database
information on the prevalence of each mtDNA haplo
type in populations of East Europe and adjacent regions
was used to calculate the haplotype diversity index. The
information included our unpublished data to a consid
erable proportion, and, consequently, the haplotype
diversity indices are summarized in Table 1. Information
on other populations shown in the map was obtained
from studies reported by other researchers.
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Calculation of the haplotype diversity index. The
population frequency of a particular haplogroup (or a
haplotype) is the simplest characteristic of a mito
chondrial gene pool. The second parameter is the hap
lotype diversity index, which is calculated as unity
minus the sum of square frequencies over all haplo
types found in the population:
n ⎛1 –
ˆ = 
H
⎜
n – 1⎝

k

2⎞
i

∑ p ⎟⎠ ,

i=1

where n is the sample size, k is the number of different
haplotypes, and pi is the frequency of the ith haplotype.
When only one haplotype is found in a population
(i.e., all members of the population are similar in
mtDNA), the haplotype diversity index is zero. When
all members of the population differ in mtDNA from
each other (i.e., not a single haplotype is found in two
or more individuals), the haplotype diversity index is
unity. It is clear that the haplotype diversity index is
calculated in the same manner as the expected het
erozygosity for autosomal markers, i.e., the sum of
square frequencies corresponds to the total frequency
of homozygotes, and unity minus the homozygote fre
quency is the frequency of heterozygotes, that is, the
heterozygosity of the population at the given (single)
locus, assuming that Hardy–Weinberg equilibrium is
obeyed. The term heterozygosity is applicable only to
diploid genetic systems, while mtDNA is haploid.
Hence, it is possible to think that the haplotype diver
sity index for haploid systems is an analog of the het
erozygosity for populations corresponding to the
Hardy–Weinberg proportions.
In essence, the parameter (heterozygosity or hap
lotype diversity) is the probability for two alleles (hap
lotypes) selected from the population at random to be
nonidentical. The parameter is theoretical in the case
of haploid systems and has practical applications in
the case of diploid systems because alleles of diploid
systems do unite in one zygote. In view of this, we con
sider haplotype diversity of the mitochondrial gene
pool to be analogous to the heterozygosity of the auto
somal gene pool of populations that had been the focus
of many Altukhov’s works.
Map and statistical analyses. Haplotype diversity
was mapped using the GeneGeo program, which was
developed in our team. A haplotype diversity map was
constructed by the mean weighted interpolation algo
rithm [15] with a weighting function power of 3.
A framework to construct a map for East Europe
was generated using the DigitMap program (Geo
graphical Faculty, Moscow State University).
The resulting map (along with other maps included
in the atlas of mtDNA variation in East Europe) is
available at www.genofond.ru and is shown in the fig
ure. The map is based on our original data and data
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reported by other authors. The total primary informa
tion used to construct the map (geographical coordi
nates and haplotype diversity indices) are summarized
in Table 1. The sample size varied from 62 to 608 with
the mean sample size N = 160. Although the samples
were far smaller than the corresponding populations
(e.g., population sizes of several millions of people are
characteristic of the majority of the ethnic groups
examined), samples of 100 or more people are consid
ered to be representative in modern studies of mtDNA
variation in human populations.
The coefficient of correlation between haplotype
diversity index and genetic load was calculated using
the program Statistica 6.0 [16].

RESULTS AND DISCUSSION
Genetic Changes Determined by the Environment
(the Ecological Geographical Factor)
To better understand the complex of intricate inter
related concepts, we think it necessary to take into
account that genetic changes may be determined by
both ecological factors (the environment) and histori
cal factors (human migrations).
Adaptive changes in the frequencies of individual
genes are the subject of intense research, which focus
on numerous particular genes as examples [11, 17, 18,
etc.]. The majority of the genes are autosomal because
autosomal genes are expressed in the phenotype and
are subject to selection. Studies of mtDNA are almost
totally separate from this field because there are only a
few genes in mtDNA. There are examples where nat
ural selection presumably affects the mtDNA haplo
types and haplogroups, but they are too few and par
ticular to believe that mtDNA plays a significant role
in population adaptation to the environment.
However, mtDNA may be informative for studying
the changes of the total gene pool, rather than individ
ual genes. It is important to note that such changes are
not necessarily adaptive; i.e., they do not necessarily
improve the state of the population. For instance, a
population that has migrated into the ecological con
ditions of the North is divided into several isolated sub
populations because of the low land productivity. On
the one hand, the subpopulations grow more different,
and, on the other hand, members of one subpopulation
grow more genetically similar through generations (as a
result of occasional inbreeding). This change is not
adaptive because it does not improve the fitness of indi
viduals or the total population, but it is inevitable in the
ecological conditions of the population. Note that the
gene pool, which is understood as a set of all genetic
variants present, remains unchanged in this case, and
the mean allele frequencies in the population system
also remain the same. However, genetic variation is
redistributed between the intrapopulation and inter
population levels. As there is no other term (and fol
2011
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Table 2. Genetic load and haplotype diversity
Population

Autosomal dominant Autosomal recessive
disorders
disorders

Xlinked
disorders

Total genetic
load

Haplotype
diversity

Bashkirs

2.73

1.53

0.68

4.94

0.984

Udmurts

3.47

1.56

0.96

5.99

0.953

Chuvashes

1.82

1.25

0.47

3.54

0.967

Maris

2.23

1.43

0.33

3.99

0.922

Russians (Bryansk Region)

1.01

0.81

0.39

2.21

0.981

Russians (Kostroma Region)

1.25

0.9

0.3

2.45

0.958

Russians (Rostov Region)

2

1.34

0.44

3.78

0.976

Russians
(Krasnodar Territory)

1.01

0.64

0.35

2

0.98

Russians (Kirov Region)

1.56

1.28

0.36

3.2

Russians (Tver Region)

0.96

0.72

0.62

2.3

Adyghes

1.07

1.41

0.5

2.98

Note: The genetic load indices were taken from [27]. In the studies summarized in [27], the genetic load was determined via a total population
screening in selected regions, and the number of families with hereditary disorders was given as the number of cases per 100000 people.

lowing the convention based on Rychkov’s and
Altukhov’s works), we utilize the term gene pool struc
ture, which includes not only the set of the observed
alleles, but also the characteristics of their common dis
tribution in a subdivided population and, in particular,
the proportions of the variation that correspond to the
intrapopulation and interpopulation levels. Examples
of the populations that underwent changes in the struc
ture of their gene pools as a result of migration into a
lowproductive environment are provided by the gene
pools of the Saami [12, 19] and the North Russian pop
ulations [14]. Altukhov and colleagues [3] observed
similar phenomena in several salmon populations.
The genetic consequences of intense fishing are
another example described in Altukhov’s works. When
seine nets with a standard mesh size are used, smaller
individuals are more likely to survive, and these indi
viduals have, on average, a higher heterozygosity
(because heterozygosity is associated with the body
dimensions) [3]. An ecological factor (the appearance
of seiners as predators with a particular way of catching
fish in the area of a population) thereby changes the
mean heterozygosity of populations (selection for het
erozygotes).
RUSSIAN JOURNAL OF GENETICS
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The above examples illustrate the concept that eco
logical conditions of a population exert a regular effect
not only on the frequencies of individual genes, but
also on other genetic characteristics of the population.
We analyzed the mtDNA variation in the East Euro
pean population from this viewpoint.
Ecological Geographical Regularities
at mtDNA Variation
In this work, we studied the association of the mito
chondrial gene pool with specifics of the geographical
environment for East Europe. As a result of the high
mutation rate of mtDNA, the haplotype diversity
index is extremely high (more than 97%) in the vast
majority of global populations. Hence, populations
with even a minor decrease of the index are of partic
ular interest.
Our map of haplotype diversity (figure) shows that
the index decreases northwards in a regular manner
from 0.99 in the southern populations of Black Sear
regions to 0.95 or even lower values in Arctic Ocean
regions. Such a negative correlation with geographical
2011
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latitude was often observed for individual genes, and
we were the first to describe it for mtDNA haplotypes.
Lower haplotype diversity may be caused by various
factors of the population dynamics, including stabiliz
ing selection, a replacement of the gene pool as a result
of migrations, and genetic drift in a subdivided popu
lation (Wahlund effect). However, the first two factors
are unlikely in the case of the North European gene
pool. The mtDNA control region lacks genes and,
consequently, is considered to be selectively neutral.
As to the factor of migrations, many studies demon
strated that the European mitochondrial gene pool is
homogeneous in haplogroup frequencies (northern
populations are virtually indistinguishable from south
ern ones). This fact suggests a lack of mass migrations
that are genetically effective enough to change the
mtDNA haplotype frequencies in the northern popu
lations of Europe [20]. Hence, it is possible to believe
that the lower intrapopulation diversity in north Euro
pean regions is indicative of genetic drift, which is
especially high in the populations of the northern
regions of Eastern Europe, which are small in size and
isolated to a substantial extent.
This classical explanation is logical and quite suffi
cient for the purposes of a study of the gene pool struc
ture. However, when ecological genetic monitoring is
the purpose, it is necessary to make the next step and
to answer the question as to why the total population
of northern regions exists in the form of small popula
tions. And why migrations between them are less
intense than in the south?
The answer to these questions is to be sought in the
ecological geographical conditions of the populations.
While southern regions provide a highly productive
environment for human populations (Chernozem
Band), northern regions belong to the forest zone,
which is less favorable for agriculture and, conse
quently, is only capable of providing food for a smaller
population. Only small populations can exist further
to the north, in the forest–tundra and tundra zones,
and these populations are isolated from each other by
distance because the geographical territory is vast and
difficult to travel. All of these factors were highly sig
nificant in the past centuries and millennia, where the
gene pools of the northern populations of Eastern
Europe formed. Even now, a comparison of the density
and quality of roads between northern and southern
regions of European Russia makes it easy to under
stand why the northern populations are still isolated
from each other.
These general considerations are confirmed by
direct genetic demographic data. For instance, our
study of the endogamy index in one of the southern
regions (Belgorod Region) showed that minor changes
in migration parameters were caused by changes in the
administrative division of regions [21] and that only
minor differences in gene pool structure are detectable
between different regions of Belgorod Region. At the
same time, the available genetic data demonstrate sub

stantial genetic differences for northern Russian pop
ulations (Arkhangelsk Region) [22].
Another argument supporting the ecological geo
graphical interpretation of the northward decrease in
haplotype diversity is that haplotype diversity is similar
in distribution to population density (population den
sity
maps
are
available
at
http://map
geo.ru/667943.html, http://demoscope.ru/d_f_a/den
sity.html, etc.). The two parameters (population density
and haplotype diversity) are maximum in southern
regions, intermediate in central regions, and minimum
in northern regions of Eastern Europe.
Thus, a common pattern of interrelated northward
changes is characteristic for several parameters: geo
graphical latitude increases, land productivity
decreases, population density decreases, effective
population size decreases, isolation of subpopulations
increases, genetic drift increases, and mtDNA haplo
type diversity decreases. The parameters are listed in
the order of their putative causal relationship.
Thus, mtDNA proved to be a highly efficient tool
for monitoring the changes in the geographical struc
ture of the gene pool. Data obtained for mtDNA gen
erally agree with data on other systems of genetic
markers (a similar northward decrease in heterozygos
ity was demonstrated for a set of classical markers
[23]). However, data on mtDNA (one genetic system)
reveal the trend even better than the set of 33 autosomal
genetic markers owing to a higher diversity of variants
and a fourfold lower effective size. Moreover, since
mtDNA is broadly used in population genetic and
forensic studies, ample data on many populations are
accumulating. This is an additional factor testifying that
mtDNA is a highly efficient and useful system for study
ing the general parameters of the gene pool structure
and, in particular, its ecological genetic aspect.
Haplotype Diversity of mtDNA and Genetic Load
An important aspect is adding morbidity into the
above sequence of parameters. The scientific school
guided by Academician E.K. Ginter showed that the
load of hereditary disorders (a consequence) is associ
ated with the genetic structure of the population, in
particular, the random inbreeding rate (a cause) [24–
26]. Since random inbreeding is directly associated
with the effect of genetic drift, which dramatically
decreases haplotype diversity (see above), a close asso
ciation is possible between mtDNA haplotype diver
sity and the segregation component of the load of
hereditary disorders.
To check this assumption, we compared the two
parameters in the same populations (Table 2).
The genetic load was estimated for 11 populations of
Russia by a total screening [27]. We calculated the
mtDNA variation parameters for seven of these popula
tions. In addition, an eighth population (Bryansk
Region) was included in the analysis, and original data
on the southernmost part of Smolensk Region (regions
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that are adjacent to and historically associated with Bry
ansk Region) were used as a genetic component in this
case.
Based on the data from Table 2, we calculated the
coefficients of correlation of the mtDNA haplotype
diversity index with each of the four parameters of the
genetic load. Only final population genetic and medi
cal genetic data (Table 2) were used for the calcula
tions. The coefficients of correlation ranged from 0.1
to 0.4. The highest correlation (Pearson’s correlation
coefficient of 0.4) was obtained for autosomal recessive
disorders. This is an important finding testifying to the
adequacy of our approach because the most direct asso
ciation with inbreeding (and genetic drift) is expected
for recessive genes (homozygosity for these genes as a
result of inbreeding determines a hereditary disorder).
The coefficient of correlation r = 0.4 is not high.
Note, however, that this coefficient is a lower estimate
of the actual correlation because the actual genetic
load is extremely difficult to quantify. The screening
intensity inevitably varies among different regions,
and, consequently, the proportion of observed patients
with hereditary disorders in the total patient number
also differs among populations. The difference
increases the noise and, therefore, the coefficient of
correlation in statistical comparisons.
Moreover, correlations with this strength are con
ventionally considered to be informative in studies of
the association between parameters differing in
nature. For instance, the coefficient of correlation r =
0.3 between genetic and geographical distances was
used to conclude that the distribution of Ychromo
some haplogroups depends on geographical factors in
Europe [28]. Revazov et al. [29] used the same coeffi
cient of correlation r = 0.3 to demonstrate that family
names are suitable as a quasigenetic marker, which is
commonly accepted now.
To summarize, mtDNA haplotype diversity is
highly informative for studying the association
between the genetic structure of populations and the
load of hereditary disorders.
Hence, data on mtDNA (along with other genetic
and quasigenetic markers) may be used to predict the
genetic load in populations where direct genetic epi
demiological data are unavailable.
Tracking Genetic Changes Caused
by Historical Factors
The last aspect of ecological genetic monitoring is
tracking the changes in the gene pool structure that are
caused by population migrations. The migration factor
is not tightly associated with the ecological component
(because human migrations are a subject of historical,
rather than ecological, studies), but this factor is of cru
cial importance for monitoring. Mass human migra
tions, which have increased through centuries, are now
the key factor that changes the gene pool structure.
RUSSIAN JOURNAL OF GENETICS
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Note that it is rather difficult to separate the effects
of the ecological and historical factors because the dis
tribution of almost any gene can be explained both
from the historical geographical (human migrations)
and the ecological genegeographical (the effect of nat
ural selection) viewpoints. An example is provided by
the AIDSprotective allele CCR4del32 distribution,
which is often considered. Its geographical pattern,
which is unusually distinct, was explained by both
migrations (Lucotte et al. [49]) and climatic adaptation
(Limborska et al. [50]). While a suitable method to dis
tinguish the effects of the ecological and historical fac
tors is unavailable, we analyzed how mtDNA data help
to detect the historical factor (human migrations) when
the role of the ecological factor is insignificant.
It is known that mtDNA is highly informative for
tracking past migrations, which is evident from hun
dreds of publications where the main steps and paths
of human migrations on the planet were recon
structed. As for the possibility of using mtDNA to ana
lyze the migration results that occur now or are
expected for the nearest future, we propose migrations
be classified into two types. The first type includes
migrations of Russians, Ukrainians, and Belorussians
within their historical area. The mitochondrial gene
pools of these populations are highly similar [9], and
migrations between these genetically similar ethnic
groups of East Slavs are hardly detectable. However, it
is possible to estimate the average intensity of migra
tions from the average genetic distances between the
East Slavonic populations. The distances are 0.049
between the total East Slavonic populations, 0.043
between Belorussian populations, 0.053 between Rus
sian populations, and 0.029 between Ukrainian popu
lations. When the intensity of migrations between
populations increases dramatically, the average
genetic distance decreases. Thus, repetitive studies
make it possible to compare the estimates of the aver
age genetic distances with the distances observed for
the indigenous (in three generations) populations and
thus allow a genetic monitoring of the total intensity of
migrations, which decrease the subdivision of the East
Slavonic gene pool. Note that only a principally new
level of interpopulation migrations can be tracked
using this approach because of the small differences
between populations, while minor changes will most
likely fail to reach statistical significance.
The other type of migrations consists in the inclu
sion of people from geographically distant and geneti
cally contrasting regions into the East Slavonic gene
pool. The character of the mtDNA haplogroup distri
bution in ethnic groups of the world makes it possible
to track migrations from eastern Eurasia, in particular,
Siberia, China, and Southeastern Asia. Migrations
from Southwestern Asia are possible to track only by
the frequencies of characteristic MidleEast haplo
groups, such as J and U7. As for migrations from the
Caucasus and Urals, the assessment is now problem
atic because the mitochondrial gene pools of these
2011

1362

BALANOVSKY et al.

regions are highly similar to the East Slavonic gene
pool. The new stage of mtDNA studies on the basis of
complete mtDNA sequencing will allow a more
detailed differentiation of migrations. It is possible to
think, however, that the Y chromosome is the most infor
mative for this purpose because its variants display a far
greater geographical specificity than mtDNA variants.
To conclude, mtDNA is highly informative for two
out of the four aspects of ecological genetic monitor
ing, namely, for studying the association of ecological
conditions with the structure of the total gene pool and
for monitoring such changes. However, mtDNA is low
informative for studying adaptation with respect to
individual genes and moderately informative for the
fourth aspect, a monitoring of the changes in the gene
pool that result from human migrations.
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