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Abstract—The problem of development and dispersion of complex diseases in human populations requires
new views, approaches, hypotheses, and paradigms. Evolutionary medicine provides one of the promising
approaches to this problem, putting the disease into an evolutionary context. Unlike classic approaches ori-
ented to proximate issues on structure and mechanisms of a disease, evolutionary considerations are broader.
It provides the basis for understanding the origin, dispersion, and maintenance of the high frequencies of
pathological phenotypes in modern human populations. In the current paper, we try to review the modern
concepts on the evolution of human genetic diversity, to shape the outlines of evolutionary medicine, and to
illustrate evolutionary medical problems using our experimental data. Data on genome-wide search for the
signals of decanalization and adaptation in the human genome and on related biological processes and dis-
eases are presented. Some hypotheses and concepts of evolutionary medicine may be productive for revealing
the mechanisms of origin and dispersion of complex diseases and for pathogenetics of multifactorial diseases.
One of such concepts is the hypothesis of decanalization of genome—phenome relationships under natural
selection during modern human dispersion. Probably, the high frequency of alleles associated with complex
diseases (and partially the high prevalence of diseases themselves) could be explained in the framework of the
hypothesis.
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INTRODUCTION

Progress in describing genetic diversity of modern
humans, associated with the introduction of genome-
wide genotyping and sequencing technologies, has led
to describing and cataloging tens of millions of poly-
morphic variants of the genome [1, 2]. On the other
hand, the ideology of the search for the genetic com-
ponent of common human diseases based on associa-
tion studies of polymorphic variants of the genome,
including genome-wide association studies (GWAS)
and sequencing of exomes and genomes, has almost
reached the limit of detection of the possible inherited
component of multifactorial diseases (MDs). In the
majority of MDs, the proportion of heritability that is
explained by the known genetic factors identified in
family, twin, associative, and other genetic studies
does not exceed 10—15%. The remaining genetic vari-
ability, which underlies diseases, is the so-called “lost
heritability” [3—5]. The problem of “lost heritability”
hardly can be solved in the framework of the existing
paradigm, despite the rapid technological advances in
genomics and its derived “omics.” The synthesis and
crystallization of genomic data within the framework
of bioinformatics approaches and systems biology is a
possible solution to the problem, although examples of

successful system synthesis for common diseases are
scanty [6—8]. Another search reserve is to study the
pathogenetics of a disease at the ontogenetic level, to
study the “disease ontogeny” (epigenetic modifica-
tions of genetic information, transgenerational effects,
somatic mosaicism, and paradominant inheritance
mechanisms) [9].

Undoubtedly, the problem of understanding the
mechanisms of emergence and distribution of MDs in
modern populations requires a new view, new
approaches, and new hypotheses and paradigms
which do not abolish the huge strata of previous
achievements but complement and extend them. One
of such promising approaches in understanding the
nature of human diseases is evolutionary medicine—
the study of human diseases in the evolutionary con-
text. Unlike the classical approaches, which focus on
the applied problems of the structure and mechanisms
of disease development, the evolutionary approach is
broader and makes it possible to study the origin, dis-
tribution, and maintenance of the high frequency of
pathological phenotypes in populations. In this arti-
cle, we have attempted to briefly summarize the cur-
rent ideas about the evolution of human genetic diver-
sity, to outline the scope of evolutionary medicine,
and to illustrate the evolutionary and medical prob-
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lems by a number of modern concepts and our own
data.

GENETICS OF THE ORIGIN AND DISPERSAL
OF MODERN HUMANS

Current studies of the genetic diversity in human
populations on the basis of molecular genetic data
have made it possible to reconstruct the origin and dis-
persal of Homo sapiens on the globe. According to the
generally accepted notions of the phylogeography and
phylogeny of the uniparental regions of the human
genome (mitochondrial DNA and nonrecombinant
part of Y chromosome), the genome-wide data for sin-
gle nucleotide polymorphisms (SNPs), and whole
genome sequencing data, the genetic diversity of our
species goes to an ancestral African population, which
long inhabited the tropical climate zone and had a
small abundance (from several hundred to several
thousand people) [10, 11]. The convergence time of
human genetic diversity by uniparental lines to the
least ancient common ancestor is estimated at
100000—200000 years, and the start time of the mod-
ern human dispersal from Africa and the expansion of
abundance is estimated at 50000—100000 years.
Recent data on the whole genome sequencing of
Neanderthal and Denisovan man revealed hybridiza-
tion of Homo sapiens with other species of the genus
Homo existing at the same time [12—14], thus raising
doubts about the hypothesis of a recent African origin
of modern humans in favor of the multiregional evolu-
tion model (hybridization model) (see [15]). However,
the fixed contribution of other species to the gene pool
of the modern humans is small (no more than frac-
tions of a percent). The fact of hybridization of Homo
sapiens with Neanderthal and Denisovan man, which
can be considered proven, does not negate the idea of

the recent African roots, obtained within the frame-
work of the uniregional hypothesis, but complements
it, making the picture of the evolution of our species
more intricate. Notably, the modern molecular
genetic data form the notions of the origin and disper-
sal of humans that do not contradict the data on the
classical protein markers and paleoanthropological
data.

ENVIRONMENTAL CHANGES AND
PREREQUISITES FOR ADAPTIVE EVOLUTION
OF GENETIC DIVERSITY

In the course of dispersal from Africa, modern
humans, who populated all continents and all climatic
zones, faced global environmental challenges, which
created prerequisites for adaptive evolution of the
genetic diversity [16]. The process of population of
other continents and other climatic zones, which
began approximately 70000 years ago and ended by
the population of America approximately 20000 years
ago and last migrations to remote islands of Oceania
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approximately 2000 years ago, required the adaptation
to climate and geographical conditions of the new
environment. The emergence of agriculture and the
transition from the cultures of hunters and gatherers to
the cultures of farmers and herdsmen, which entailed
a rapid expansion of the population abundance
approximately 10000 years ago, were accompanied by
an abrupt change in the diet and necessitated the
adaptation to the changed diet and metabolism. In the
era of great geographical discoveries and migration of
peoples (500 years ago), massive migrations literally
within one generation dramatically changed the envi-
ronment of large population groups (for example,
during the colonization of America and export of
slaves from West Africa to the New World). The last
global challenge was the industrial revolution, which
caused environmental pollution and the emergence of
numerous new chemicals that previously did not exist
in nature. The gene pool, as a relatively slowly evolving
system, and especially the human genome are unable
to change under the pressure of environmental factors
for a small number of generations and quickly respond
to environmental challenges. However, the traces of
adaptive evolution associated with the early events of
human dispersal and with the adaptation to changes in
the diet in the era of the agricultural revolution may be
the subject of research and genetic analysis. The
downside of adaptive changes may be the “excision”
of genetic markers that determine the susceptibility to
common diseases, which manifests itself as a high
incidence of certain multifactorial diseases.

THE STRUCTURE OF GENETIC DIVERSITY
IN MODERN HUMAN POPULATIONS

The evolutionary history of modern human popu-
lations, formed as a result of human dispersal from
Africa and subsequent migration events, has led to the
formation of the modern characteristic patterns of
genetic diversity in human populations. The most gen-
eral pattern of the organization of genetic diversity in
human populations is its strict geographic structuring,
which manifests itself as clustering of geographically
close populations in respective statistical procedures
as well as the clinal changes in allele frequencies and
heterozygosity level. In our opinion, the main driving
forces of microevolution during human dispersal
were, apparently, migrations and genetic drift together
with possible local effects of selective factors [10]. The
scenario of gradual population of continents assumes
successive events of migrations, genetic drift, and pos-
sible isolation of populations by distance, with subse-
quent moderate gene flow between close populations.
The role of adaptive evolution, mediated by natural
selection on a genome-wide scale (or the gene pool of
populations), is often hidden by other factors of popu-
lation dynamics.

The geographical structuring of genetic diversity is
detected in almost all representative samples of genetic
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markers of any type (including the global and subre-
gional scales) for both populations and individual
genomes. An example of the geographical pattern of
diversity is the analysis of 200000 SN Ps performed by
us in 79 world populations (unpublished data). The
location of populations in the space of two first princi-
pal components of frequencies of 200000 genome-
wide markers is almost identical to the geographical
map on the scale of both the world (Fig. 1) and Eur-
asia. Individual genomes repeat the pattern that is
roughly observed at several dozen SNPs randomly
selected from 200000 SNPs. The two main factors
that, in this case, account for more than 40% of the
variability of allele frequencies in populations are the
geographic parameters—latitude and longitude.

The specified distribution pattern of genetic diver-
sity in human populations has two principal conse-
quences, which were confirmed by actual data. Firstly,
humans have a relatively low level of genetic differen-
tiation of populations at a high level of intrapopulation
diversity. The proportion of interpopulation genetic
differences in the overall diversity is not more than
10—15% of the worldwide population (see [10]). In
particular, in the above example of the analysis of
79 world populations for 200000 SNPs, the global
level of population subdivision is 11.4% (F,, = 0.114).
Secondly, at the genome-wide level or in the samples
of neutral markers, a gradual (clinal) decrease in
genetic diversity from the center of origin (Africa) to
the periphery of the range is observed. An example of
such picture for Eurasia obtained by us by means of
200000 SNPs is shown in Fig. 2.

RUSSIAN JOURNAL OF GENETICS

HUMAN DISEASES
IN THE EVOLUTIONARY CONTEXT

Of course, it should be expected that the evolution-
arily formed pattern of genetic diversity is reflected in
the part of the genetic variation that is relevant to
human diseases. It can be assumed that, if the “disease
genes” are not associated with adaptation to global
environmental challenges, they should behave in the
same way as the main part of the gene pool (i.e., geo-
graphically close populations should have a similar
spectrum of mutations in monogenic diseases or a
similar spectrum of the composition and frequency of
the genetic markers of susceptibility to common mul-
tifactorial diseases). At the same time, if the genetic
component of diseases had adaptive significance, the
disturbance of the general consistent pattern of the
geographical structuring of genetic diversity due to the
greater role of natural selection for this part of the
genome as compared to the neutral markers or the
genome-wide picture can be expected for the “disease
genes.”

The literature provides many examples of the first
pattern, for example, the similarity of the spectra and
frequencies of mutations in cystic fibrosis in the pop-
ulations of the European origin [17] or the ethnoterri-
torial structuring of the spectrum of frequencies of
MD markers associated with diseases according to the
genome-wide association study (GWAS) data [10, 18].
The second scenario is also identified in the experi-
mental data both for monogenic diseases (the classic
example is the wide spread of the heterozygous car-
riage of mutations in the hemoglobin genes in sickle
cell anemia and beta-thalassemia in the areas with
Vol. 52

No. 7 2016



EVOLUTION OF GENETIC DIVERSITY AND HUMAN DISEASES

749

=10.380

50°

0°H

I 10.375
H [10.370
0.365
—10.360
0.355
0.350
0.345
—10.340
1 0.335
0.330

80°

0.325
—0.320

T
100°  120° 140° 160° 180°

Fig. 2. Clinal change in the genetic diversity (mean heterozygosity for 200000 SNPs) in Eurasia. The numerals on the map des-
ignate the number of populations in which the mean expected heterozygosity was estimated. The scale of expected heterozygosity

values is shown on the right.

malaria [11, 19]) and for MDs. An example of distur-
bance of the geographical structuring of marker fre-
quencies in MDs is the frequencies of the genes that
determine the susceptibility to autoimmune and
immune diseases, which show the effect of decanali-
zation of the genome—phenome relationships: the
immune response is mediated by the adaptation to the
global environmental factors [20].

The analysis of human diseases in the evolutionary
context is of considerable interest from the standpoint
of searching for genes and disease markers on the basis
of evolutionary concepts and is a reserve for detecting
the “lost heritability” in M Ds. In this case, taking into
account the evolutionary factors adds another dimen-
sion to the phenomenon of complexly inherited dis-
eases and requires special attention in forming the
working hypothesis and planning the design of the
study. In the case—control group design, a group of
patients with a certain phenotype is formed, which,
owing to the major role of environmental factors as
well as clinical and genetic heterogeneity of almost any
complex disease, inevitably includes individuals with a
similar phenotype but different etiology of the disease.
Then, on the basis of the working hypothesis, the
genetic markers are selected whose genotyping in
patients and in control subjects indicates the relation-
ship (association) between the marker and the disease.
The clinical phenotypes underlying complex diseases
are based on a great variety of interacting genetic and
environmental factors. The genetic factors range from
the alleles with minimum effect to the “major genes,”
probable for some phenotypes, and the environmental
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factors range from the population-specific to family
and individual ones. The gene—gene interaction, the
interactions of genes and the environment, and the
epigenetic regulatory mechanisms, in turn, are also
influenced by genetic control and environmental sig-
nals and are also factors that complement the overall
picture of the formation of clinical phenotypes that
lead to M Ds. The nondirectional effects of microevo-
lutionary factors (mutations and drift) provide ran-
dom variations in the genetic components of the dis-
ease, whereas the directional effects of the environ-
ment on the genetic component of the phenotype is
mediated by the action of natural selection. The
attempts to identify the role of selection in the occur-
rence of diseases against the background of neutral
evolution of genes that formed the main vector of
genetic variation in human populations are among the
main problems of evolutionary medicine.

Evolutionary medicine considers the health/dis-
ease relation in the evolutionary perspective. This is an
attempt to understand the mechanisms of emergence
and development of diseases and the relationship
between genetic diversity and diseases within the
framework of modern evolutionary theory and con-
cepts of evolutionary biology. Evolutionary medicine
is a conceptual approach to the analysis and compre-
hension of information generated by modern technol-
ogies—whole genome sequencing, transcriptomics,
epigenomics, etc. The progress and gradual matura-
tion of evolutionary medicine to a separate direction
was facilitated by the achievements of modern genom-
ics, derived “omics,” and systems biology. It is the

2016



750

necessity to somehow understand and explain the
accumulating data from the standpoint of the
health/disease relation that caused the resurgence of
interest in the evolutionary medicine. Recent achieve-
ments in this direction include the first genome-wide
search for signals of natural selection in the human
genome [21], the discovery of human orphan genes
(genes present only in one taxon (up to species)) [22],
and the genome-wide study of the climate adaptation
signals [23].

SOME CONCEPTS ON THE ROLE
OF EVOLUTIONARY FACTORS
IN HUMAN DISEASES

With regard to the microevolutionary processes in
human populations, various theoretical concepts and
hypotheses have been and continue to be developed
which reveal the possible mechanisms of action of
selection for the structure of the gene pool and phene
pool of human populations, including monogenic and
multifactorial diseases. Among the important theoret-
ical concepts, the canalization concept by K. Wad-
dington [24], the notions of the stabilizing selection by
I.I. Schmalhausen [25, 26], and the concept on the
optimal level of heterozygosity in population by
Yu.P. Altukhov [27, 28] should be mentioned.
Regarding the role of selection in the epidemiology of
common diseases, the concepts of “thrifty genes”
[29, 30], “drifting genes,” and several others were
developed. The appearance in recent years of new data
based on genome-wide and postgenomic technologies
has led to a resurgence in conceptual understanding of
the role of natural selection in the approaches of evo-
lutionary medicine and the development of new ideas
to the search for selection signals in human popula-
tions. Among the new theoretical ideas, the model of
“ancestral susceptibility” by Di Renzo and Hudson
[31] and the decanalization concept by Gibson [32, 33]
can be mentioned. Let us try to briefly consider these
ideas and their “sphere of competence.”

The canalization concept, which was developed by
Conrad Waddington, the author of the term “epi-
genetics,” in the 1940s [24] in relation to ontogenetic
processes and further developed by his followers [34, 35],
postulates that a system evolves to the most stable state,
which is resistant to genetic and environmental changes
and is represented by the optimum phenotype in the
major part of the population. Such a population, which is
in a canalized state, is maximally adapted to the given
environmental landscape through respective epigenetic
and environmental signals. The idea of the stabilizing
selection by Schmalhausen [25, 26] and the more recent
concept of the optimal level of heterozygosity in a popu-
lation, which is autoregulated by the population dynam-
ics factors, by Altukhov [27, 28] are close to Wadding-
ton’s ideas.

Currently, Waddington’s ideas are rethought owing
to accumulation of large arrays of genetic and genomic
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data and owing to the problems of searching for the
genetic basis of common diseases. In particular, the
Australian researcher Greg Gibson proposed the
decanalization concept to explain the evolutionary
mechanisms of accumulation of common diseases in
populations [32, 33]. The decanalization concept
implies that human dispersal beyond the range of the
ancestral populations has disturbed the channeled
optimum and has led to the appearance of cryptic
(hidden, not manifested in a canalized population)
genetic variability and increased frequency of associ-
ated diseases. Environmental and cultural changes
over the past 100 years (diet, smoking, and pollution)
have even more significantly shifted physiology from
the stable channeled mechanisms.

The hypothesis of “ancestral susceptibility” [31],
in accordance with the canalization principle, postu-
lates that the ancestral alleles were adaptive for ancient
human populations, whereas the derived alleles were
“harmful.” With the dispersal and changes in the envi-
ronmental factors, the pressure of selection for the
derived alleles decreased, and the ancestral alleles
became the alleles of susceptibility to chronic diseases.
In fact, the hypothesis of “ancestral susceptibility” is a
special case of “decanalization” acting against the
ancestral alleles.

The concept of “thrifty genotypes” [29, 30],
according to which the selection in ancient popula-
tions was aimed at accumulating the alleles that facili-
tate energy storage in the form of fats, which in today’s
world has led to a high rate of diabetes and obesity, in
turn, is a special case of “ancestral predisposition.”

CANALIZATION AND DECANALIZATION
OF GENOME—-PHENOME RELATIONS
DURING THE MODERN HUMAN
DISPERSAL: EXAMPLE OF GENES FOR
AUTOIMMUNE AND IMMUNE DISEASES

The evolutionary precursors of Homo sapiens and
the ancestral populations of modern humans for many
generations have been subjected to increased pressure
of environmental factors associated with infectious
tropical diseases (helminths and bacterial infections).
The role of parasite (especially helminth) infections in
population morbidity is illustrated by epidemiological
data. According to a number of studies [36, 37], hel-
minthiases are much more common in the popula-
tions inhabiting the zones with hot and humid tropical
climate than in the populations of the temperate and
arctic zones. In tropical populations, natural selection
has favored the accumulation of the gene variants that
ensure a stronger immune response to parasitic infec-
tions by the Th2 type [38, 39]. This should have led to
the canalization of the genetic structure of the popula-
tion owing to directional selection for the proinflam-
matory alleles of the genes that are involved in the
humoral immune response mediated by T-helper cells
of the second type (Th2 response). It can be assumed
Vol. 52
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Fig. 3. Hypothesis of canalization and decanalization of the genetic landscape of the immune system in the course of modern
human dispersal (by [17]). The genetic landscape is depicted as a terrain of canalized states (valleys, the effect of canalizing envi-
ronmental factors is shown with arrows). Designations: Th1/Th2—hypothetical balance of the main pathways of the immune
response, based on the assumption of the immune system decanalization in the course of human dispersal; ky—thousands of
years ago; A—canalized landscape in ancestral and contemporary African populations; B—dispersal to Eurasia and landscape
decanalization due to the weakening of the effect of canalizing environmental factors (shift of the Th1/Th2 balance); C— colo-
nization of Australia, preservation of the canalized landscape; D—colonization of America from Asia, preservation of the decan-
alized landscape in the Inuit; E—colonization of South America. Secondary canalization (recanalization) of the genetic land-

scape by the initial environmental factors.

that human dispersal to the zones with temperate and
arctic climate and the exposure of other infectious
agents (viral and intracellular bacterial infections)
could cause a shift in the established Th2/Thl balance
and decanalization of the genotype—environment
relations established in the ancestral populations.

To test this hypothesis, we studied the distribution
of the functional alleles of several genes of the immune
system in 15 world populations from different climatic
zones of the Earth and estimated the relationship of
the genetic diversity to the climatic and geographical
factors [20].

In this survey, we identified certain characteristic
patterns of the distribution of genetic diversity with
respect to the genes of immune diseases in the world
populations that distinguish them from the genome-
wide diversity structure discussed above. Such patters
were termed the “decanalization signals” and are as
follows:

(1) Association of a genetic marker with a clinical
phenotype or endophenotype (the highly significant
association in GWAS was considered as evidence).

(2) Reduction in the frequency of phenotype-asso-
ciated (ancestral) allele from Africa to Eurasia.

(3) Correlation of genetic diversity with latitude
and climate.
RUSSIAN JOURNAL OF GENETICS
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(4) Increase in genetic diversity from Africa to Eur-
asia, in contrast to the genome-wide diversity.

(5) The accumulation of signals of natural selection
(positive tests) for “decanalized” markers.

(6) A greater degree of differentiation of the world
population by the “decanalized” markers compared to
the “neutral” ones.

(7) Possibly, a smaller haplotype diversity in the
“decanalized” genome regions compared to the “neu-
tral” ones.

In general, within the framework of the hypothesis
of the immune response decanalization during the
modern human dispersal, our findings can be summa-
rized as follows (Fig. 3):

(1) In the ancestral population of modern humans
in Africa, the genotype—environment relations, which
were canalized by the directional selection, ensured an
effective immune response to parasitic infections
owing to the shift in the immune system balance
toward the Th2 pathway. This canalized system has
remained in modern Africans and other indigenous
populations in the equatorial and tropical climatic
zone.

(2) The modern human dispersal from Africa to the
zones with temperate and arctic climate was accompa-
nied by a decrease in the intensity of inflammatory
reactions, which, according to our hypothesis, indi-
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cates a possible shift of the immune response balance
toward the Thl pathway. The environmental factors
associated with the adaptation to the equatorial tropi-
cal climate and specific infectious load have changed
for the environment requiring adaptation to a more
severe climate and a greater efficiency of the humoral
immune response. The environmental canalization
factor has disappeared, and the system was decana-
lized. In the modern populations, this decanalization
can manifest itself as an increased susceptibility to a
number of common diseases (asthma, systemic lupus
erythematosus, etc.), inherited from the ancestral
populations, where this susceptibility was cryptic (hid-
den).

(3) When the populations that have passed a long
way of changes in gene frequencies return to the initial
environmental conditions of the tropical climate (e.g.,
South American Indians), the canalizing environ-
mental factor comes back and is sufficiently strong to
return the frequencies of the functionally significant
proinflammatory alleles to a state close to the initial
one (recanalization).

HUMAN DISEASES AND ADAPTATION
TO CLIMATE

The decanalization of the immune response in the
course of human dispersal is an example of possible
adaptive changes in gene frequencies and genotypes in
human populations upon their migration from Africa
under directional action of environmental factors (in
this case, the change of the infectious load, which
shifted the immune response balance), which are
associated with the climatic and geographical environ-
mental conditions. These results, obtained within the
framework of a candidate approach (selection of
genetic markers associated with the phenotype candi-
date for decanalization), stimulated us to perform a
positional genome-wide search for the signals for
decanalization and adaptation to climate changes in
the course of human dispersal. The questions that we
attempted to answers were as follows: What are the
genes that could be the targets of natural selection in
the human dispersal? What biological processes could
be associated with the adaptation to the changing envi-
ronment in the course of human dispersal? What dis-
eases can result from the release of “cryptic variation”
if adaptation is related to decanalization and realiza-
tion of “ancestral susceptibility” to MDs? Although
the data of the analysis performed on 79 world popu-
lation genotyped for 200000 SNPs are still being pro-
cessed, some of the results are noteworthy.

We identified approximately 1000 SNPs distrib-
uted throughout the genome and belonging to approx-
imately 450 genes that are highly significantly (p < 1 X
10~® with the FDR correction for the genome-wide
analysis) associated with key climatic factors and lati-
tude. The search for the diseases associated with these
genes according to the Genetic Association Database
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[40] revealed approximately 1000 significant gene—
disease associations. The distribution of these associa-
tions with respect to classes of diseases showed that the
groups of diseases that are most enriched in associa-
tions include the expected groups of phenotypes, such
as cardiovascular disease and related metabolic
endophenotypes (20% of all associations) as well as
immune and infectious diseases (8%). The unexpect-
edly highly enriched groups included the associations
with the pharmacogenetic traits (21%) as well as neu-
rological and psychiatric disorders (30%). Probably,
the first group of phenotypes shows the adaptive
response to the gene pool to xenobiotics and changes
in the diet structure, and the high proportion of neu-
ropsychiatric diseases may be the consequence of the
release of the “cryptic variation,” associated with the
behavioral phenotypes that facilitated the migration
activity and the “search for novelty.”

According to the results of our analysis, the key
biological processes—the gene ontologies significantly
enriched in the group of genes that showed the adap-
tive evolution signals—are the processes that are clus-
tered into the gene ontology groups such as the regula-
tion of metabolism, response to various endogenous
and exogenous substrates, signal transduction, tran-
scriptional regulation, neurology, and behavior.

The genetic diversity for 1000 SNPs that showed
highly significant associations with the climatic
parameters demonstrates clinal growth from Africa to
Eurasia, similar to the trend of the immune-depen-
dent phenotype markers, in contrast to the genome-
wide diversity markers (Fig. 4 vs. Fig. 2). The analysis
of the allele frequencies of these 1000 SNPs in the
world population by the principal component analysis
(Fig. 5) showed that their distribution pattern was fun-
damentally different from the genome-wide pattern
shown in Fig. 1 and formed primarily by the selectively
neutral factors of population dynamics. In this case,
we can see the similarity of the genetic structure of all
populations of the tropical climate regions—Africa,
Oceania, and South America, distant by the first prin-
cipal component from the Eurasian populations. The
latter, in turn, represent a genetic continuum
“extended” from the subtropical populations of
Southeast Asia (in the area of low positive values of
the first factor) to the arctic populations of North
Asia, which are characterized by the lowest negative
values of the first principal component (Fig. 5).

The similarity of the genetic characteristics of the
populations that are heterogeneous in origin but live
under similar climatic conditions in this case can be
explained by the passage of the evolutionary pathway
from the initial canalized state (retained in Africans)
through decanalization (or canalization to a new state)
in Eurasia and recanalization (return to the initial evo-
lutionary “canal”) in the tropics of South America and
Oceania.
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Numerous associations of the genes carrying the
“decanalized” markers with multifactorial diseases,
apparently, are evidence of changes in the adaptive
significance of ancestral alleles (according to the
“ancestral susceptibility” concept) and the release of
“cryptic variation” in the decanalized Eurasian popu-
lations (according to the decanalization concept). The
role of natural selection in forming systematic changes
in allele frequencies upon human dispersal (decrease

RUSSIAN JOURNAL OF GENETICS
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in the ancestral allele frequency and increase in het-
erozygosity) for this group of genes was, probably, sig-
nificant. Up to 20% of markers showed positive signals
of natural selection for individual SNPs. It should be
noted that the intensity of selection in the populations
from the equator to the poles increased, which was not
observed in other genome regions, whose variation
was not correlated with the climatic and geographical
parameters of the environment. The analysis of selec-
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tion signals in the decanalized genome regions using
the tests for the structure of linkage disequilibrium and
haplotype variation according to the 1000 Genomes
Project identifies valid signals of the balancing and
directional selection. In the analysis, we used the
Tajima test, the cross-population extended haplotype
homozygosity (XP-EHH) test, and the cross-popula-
tion multilocus composite likelihood ratio (XP-CLR)
test.

An example of the effect of selection on the genetic
diversity of the loci included in our “top 1000" decan-
alized marker list is the UGT2B7 gene, which encodes
one of the variants of uridyl-5-diphosphate glucu-
ronosyltransferase, an enzyme involved in xenobiotic
detoxification phase II. The function of this protein is
the transfer of glycosyl groups to UDP molecules, as a
result of which toxic substances are converted to
harmless water-soluble glucuronides [41]. Polymor-
phisms for this gene are associated with diseases such
as systemic lupus erythematosis, HIV, obesity, and
epilepsy, as well as with the response to drug therapy of
a number of diseases [42, 43].

Figure 6 shows a significant signal of the balancing
selection for the UGT2B7 gene on chromosome 4 and
in adjacent regions in the European (upper plot) and
Asian (middle plot) populations, but not in Africans
(lower plot). The selection zone extends to an approx-
imately 150 000-bp area comprising the entire coding
region of this gene and its 5'-UTR and 3'-UTR
regions. The distribution pattern of the rs4587017
alleles of the UGTZ2B7 gene, showing the most well-
expressed signals of selection and decanalization (Fig. 7),
is indicative of directional changes in the allele fre-

RUSSIAN JOURNAL OF GENETICS

quencies from the high frequency of the ancestral
allele (shown in light gray), which is associated with a
slow metabolism, to a high frequency (over 60%) of
the derived allele, which is associated with fast metab-
olism in Northeast Asia. With the human migration
back to tropics, the ancestral allele again occurs more
frequently (up to its complete fixation in the equatorial
populations of Indians in Brazil). That is, here we see
the same chain of events mediated by the adaptation to
the climate owing to the influence of selection as in
the case of the genes associated with immune-related
diseases: canalization in ancestral and contemporary
African populations, decanalization upon the migra-
tion to the north, and recanalization upon the return
to the original environmental conditions. In this case,
the slow directional selection against the initially most
frequent ancestral allele with increasing distance from
Africa leads to a gradual increase in the genetic diver-
sity in the majority of nontropical populations,
thereby mimicking the balancing selection signal.

CONCLUSIONS

The genetic diversity of modern human popula-
tions was formed under the influence of various
microevolutionary factors acting in the course of
human dispersal over the Earth. The most pro-
nounced were the effects of migrations (isolation by
distance) and drift, which formed the picture of a
strict geographical structuring of human genetic vari-
ation. The effects of natural selection are usually hid-
den or erased by the stronger effects of genetic drift.
However, the modern arsenal of genome-wide meth-
ods of analysis of genetic polymorphism, together with
Vol. 52

No. 7 2016
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the bioinformatics approaches, will make it possible to
identify the selection signals and analyze the role of
microevolutionary factors in the distribution of com-
mon human diseases. This problem is one of the main
problems of evolutionary medicine, a currently form-
ing direction in modern biomedicine which studies
diseases and human health in the evolutionary con-
text.

Some hypotheses and concepts of evolutionary
medicine may be productive for identifying the mech-
anisms of occurrence, distribution, and pathogenetics
of MDs. One of such concepts is the hypothesis of
canalization—decanalization of genome—phenome
relations in the course of modern human dispersal.

Genome-wide search made it possible to reveal
genetic markers and loci of the genome carrying the
signals of decanalization and climate adaptation. Part
of the human genome variability associated with envi-
ronmental changes in the course of dispersal from
Africa is enriched in the variants associated with neu-
ropsychiatric diseases and behavioral traits, immune
and infectious diseases, and response to xenobiotics.
The key biological processes that involve these genes
and markers are metabolic regulation, signal trans-
duction, response to external stimuli, and nervous sys-
tem regulation. One of the numerous examples of the
genes that carry the selection and decanalization sig-
nals is the gene encoding uridyl-5-diphosphate glucu-
ronosyltransferase (UGT2B7), which is involved in
the metabolism of xenobiotics and is associated with a
number of complex human diseases. Probably, the
high frequency of alleles associated with M Ds in some
human populations (and, perhaps, partly the high fre-
quency of multifactorial diseases themselves) can be
explained by the hypothesis of decanalization of
genome—phenome relations under the influence of
natural selection in the course of human dispersal.
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