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Abstract—Genetic diversity of native populations of North Eurasia is investigated using a panel of genetic
markers of candidate genes for cold climate adaptation. A high level of within- and between-population vari-
ability is detected. Comparative analysis of data on North Eurasian populations combined with data on
worldwide populations from the 1000 Genomes and HDGP projects reveals correlations of genetic diversity
in candidate genes for cold climate adaptation with key climate parameters, as well as the increase of genetic
diversity in markers of this group of genes with the increase of latitude, that is, as modern humans migrated
out of Africa. Using the method of searching for extreme empirical values of the coefficient of genetic diver-
sity, signals of directional selection for markers of six genes adaptive to cold (MYOF, LONP2, IFNL4, MKL 1,
SLC2A412, and CPTIA) are found. The data are discussed in framework of the hypothesis of decanalization
of genome—phenome relationships under the pressure of natural selection during human settlement through-

out the world.
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INTRODUCTION

Modern humans are a unique biological species in
terms of the range of habitat occupied and the speed of
settlement. Ancestors of modern humans for at least
several million years evolved in Africa and adapted to
the conditions of a hot tropical climate. The settle-
ment of humans from the place of origin of Homo sapi-
ens in East Africa across the globe was rapid in evolu-
tionary terms, taking the last 50000—100000 years,
and was associated with the change of climatic zones
from a tropical climate to temperate and Arctic ones
and the environmental parameters associated with
these changes, such as temperature, humidity, insola-
tion, and infectious load. Modern humans penetrated
into the subarctic and Arctic zones of Eurasia rela-
tively recently, 30000—40000 years ago. Human sur-
vival in a cold climate probably involved processes of
different scale and different nature, such as short-term
acclimatization, long-term adaptation, and sociocul-
tural changes. The relationship and the role of these
mechanisms in survival in an extreme climate remain
unclear, but the phenotypic features of the present
indigenous populations of Northern Eurasia and the
features of their gene pool indicate the possible role of
directed natural selection in the adaptation of indige-

nous populations to extreme climatic conditions. We
assume that natural selection-mediated adaptation of
populations inhabiting Siberia, North Asia, and the
north of the European part of Russia to conditions of
a cold climate led to the formation of adaptation sig-
nals: specific characteristics of the gene pool and
genetic diversity for genes involved in the formation of
adaptively significant phenotypes. Identification of
such signals using modern genomic and bioinforma-
tional approaches is an important and urgent funda-
mental problem of human genetics.

Recently, data on the role of individual genes in
adaptation to cold and their markers that reflect spe-
cific features of the gene pool of the indigenous popu-
lation of Siberia and North Asia have been accumu-
lated [1—3]. Several modern studies aimed at search-
ing for signals of natural selection in the human
genome and in the gene pools of individual popula-
tions revealed a large number of polymorphic posi-
tions in the genome which were under selection during
human population [3—6]. Some of these markers are
probably related to indirect selection by adaptation of
the genetic structure of the populations of Northern
Eurasia to a cold climate.

1172



SEARCH FOR GENETIC MARKERS OF CLIMATIC ADAPTATION

Previously, we created a panel of 28 genetic mark-
ers potentially associated with adaptation to a cold cli-
mate (low temperature) according to the data of
genome-wide population studies and involved in bio-
logical processes potentially adaptive to cold resis-
tance [7].

The objectives of this study were to characterize the
allele frequencies of the markers of this panel in popu-
lations of Northern Eurasia, to analyze the relation-
ship between the genetic diversity of this group of
markers to climatic and geographical parameters, and
to search for natural selection signals for the genes and
markers being studied.

MATERIALS AND METHODS
Population Samples

This work was carried out using the population
samples from the biological collection of the Institute
of Medical Genetics of the Tomsk National Research
Medical Center of the Russian Academy of Sciences
Biobank of the Population of Northern Eurasia, as
well as collections of biological samples from the
Research Institute of Therapy (Novosibirsk), repre-
senting 12 indigenous groups of Siberia, North Asia,
Northeastern Europe, and Central Asia, totaling
870 samples. Siberian populations are represented in
the work by samples of Yakuts (N = 102), Buryats (N =
95), Khanty (N =95), and Kets (N =48). Yakuts speak
the language of the Turkic group of the Altaic language
family. The language of Buryats belongs to the Mon-
golian group of the Altai family. Khanty speak the lan-
guage of the Ugric group of the Finno-Ugric language
family. The language of Kets is isolated. The Yakuts
and Buryats belong to the Central Asian subtype of the
Mongoloid race type, and Khanty and Kets are repre-
sentatives of the Uralic anthropological type.

The indigenous population of North Asia is repre-
sented in the work by Nivkhs (N = 95), Koryaks (N =
89), Chukchi (N = 95), and Eskimos (N = 8). Nivkhs
belong to the Sakhalin-Amur subtype of the Mongol-
oid racial type and speak the language of the Nivkh
group of the Paleo-Asiatic language family. Koryaks,
Chukchi, and Eskimos belong to the Arctic subtype of
the Mongoloid race type. The language of Koryaks
and Chukchi belongs to the Chukchi-Kamchatka lan-
guage family, and the language of the Eskimos belongs
to the Eskimo-Aleut family.

The sample of Udmurts (N = 95) geographically
represents Northeastern Europe. Udmurts belong to
the sublapanoid racial type and speak a language
included in the Perm subgroup of the Finno-Ugric
language family.

The population of Central Asia is represented by
samples from populations of Uzbeks (N = 53), north-
ern Kyrgyz from Bishkek (N = 48), and southern Kyr-
gyz from Osh (N = 47). The languages of Uzbeks and
Kyrgyz belong to the Turkic group of the Altaic lan-
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guage family. Anthropologically, Kyrgyz belong to the
South Siberian subtype of the Mongoloid racial type,
and Uzbeks are a metis group that combines features
of the Caucasoid and Mongoloid anthropological
types.

The samples included unrelated individuals not
meticised in three generations who signed an informed
consent for the study. Detailed characteristics of the
samples are given in previous papers [7—9]. The study
was approved by the ethics committee of the Research
Institute of Medical Genetics.

To analyze the relationship of the genetic diversity
to climatic and geographical parameters and to search
for natural selection signals for the genes and markers
studied, an array of allele frequencies was used, con-
sisting of 12 populations of Northern Eurasia and 42
populations not meticised from the 1000 Genomes
[10, 11] and Human Genome Diversity (HGDP) proj-
ects [12], representing the population of different
regions of the world.

From the 1000 Genomes Project, we extracted data
for the following 19 populations (ethnic group names
and places of residence are indicated):

» Africa: Ishans (Nigeria), Gambians (Gamiya),
Luhya (Kenya), Mende (Sierra Leone), and Yoruba
(Ibadan, Nigeria);

* Europe: Finns (Finland), British (England and
Scotland), Iberians (Spain), and Tuscans (Italy);

* Hindustan: Bengali (Bangladesh), Indians
(Gujarat, India), Telugu (India), Punjabis (Lahore,
Pakistan), and Sri Lanka Tamil of Tamil (Sri Lanka);

» Southeast Asia: Chinese (Xishuangbanna-Dai
Autonomous Region, China); Chinese (Beijing),
southern Chinese (China), Japanese (Tokyo, Japan);
Vietnamese (Ho Chi Minh City, Vietnam).

From the HGDP project, data were taken for 23
populations:

» Africa: Mandenka (Sierra Leone), Bayaka pyg-
mies (Republic of Congo), and Mozabits (Algeria);

* Europe: Basques (Spain), French (France), and
Sardinians (Sardinia, Italy);

» Middle East: Bedouins (Jordan), Druze (Israel),
and Palestinians (Israel);

* Central and South Asia: Baloch, Brahui, Buru-
shas, Hazaras, Kalashis, Pashtuns, Makran, and
Sindhi (all Pakistan);

* America: Maya Indians (Mexico); Pima Indians
(Mexico), Caritian Indians (Brazil), Surui Indians
(Brazil).

* Oceania: Papuans (Papua New Guinea) and
Melanesians (Solomon Islands).

The frequencies of alleles and genotypes for the
studied loci in the populations from the 1000
Genomes and HGDP projects are available on request
from the authors.
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The correlation of allele frequencies and genetic
diversity (expected heterozygosity) with climate
parameters for all the populations were analyzed by
obtaining their geographic coordinates as well as key
climate characteristics (mean annual temperature,
minimum and average winter temperatures, maxi-
mum and average summer temperatures, spread of
mean and extreme temperatures, average annual
humidity, and precipitation level). The climatic char-
acteristics of the habitats of the studied populations
were obtained from the Weatherbase database
(http://www.weatherbase.com).

Choice of Genetic Markers and Genotyping

The list of 28 single nucleotide genetic markers
(SNP) used in the work and their belonging to genes
and regions of the genome are given in Table 1. The
principles of the choice of genetic markers for the
search for genetic signals of adaptation to climate in
the population of Northern Eurasia were described by
us earlier [13]. The study included markers located in
the genome regions under the possible action of natu-
ral selection, according to complete genomic and
genome-wide studies [3—6], as well as markers
belonging to genes involved in biological processes
potentially adaptive to cold resistance. Such processes
include thermoregulation, response to temperature
stress, energy metabolism, lipid metabolism, regula-
tion of muscle contractions, regulation of blood pres-
sure, signaling, and intercellular interactions.

Genotyping was carried out by the method of mul-
tilocus PCR and matrix-activated laser desorp-
tion/ionization with flight time measurement
(MALDI-TOF mass spectrometry) using a Sequenom
MassARRAY 4 mass spectrometer as described earlier
[13, 14].

Statistical Processing of Results

For statistical processing of the results, standard
population-genetic approaches implemented in the
Arlequin package [15] and described earlier [16] were
used. The correspondence of the distribution of the
genotypes to the Hardy—Weinberg equilibrium was
estimated using an accurate test of Guo and Thomson.
Intra- and interpopulation genetic diversity was esti-
mated by molecular dispersion (AMOVA).

Correlations of allele frequencies and genetic diver-
sity with geographic and climatic parameters were
estimated using the Spearman rank correlation coeffi-
cient (R) in the Statistica software package.

The search for loci under the possible effect of
directional natural selection during human settlement
was carried out by analyzing the distribution of the
observed Fgr values as compared to the expected dis-
tribution (FDIST test) obtained in simulations (20000
simulations) based on the hierarchical island model of
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the population structure [17—20]. Values (1—Fgr
quantile) <0.01 were considered as a nonrandom entry
of empirical Fgr values into the number of outliers
(analog of significance level p < 0.01).

RESULTS AND DISCUSSION

Allele Frequencies and Genetic Diversity in Indigenous
Populations of Northern Eurasia

Allele frequencies of 28 markers in 12 populations
of Northern Eurasia and mean values of the expected
heterozygosity are presented in Table 2. The distribu-
tion of genotypes in populations in most cases corre-
sponded to the Hardy—Weinberg equilibrium (HWE).
An exact test for the Hardy—Weinberg equilibrium
with the Bonferroni correction revealed three devia-
tions from the HWE in a small sample of Eskimos and
one deviation in Yakuts and Nivkhs each.

The maximum values of the average expected het-
erozygosity were found in the populations of Uzbeks
and Kyrgyz (0.42—0.39); the minimum values were
observed in Buryats, Yakuts, and Khanty (0.31—0.33).
In general, the populations under study revealed a
downward tendency of genetic diversity from the
southwest to the northeast. In the most northern pop-
ulations, the diversity is reduced owing to a higher fre-
quency of the derived (non-ancestral, the most fre-
quent in African populations) allele.

The overall level of genetic differentiation of the
investigated populations for 28 markers was 7.6%
(Fst=0.0764).

The change in the genetic structure of human pop-
ulations in the course of adaptation to habitat condi-
tions, mediated by natural selection, is a long-term
process implemented over many generations.
Attempts to capture the signals of this process in mod-
ern populations require a comparative analysis of the
characteristics of genetic diversity in populations of
different geographic and climatic regions. In particu-
lar, in order to detect the peculiarities of the genetic
structure of populations living in the Arctic and conti-
nental temperate climates associated with adaptation
to cold, it is necessary to compare this structure (allele
frequencies and genetic diversity) with populations of
other climatic and geographic zones of the globe. For
this analysis, we combined our above data on allele
frequencies in 12 populations of Northern Eurasia
with published data on 42 world populations living in
tropical, subtropical, and temperate climates.

To identify the relationship of the genetic structure
to the characteristics of the habitat and to search for
possible mechanisms that mediate such a relationship,
we used two approaches: (1) analysis of the correlation
of allele frequencies and genetic diversity with climatic
and geographic parameters; (2) search for loci under
the possible directional selection during human settle-
ment by analyzing the distribution of observed Fgp val-
ues over the expected distribution (FDIST).
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No. | Marker (SNP) | Alleles | Chromosome Position Gene Name of gene or its product
on chromosome
1 |rs10509653 C/T 10 93366834 MYOF Myoferlin
2 | rs10887778 C/T 10 88093685 LOC105378415 RNA-encoding gene
LOC105378415
rs12446160 A/G 16 48324457 LONP2 Lon-protease 2, peroxisomal
4 |rs12946049 C/T 17 80620869 RPTOR Regulatory protein associated
with rapamycin target in
mammals, complex 1
rs12979860 C/T 19 39248147 IFNL4 Interferon, lambda 4
6 |[rs133036 C/T 22 40616434 MKL1 Gene of acute megakaryoblas-
tic leukemia (translocation) 1
7 |rs1513687 C/T 18 39724791 LINC00669 Extended intergenic protein
noncoding RNA 669
8 |rs16984239 A/C 2 18053180 KCNS3/RDH 14 Potential-dependent potas-
sium channel modifier, sub-
family S, member 3/retinol
dehydrogenase 14
9 |rs1800592 A/G 4 140572807 UCPI Thermogenin, uncoupling
protein 1, RB-1
10 |rs1800849 C/T 11 74009120 UCP3 Thermogenin, uncoupling
protein 3
11 |rs1805490 A/G 12 13588137 GRIN2B Ionotropic glutamate receptor,
N-methyl-D-aspartate 2B
12 | rs2015865 A/C 22 43393211 LOC105373053/ RNA-encoding gene
LOC105373054 LOC105373053/RNA-encod-
ing gene LOC105373054
(RNA gene)
13 [rs2193045 A/G 12 68140740 HNRNPAIP70/ Heterogeneous nuclear ribo-
LOC100509370 nucleoprotein Al, pseudogene
70/ribosomal protein L21,
mitochondrial pseudogene
14 |rs2216163 C/T 12 68137176 HNRNPAIP70/ The same
LOC100509370
15 |rs2273428 C/T 6 69933126 COL19A1 Collagen, type XIX, ol
16 |rs2283792 G/T 22 21776836 MAPK1 Mitogen-activated protein
kinase 1
17 | rs2298432 A/C 22 21768900 MAPK] The same
18 |rs2301727 C/T 7 20381596 ITGBS B-subunit of integrin ovB8
19 |rs2305508 A/G 11 68782078 CPTIA Hepatic carnitine-palmitoyl-
transferase 1A
20 |rs3741135 C/T 11 74002915 UCP3 Thermogenin, uncoupling
protein 3
21 |rs4507607 A/G 6 134088661 SLC2A412 Family 2 of glucose transport
proteins, isoform 12
RUSSIAN JOURNAL OF GENETICS Vol.53 No. 11 2017
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No. | Marker (SNP) | Alleles | Chromosome Position Gene Name of gene or its product
on chromosome

22 | rs4930248 C/T 11 68798436 CPTIA Hepatic carnitine-palmitoyl-
transferase 1A

23 | 154944925 A/G 11 74648484 POLD3 Auxiliary subunit of DNA
polymerase, Delta 3

24 |rs608343 A/G 11 68429362 LRPS5 Protein 5 associated with low
density lipoprotein receptor

25 |rs6724627 A/G 2 170651752 MYO3B Myosin I11B

26 |rs809812 A/G 10 93448022 MYOF Myoferlin

27 |rs892878 C/T 2 137114290 THSD7B Thrombospondin, type I,
containing a 7B region

28 [rs908394 A/G 12 59119000 LOC105369791 RNA-encoding gene
LOC105369791

Correlations of Allele Frequencies and Genetic Diversity
with Geographical and Climatic Parameters

For an absolute majority of polymorphic markers
in the genes of adaptation to cold climate and for the
general characteristics of the genetic diversity of the
selected marker system, a significant correlation with
the absolute latitude (27 markers), average annual
temperature (27 markers), temperature of the coldest
month (27 markers), and temperature spread
(28 markers) was revealed (Table 3).

The Figure 1 illustrates the correlation of the most
common parameter characterizing the genetic vari-
ability of the studied group of markers—the average
expected heterozygosity—with the absolute latitude
(r=0.65, p=0.0000). The points in the lower left part
of the graph represent populations of tropical regions
(Africa, South and Central America, and Oceania).
The populations of Eurasia are concentrated on the
right side of the graph, where samples of the studied
populations of the north of the continent occupy a
place in the upper right corner of the graph, that is,
they are characterized by the maximum distance from
the equator and high values of genetic diversity. The
growth of the genetic diversity of populations as we
move from the equator to the poles completely contra-
dicts the picture observed for conditionally neutral
markers or for genomic diversity in general, but
repeats the trend we recorded earlier for genes of
immune-dependent phenotypes [9, 21].

It is noteworthy that the allele frequencies and
genetic diversity of the populations are highly cor-
related with the parameters that primarily reflect the
“severity” of the climate—geographical latitude and
temperature values forming the first principal compo-
nent of climatic variables (see [22]). At the same time,
genetic parameters (allele frequencies and heterozy-
gosity) are much less closely related to longitude and
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variables characterizing the climate humidity and
forming the second principal component of climate
characteristics. So, the longitude and average annual
precipitation correlates with only 20 markers out of 28,
and the average relative humidity correlates with only
two markers. The average expected heterozygosity of
populations is related, from these variables, only to the
average annual precipitation (» = —0.43, p = 0.0003).

Thus, almost all genetic markers in the candidate
genes of adaptation to cold show a significant correla-
tion of allele frequencies with the temperature indices
of the climate and with the geographic latitude of
localization of populations. The only exception to this
pattern is the /TGBS8 gene marker, which encodes the
beta subunit of VB8 integrin (rs2301727). This gene is
involved in the processes of cell adhesion and in sig-
naling in intercellular interactions [23], and its possi-
ble role in adaptation to cold was documented in the
previous complete genomic study [24].

Search for Directional Selection Signals

The search for loci under the possible effect of
directional natural selection during human settlement
was carried out by analyzing the distribution of the
observed Fgr values over the expected distribution
(FDIST test) obtained in simulations (20 000 simula-
tions) on the basis of the hierarchical island model of
the population structure [17—20]. The test is based on
a comparison of the empirical Fgp values with the 99%
quantile of the Fgr simulation distribution for different
indices of the intrapopulation variety. The entry of the
empirical value into 1% of extreme indications
(sharply deviating from neutral values, outliers)
implies possible differentiation of the populations
under the action of selection.

Vol. 53

No. 11 2017



1177

SEARCH FOR GENETIC MARKERS OF CLIMATIC ADAPTATION

*K11s084Z01910Y pa10adxo a3eIoAe oy ST °ff

81€€°0 LLOVO 696¢°0 9€8¢€°0 SIe0 LT9¢°0 SLEEO 6L6€°0 8€9¢°0 LLLEO ¢9LE0 [4Y4 40 H
00020 99200 60CC°0 16ST°0 6SST°0 161C°0 8000 98¢Y0 14224l 1S€€°0 010 9T0 |4 76£80651
60890 0¥8¥°0 Y¥L9°0 8189°0 CIEL’0 $€08°0 €918°0 [LSE0 SS90 I8IL°0 96590 SYA1} 0 8L8T68SL
¥891°0 0€er o L06T°0 €LCT0 €8I1°0 161C°0 8LETO LS8TO €181°0 ¥L0T 0 L801°0 96ST°0 D C18608st
00020 G180°0 cIsTo 610 9080°0 £L901°0 $9L0°0 1L5€°0 00SC°0 6£C°0 6881°0 Y0vC 0 |4 LTIYTLOST
€8¢1°0 0980°0 [424V] §S6T0 €96T°0 29500 €9CC0 00000 1190°0 y¥01°0 €vro 1S¥CT°0 D £7€80981
1S€8°0 18GL°0 0rI8 0 86GL0 L8I80 €8¥8°0 SLI60 LS8LO LEILO 0€88°0 6£C6°0 SLOLO H Seorrorst
y€CCo ¥890°0 LEBE0 €eseo €8¢C°0 6680°0 00€€°0 YILO0 ¥160°0 120T°0 0LIT°0 $S9¢°0 0 8¥C0E6YST
r80°0 £€500°0 18S0°0 S9v0°0 ¢Leo0 02600 6580°0 VILO0 €900 8¢€90°0 8¢€90°0 8¢01°0 |4 LO9LOSHST
1S8S°0 L8TLO ¥¥L9°0 8189°0 06¢9°0 0€LS°0 0SLY°0 VILSO YL¥9°0 120L°0 (4430 LYSLO 0 SETIpLEST
000¥°0 8€16°0 C1s9°0 98L9°0 €619°0 1298°0 YLYL O LS8L0 926L°0 0€Iy 0 €1¢s 0 008S°0 |4 80650¢€Tst
1256°0 8CIL0 9CEL0 1¥8L°0 889L°0 LTY80 1908°0 98¢y0 ¢69L°0 79¢6°0 0€16°0 0€8L°0 0 LTLIOETST
6L59°0 €88¢°0 1S9%°0 43274\ 029%°0 €SLT0 6£vt0 VILS O 119%°0 GI8S°0 £rSS0 69LS°0 0 CEY86TTSt
000%°0 96S¢0 wero SCIe0 006€°0 LLYT0 81¥C°0 yI1L0°0 0SLT°0 £eee0 [T1¥°0 ¥7605°0 D C6LE8TTST
00050 110L°0 9TEL0 LLY9°0 68170 £€619°0 90CS°0 evico YLESO [4353Y) SYLS 0 69L5°0 L 8CYELTTST
YLvS 0 9¢r°0 18570 LLY90 9¢LE0 SIee o €910 LS8LO L99¢°0 02.9°0 08¢0 08290 0 €9191¢Ccst
1ZSY°0 8€95°0 98I+°0 0SLE°0 PP€9°0 $899°0 90£S°0 evITo 61€9°0 y0re0 9619°0 0SLE°0 |4 Srocolcst
€929°0 YECLO €208°0 9€98°0 61vL°0 LS16°0 0S€L0 VILSO YLVL O ¥SSL0 8¥89°0 96£8°0 0 G98S10Tst
68650 LS6L0 €60L°0 Ly09°0 LOLS 0 6790 y€19°0 eVIL0 CLYL 0 02es0 26960 SLC90 D 06¥S081sT
80 C¢08L°0 €9v9°0 6Cv9°0 S61S0 6S9t°0 6£6€°0 VILS O $899°0 €590 ccs90 €SvL 0 0 678008151
6L58°0 LI8E0 Y1850 LTTS0 8€6S°0 0819°0 PILS O VILS O ceeso 080 PecLo 9790 V 65008181
6890 €50S°0 6L279°0 ¥9€9°0 86CS°0 60LY°0 99¢s°0 000S°0 SE8Y0 00$8°0 VLILO wy90 0 6£Cr8691s1
68L¥°0 6v1°0 €ees o Ives0 €6LS°0 [43 30 L9G5S°0 98¢r0 9¥8¢°0 00050 8910 6959°0 0 LBI9CISTST
T1S€°0 S6C8°0 01€9°0 €069°0 €EE80 ILVL70 £608°0 98¢0 6290 000S°0 1S9%°0 €919°0 Az 9¢0cETst
ce0e0 1o YyL1I0 0€60°0 09%0°0 0€L0°0 8160°0 LS8T0 S6£1°0 ISYAN(] 120C°0 €SvTo L 0986L6C1St
000L°0 69L5°0 LO6L°0 8SSL0 9965°0 1880 LET9°0 LS8L0 0v9L0 €ILLO ¢896°0 6£L9°0 L 670976181
9S00 61€0°0 LL61'0 0sc1I°0 ¢120°0 6¥1¥0°0 65700 VILO0 69L0°0 0veT0 92€0°0 €C61°0 D 0919 ISt
[43% Al 9€LE0 €919°0 Y1850 166570 97¢6°0 €SIS0 LS8L0 98¢6°0 £999°0 0005°0 €269°0 0 8LLL88OIST
1y 0 6¥91°0 €20¢°0 ¥98¢°0 811€°0 8CST0 Syeeco LS8T0 00020 ¥¥€9°0 L19€°0 €y o L €5960501s1
Kueyy| SUAIN hw”mwv_m :MMMMW_Z sjeAing | SyeAIOY| snyex | sownsy | myoyny) | sunwpn S19Y] sY99zN RMMMM«\ Mm_ WM\“

parpnys suonemdod oY) Ul AJSIDAIP 210U pue SAOUINDAIY [V T dqEL

No. 11 2017

Vol. 53

RUSSIAN JOURNAL OF GENETICS



STEPANOV et al.

1178

*K11808AZ01910Y pa10adxo a3eIoAe oyl ST °f

QOUEBDIJTUSIS UOTIB[IIOD JO [OAS] AU ST d JUSIOIJJO0D UOTIB[OII00 YUkl UewiIeads o) STy

[260°0 | TZIT0—| €000°0 | ILEP"0—| 0000°0 {L989°0 0L20°0 | ¥9LC°0—| 000070 | I€E90—| 0000°0 [ €€0S°0—| €0€C°0 | 0CST'0 | 000070 | I€S90 H
6¥01°0 | SY0CT'0 | 1+00°0 | 8€SE0 | 000070 [ST169°0—| 6010°0 | 8SIE'0 | 000070 | 99%9°0 | 0000°0 | 6C¥S'O | ILLEO | CCIT'0—| 000070 | 8IE9'0—| PH6£806S!
GL86°0 | 6100°0 | 000070 | S¥6¥°0 | 0000°0 [T969°0—| TO00°0 | TO¥H'0 | 000070 | 6€89°0 | 000070 [ SO0€9°0 | €L0L°0 | 8L0°0—| 000070 [969L°0—| 8L8TOESSI
966S°0 | 0SL0°0—| TI000 | 0¥6£°0 | 0000°0 [08LL0— | 000070 | OTOSO | 0000°0 | 969L°0 | 0000°0 | IL89°0 | €800°0 | 69CE°0—| 0000°0 |+S9L0—|  TI8608SI
Y9100 | 66¥C°0 | 0000°0 | 99C¢S°0 | 0000°0 [¥1¥9°0— | LS6T0 | LTET'O | 00000 | ICSSO | 0I00°0 [ 9000 | OCTIO'0 | 6IIE°0—| 000070 | T6TS0—| LTIPTLISE
9010°0 | TLIE0—| 9891°0 | THLI'0 | OT00°0 |910¥°0— | €010°0 | ¥8IE0 | 900070 | €EI¥0 | 8T00°0 | TI8E°0 | 00000 | 6IC9°0—| 9000°0 | 9STHY'0—| €LE8O9ST
SS¥8°0 | 8%C0°0 | 0010°0 | ¥61£0—| 0000°0 (6L09°0 0000°0 | €£€S0—| 000070 [ 85S9°0—| 000070 | +STI'0—| ¥860°0 | €80C°0—| 000070 | LSS9°0 SCovPorst
CEvy’0 | SL60°0—| TI80°0 | 961C°0 | 0000°0 |S8CS0—| 8000°0 [ 0L0F'0 | 0000°0 | €8SS°0 | 000070 | 9¥8F°0 | 1000°0 | L6SH0—| 000070 | 8LFS0—| 8¥COE6HST
SEPL'0 | LIFO'O | 000070 | ¥I8%°0 | 0000°0 |90S8°0—| 100070 | OISH'0 | 00000 | ££08°0 | 000070 [ 80690 | SS00°0 | IEPE0—| 00000 |¥86L°0—| LO9LOSHSI
G8EY’0 [ S860°0—| €£€€°0 | 8CCI'0 | 000070 |898%°0— | TO00°0 | Ly¥+'0 | 000070 | O¥CS'0 | 0000°0 | TOOS'0 | LSE€00 [ 629C°0—| T000°0 [¥#6SH'0—| SEITPLEST
68960 | 6¥00°0 | OI00°0 | LIOP'O | 8000°0 |80F'0— | SSLO'0 | LETTO | €000°0 | TTEY'O | TH00°0 | 6CSE0 | 000S°0 | 8S80°0 | 000070 | LO6Y0—| 80SSOLTST
9PTL 0 | 8PF0°0—| €08C0 | 0LET°0—| $0C0O°0 [168C°0— | 988€°0 | 9601°0 | LS90°0 | ¥IETO | T0VI0 | ¥981°0 | 9600°0 | T1TE0—| TLLTO | 6LET0O—| LTLIOETSE
90L9°0 | T#SO°0—| €LIT'O | 9L61°0 | 0000°0 [€8S9°0— | T800°0 | €££C€0 | 0000°0 | I819°0 | 0000°0 | 88CS0 | 0000°0 | TOSS'0—| 000070 | IS65°0—| TEPBO6TTST
06CC0 | ¥CST'0—| SSEL0 | 0EF0°0 | 0000°0 [988+%°0— | 6000°0 | 9¢0¥°0 | 0000°0 | S¥61+°0 | T000°0 | OLFF'0 | 000070 | ¥6IS0—| 000070 [ £€0S°0—| TO6LESTTSE
SL6V'0 | €980°0 | 000070 | LOSS'O | 000070 |9£89°0—| T000°0 | 19¥%°0 | 00000 | €6IL°0 | 000070 | I819°0 | 8+9T°0 | ¥1¥I'0—| 00000 | 6ELL'0—| 8THELTTST
GLTE0 | €¥TI'0—| ST00°0 | 998€°0 | 0000°0 |8THL'O—| 000070 | T6LS0 | 000070 | TE9L'0 | 0000°0 | LFOL'O | €L00°0 | ITEC0—| 0000°0 [ 9€8L°0—| €9191CTSt
616C°0 | LEET'0 | #S00°0 | £€¥E0—| 000070 |9S0L°0 0000°0 | TILS'0—| 0000°0 | 98IL0—| 00000 | £0L9°0—| 60+0°0 | C9ST'0 | 0000°0 | 9¥+L ™0 Shocolcst
PY6L7°0 | TECO'0—| €000°0 | 0TEY'0 | 000070 | LITL0—| 0000°0 | €0SS0 | 000070 | €99L°0 | 000070 | S689°0 | T6TI'0 | 9161°0—| 000070 | PLLLO—| S98STOTSI
9LYS'0 | S9L0°0 | €1€0°0 | #69C°0 | 0000°0 |0819°0— | S920°0 | €LLT°0 | 0000°0 | OI9S°0 | C000°0 | S6€P°0 | 61€0°0 | S89T0—| 0000°0 | OIT9°0—| 06¥SO8IST
€908°0 | CI€0°0—| ¥0€0°0 | LOLZ'O | 0000°0 |LF6S0—| ¥000°0 | SLTHO | 0000°0 | €119°0 | 000070 | 6ISS°0 | 9800°0 | LSTE'0—| 00000 | 8665°0—| 67800811
SI¥8°0 | TCE00—| LTCO0 [ 8YSE0—| 950070 (€YY 0 8€0°0 | SYTE0—| C900°0 | L6IF'0—| LLIO0 |989€°0—| LTPS 0 |8L60°0—| TO000 | SIFSO 7650081sI
ILEL°0 [ LZP0°0—| L0000 | €60%°0 | 000070 |8SLL'O—| 00000 [ 68¥S°0 | 000070 | IZ8L°0 | 0000°0 | 8¥CL0 | 8II0°0 | 6CI€°0—| 000070 | 9I6L°0—| 6£CTH8691ST
[128°0 | 9020°0 | 0000°0 | 876%°0 | 000070 [CS8L'0—| 000070 | LIOS'O | 0000°0 | SSLL'O | 00000 | TS890 €ILI°0 | OELT'0—| 000070 | €8C8°0—| L8ICISIST
SPSE0 | 9LIT'0—| €900°0 | 9L£€°0—| 000070 |CLTI0 0¥10°0 | LSOE'0—| 000070 | L809°0—| 0000°0 | 9I€S0—| 1T60°0 | €CITO | 0000°0 [ 96050 9€0ccIst
66L1'0 | SEIT'0 | LOY0'0 | 60CE°0 | 000070 [906S°0—| LI9C'O | I9¥1°0 | TT100°0 | S88F°0 | 9I10°0 [ £06£°0 | 000070 | 6¥8L°0—| 6LC0°0 | €€YE0—| 0986L6CIST
$9LT°0 | OVLI'0 | 9000°0 | LZISO | 0000°0 |HLIL'O—| +CI0°0 [ 898€°0 | 00000 | S699°0 | 0000°0 [ 0L09°0 | €000°0 | CIES0—| 0000°0 | LIS 0—| 6¥09+6CISL
9€88°0 | 98T0°0 | 620070 | LS9E°0 | 0000°0 [8LSL0—| 9000°0 | ISI¥'0 | 000070 | 00EL0 | 0000°0 | 98C9°0 | 0000°0 | €08%°0—| 0000°0 | CHOL0—| 0919V ISt
LITT°0 | L00T'0 | ¥0C0°0 | CT68C'0 | 0000°0 (66¥S0—| Ch¥I'0 | 9¥81°0 | 000070 | 8E8F'0 | 9€00°0 | 08SE°0 | 9690°0 | C8CT0—| 0000°0 | 969Y°0—| SLLL8SOIST
S916°0 | €€10°0 | +S8IT'0O | IL61°0 | 000070 [OICSO— | SLPI'O | 0€81°0 | 1000°0 | IESH'O | 8€00°0 |+9SE0 | 000070 | SIEL'0—| SO00°0 | ¥81+'0—| €5960501S4
d q d q d ¥ d ¥ d A d A d A d '}
Anpruny uoneyndnaid jo peaids o oo omjeroduro) (dNS)
oAnR[RI 98RI0AY | Junowe oeroay | armerodwa] JSOULIEM 91 JO 1S9PI09 911 JO [enuue o3eIoAy pmIsUOT opmhvl ITEN
mjerddwa], Armerddwa],

so[qerreA d1ydei3033 pue dNBWID YIM ANSOSAZ0I)AY Pa1dadxa UBdW puk SAUINDIIL) 9[9[ JO UONB[ALIO)) *€ dqEL,

2017

No. 11

Vol. 53

RUSSIAN JOURNAL OF GENETICS



SEARCH FOR GENETIC MARKERS OF CLIMATIC ADAPTATION

1179

0.42
0.40
0.38
0.36 -
0.34 -
0.32
0.30 -
0.28 -
0.26 -
0.24

Africa
America
Oceania

0.22 -
0.20 -

0.18 !

Eurasia

—10° 0° 10° 20°

30° 40° 50° 60° 70°

Fig.1. Correlation of the average expected heterozygosity with absolute latitude (» = 0.65, p = 0.0000). Points represent the posi-
tion of the investigated populations in the space formed by the values of the average expected heterozygosity (Y axis) and the abso-

lute distance from the equator in degrees (X axis).

For each marker, Table 4 presents empirical Fgp
values calculated on the basis of allele frequencies of
28 markers of the candidate cold adaptation genes in
54 populations (12 populations from the present work
and 42 world populations from the 1000 Genomes and
HGDP projects), as well as values (1 — Fgr quantile)
reflecting the nonrandomness of the entry of the
empirical value of the indicator of genetic differentia-
tion into the number of values sharply deviating from
neutral expectations.

The coefficient of genetic differentiation of the
world populations for individual markers varies from
4.21% (for rs3741135 of gene UCP3) to 50.4% (for
rs4507607 of locus LOC107986645). The overall level
of genetic differentiation of the world populations by
candidate genes for adaptation to cold is 16.2%, which
significantly exceeds the level of genetic differentiation
in populations of Northern Eurasia (7.6%).

Six of the 28 markers demonstrate empirical Fgr
values falling within 1% of the upper values of the sim-
ulated distribution of the genetic differentiation coef-
ficient. The average Fgr value for these markers was
31.3%, which is almost two times higher than the level
of genetic differences in the world populations across
the entire SNP panel.

As implied by the FDIST test, significantly higher
differentiation of the populations for these markers
may be the result of directed selection of rare alleles in
certain populations, which leads to higher interpopu-
lation differences compared with neutral expectations

RUSSIAN JOURNAL OF GENETICS
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[20]. Of course, other explanations of the observed
phenomenon are theoretically possible, for example,
the genetic subdivision within the studied populations,
the heterogeneity of the gene flow between popula-
tions, and certain scenarios of change in the effective
population size. Nevertheless, a large range of studied
populations and consideration of the hierarchical
model of the population structure by the FDIST test
minimize the probability of false positive results and
allow interpretation of the extreme values of the
observed levels of genetic differentiation as a possible
result of directional selection [20].

We recorded directional selection signals for the
markers of six candidate cold adaptation genes,
MYOF, LONP2, IFNL4, MKLI, SLC2A412, and
CPTIA. The MYOF gene encodes a myoferlin protein,
which is involved in the repair of endothelial cell plas-
malemma and the differentiation and growth of the
striated musculature. The possible role of the MYOF
gene in adaptation to cold is associated with the partic-
ipation of myoferlin in the regeneration and repair of
muscle fibers, including in response to low-tempera-
ture stress [25, 26].

The LONPZ2 gene encodes the enzyme Lon prote-
ase 2, which relates to ATP-dependent serine prote-
ases of mitochondria and is involved in processes of
beta-oxidation of fatty acids in peroxisomes and may
play a role in the response to heat shock, participating
in the degradation of damaged or improperly assem-
bled protein molecules in the mitochondrial matrix
[27, 28].
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Table 4. Analysis of the distribution of the observed Fgt values in comparison with the expected distribution obtained in
simulation calculations (10 000 simulations) on the basis of the hierarchical island model of the population structure

Marker (SNP) Gene Fgr 1 — Fgt quantile
rs10509653 MYOF 0.2878 0.000004446
rs10887778 LOC105378415 0.1454 0.463
rs12446160 LONP2 0.4135 0.000000000
rs12946049 RPTOR 0.0636 0.997
rs12979860 IFNL4 0.2167 0.01712
rs133036 MKLI 0.2243 0.005823
rs1513687 MIR924HG 0.0998 0.939
rs16984239 KCNS3/L0OC105373451 0.1425 0.0493
rs1800592 UCPI/RN7SL152P 0.1355 0.600
rs1800849 Ucep3s 0.0922 0.965
rs1805490 GRIN2B 0.0748 0.993
rs2015865 LOC105373053/LOC105373054 0.0829 0.9601
rs2193045 LOC107984526/LOC100509370 0.1558 0.330
rs2216163 LOC107984526/LOC100509370 0.1774 0.134
rs2273428 COL19A1 0.1223 0.759
rs2283792 MAPK1 0.0658 0.998
rs2298432 MAPK1 0.1649 0.228
rs2301727 ITGBS 0.1128 0.803
rs2305508 CPTIA 0.1624 0.264
rs3741135 uces 0.0421 1.000
rs4507607 SLC2A412 0.5042 0.000000000
rs4930248 CPTIA 0.2359 0.00163
rs4944925 POLD3 0.0687 0.997
rs608343 LRPS 0.1676 0.213
1s6724627 MYO3B 0.1666 0.214
rs809812 MYOF 0.1504 0.399
rs892878 THSD7B 0.1507 0.388
rs908394 LOC105369791 0.1237 0.746

Values (1 — Fgt quantile) < 0.01 are highlighted.

The MKLI1 gene encodes a protein that interacts
with the transcription factor myocardin, a key regula-
tor of smooth muscle cell differentiation. MKL medi-
ates TGF-beta-1-induced expression of smooth mus-
cle actin [29].

The CPTIA gene encodes the liver enzyme carni-
tine palmitoyltransferase 1A, which, as Lon protease-
2, plays a role in beta-oxidation of long chain fatty
acids in mitochondria; namely, it catalyzes transfer of

RUSSIAN JOURNAL OF GENETICS

an acyl group from conjugates of long chain fatty acids
to carnitine [30].

Markers of genes MYOF, LONP2, MKLI, and
CPT1A showed signals of directional election for cold
adaptation in one of the preceding genome-wide stud-
ies [3] and were also identified as candidate targets of
directional selection in Siberian populations in our
genome-wide data partially presented in [22]. In addi-
tion, for gene CPT 1A, associations with lipid metabo-
lism rates in Canadian Eskimos were found [31]. The
Vol. 53

No. 11 2017
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high frequency of the “Arctic” variant of the gene was
previously found in the paleo-Asiatic populations of
Northeast Asia: among Koryaks, Chukchi, and Eski-
mos [1].

The SLC2A412 gene encodes a membrane protein
responsible for the transfer of glucose through the cell
membrane. Previously, for various genes of the family
of soluble SLC transport proteins, a directional selec-
tion effect associated with phenotypes such as skin
pigmentation and a response to pathogens was
revealed [32—35].

The IFN-A4 gene encodes interferon IFN-A4,
which belongs to type III interferons, and is a rare
example of human orphan genes. The ability to pro-
duce IFN-A4 is controlled by alleles of the dinucleo-
tide genetic variant rs368234815 (77/dG). The ances-
tral allele dG supports and the derived 7T allele elimi-
nates the open reading frame for the /FNL4 gene [36].
The 7T allele specific to humans originated in Africa
about 60000 years ago and, through directional selec-
tion, became highly prevalent in non-African popula-
tions, primarily in Asia, where the 77T frequency
reaches 90—100% [37]. The reason for the selective
advantage of the 77 allele is unclear, but since it was
shown that the absence of the IFN-A4 protein
improves the response to the hepatitis C virus [36],
perhaps T'T carriers are more resistant to other infec-
tious agents. Earlier, in the study of the /FNL4 allele
frequency distribution in the world populations, we
showed that frequencies of the derived allele (77) are
minimal in Africa (5—30%), low in the indigenous
populations of the Indians of South and Central
America (35—50%), and maximal in East Asia, Sibe-
ria, and North Asia (70—100%) [38].

CONCLUSIONS

As aresult of the presented study, we found correla-
tions of the genetic diversity of the candidate genes for
adaptation to cold climate with key climatic character-
istics; for some of these genes, we revealed possible
directional selection action and found an increase in
the genetic diversity in this gene system with an
increase in the distance from the equator, that is,
during the human resettlement from Africa.

One of the potential contradictions in the recorded
trends is that we demonstrate directional selection sig-
nals in northern populations with the growth of
genetic diversity, while directional selection ultimately
should lead to a decrease in diversity owing to the
gradual elimination of the selected allele from the
population. The solution of this contradiction is that,
firstly, the selection is not the strongest and not the
only microevolutionary factor that determined the
genetic structure of the populations of Northern Eur-
asia. Isolation by distance, genetic drift, and gene flow
may be more significant factors of population dynam-
ics at the population gene pool level as a whole. Sec-
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ondly, selection in the case of genes for adaptation to
cold climate is aimed at maintaining in the northern
populations a derived allele that in the ancestral pop-
ulation was either absent at the time of modern human
origin (as in the case of the 7T allele of gene IFNL4)
or its frequency was minimal (as in modern African
populations) owing to selection of a derived allele that
is adaptive to the initial conditions of the habitat of
ancestral human populations. Thus, directional selec-
tion during the process of human settlement outside
the tropics changed the frequency of the derived allele
derivative from the initial values close to 0 to the cur-
rent values in the populations of Northern Eurasia (for
most markers, around 30—60%, see Table 2). In other
words, directional selection of a rare allele led to its
transformation into a frequent one and, correspond-
ingly, to an increase in heterozygosity in proportion to
moving further away from Africa, in contrast to the
variability of the overall level of genetic diversity in
world populations.

The data obtained in this work, as well as their
interpretation from the point of view of the role of
selection in adaptation to the change in climatic and
geographical conditions of the habitat, support the
hypothesis of decanalization of the genome—phe-
nome relations under the influence of natural selec-
tion during human settlement across the globe, which
was formulated earlier by Gibson [39, 40] and further
developed by us [9, 21, 22].
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