FEHETUKA YENNOBEKA BaBrnoBcKuUm XXypHan reHeTuKmM 1 cenekunn. 2023;27(3):218-223

OpurnHanbHoe nccnegosaHue / Original article DOI 10.18699/VJGB-23-28

Original Russian text https://vavilovj-icg.ru/

Evaluating the role of selection in the evolution
of mitochondrial genomes of aboriginal peoples of Siberia

B.A. Malyarchuk@, M.V. Derenko

Institute of Biological Problems of the North of the Far Eastern Branch of the Russian Academy of Sciences, Magadan, Russia
& malyarchuk@ibpn.ru

Abstract. Studies of the nature of mitochondrial DNA (mtDNA) variability in human populations have shown that pro-
tein-coding genes are under negative (purifying) selection, since their mutation spectra are characterized by a pro-
nounced predominance of synonymous substitutions over non-synonymous ones (Ka/Ks < 1). Meanwhile, a number of
studies have shown that the adaptation of populations to various environmental conditions may be accompanied by a
relaxation of negative selection in some mtDNA genes. For example, it was previously found that in Arctic populations,
negative selection is relaxed in the mitochondrial ATP6 gene, which encodes one of the subunits of ATP synthase. In this
work, we performed a Ka/Ks analysis of mitochondrial genes in large samples of three regional population groups in
Eurasia: Siberia (N = 803), Western Asia/Transcaucasia (N = 753), and Eastern Europe (N = 707). The main goal of this
work is to search for traces of adaptive evolution in the mtDNA genes of aboriginal peoples of Siberia represented by
populations of the north (Koryaks, Evens) and the south of Siberia and the adjacent territory of Northeast China (Bu-
ryats, Barghuts, Khamnigans). Using standard Ka/Ks analysis, it was found that all mtDNA genes in all studied regional
population groups are subject to negative selection. The highest Ka/Ks values in different regional samples were found
in almost the same set of genes encoding subunits of ATP synthase (ATP6, ATP8), NADH dehydrogenase complex (ND1,
ND2, ND3), and cytochrome bc; complex (CYB). The highest Ka/Ks value, indicating a relaxation of negative selection,
was found in the ATP6 gene in the Siberian group. The results of the analysis performed using the FUBAR method
(HyPhy software package) and aimed at searching for mtDNA codons under the influence of selection also showed the
predominance of negative selection over positive selection in all population groups. In Siberian populations, nucleo-
tide sites that are under positive selection and associated with mtDNA haplogroups were registered not in the north
(which is expected under the assumption of adaptive evolution of mtDNA), but in the south of Siberia.
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O11eHKa pojy OT60pa B 3BOAIOLNY MUTOXOHAPUAJIbHbIX TEHOMOB
KOPEeHHOro HacesjieHUs: Cubupu

B.A. Maaspuyk @, M.B. Aepenxo

NHcTuTyT 6rionornyecknx npobnem Cesepa [lanbHeBOCTOUHOrO oTAeneHns Poccninckoii akagemun Hayk, MarapaH, Poccun
® malyarchuk@ibpn.ru

AHHoOTauumA. iccnepoBaHua xapaktepa nsmeHUnBocTn mutoxoHapuanbHon AHK (MtHK) B nonynaunax yenoeeka Bbl-
ABUAN, YTO 6ENOK-KOAMPYIOLME reHbl HAaXOAATCA NoA AeNCTBMEM OTPULATENbHOTO (ounLatoLLero) otbopa, MOCKObKy
MyTaLMOHHbIe CNeKTpbl reHoB MTAHK XapakTepusyloTcs BbipaXkeHHbIM NpeobsiagaHmemM CUHOHUMUYHBIX 3aMeH Haj
HECMHOHVMUYHBIMK (BenuuymHa napameTpa Ka/Ks < 1). Mexgy Tem B pAge nccnefoBaHuii NokasaHo, YTo agantauumsa
nonynAUuiA K pasfinyHbIM YCIOBUAM NPUPOAHON CPefbl MOXKET COMPOBOXAATbCsA OCnabneHreM oTpuLaTeENbHOro OT-
60pa B HekoTopbix reHax MTAHK. Tak, paHee Oblfio YCTAaHOBMIEHO, UTO B apKTUYECKMX MOMYNALMAX OTPULATESNbHbIN
oT60op ocnabneH B MATOXOHAPWANbHOM reHe ATP6, kogupytowem ofHy 13 cybbegnHuy ATO-cumHTasbl. B HacToAwein
pabote nposefeH Ka/Ks-aHann3 MUTOXOHAPMANbHBIX FEHOB B 60MbLIMX BbIOOPKaX Tpex pervoHasnbHbIX rpynmn Hace-
nenna Eespasun: Cnbupm (N = 803), 3anapHoin Asun/3akaskasba (N = 753) n BoctouHon EBponbl (N = 707). OcHoBHas
Lenb paboTbl — NOWCK CNeAOB afanTBHOW 3Bonounmn B reHax MTAHK KopeHHoro HaceneHnus Cnbvpu, npeactaBneH-
HOrO HaceneHmem cesepa (KOpAKY, 3BeHbl) U tora Cnbrpmn 1 npuneratolyein Tepputoprm CeBepo-BoctouHoro Kutas
(6ypsaTbl, 6apryTbl, xamHuraHe). C nomoubto cTaHgapTHoro Ka/Ks-aHanmsa yctaHoBneHo, yto Bce reHbl MTAHK Bo Bcex
N3YYeHHbIX PermoHanbHbIX FPynmax HaceneHra UCNbITbIBAKOT AeNCTBME oTpuLaTenbHoro otbopa. Hanbonee Bbicokme
3HaueHuAa Ka/Ks B pa3nnyHbix permoHanbHblx BbIOopKax 06HapyKeHbl MPakTUYeckn B O4HOM 1 TOM e Habope reHos,
Koampyowmx cyoveanHubl ATO-cuHTasbl (ATP6, ATP8), HAJH-pernpporeHasHoro komnnekca (ND1, ND2, ND3) v uyu-
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OueHKa ponu oT6opa B 3B0MIOLMM
MUTOXOHZPUANbHbIX FEHOMOB KOPeHHOro HaceneHus Cubupu

Toxpom bc;-komnnekca (CYB). Camoe Bbicokoe 3HaueHue Ka/Ks, ykasbiBatoljee Ha ocnabneHne oTpuuaTenbHOro oT-
60pa, BbIABNEHO B reHe ATP6 B cMbupcKol rpynne. Pe3ynbtaThl aHanmsa, BbINOSHEHHOTO € Momollbio MeTofa FUBAR
(naket nporpamm HyPhy) n HanpasneHHoro Ha nouck kogoHos MTAHK, HaxoasawWwmxcsa nog AencTsnem otoéopa, Takxke
nokasanu npeobnagaHve BANAHUA OTpULATENIbHOrO 0TOOPa Haf NONOXKMUTENbHBIM OTOOPOM BO BCEX Mpynnax Hacene-
HMA. B cnbupckmx nonynauuax HyKNeoTugHble No3numm, HaxoaaLmeca noj AecTBrEM MONOXNUTENbHOro otbopa 1
accouunpoBaHHble ¢ rannorpynnamv MTAHK, 3apernctpupoBaHbl He Ha ceBepe (YTO OXKMAAETCA B NPELNONOKEHUN

apganTtueHo agontouun MTAHK), a Ha tore Cubupu.

KnioueBble cnioBa: MutoxoHapuanbHas [HK; ectectBeHHbIn oT60p; Ka/Ks-TecTbl; nonynsauum Yenoseka; Cnbupb.

Introduction

Mitochondrial DNA (mtDNA) is a valuable tool for study-
ing the evolutionary history of humans, which is associated
with such features of the mitochondrial genome as maternal
inheritance without recombinations and a high mutation
rate compared to the nuclear genome (Brown et al., 1979;
Giles et al., 1980). The gradual accumulation of mutations in
mtDNA haplotypes leads to the formation of groups of phy-
logenetically related haplotypes (i. ., mtDNA haplogroups),
which are characterized by a population-specific distribution
(Wallace, 1995). At the beginning of studies, continental mac-
rohaplogroups were discovered, and later, as the resolution
of mtDNA analysis increased — from sequencing of certain
mtDNA regions to sequencing of complete mitogenomes —
ethnospecific mtDNA haplogroups were identified (Olivieri
et al., 2017; Derenko et al., 2019; Garcia et al., 2020).

The results of population genetic studies of the last 20 years
point to the great importance of negative (purifying) selection
in human mitochondrial genome evolution (Mishmar et al.,
2003; Elson et al., 2004; Kivisild et al., 2006; Ingman, Gyl-
lensten, 2007; Sun et al., 2007; Derenko, Malyarchuk, 2010;
Eltsov et al., 2010; Malyarchuk, 2011; Litvinov et al., 2020).
This is primarily due to significance of this genetic system,
which ensures the effective functioning of the mitochondrial
respiratory chain. Genes encoding subunits of protein com-
plexes of the respiratory chain (NADH-ubiquinone-oxido-
reductase, cytochrome bc,, cytochrome c-oxidase, ATP-syn-
thase) make up about 70 % of the mitochondrial genome.
The high stability of these genes is due to the significant
prevalence of synonymous substitutions in various mtDNA
genes (Ks) over non-synonymous ones (Ka), leading to amino
acid substitutions.

Meanwhile, early studies have shown that mitochondrial
genes may be subject to positive selection, leading to the pre-
valence of non-synonymous substitutions over synonymous
ones, due to the adaptation of human populations to various
natural environmental conditions (Mishmar et al., 2003). Thus,
a deviation from the neutral model of mtDNA variability was
found in different population groups of Eurasia and America.
An analysis of the distribution of Ka/Ks values has shown
that negative selection is relaxed in the mitochondrial ATP6
gene in the Arctic zone, in the CYB gene in the temperate
zone (Europe), and in the CO/ and ND3 genes in the tropics
(Mishmar et al., 2003; Ingman, Gyllensten, 2007).

The prevalence of elevated Ka/Ks values in the ATP6 gene
in the Arctic zone (in Siberian and North American popula-
tions) in comparison with other regions was explained by
the adaptation of populations to the Far North environmental
conditions (Mishmar et al., 2003). The ATP6 gene encodes

subunit 6 of mitochondrial ATP synthase, which is involved
in the coupling of ATP production and heat to maintain body
temperature, and therefore it is suggested that polymorphic
variants that reduce coupling efficiency may be beneficial
under cold stress conditions, as they increase heat production
and overall metabolic rate (Mishmar et al., 2003).

Later, it was also shown that higher Ka/Ks values in the
ATP6 gene prevail in East Asians (Elson et al., 2004; Sun et
al., 2007). In another study of the mitochondrial genomes of
the North Asian populations, the highest Ka/Ks values were
also found in the ATP6 gene (Ingman, Gyllensten, 2007). The
accumulation of non-synonymous mutations in this gene was
considered by the authors as an evolutionarily slow process of
gradual relaxation of negative selection over many thousands
of years. This scenario is also supported by evidence that some
ancient non-synonymous substitutions were defining mtDNA
haplogroups that have become widespread in northern Asia
(Ruiz-Pesini et al., 2004). For example, there is the G8584A
substitution, which defines the M8 macrohaplogroup and its
predominantly North Asian haplogroup C, the C8794T substi-
tution, which determines the haplogroup A, and the A8701G
substitution, which delineates the macrohaplogroup N as a
whole. It is assumed that such mtDNA replacements are as-
sociated with changes in energy metabolism and, thus, con-
tributed to adaptation to northern conditions, being potential
candidates for adaptive selection (Ruiz-Pesini et al., 2004).

Another scenario, as noted above, is that mutational changes
in the ATP6 gene occurred as a result of relaxed negative selec-
tion, and the increase in the frequency of these polymorphic
variants in northern populations was facilitated by genetic
drift, the effects of which are better manifested in populations
with a small effective size (Ingman, Gyllensten, 2007).

The results of Ka/Ks analysis of mitochondrial genes in
cancer tissues demonstrated a significant relaxation of negative
selection in many mtDNA genes under conditions of aerobic
glycolysis, which actively occurs in cancer cells (Stafford,
Chen-Quin, 2010; Liu et al., 2012; Skonieczna et al., 2018).
When comparing the Ka/Ks spectra in healthy and cancer-
ous tissues, it turned out that in the mitochondrial genes of
affected cells in various types of cancer, a statistically signifi-
cant relaxation of negative selection is observed in all genes,
except for ATP6 and ATPS, as well as ND3 and CO2 (Liu et
al., 2012). With respect to the genes encoding subunits of ATP
synthase, this means that the mitochondria of healthy cells are
likely to be characterized by such a significant relaxation of
negative selection that it practically does not differ from that
under conditions of carcinogenesis. However, the reasons for
such behavior of the mitochondrial ATP6 and ATPS genes in
the norm are not fully understood.
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Thus, the results of studies of the evolution of protein-
coding mtDNA genes in human populations testify to a rather
high stability of mitochondrial genes; however, the differences
that were revealed between populations indicate a possible
influence of positive selection on some mtDNA genes due to
the adaptation of populations to different climatic conditions.
In a number of studies, this issue was considered based on
populations of East Asia, including the aboriginal populations
of Siberia, but the sample sizes of populations studied were
insufficiently representative (less than 100 complete mitoge-
nomes) (Mishmar et al., 2003; Elson et al., 2004; Kivisild et
al., 2006; Ingman, Gyllensten, 2007; Sun et al., 2007).

In this paper, we present more detailed information on the
effect of selection on the mitochondrial genomes of human
populations based on the results of Ka/Ks analysis of mtDNA
genes in aboriginal populations of Siberia (N = 803) in com-
parison with populations of Western Asia and Transcaucasia
(N =753) and Eastern Europe (N = 707).

Materials and methods

Whole mtDNA genome data from Siberian and East Asian
populations published in GenBank (https://www.ncbi.nlm.nih.
gov/genbank/) were analyzed. The data are represented by the
Koryaks (N=154) and Evens (N =219) from the northern part
of Siberia, and by the Mongolic-speaking Buryats, Barghuts
and Khamnigans (N = 430) from the southern part of Siberia
and adjacent territories of Northeast China. For comparison,
we used data on the whole mitogenome variability in popu-
lations of Western Asia (Persians, Qashqais, Lebanese) and
Transcaucasia (Armenians and Azeri) (N =753), as well as in
populations of Eastern Europe (Russians, Ukrainians, Volga
Tatars and Estonians) (N = 707).

We analyzed the distribution of Ka/Ks values (the ratio
of the number of non-synonymous substitutions for a non-
synonymous site (Ka) to the number of synonymous substitu-
tions for a synonymous site (Ks)) in the mtDNA L-strand en-
coded genes ND1, ND2, CO1, CO2, ATPS, ATP6, CO3, ND3,
ND4L, ND4, ND5 and CYB. For Ka/Ks analysis, we used the
programs of the package DnaSP v. 5 (Librado, Rozas, 2009).
The effect of negative selection is assumed at Ka/Ks < 1
and positive selection at Ka/Ks > 1. To analyze the effect of se-
lection on mtDNA protein-coding genes, the HyPhy software
package was also used (http://www.hyphy.org) (Kosakovsky
Pond et al., 2005). To identify codons under the influence of
negative and positive selection, the FUBAR method (Fast Un-
constrained Bayesian AppRoximation) was used. This method
allows you to quickly analyze large sets of molecular data
using the hierarchical Bayesian method and the Monte Carlo
method for Markov chains (MCMC) (Murrel et al., 2013).

Results and discussion

The results of the analysis of the distribution of Ka/Ks values
in the protein-coding genes of the mitochondrial genome in
aboriginal populations of Siberia demonstrate that in all but
one of the cases, the values of this parameter are below 1,
which indicates the effect of negative selection on mtDNA
genes (Table 1). The highest Ka/Ks values were detected in
the ATP6 gene. Moreover, among the Koryaks, a Paleo-Asia-
tic people that originated in Northeast Asia under extreme
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environmental conditions, the Ka/Ks value exceeds 1, which
indicates the effect of positive selection on this mitochondrial
gene.

Table 2 shows Ka/Ks values in three regional population
groups. In the Siberian group of populations, the highest va-
lues were found in the ATP6, ATP8, ND2, and CYB genes; in
the populations of Western Asia and Transcaucasia — in the
ATP6, ATP8, ND1, ND2, and CYB genes; in the populations
of Eastern Europe — in the ATP6, ATP8, ND1, ND3, and CYB
genes. Therefore, the results of analysis indicate that in dif-
ferent regions of Eurasia the highest Ka/Ks values are found
in about the same sets of mitochondrial genes. The maximum
values of this parameter were revealed in the genes encoding
subunits of ATP synthase, which is consistent with the results
of previous studies (Mishmar et al., 2003; Ingman, Gyllensten,
2007; Sun et al., 2007) and points to a relaxation of negative
selection in the ATP6 and ATPS genes, especially in Siberian
populations.

To assess selective pressure acting on individual mtDNA
sites (with taking into account their location in the phylogene-
tic tree of mtDNA haplotypes), we used hierarchical Bayesian
analysis implemented in the FUBAR program of the HyPhy
package (http://www.hyphy.org). This method has a higher
efficiency of detecting codons that are under the influence of
positive and negative selection — for example, in comparison
with the FEL (Fixed Effects Likelihood) and MEME (Mixed
Effects Model of Evolution) methods of the HyPhy package,
which are also widely used to study selective processes (Murrel
etal., 2012, 2013).

Our study demonstrated that in Siberian populations, 11.4 %
(411) codons, which are roughly evenly distributed over the
mtDNA genes, are under the influence of negative selection.
The effect of positive selection was found only in 4 codons of
the ND5 and CYB genes (Table 3).

When only the populations of the northeastern part of Sibe-
ria (Koryaks and Evens) are analyzed, another codon, which
is characterized by a borderline posterior probability value of
0.9, is revealed in the ND4 gene (see Table 3). In this case, the
nucleotide substitution in the ND4 gene, leading to the N390S
amino acid substitution, determines the C5a2 phylogenetic
cluster, which is interesting in that it is distributed mainly
among the Koryaks.

All other substitutions are found in mtDNA clusters charac-
terized by a more southern distribution — they are associated
either with major mtDNA haplogroups widespread in East
and South Asia (for example, N9a and Fla’c’f) or in Western
Eurasia (for example, H11, K, J1¢), or with relatively small East
Asian mtDNA haplogroups found also in Buryats, Barghuts,
and Khamnigans (D4jla, D4g2al) (see Table 3).

Thus, oddly enough, despite the expected effect of positive
selection on individual mtDNA sites due to the adaptation of
aboriginal populations of Northeastern Siberia to a cold climate,
the effect of positive selection was found only in southern-
most Siberian populations. Similar conclusions follow from
the results of the analysis of mtDNA protein-coding genes in
Siberian populations obtained using other methods, FEL and
MEME (results not shown).

For comparison, data sets for populations of Western Asia/
Transcaucasia and Eastern Europe were also analyzed (see
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Table 1. Ka/Ks values for mtDNA genes
in aboriginal populations of Siberia
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Table 2. Ka/Ks values for mtDNA genes
in regional populations

mtDNA Koryaks Evens Mongolic-speaking
gene (N=154) (N=219) populations
(N =430)
ND, ................ 00” ................... 0075 ................... 0109 ...........................

NDZ ................ 0217 ................... 0188 ................... 021 ..............................

Cm ................. 0008 ................... 0032 ................... 0032 ...........................

COZ ................ 0049 ................... 0004 ................... 0042 ...........................

ATP8 ............... 0018 ................... 072 ..................... 0617 ...........................
ATP6133 ..................... 071 ...................... 0934 ...........................
CO3 ................ 000003 ............... 000003 ............... 0032 ...........................

ND3 ................ 0548 ................... 004 ..................... 016 .............................

ND4L .............. 000001 ............... 016 ..................... 013 .............................

ND4 ................ 0225 ................... 028 ..................... 012 .............................

ND5 ................ 0184 ................... 0075 ................... 0068 ...........................

CYB ................. 04 ....................... 028 ..................... 0146 ...........................

mtDNA Siberia Western Asia Eastern Europe
gene (N=2803) and Transcaucasia (N=707)
(N=753)
ND, ................ 0075 ................. 031 ................................ 033 .....................

NDZ ................ 0203 ................. 0263 ............................. 02 .......................

Cm ................. 0028 ................. 005 ............................... 0025 ...................

COZ ................ 0031 ................. 0042 ............................. 0053 ...................

ATP8 ............... 056 ................... 028 ............................... 071 ......................

ATP6 ............... 0932 ................. 0397 ............................. 034 .....................

C03 ................ 0022 ................. 0” ................................ 019 .....................

ND3 ................ 0174 ................. 031 ................................ 038 .....................

ND4L .............. 0”5 ................. 0072 ............................. 0045 ...................

ND4 ................ 018 ................... 0025 ............................. 0028 ...................

ND5 ................ 0092 ................. 0022 ............................. 0037 ...................

CYB ................. 0209 ................. 031 ................................ 047 .....................

Table 3. mtDNA nucleotide positions affected by positive selection in regional population groups (FUBAR method)

Gene, codon, Nucleotide position, a B
substitution substitution

ND5, T8A 12358, A>G 2.234 14.049
NDsI2STV 13105456 2375 16015
DS A47ST 13759,G5A 2155 12928
omFsL 14798T>C 249 3074
ND4,N390S 1928456 3058 2089

ND2, A331T 5460,G> A 1.379 28.771
cosPsIl 0957,T>C vy 7623
e e e o
NDsFazRL 13768T>C 1746 11402
e e L e

ATP6, 1121V 8887,A>G 1.198 7.492
ND4soP no2sT>C 1139 21786
NDsSV 13105456 24 13831
ND5TSM 13934,C>T 72 15421
omLsse 15519,T5C RE/ 21875

PP (a<p) BF (a < B) mtDNA haplogroups associated
with certain substitution

0.915 31.42 N9a, D4j1a
092 .................... 3 331 .................. D 49231 ............................................
0917 ................. 3 221 .................. F 1a,c,f|_”1 ......................................
0969 ................. 8 947 ................. K '”c ...............................................
09 ...................... 1504C5a2 ................................................

0.991 467.9 H1e,J1b1,K1a12, W
09074249 ................. N 1b1a3 ...........................................
0959 ............... 1028 ................... K 1a2,N1b1’N1a3 ...........................
09074221 .................. U 3b ..................................................
093 .................... 5 74 ................... H V ....................................................

0.902 33.35 W1e, R1
0968 ............... ”11 .................... K 1a2,N1a3 ......................................
0902 ................. 3 364 ................. R 1a1lu4d2 .....................................
09234335J1c3,u3a .........................................
0969 ................. 1120 ................. H 34 ..................................................

Note. a - rate of synonymous substitutions; 3 — rate of non-synonymous substitutions; PP — posterior probability; BF — Bayes factor. PP for codons, which are

under the influence of positive selection, is > 0.9.
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Table 3). In the first case, 19.5 % (700) codons were found
under the influence of negative selection, in the second case —
16.4 % (589) codons. Under the influence of positive selection,
five codons were identified in both regional population groups
(see Table 3). All substitutions are associated with mtDNA
haplogroups widespread in Western Eurasia, and therefore
it is difficult to accept (at least in the absence of a special
analysis) that the fixation of these substitutions in haplogroup
trunks occurred due to the adaptation of populations to natural
environmental conditions. It should be noted that in two cases
there is evidence of the influence of positive selection on the
same codon in different geographic regions: a nucleotide sub-
stitution at position 11025, which determines the haplo-
groups K1a2 and Nla3, in the populations of Western Asia/
Transcaucasia and Eastern Europe, and a nucleotide substi-
tution at position 13105, which defines haplogroup D4g2al
in Siberian populations and haplogroups Rlal and U4d2 in
populations of Eastern Europe (see Table 3).

Conclusion

Thus, our study aimed at the effects of selection on mtDNA
genes in different regional groups of Eurasia using standard
Ka/Ks analysis showed that all mtDNA genes are characterized
by low values of this parameter (Ka/Ks < 1), indicating the
influence of negative selection. The highest Ka/Ks values in
different regional population groups were found in almost the
same set of genes encoding subunits of ATP synthase (47P6,
ATPS8), NADH dehydrogenase complex (ND1, ND2, ND3), and
cytochrome bc,; complex (CYB). The highest value of Ka/Ks,
indicating a relaxation of negative selection, was found in the
ATP6 gene in Siberian populations; moreover, in Koryaks, the
effect of positive selection on this gene was formally recorded
(Ka/Ks =1.33).

Meanwhile, the results of the analysis aimed at searching for
mtDNA codons affected by selection showed a multiple pre-
vailing negative selection over positive one in all population
groups under study. In Siberian populations, codons affected
by positive selection and associated with mtDNA haplogroups
have been revealed only in populations of the southern part of
Siberia and the adjacent territory of Northeast China (among
the Buryats, Barghuts, and Khamnigans). In the regional
groups of Eurasian populations, codons of this kind were found
in different mtDNA genes (ND2, ND4, ND5, CO3, CYB), but
in the ATP6 gene a single codon (at position 121) was detected
in the East European group of populations rather than in the
Siberian one. Apparently, further studies of the direction and
strength of natural selection on mitochondrial genomes in
different regional population groups of Eurasia are required.

References

Brown W.M., George M.Jr., Wilson A.C. Rapid evolution of animal
mitochondrial DNA. Proc. Natl. Acad. Sci. USA. 1979;76(4):1967-
1971. DOI 10.1073/pnas.76.4.1967.

Derenko M., Denisova G., Malyarchuk B., Hovhannisyan A., Kha-
chatryan Z., Hrechdakian P., Litvinov A., Yepiskoposyan L. In-
sights into matrilineal genetic structure, differentiation and an-
cestry of Armenians based on complete mitogenome data. Mol.
Genet. Genom. 2019;294(6):1547-1559. DOI 10.1007/s00438-019-
01596-2.

222

Evaluating the role of selection in the evolution
of mitochondrial genomes of aboriginal peoples of Siberia

Derenko M.V., Malyarchuk B.A. Molecular Phylogeography of Po-
pulations of Northern Eurasia Based on Mitochondrial DNA Vari-
ability data. Magadan: SVNC DVO RAN, 2010. (in Russian)

Elson J.L., Turnbull D.M., Howell N. Comparative genomics and the
evolution of human mitochondrial DNA: assessing the effects of
selection. Am. J. Hum. Genet. 2004;74(4):229-238. DOI 10.1086/
381505.

Eltsov N.P., Volodko N.V., Starikovskaya E.B., Mazunin 1.0., Suker-
nik R.I. The role of natural selection in the evolution of mitochon-
drial haplogroups in Northeastern Eurasia. Rus. J. Genet. 2010;
46(9):1105-1107. DOI 10.1134/S1022795410090243.

Garcia O., Alonso S., Huber N., Bodner M., Parson W. Forensically
relevant phylogeographic evaluation of mitogenome variation in the
Basque Country. Forensic Sci. Int. Genet. 2020;46(5):102260. DOI
10.1016/j.fsigen.2020.102260.

Giles R.E., Blanc H., Cann H.M., Wallace D.C. Maternal inheri-
tance of human mitochondrial DNA. Proc. Natl. Acad. Sci. USA.
1980;77(11):6715-6719. DOI 10.1073/pnas.77.11.6715.

Ingman M., Gyllensten U. Rate variation between mitochondrial do-
mains and adaptive evolution in humans. Hum. Mol. Genet. 2007;
16(19):2281-2287. DOI 10.1093/hmg/ddm180.

Kivisild T., Shen P., Wall D.P., Do B., Sung R., Davis K., Passarino G.,
Underhill P.A., Scharfe C., Torroni A., Scozzari R., Modiano D.,
Coppa A., de Knijff P., Feldman M., Cavalli-Sforza L.L., Oefner P.J.
The role of selection in the evolution of human mitochondrial ge-
nomes. Genetics. 2006;172(1):373-387. DOI 10.1534/genetics.105.
043901.

Kosakovsky Pond S.L., Frost S.D.W., Muse S.V. HyPhy: hypothesis
testing using phylogenies. Bioinformatics. 2005;21(5):676-679.
DOI 10.1093/bioinformatics/bti079.

Librado P., Rozas J. DnaSP v5: a software for comprehensive analysis
of DNA polymorphism data. Bioinformatics. 2009;25(11):1451-
1452. DOI 10.1093/bioinformatics/btp187.

Litvinov A.N., Malyarchuk B.A., Derenko M.V. The nature of the
molecular evolution of the mitochondrial genomes of the Russian
population of East Europe. Vestnik Severo-Vostochnogo Nauchnogo
Centra DVO RAN = The Bulletin of the North-East Scientific Cen-
ter. 2020;2:107-113. DOI 10.34078/1814-0998-2020-2-107-113. (in
Russian)

Liu J.,, Wang L.-D., Sun Y.-B., Li E.-M., Xu L.-Y., Zhang Y.-P.,
Yao Y.-G., Kong Q.-P. Deciphering the signature of selective con-
straints on cancerous mitochondrial genome. Mol. Biol. Evol. 2012;
29(4):1255-1261. DOI 10.1093/molbev/msr290.

Malyarchuk B.A. Adaptive evolution signals in mitochondrial genes
of Europeans. Biochemistry (Moscow). 2011;76(6):702-706. DOI
10.1134/S0006297911060113.

Mishmar D., Ruiz-Pesini E., Golik P., Macaulay V., Clark A.G., Hossei-
ni S., Brandon M., Easley K., Chen E., Brown M.D., Sukernik R.I.,
Olckers A., Wallace D.C. Natural selection shaped regional mtDNA
variation in humans. Proc. Natl. Acad. Sci. USA. 2003;100(1):171-
176. DOI 10.1073/pnas.0136972100.

Murrell B., Moola S., Mabona A., Weighill T., Sheward D., Kosakovsky
Pond S.L., Scheffler K. FUBAR: a fast, unconstrained bayesian ap-
proximation for inferring selection. Mol. Biol. Evol. 2013;30(5):
1196-1205. DOI 10.1093/molbev/mst030.

Murrell B., Wertheim J.O., Moola S., Weighill T., Scheffler K., Ko-
sakovsky Pond S.L. Detecting individual sites subject to episodic
diversifying selection. PLoS Genet. 2012;8(7):¢1002764. DOI
10.1371/journal.pgen.1002764.

Olivieri A., Sidore C., Achilli A., Angius A., Posth C., Furtwéngler A.,
Brandini S., Capodiferro M.R., Gandini F., Zoledziewska M., Pitza-
lis M., Maschio A., Busonero F., Lai L., Skeates R., Gradoli M.G.,
Beckett J., Marongiu M., Mazzarello V., Marongiu P., Rubino S.,
Rito T., Macaulay V., Semino O., Pala M., Abecasis G.R., Schles-
singer D., Conde-Sousa E., Soares P., Richards M.B., Cucca F.,
Torroni A. Mitogenome diversity in Sardinians: a genetic window

BaBunoBckuii )KypHan reHeTuku u cenekuunm / Vavilov Journal of Genetics and Breeding - 2023 - 27 - 3


https://doi.org/10.1073/pnas.76.4.1967
http://www.ncbi.nlm.nih.gov/pubmed/14712420
http://www.ncbi.nlm.nih.gov/pubmed/14712420
http://www.ncbi.nlm.nih.gov/pubmed/14712420
https://doi.org/10.1073/pnas.77.11.6715
https://pubmed.ncbi.nlm.nih.gov/?sort=date&term=Do+B&cauthor_id=16172508
https://pubmed.ncbi.nlm.nih.gov/?sort=date&term=Sung+R&cauthor_id=16172508
https://pubmed.ncbi.nlm.nih.gov/?sort=date&term=Davis+K&cauthor_id=16172508
https://pubmed.ncbi.nlm.nih.gov/?sort=date&term=Passarino+G&cauthor_id=16172508
https://pubmed.ncbi.nlm.nih.gov/?sort=date&term=Underhill+PA&cauthor_id=16172508
https://pubmed.ncbi.nlm.nih.gov/?sort=date&term=Scharfe+C&cauthor_id=16172508
https://pubmed.ncbi.nlm.nih.gov/?sort=date&term=Torroni+A&cauthor_id=16172508
https://pubmed.ncbi.nlm.nih.gov/?sort=date&term=Scozzari+R&cauthor_id=16172508
https://pubmed.ncbi.nlm.nih.gov/?sort=date&term=Modiano+D&cauthor_id=16172508
https://pubmed.ncbi.nlm.nih.gov/?sort=date&term=Coppa+A&cauthor_id=16172508
https://pubmed.ncbi.nlm.nih.gov/?sort=date&term=de+Knijff+P&cauthor_id=16172508
https://pubmed.ncbi.nlm.nih.gov/?sort=date&term=Feldman+M&cauthor_id=16172508
https://pubmed.ncbi.nlm.nih.gov/?sort=date&term=Cavalli-Sforza+LL&cauthor_id=16172508
https://pubmed.ncbi.nlm.nih.gov/?sort=date&term=Oefner+PJ&cauthor_id=16172508
https://pubmed.ncbi.nlm.nih.gov/?sort=date&term=Pond+SL&cauthor_id=15509596
https://pubmed.ncbi.nlm.nih.gov/?sort=date&term=Frost+SD&cauthor_id=15509596
https://pubmed.ncbi.nlm.nih.gov/?sort=date&term=Muse+SV&cauthor_id=15509596
https://www.ncbi.nlm.nih.gov/pubmed/?term=Librado P%5BAuthor%5D&cauthor=true&cauthor_uid=19346325
https://www.ncbi.nlm.nih.gov/pubmed/?term=Rozas J%5BAuthor%5D&cauthor=true&cauthor_uid=19346325
https://www.ncbi.nlm.nih.gov/pubmed/?term=Librado%2C+Rozas+2009
https://pubmed.ncbi.nlm.nih.gov/?sort=date&term=Liu+J&cauthor_id=22130971
https://pubmed.ncbi.nlm.nih.gov/?sort=date&term=Wang+LD&cauthor_id=22130971
https://pubmed.ncbi.nlm.nih.gov/?sort=date&term=Sun+YB&cauthor_id=22130971
https://pubmed.ncbi.nlm.nih.gov/?sort=date&term=Li+EM&cauthor_id=22130971
https://pubmed.ncbi.nlm.nih.gov/?sort=date&term=Xu+LY&cauthor_id=22130971
https://pubmed.ncbi.nlm.nih.gov/?sort=date&term=Zhang+YP&cauthor_id=22130971
https://pubmed.ncbi.nlm.nih.gov/?sort=date&term=Yao+YG&cauthor_id=22130971
https://pubmed.ncbi.nlm.nih.gov/?sort=date&term=Kong+QP&cauthor_id=22130971
https://pubmed.ncbi.nlm.nih.gov/?sort=date&term=Macaulay+V&cauthor_id=12509511
https://pubmed.ncbi.nlm.nih.gov/?sort=date&term=Clark+AG&cauthor_id=12509511
https://pubmed.ncbi.nlm.nih.gov/?sort=date&term=Hosseini+S&cauthor_id=12509511
https://pubmed.ncbi.nlm.nih.gov/?sort=date&term=Hosseini+S&cauthor_id=12509511
https://pubmed.ncbi.nlm.nih.gov/?sort=date&term=Brandon+M&cauthor_id=12509511
https://pubmed.ncbi.nlm.nih.gov/?sort=date&term=Easley+K&cauthor_id=12509511
https://pubmed.ncbi.nlm.nih.gov/?sort=date&term=Chen+E&cauthor_id=12509511
https://pubmed.ncbi.nlm.nih.gov/?sort=date&term=Brown+MD&cauthor_id=12509511
https://pubmed.ncbi.nlm.nih.gov/?sort=date&term=Sukernik+RI&cauthor_id=12509511
https://pubmed.ncbi.nlm.nih.gov/?sort=date&term=Olckers+A&cauthor_id=12509511
https://pubmed.ncbi.nlm.nih.gov/?sort=date&term=Wallace+DC&cauthor_id=12509511
https://pubmed.ncbi.nlm.nih.gov/?term=Murrell B%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Moola S%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Mabona A%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Weighill T%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Sheward D%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Kosakovsky Pond SL%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Kosakovsky Pond SL%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Scheffler K%5BAuthor%5D
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3670733/
https://doi.org/10.1093%2Fmolbev%2Fmst030
https://www.ncbi.nlm.nih.gov/pubmed/28177087

B.A. Manapuyk
M.B. lepeHko

onto an Island’s past. Mol. Biol. Evol. 2017;34(5):1230-1239. DOI
10.1093/molbev/msx082.

Ruiz-Pesini E., Mishmar D., Brandon M., Procaccio V., Wallace D.C.
Effects of purifying and adaptive selection on regional variation in
human mtDNA. Science. 2004;303(5655):223-226. DOI 10.1126/
science.1088434.

Skonieczna K., Malyarchuk B., Jawien A., Marszatek A., Banaszkie-
wicz Z., Jarmocik P., Grzybowski T. Mitogenomic differences be-
tween the normal and tumor cells of colorectal cancer patients. Hum.
Mutat. 2018;39(5):691-701. DOI 10.1002/humu.23402.

ORCID ID

B.A. Malyarchuk orcid.org/0000-0002-0304-0652
M.V. Derenko orcid.org/0000-0002-1849-784X

2023
273

OueHKa ponu oT6opa B 3B0MIOLMM
MUTOXOHZPUANbHbIX FEHOMOB KOPeHHOro HaceneHus Cubupu

Stafford P., Chen-Quin E. The pattern of natural selection in somatic
cancer mutations of human mtDNA. J. Hum. Genet. 2010;55(9):
605-612. DOI 10.1038/jhg.2010.76.

Sun C., Kong Q.-P., Zhang Y.-P. The role of climate in human mito-
chondrial DNA evolution: a reappraisal. Genomics. 2007;89(3):
338-342. DOI 10.1016/j.ygeno.2006.11.005.

Wallace D.C. 1994 William Allan Award Address. Mitochondrial
DNA variation in human evolution, degenerative disease, and
aging. Am. J. Hum. Genet. 1995;57(2):201-223. PMCID PMC180
1540.

Acknowledgements. The study was supported by a grant from the Russian Science Foundation No. 22-24-00264 (https://rscf.ru/project/22-24-00264/).

Conflict of interest. The authors declare no conflict of interest.
Received July 9, 2022. Revised July 14, 2022. Accepted July 14, 2022.

FEHETUKA YEJTIOBEKA / HUMAN GENETICS 223


https://www.ncbi.nlm.nih.gov/pubmed/28177087
https://doi.org/10.1093/molbev/msx082
http://www.ncbi.nlm.nih.gov/pubmed/14716012
http://www.ncbi.nlm.nih.gov/pubmed/14716012
https://www.ncbi.nlm.nih.gov/pubmed/29330893
https://www.ncbi.nlm.nih.gov/pubmed/29330893
https://doi.org/10.1038/jhg.2010.76
https://pubmed.ncbi.nlm.nih.gov/?sort=date&term=Sun+C&cauthor_id=17188837
https://pubmed.ncbi.nlm.nih.gov/?sort=date&term=Zhang+YP&cauthor_id=17188837
https://pubmed.ncbi.nlm.nih.gov/7668244/
https://pubmed.ncbi.nlm.nih.gov/7668244/
https://pubmed.ncbi.nlm.nih.gov/7668244/
http://www.ncbi.nlm.nih.gov/pmc/articles/pmc1801540/
http://www.ncbi.nlm.nih.gov/pmc/articles/pmc1801540/

