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Abstract. The diversity of geographically distributed human populations shows considerable variation in external
and internal traits of individuals. Such differences are largely attributed to genetic adaptation to various environ-
mental influences, which include changes in climatic conditions, variations in sleep and wakefulness, dietary varia-
tions, and others. Whole-genome data from individuals of different populations make it possible to determine the
specific genetic sites responsible for adaptations and to further understand the genetic structure underlying human
adaptive characteristics. In this article, we searched for signals of single nucleotide polymorphisms (SNPs) under
selection pressure in people of different populations. To identify selection signals in different population groups,
the PER1, PER2 and PER3 genes that are involved in the coordination of thermogenic functions and regulation of
circadian rhythms, which is directly reflected in the adaptive abilities of the organism, were investigated. Data were
analyzed using publicly available data from the 1000 Genomes Project for 23 populations. The Extended Haplotype
Homozygosity Score statistical method was chosen to search for traces of selection. The comparative analysis per-
formed identified points subject to selection pressure. The SNPs were annotated through the GWAS catalog and
manually by analyzing Internet resources. This study suggests that living conditions, climate, and other external
factors directly influence the genetic structure of populations and vary across races and geographic locations. In ad-
dition, many of the selection variants in the PER1, PER2, PER3 genes appear to regulate biological processes that are
associated with major modern diseases, including obesity, cancer, metabolic syndrome, bipolar personality disorder,
depression, rheumatoid arthritis, diabetes mellitus, lupus erythematosus, stroke and Alzheimer’s disease, making
them extremely interesting targets for further research aimed at identifying the genetic causes of human disease.
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LleHTp CTpaTtern4yeckoro njiaHMpPoOBaHUA N ynpasneHna MeAnKo-61onornyecknmm prcKkammn 34OpOBbIO
GJen,epaanoro MeAnKo-61onornyeckoro areHTcTBa, Mockea, Poccus

@arinamishina32@yandex.ru

AHHoTauusA. PazHoo6pasve reorpaduyeckn pacrnpefeneHHbIX YeioBeyeckrx nonynaumii AeMoHCTprpyeT 6ob-
WYl Bapuaumnio BHELWHWX U BHYTPEHHUX MPU3HAKOB WMHAMBMAOB. TakMe pasfnvuna B 3HAUUTENbHOW CTeneHu
0ODBACHATCA reHeTUYeCKon afanTauyeil K pasinuHbiM BO3LENCTBUAM OKpY»KatoLei cpefbl, K KOTOPbIM OTHOCAT
M3MeHEHNA KNMMATUYECKUX YCITOBUIA, KonebaHna ycioBuid CHa 1 60APCTBOBaHUA, BapuaLuy pauyioHa 1 apyrue.
MoNHOreHOMHble fJaHHble, MOJlyYeHHble OT JIAEN PA3NNYHbBIX MONYALNIA, AAOT BO3MOXHOCTb MAEHTUGULMPO-
BaTb KOHKPETHbIE reHeTUYECKME YYaCTKU, OTBETCTBEHHbIE 3@ 3TW ajanTauuu, U ry6xe NMoHWMaTbh reHeTUYeCKyHo
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MoWCK CMrHaNoB NOMIOXKUTENbHOTO OTOOPA reHOB LMPKaAHbIX
putmoB PER1, PER2, PER3 B pa3nnyHbIX NONYNALNAX Ntofei

CTPYKTYpY, Nexalllyto B OCHOBe afanTUBHbIX XapaKTeprCTUK YenoBeKa. B gaHHom paboTte npoBefeH NoncK curHa-
NOB OJHOHYKNeoTMAHbIX nonrmopdramos (SNP), Haxogawmxca nog AaBneHMem oTbopa y NIIoAeN pasnnyHbIX no-
nynauuii. ns BbIABNEHUA CUrHaNoB oT6opa B pa3nnyHbIX NONYNsALMOHHBIX rpynnax 6biiv nccnefosaHbl reHbl PERT,
PER2 v PER3, vrpatolyme BaxKHelLLYyio pofb B KOOPAUHALMUM TEPMOTFEHHbIX GYHKLNIA U Perynaumm UmpKagHbiX puT-
MOB, UTO HaMpPAMYIO OTpa)kaeTCsA Ha afanTaLMOHHbIX COCOBHOCTAX OpraHmn3ma. AHanm3 AaHHbIX OCYLECTBAANMN Ha
OoCHOBe 006LLefOCTYMNHbIX AaHHbIX 13 npoekTa «1000 reHomoB» (1000 Genomes Project) no 23 nonynauunam. Ana
rnowvcka cniefoB otbopa 6bin BbibpaH cTaTucTuueckunii metog XP-EHH (expanded haplotype homozygosity score).
MpoBefeHHbIVi CPaBHUTENbHDBIV aHaNIM3 MNO3BONI MAEHTUOULMPOBATL TOUKN, MOLABEPKEHHbIE JAaBNEHNIO OTOOPA.
HaingeHHble SNP 66111 aHHOTPOBaHbI Yepes KaTanor GWAS, a Takxe BPYUHY0, MyTeM aHann3a MHTEPHET-pecyp-
coB 1 ny6nukauuii. iccnegosaHve No3BonAeT CAeNaTb BbIBOA O TOM, UTO YC/IOBUA NPOXKUBAHWSA, KNUMaT 1 gpyrue
BHelWHMe GaKTopbl HaNPAMYIO BVAIOT Ha FeHeTUYECKYo CTPYKTYPY NOMyNAALMUiA 1 BapbUpyoT B 3aBUCUMOCTA OT
pacbl 1 reorpadpryeckoro MecTononoXeHus. Kpome toro, MHorve 13 BapraHToB ot6opa B reHax PER1, PER2, PER3,
No-BMAMMOMY, PErynvpytoT 61onornyeckime NpoLecchl, CBA3aHHblE C OCHOBHBIMI COBPEMEHHbIMU 3a601eBaHNAMY,
BKJ/II0UAA OXKUPEHWE, OHKOMOT IO, METABONIMUECKUIA CUHOPOM, GUMONAPHOE PACcCTPONCTBO IMYHOCTY, AENPECCHUIO,
pEeBMaTOVAHBIV apTPWT, CaxapHblil AnabeT, KpacHyto BOMUYaHKY, MHCYNbT U 6onesHb Anblurelimepa, UTo fenaet mux
KpaliHe MHTepeCHbIMN 06bEKTaMM ANA AaNbHENWMX NCCef0BaHNIA, HanpaBeHHbIX Ha MAeHTUOUKALWIO reHeTnYe-
CKI 06yCNOBAIEHHbIX MPUYUH 3ab05eBaHMI YenoBeka.

Kntouesbie cnosa: nonynauuu; SNP; agantauuns; PERT; PER2; PER3.
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Introduction

Advances in SNP genotyping methods have led to a rapid shift
from studies focused on spatially explicit neutral genetic pro-
cesses to those focused on adaptive genetic processes (Ahrens
etal.,2018). One tool for tracking these processes is the search
of loci under selection pressure (Carlson et al., 2005). Unique
genetic patterns or traces left in genomic regions subjected
to selection are called selection signatures (Nielsen, 2005;
Jensen et al., 2016; Bakoev et al., 2021). Selection signatures
are genomic regions containing DNA sequences functionally
involved in the genetic variability of the traits subject to selec-
tion (Lopez et al., 2015; Bakoev et al., 2023). Such parts are
of interest because of their relevance for tracing evolutionary
biology and potential links to genes that control phenotypes
in wild and domestic populations (Xu et al., 2015).

Various statistical approaches have been used to identify
loci under selection pressure, one of them being extended
haplotype homozygosity (EHH) analysis. It should be noted
that the word “homozygosity”, as part of the term EHH, refers
to the probability that two randomly selected chromosomes
from a population are identical (at a particular locus or region)
(Klassmann, Gautier, 2022). The result interpreted from the
theory is that major haplotypes with unusually high EHH and
high population frequency indicate the presence of a mutation
that became prominent in the human gene pool faster than
expected under neutral evolution (Sabeti et al., 2002).

To study the genetic diversity and evolution of human
populations, the XP-EHH (Extended Haplotype Homozygo-
sity Score) method is well established to identify potential sites
of genetic variation that may be associated with adaptation to
different environments and conditions (Voight et al., 2006).

The PERI, PER2 and PER3 genes are involved in the coor-
dination of circadian rhythms, regulation of the body’s adap-
tive abilities, and are also associated with various diseases
(Liberman et al., 2017; Rijo-Ferreira, Takahashi, 2019). For
example, a study found a high association of PER2 gene ex-
pression with the adaptation of organisms to low temperatures.
S. Chappuis and co-authors (Chappuis et al., 2013) proved that

mice with the Period2 (PER?2) gene turned off are sensitive to
cold because their adaptive thermogenesis system becomes
less efficient. Regarding the PERI gene, Y. Shi et al. (2021)
claim that light adaptation generated by the CRTC1-SIK1
pathway, in which the PER gene is involved, in the suprachi-
asmatic nucleus provides a robust mechanism that allows the
circadian system to maintain homeostasis in the presence of
light perturbations. This mechanism appears to be important
for rapid adaptation to changing environmental conditions.
According to the findings of L. Zhang et al. (2013), a poly-
morphism in the PER3 gene is associated with the level of
adaptation to shift work schedules and alternating sleep phases
in nurses working in shifts.

Thus, genes from the PER group are a promising target
for finding signals of positive selection in different human
populations. In addition, the existence of a link between adap-
tive abilities, selection signals and major modern diseases is
of interest.

Materials and methods

Public data from The 1000 Genomes Project Consortium
(1000 Genomes, 2008) representing 23 populations grouped
into their respective clusters were used for analysis (see the
Table).

Plink 1.9 (Purcell et al., 2007) was used to merge all data.
Using beftools, we removed SNP duplicates and SNPs with
identical positions, and normalized all data according to the
GRCh38 reference. Start and end positions for the PERI,
PER2, and PER3 gene regions (GRCh 38 assembly) were
obtained from NCBI (National Library of Medicine (USA)).

The XP-EHH (Extended Haplotype Homozygosity Score)
method implemented in the selscan program (Szpiech, 2021)
was used to identify selection signals. Non-standardized
scores were normalized using the “norm” script provided in
the selscan program. SNPs with values crit = 1/-1 were con-
sidered as genetic variants under selection pressure (outliers)
(crit=1—ancestral allele under selection pressure, crit=—1 —
derived allele).
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Populations from the 1000 Genomes Project selected for analysis

Search for signals of positive selection of circadian rhythm genes
PER1, PER2, PER3 in different human populations

Group N Place of residence/ethnic identity
Africans (AFR)
ESN 97 Southern Nigeria (Esan in Nigeria)
GWD 113 Western District of The Gambia (Gambian in Western Division — Mandinka)
MSL 83 Sierra Leone (Mende in Sierra Leone)
YRI 108 Ibadan, Nigeria (Yoruba in Ibadan, Nigeria)
LWK 108 Webuye Bungoma County in western Kenya (Luhya in Webuye, Kenya)
Europeans (EUR)
GBR 89 UK (British from England and Scotland) / UK control population
FIN 96 Finland (Finnish in Finland) / Finns
TSI 107 Tuscany, Italy (Toscani in Italia) / Tuscans
IBS 107 Spain (Iberian Populations in Spain) / Spanish
Mixed-race Americans (AMR)
cLm 94 Medellin Metropolitan Area, Colombia (Colombian in Medellin, Colombia)
MXL 64 Los Angeles, California, USA (Mexican Ancestry in Los Angeles, CA, USA)
PEL 85 Lima-Callao Metropolitan Area, Peru (Peruvian in Lima, Peru)
PUR 104 Puerto Rico (Puerto Rican in Puerto Rico)
East Asians (EAS)
GIH 103 Houston metropolitan area, Texas, USA (Gujarati Indians in Houston, Texas, USA)
STU 102 UK (Sri Lankan Tamil in the UK)
ITU 102 UK (Indian Telugu in the UK)
PJL 92 Lahore, Pakistan (Punjabi in Lahore, Pakistan)
BEB 84 Bangladesh (Bengali in Bangladesh)
South Asians (SAS)
CHS 105 Hunan and Fujian Province of South China (Han Chinese South, China)
CHB 103 Residential area of Beijing Normal University (Han Chinese in Beijing, China)
CDX 93 Xishuangbanna Health School Community in Xishuangbanna, Yunnan, China (Chinese Dai in Xishuangbanna, China)
KHV 96 Ho Chi Minh City, Vietnam (Kinh in Ho Chi Minh City, Vietnam)
JPT 103 Tokyo metropolitan area (Japanese in Tokyo, Japan)

Selection signals were determined by inter-population com-
parisons, using YRIs from the African cluster as the compari-
son group. This allowed us to determine the outliers between
the Yoruba African population (YRI) from Ibadan and other
groups (including the African cluster, namely ESN, GWD,
MSL and LWK). In addition, selection choices related to
within-cluster variability were also of interest. For this pur-
pose, a comparison group was selected in each cluster and
analyzed with other groups in the same cluster. Thus, in the
EUR cluster, GBR was taken as the comparison group and
accordingly analyzed between GBR&FIN, GBR&IBS and

GBR&TSI. In the AMR cluster, the PUR group was taken and
analyzed between PUR&CLM, PUR&MXL and PUR&PEL.
In the EAS and SAS clusters, CHB and BEB groups were
defined, respectively, and analyzed between CHB&CDX,
CHB&CHS, CHB&KHV, CHB&JPT and BEB&PIJL,
BEB&ITU, BEB&STU, BEB&GIH, respectively.

Results and their discussion

Genomics and molecular biology have strongly influenced
research on “selection and adaptation” through the identifi-
cation of the genetic basis of various traits associated with
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MoWCK CMrHaNoB NOMIOXKUTENbHOTO OTOOPA reHOB LMPKaAHbIX
putmoB PER1, PER2, PER3 B pa3nnyHbIX NONYNALNAX Ntofei

PUR_MXL
PUR_PEL
YRI_CLM
YRI_MXL
YRI_PEL
YRI_PUR
BEB_PJL
BEB_ITU
BEB_STU
BEB_GIH

| YRI_BEB

| YRI_PJL

| YRIITU

| YRI_STU
YRI_GIH
GBR_IBS

PUR_CLM
GBR_FIN

Fig. 1. Genetic variants under selection pressure in the PERT gene.

Here and in Fig. 2 and 3 pos - position.

maintenance and health in humans and animals (Hancock et
al., 2010; Gintis et al., 2012). Alongside this, the results of
the “genetic and genomic revolution” have enabled genome
sequencing and provided new tools to measure both past and
possibly ongoing adaptations (Zheng et al., 2023).

Human behavior is assumed to be determined by the inter-
action between nature and societal development (Saravanan
et al., 2020). It can be assumed that the features of genetic
structure in different human populations, including those as-
sociated with the exit of people from Africa, further formed
the basis of individual features of human development (Ben-
ton et al., 2021). Thus, the PERI, PER2, and PER3 genes
we considered showed signals of positive selection, some of
which were seen in several populations (these variants are
mainly localized in the PER2 gene), while others were found
in only one population.

Analysis of the full-genome profiles of the studied popu-
lations revealed 110 loci (78 points in the PER2 gene, 25 in
PER3 and 7 in PERI) under selection pressure. When analyz-
ing the PER] gene, eight outliers were detected in an inter-
group comparison of South Asians living in Beijing (CHB)
with South Asians living in Yunan (CDX) (Fig. 1). In addi-
tion, four selection pressure sites were also identified in an
intergroup comparison of East Asians living in Bangladesh
(BEB) with East Asians living in Sri Lanka (STU) and East
Asians living in Bangladesh (BEB) with East Asians living
in Houston, Texas, Gujarat (GIH) (Fig. 1).

The sites discovered are involved in processes such as: pre-
disposition to the development of major depressive disorder,
Parkinson’s disease, Alzheimer’s disease, alcohol addiction,
and breast cancer, as well as longevity (see Supplementary
Material)!.

We would like to pay attention to points under selection
pressure in several of the compared groups. Such SNPs were
identified in an intergroup comparison of East and South
Asians. The points found suggest that similar external factors
acted on the compared groups, which had the same effect
necessary for the adaptation of the ethnic groups under study.
Significant signals at positions chr17:8149097 (predisposition
to breast cancer) are worth noting. It is possible that the fixa-

T Supplementary Material is available at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_Mishina_Engl_28_6.pdf

tion of alleles in the comparison groups of East Asians from
Bangladesh (BEB) and East Asians from Srilanka (STU), and
South Asians from Beijing (CHB) and South Asians from
Yunnan (CDX) could have occurred due to the prevalence of
humid climate in the territories where the ethnicities studied
lived. According to some authors, humid climate may be a risk
factor in the development of a number of cancers (Maryanaji,
2020; Guo et al., 2021; Pan et al., 2023).

In the analysis of the PER2 gene, 78 points under selec-
tion pressure were identified. Outliers were identified while
comparing all of the ethnicities studied with Africans and
in single sites in the intergroup comparison of South Asians
and Europeans (Fig. 2). Analyzing the points in the compared
population groups, it can be concluded that the African popula-
tion is strongly differentiated from the other ethnicities studied.
Annotation of sites under selection pressure in several of the
compared groups revealed SNP involvement in the formation
of chronotypes, sleep coordination, predisposition to diabetes,
stroke, lupus erythematosus and bipolar disorder, intestinal
cholesterol absorption, and associations with metabolic phe-
notype. The associations of SNPs with various diseases and
phenotypes in humans are presented in more detail in Supple-
mentary Material.

The presence of the total number of outliers when compar-
ing the population group of Africans and other ethnic groups
indicates a long period of influence of certain external factors
on all the studied populations. It is interesting to note that
all alleles under selection pressure turned out to be derived
variants. Since the leading function of the PER2 gene is the
formation of chronotypes, it can be assumed that the finding
of the total array of points under selection pressure is also
explained by the action of external factors inherent in the area
where the studied ethnic groups lived. Such factors include the
total number of daylight hours, magnetic field action, climatic
peculiarities and others.

Identification of loci under selection pressure in several
compared groups between South Asians and Africans, as well
as within the groups of South Asians living in Beijing (CHB)
and Yunnan (CDX) revealed SNPs responsible for predisposi-
tion to the development of a number of gastrointestinal and
cardiovascular diseases. At the same time, derived alleles are
identified in groups comparing South Asians with Africans,
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Fig. 2. Genetic variants under selection pressure in the PER2 gene.

Dots represent variants under selection pressure; black color of the dots means that the ancestral allele was under selec-
tion pressure, blue color stands for the derived allele.
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Fig. 3. Genetic variants under selection pressure in the PER3 gene.

Dots represent variants under selection pressure; black color of the dots means that the ancestral allele was under selection pressure, blue

color stands for the derived allele.

and when comparing South Asians within subgroups based
on the region of residence, an ancestral allele is detected.
Most interesting is the outlier in chr2:238289684 that was
found when comparing South Asians to Africans: it is asso-
ciated with systemic lupus erythematosus, which is caused by
disorders such as hormonal imbalance during puberty, stress,
and environmental factors, namely sun exposure and viral
infections (Quaglia et al., 2021; Kim et al., 2022; Molina et
al., 2022).

In our opinion, different levels of viral load as well as
authentic climatic conditions may have played a key role in the
development of adaptive abilities of these ethnic groups, thus
fixing these alleles in the studied populations. The same theory
may explain the fixation of loci associated with gastrointesti-
nal diseases. As people migrated from the African continent
to other areas, their gastronomic preferences changed, thus
modifying the gut microbial ecosystem (Clemente et al., 2015;
Syromyatnikov et al., 2022). This suggests that gastrointestinal
diseases differed between South Asians and Africans due to
differences in the gut microbiome (Donin et al., 2010; Porras
etal., 2021).

This study identified 42 points of selection pressure in the
PER3 gene when comparing East Asians living in Bangla-
desh (BEB) with East Asians living in the Houston, Texas
area (GIH), mixed Americans living in Puerto Rico (PUR)
with mixed Americans living in Peru (PEL), and when com-
paring Africans with YRI_CLM Colombians and Africans
with YRI PUR Puerto Ricans (Fig. 3). After annotation, the
following associations with the SNPs found were identified:

response to the use of lithium medications in the treatment
of bipolar disorder, formation of chronotypes of different
types, predisposition to depressive disorders, predisposition
to metabolic syndrome, likelihood of developing colorectal
cancer, and predisposition to obesity. More details of SNP as-
sociations with different diseases and phenotypes in humans
are presented in Supplementary Material.

The main function of the sites identified by us as being
under selection pressure was the formation of the morning-
type chronotype. It is worth noting that the internal com-
parison of the groups of mixed Americans and East Asians
identified ancestral alleles, while the comparison of Africans
with mixed Americans identified derived alleles. Perhaps the
key difference between Africans and mixed Americans is the
sleep specificity of these populations. For example, mixed
Americans are more likely to have an evening chronotype
while Africans have the most frequent morning chronotype
(Egan et al., 2017). This may be due to the influence of vari-
ous external factors such as latitude, longitude, magnetic field
action or solar activity.

In addition, the data obtained suggest the influence of
external factors on the formation of the studied populations,
which, as a result, led to different action of mechanisms of
their adaptive abilities. For example, the isolation of the Lima-
Callao mixed American (PEL) population from Africans may
be due to the remoteness of location of this group of people
compared to the other ethnic groups under study. It is reliably
known that ethnicities from other parts of Latin America were
subjected to more frequent mixing with Europeans compared
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to those from Peru (Chacén-Duque et al., 2018). Thus, the
identity of the resulting population formed the most isolated
genetic cluster.

Discussion

Progressive statistical methods aimed at finding loci under
selection pressure have allowed scientists from different coun-
tries to conduct studies on this topic. In the authors’ works,
there are references to individual SNPs that we identified in
this study as being under selection pressure. In total, we an-
notated 35 such sites.

Researchers have done the work of annotating SNPs, finding
association with polymorphisms at these sites and correlation
with some diseases and physiological features. For example,
S.E. Jones et al. analyzed behavioral indicators of circadian
rhythms by analyzing whole-genome data in 697,828 residents
of the United Kingdom (UK). The study uncovered novel loci
associated with the morning-type chronotype. Among these
loci, rs58574366 (2:238286196) was identified. Our analyses
revealed that this SNP is under selection pressure in compari-
son groups of Europeans from the United Kingdom (GBR)
with Europeans from Finland (FIN). The negative values of
the xpehh calculation indices led us to conclude that derived
alleles were detected in the two compared samples (Jones et
al., 2019).

Another point of interest is rs74508725 (2:238278568).
This outlier is found when comparing groups of Europeans
from the United Kingdom (GBR) with Europeans from Fin-
land (FIN) and carries negative values, which may indicate
differentiation of this site within the studied groups. In the
works of G. Kichaev and co-authors (Kichaev et al., 2019),
this locus was associated with the phenotype expressed in
participants’ height.

Locus rs2585399 (17:8151441) was identified by us as
being under selection pressure when comparing several groups
of people under study at once. These groups include compari-
sons of East Asians from Bangladesh (BEB) with East Asians
from Texas (GIH) and South Asians from Beijing (CHB) with
South Asians from Yunan (CDX). An interesting fact is that
this SNP was associated with major depressive disorder in the
authors’ study. Transcriptome association analysis revealed
significant associations with NEGR1 expression in the hy-
pothalamus and DRD?2 expression in the contiguous nucleus
(Levey et al., 2021).

Another selection signal studied previously was rs228654
(1:7837168). However, it is worth noting that comparisons
between African and mixed American YRI (Ibadané, Nigeria)
to CLM (Medellin, Colombia) and YRI (Ibadané, Nigeria)
to PUR (Ruerto Rico) populations revealed negative EHH
values, suggesting the presence of a derived allele between
the groups. In contrast, positive selection values were found
between the groups of East Asians living in Texas (BEB) and
East Asians living in Bangladesh (GIH), indicating the pre-
sence of an ancestral allele. A group of researchers led by
P.R. Jansen (Jansen et al., 2019) analyzed the human genome
to gain insights into the pathways, tissues, and cell types in-
volved in the regulation of insomnia. The single nucleotide
polymorphism rs228654 was among the loci associated with
the development of this disease.

Search for signals of positive selection of circadian rhythm genes
PER1, PER2, PER3 in different human populations

Conclusion

This study suggests that living conditions, climate, and other
external factors directly influence the genetic structure of
populations and vary by race and geographic location. In
addition, many of the selection variants in the PERI, PER2,
PER3 genes appear to regulate biological processes that are as-
sociated with major modern diseases including obesity, cancer,
metabolic syndrome, bipolar personality disorder, depression,
rheumatoid arthritis, diabetes mellitus, lupus erythematosus,
stroke and Alzheimer’s disease, making them extremely inte-
resting targets for further research aimed at identifying causal
variants of human diseases, including cardiometabolic and
psychiatric disorders, as well as cancer.
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