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Abstract. The review describes the main methods for assessing directional selection in human populations. These
include bioinformatic analysis of DNA sequences via detection of linkage disequilibrium and of deviations from
the random distribution of frequencies of genetic variants, demographic and anthropometric studies based on a
search for a correlation between fertility and phenotypic traits, genome-wide association studies on fertility along
with genetic loci and polygenic risk scores, and a comparison of allele frequencies between generations (in modern
samples and in those obtained from burials). Each approach has its limitations and is applicable to different periods
in the evolution of Homo sapiens. The main source of error in such studies is thought to be sample stratification, the
small number of studies on nonwhite populations, the impossibility of a complete comparison of the associations
found and functionally significant causative variants, and the difficulty with taking into account all nongenetic
determinants of fertility in contemporary populations. The results obtained by various methods indicate that the
direction of human adaptation to new food products has not changed during evolution since the Neolithic; many
variants of immunity genes associated with inflammatory and autoimmune diseases in modern populations have
undergone positive selection over the past 2-3 thousand years owing to the spread of bacterial and viral infections.
For some genetic variants and polygenic traits, an alteration of the direction of natural selection in Europe has been
documented, e.g., for those associated with an immune response and cognitive abilities. Examination of the cor-
relation between fertility and educational attainment yields conflicting results. In modern populations, to a greater
extent than previously, there is selection for variants of genes responsible for social adaptation and behavioral
phenotypes. In particular, several articles have shown a positive correlation of fertility with polygenic risk scores of
attention deficit/hyperactivity disorder.
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AHHoTayus. B 0630pe onncaHbl OCHOBHbIE METOLbI OLIEHKI HanpaBieHHOro 0T6opa B NONyNALUAX YenoBeKa. B ux
yncne bruonHbopmMaTMUecKunii aHanus nocnegosatesnbHocTeln IHK, oCHOBaHHbIM Ha BbIABIEHUN HEPABHOBECUA NO
cLenneHnto N OTKIIOHEHWA OT Clly4aliHOro pacnpeAesieHnA YacToT FeHETNYECKMX BapUaHTOB; fieMorpaduryeckue 1
aHTpOMoMeTpUYecKre NCCIeA0BaHNA, 3aKN0YaloWMeC B NMOMCKe KOppenaumMmn poxXaaemMocTy ¢ GeHOTUNNYeCKn-
MU NPU3HaKaMu; NOTHOreHOMHble OLieHKM accoumaumin GepTUIbHOCTY C FeHETUUYECKMMI TOKYCaMU U MOSITeHHbI-
MU VHAEKCaMU, a TaKxKe CpaBHEHMWe YacToT annesiell Mexay NokKoneHUAMM (Kak B COBPeMEHHbIX BbIOOPKax, Tak 1 B
nosyyYeHHbIX 13 3axopoHeHni [IHK). Kaxkabii 13 3TMX NOAXOA0B MMeET CBOU OrpaHNYeHrA U MPUMEHNM K Pa3HbIM
nepuogam 3sontounm Homo sapiens. OCHOBHbIMU UCTOYHMKaMM OLIMOOK B TaKUX MCCIEA0BAHMAX CUMTAIOTCA CTpa-
TMdurKauma BbIGOPOK, OrpaHNUYEHHOE YNCIO UCCIeA0BaHUM Ha HEEBPOMEOVAHOM HaceneHn, HeBO3MOXHOCTb
NMOMHOTrO COMOCTaBNeHNA HaAEHHbIX accoumaLnii  GyHKLMOHaNbHO 3HAUYMMBbIX Kay3aTUBHbIX BapMaHTOB, a Takxke
CJIOXKHOCTb yyeTa BCex HereHeTuyeckux pakTopos, onpeaenaowmx GepTuibHOCTb B COBPEMEHHbIX NOMYAALMUAX.
MonyyeHHble C NOMOLLbIO Pa3HbIX METOAO0B pe3yNbTaThl CBUAETENLCTBYIOT O TOM, YTO HamnpaBs/ieHne agantaumumn ye-
NI0BEKa K HOBbIM AN1A HEro NuLLEeBbIM NPOAYKTaM He MEHAETCA B XOAe 3BOMOLMM C HEONNTA; MHOTME 13 BapuaH-
TOB reHOB VIMMYHITETa, aCCOLMNPOBaHHbIX B COBPEMEHHbIX MONYNALMAX C BOCNANUTENbHLIMU 1 @y TOMMMYHHbIMU
3aboneBaHMAMU, NOABEPININCH NONOXMTENBHOMY OTOOPY B Mepuop nocineaHmx 2-3 TbiC. NeT B CBA3W C pacnpo-
CcTpaHeHnem 6aKTepranbHbIX 1 BUPYCHbIX MHOeKUWIA. Mo HEKOTOPbIM FreHeTUYECKMM BapuaHTaM 1 MONUreHHbIM
npr3Hakam NokasaHa CMeHa HanpaBieHNsA ecTeCTBEHHOro otbopa Ha TeppuTopun EBponbl, cpean HUX CBA3aHHbIe
C UMMYHHbBIM OTBETOM 1 KOTHUTUBHBIMU CMOCOOHOCTAMYU. AHaNM3 Koppenaummn GepTunbHOCTU 1 YPOBHA 06pa3o-
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Mpo6nembl U3yyeHus HanpasieHHOro
eCTeCcTBEHHOro 0T6Opa y YenoBeKa

BaHUA JaeT NPOTMBOPeUMBbIE pe3ysbTaTbl. B COBpeMeHHbIX Monynaumax B 60nbluel CTeNeHN, YeM paHee, Habnio-
Jaetcsa oT6op Mo BapvaHTaM reHOB, OTBEYAIOLWMX 33 COLMANbHYI0 aganTauuio 1 noseaeHyeckre GeHoTunbl. B Tom
yucne B HECKOMNbKUX paboTax NoKasaHa nosoxutesibHasa Koppenaumsa GepTuiabHOCTI C NOSIMIEHHbIMY VHAEKCAMU

CcMHApPOMa ,qed)vlu,ma BHI/IMaHI/Iﬂ/FI/II'IepaKTI/IBHOCTI/I.

KntoueBble croBa: eCTeCTBEHHbIN OT60p; Homo sapiens; (I)epTVIJ'IbHOCTb} aflanTayus; NosMreHHbIn NHAEKC; NOMHO-

reHOMHbI aHann3 accouunauunn.

Introduction

It has been shown that the prevalence of some diseases is
increasing in human populations around the world. These
include obesity (along with related disorders: type 2 diabetes
mellitus and coronary heart disease), attention deficit/hyper-
activity disorder (ADHD), autism spectrum disorders, and
allergic diseases (Charpin, Gouitaa, 2001; Saklayen, 2018;
Zeidan et al., 2022; Wolf et al., 2023). This phenomenon re-
quires new approaches in medicine, social services, education,
leisure, and nutrition of children and adolescents.

At the same time, there is no consensus on the causes of
the observed changes; numerous studies are being conducted
to find a relation of the diseases with the lifestyle, maternal
stress, and environmental pollution. The human environment
has changed dramatically in the last century with the advent of
new chemical compounds, the growth of anthropogenic pol-
lution, and the progress of medicine, including reproductive
technologies. Urbanization has led to an increase in population
density and social stress (Suvorov, 2021). The demographic
transition has caused the aging of populations; the extended
life expectancy affected the incidence of metabolic disorders
and cardiovascular pathologies. In addition, research on the
contribution of human genetics to the increased disease inci-
dence remains relevant. Standard approaches of medical ge-
netics aimed at finding associations of genetic variants with
diseases do not allow to answer the question of the direction
of selection in modern people; this is because (i) these di-
seases — especially in the postreproductive period — are not
directly related to the number of children an individual has,
(i1) homozygous or heterozygous carriage of a genetic variant
can affect fitness in different ways, and (iii) most diseases are
multifactorial, and the same is true for personality traits. Cur-
rently, several techniques are used to assess natural selection
in human populations.

Bioinformatic methods

The analysis of DNA sequences in large human cohorts al-
lows to estimate the direction of natural selection over the
past millennia. For this purpose, methods, algorithms, and
software packages have been developed based on estimates
of the frequency of polymorphic variants and linkage disequi-
librium in the areas of their location (Grossman et al., 2013;
Field et al., 2016; Palamara et al., 2018; Speidel et al., 2019;
Abondio et al., 2022). It is assumed that (a) longer haplotypes
(areas that have not undergone recombination) in any region
of the genome, (b) increased frequencies of derived alleles
in adjacent loci, (c) a greater difference in allele frequencies
between populations than could be expected during genetic
drift, and (d) a higher rate of substitutions at each position
(calculated from a genomic alignment of 100 vertebrate spe-
cies) may be indicative of directional selection in the genomic
region in question.

In a study performed on the 1000 Genomes database,
412 regions with signs of directional selection were analyzed
(Grossman et al., 2013). These regions proved to be enriched
with coding variants: 235 regions containing one or more
protein-coding genes and 177 regions without genes encod-
ing known proteins were found. In addition, 48 genes of long
intergenic noncoding RNAs were revealed there. Among the
33 genes containing the most highly ranked single-nucleotide
variants (SNVs), there are SCL24A5 and MATP (associated
with reduced skin pigmentation), EDAR (affecting the forma-
tion of hair, sweat glands, and teeth), ARHGEF3 (affecting
bone mineral density), BTLA (associated with rheumatoid
arthritis), CTNS (affecting cysteine metabolism), /7PR3 (as-
sociated with type 1 diabetes mellitus), innate-immunity re-
ceptor gene TLRS, ITGAE (involved in cell adhesion and
lymphocyte activation), and AP4B1 (associated with cerebral
palsy). A total of 11 loci were associated with height and
pigmentation, and 79 with a predisposition to infectious and
autoimmune diseases. The SLC2445 gene, in addition to pig-
mentation, determines resistance to leprosy. Genes ALMS1,
CCRY, CXCRA4, and VDR are also located in the loci associated
with resistance to infections and having signs of selection.

Another study, performed on 2,478 people of various
backgrounds from the 1000 Genomes database, has identified
several genomic regions with positive selection for multial-
lelic traits, including red and white blood cell counts, hair
color, and the body mass index (BMI) (Speidel et al., 2019).
Among the targets of positive selection, enrichment with
SNVs in functional regions of the genome was observed in
that paper. Signs of positive selection were found, in the major
histocompatibility complex (MHC) locus and genes LCT (as-
sociated with lactose tolerance), EDAR, EDARADD, HERC1
(associated with syndromic mental retardation), and ATXN2
(associated with type 1 diabetes mellitus, obesity, and hyper-
tension). In the same article, the proposed method of looking
for signs of positive selection was applied to British Biobank
data, resulting in a signal for SN'Vs associated with lighter hair
in Europeans. The most significant signal identified is related
to SNVs associated with a reduced BMI in white Americans.
The largest number of loci with signs of selection was found
in Europeans, whereas East Asians have the least number of
signals (presumably owing to the “bottleneck™ effect in their
history) (Speidel et al., 2019).

In an examination of data from the British Biobank, 12 di-
rectional selection signals were detected, including those
located near immunity genes (TLRI-6-10, HLA, IGHG, STAT4,
MUCS5B, FAM 1945, and ANXA), near the genes that determine
pigmentation (GRM5 and MCIR), and near LCT (Palamara
et al., 2018). As a result of the analysis of 3,195 genomes
from British project UK10K, signs of selection over the past
2-3 thousand years have been found in MHC locus and in
LCTand WDFY4 (associated with activation of T cells during
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viral infections) genes as well as in the genes responsible for
skin and hair pigmentation (KITLG, OCA2/HERC?2, ASIP, and
SLC24A44). Polygenic selection has been identified for variants
predisposing to higher growth and lower total cholesterol in
both sexes and to a reduced BMI in males (Field et al., 2016).
By the same method applied to data of the British Biobank,
other researchers (Song et al., 2021) have analyzed selection
signals for 870 disease-associated polygenic traits and 15 non-
disease-associated phenotypic traits. It was noted that during
the last 2-3 thousand years, 88 % of polygenic traits have
undergone selection. The highest scores were shown by genes
that determine the ease of skin tanning and lighter hair. Selec-
tion for most disease-related loci, including those associated
with autism spectrum disorders and elevated cholesterol, was
negative; an exception was genes predisposing to Crohn’s
disease and ADHD. For polygenic scores of intelligence and
insomnia, a change in the direction of adaptation was predicted
at ~133 generations ago.

Twenty-nine genetic loci with signs of directional selection
were identified in biological samples from the Japan Biobank
(Yasumizu et al., 2020). The highest statistical significance
was registered for the alcohol dehydrogenase (ADH) gene
cluster and for genes CIAO2A (metal ion binding), MYOF
(cell membrane regeneration), GRIA2 (glutamate receptor),
and ASAP2 (vesicular transport). That work also confirmed
previously reported selection pressure on EDAR genes and on
the MHC gene cluster in the Japanese population.

Several studies have assessed the evolution of genes asso-
ciated with inflammatory diseases separately. In an evaluation
of the length of haplotypes containing 588 SNVs associated
with 10 inflammatory diseases in European populations, signs
of relatively recent (within the last 1,200-2,600 years) positive
selection were identified in 21 loci, while variants associated
with diseases, not protective alleles, were being selected (Raj
etal., 2013). As a result of a comparison of several common
multifactorial diseases and phenotypic traits in terms of the
number of SNVs under positive selection associated with
them, most of these SNVs were implicated specifically in
inflammatory diseases. The genetic variants found are mainly
involved in the molecular pathways participating in the ac-
tivation of T helper 17 (Th17) lymphocytes (STAT1, STAT3,
STATS, IRF1, CSF2,1L2,IL3,IL12A4,IL2RA, and SOCST) (Raj
etal., 2013). On data from the Estonian Biobank (2,300 whole-
genome sequences), a search for signs of directional selection
was performed at 535 loci associated with 21 autoimmune
diseases. As aresult, 153 loci showed signs of selection, while
29 of them were found to be selected due to linkage with other
variants (Pankratov et al., 2022). The largest number of loci
found in this work was associated with leukocyte activation
and cytokine synthesis.

The search for genetic variants that have been under selec-
tion is difficult because a substantial number of identified ge-
nome loci with signs of directional selection have been found
in intergenic regions (Grossman et al., 2013; Yasumizu et al.,
2020), for which no functional significance can be predicted.
As a consequence, there is no answer to the question whether
this effect is due only to the insufficient level of knowledge
about noncoding regions of the genome or to the inaccuracy
of the algorithms used.

686

Problems with studying directional
natural selection in humans

Comparison of genomes

of ancient and modern humans

The accumulation of data on DNA sequences from human
remains from burial sites makes it possible to compare them
with genotypes of modern humans. A comparison of geno-
types among people who lived at different times in the same
geographic area is of particular interest.

When comparing ancient and modern genomes of people
from Britain, investigators found seven loci to have signs of
directional selection over the past 4,500 years (Mathieson,
Terhost, 2022). Most of them are associated with vitamin D
or calcium metabolism. It was demonstrated that the strength
of selection for individual loci has changed over time, sug-
gesting that some factors have appeared that have softened it.
Among the 28 complex anthropometric and metabolic traits
analyzed in that work, evidence of polygenic selection was
detected only for skin pigmentation.

Polymorphic sites in innate-immunity genes associated with
predisposition to mycobacterial infections (SLC1/41, MBL2,
TLR2,P2RX7,IL10,and TNFA) have been studied in remains
of 151 people in time series data (1st—18th centuries AD) from
Northern and Eastern Poland (Lewandowska et al., 2018). This
DNA analysis indicated that genetic drift has played the main
role in the evolution of people in this region; however, two
SNVs (1517235409 of the divalent cation transporter SLC1/A1
gene and rs1800896 of interleukin /L /0 gene) manifested signs
of nonrandom evolution.

In a collection of 1,013 genomes of Europeans born from
the Mesolithic Age to the Middle Ages, the frequency of
rs34536443 of the TYK?2 gene has been estimated (Kerner et
al., 2021). This gene encodes a tyrosine kinase that is involved
in signal transduction from cytokine receptors. The minor al-
lele of rs34536443 has previously been shown to be associated
with susceptibility to tuberculosis. In that work (Kerner et al.,
2021), it was found that this rare allele emerged as a single
mutational event during the Early Neolithic ~8,500 years
ago on the Anatolian Peninsula, and then spread to Central
Europe, where its frequency had remained within 3 % until
~5,000 years ago. In the Bronze Age, the frequency peaked
(10 %) ~3,000 years ago, and after the Iron Age, it began to
decline sharply until it reached 2.9 %. The observed changes
in the frequency of rs34536443 are associated with the spread
of tuberculosis in Europe. rs1800562 of the HFE gene (iron
metabolism regulator) was also investigated by those authors
(Kerner et al., 2021). Its maximum frequency in Europe
(~10 %) was reached in the Middle Ages, and then it decreased
in Europe to an average of 4 %.

Other work researchers have explored 827 ancient samples
of European origin (from 25,000 years BC to the present)
(Kuijpers et al., 2022). In accordance with the available data
on genome-wide polygenic risk scores of inherited traits in
Europeans, the genomes were compared at different time
intervals. It was demonstrated that after the Neolithic, height
and intelligence increased in the European population, skin
pigmentation diminished, and the risk of coronary heart dis-
ease went up due to decreasing concentrations of high-density
lipoprotein cholesterol. It was suggested that the latter trend is
related to cognitive functions because variations in lipoprotein
levels are associated with intelligence, learning, and memory.
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To identify the loci that were selected during the bubonic
plague epidemic (Black Death) in Europe (1,347-1,351 AD),
an association analysis has been performed on immunity
genes in 206 DNA samples originating from burials of two
European populations before, during, and after this epidemic
(London: years ~1,000-1,250 and 1,350-1,539, and Denmark:
~850-1,350 and ~1,350-1,800) (Klunk et al., 2022). Four posi-
tively selected loci (152549794, which affects ERAP2 mRNA
splicing, and three SNVs in noncoding regions: rs11571319,
rs17473484, and rs1052025) proved to be common between
British and Danish burials. It was shown that genes located
near these SNVs (ERAPI, ERAP2, LNPEP, CTLA4, ICOS,
TICAM?2, and TMED?) are differentially expressed in human
macrophages in response to Yersinia pestis infection.

An analysis of 187 polygenic traits in three sets of ancient
human genomes (from 8,000—4,200, ~14,000-3,400, and
~45,000-7,000 years ago) indicates that in Near East genomes,
selection signals for tan-determining genes varied depending
on latitude; signs of positive selection were observed at low
latitudes, and signs of negative one at high latitudes (Song et
al., 2021). Positive selection signals were also demonstrated
in that work for 13 disease loci, including Crohn’s disease,
atopic dermatitis, and periodontitis.

During an analysis of a study population consisting of the
1000 Genomes database and 230 remains of inhabitants of
Eurasia (dated from 6,500 to 1,000 BC), the strongest selection
signal was detected near the LCT gene (rs4988235) (Mathie-
son et al., 2015). Two other independent signals were found:
near FADSI (rs174546) and DHCR7/NADSYNI (1s7940244).
FADSI1 and FADS?2 are fatty acid desaturases taking part in
the synthesis of long-chain polyunsaturated fatty acids from
short precursors; variants at this locus correlate with plasma
fatty-acid concentrations. The most statistically significant
SNV at this locus (rs174546) is associated with a reduced
level of triglycerides. 7-Dehydrocholesterol reductase (en-
coded by the DHCRY7 gene) participates in the metabolism of
cholesterol and vitamin D. Additionally, directional selection
was documented for the MHC and 7LR-6-10 immunity gene
loci, genes HERC2 and SLC45A42 (responsible for pigmen-
tation), loci near genes ATXN2, GRM5 (glutamate receptor),
ZKSCANS3 (transcriptional regulation), and SLC22A44 (organic
cation transporter).

The limitations of this approach to the analysis of directional
selection are as follows: data from burial sites are fragmen-
tary, and the observed alterations in genomes can be due to
migrations from regions where the genetic pool was formed,
for example, under the influence of bottleneck effects (Kerner
etal., 2021) and assortative mating (Mills, Mathieson, 2022).
In the work performed on Estonian Biobank data and on the
Allen Ancient DNA Resource (AADR) V44.3 (Marnetto et
al., 2022), it was shown that in a mixed population formed
from previously isolated populations of pastoralists, hunter-
gatherers, and farmers, some phenotypes are associated with
the carriage of DNA sequences specific for ancestral popula-
tions in certain regions of the genome. Among other things, it
was demonstrated that blood cholesterol levels among modern
Estonians are positively correlated with the similarity of their
genomes to those of carriers of the Yamnaya culture at loci
associated with cholesterol levels. Thus, during the formation
of a population, the observed difference in allele frequencies
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relative to an ancestral population may not necessarily indicate
directional selection.

Estimation of the number of children

in carriers of different phenotypes and genotypes
In addition to changes in the prevalence of genetic variants or
phenotypic traits over time, the presence of directional natural
selection is indicated by differing numbers of offspring in car-
riers of certain genotypes or traits. After the demographic tran-
sition that has taken place in many countries and has featured
a decline of infant and child mortality with a simultaneous
decrease in fertility, it is the estimation of the number of chil-
dren that is the most accurate method for researching modern
directional selection in human populations. Cross-sectional
studies on populations of young people do not reflect the real
number of offspring because there is a tendency to postpone
the birth of the first and hence subsequent children (Balbo
et al., 2013). In an analysis of a sample older than 50 years,
dead individuals, which nevertheless had offspring, fall out
of sight. Therefore, long-term studies are the most promis-
ing, especially those that enable a comparison of successive
generations. The most commonly used indicators of fertility
are (i) the total number of children ever born (NEB) in women
over 45 and in men over 55, (ii) the age at first birth, which
shows a strong inverse correlation with NEB (Tropf et al.,
2015; Kong et al., 2017; Sanjak et al., 2018; Arkhangelskiy
etal., 2020), (iii) relative reproductive success (the number of
children per individual divided by the average number of chil-
dren per individual in the population), and (iv) childlessness.

Demographic and anthropometric studies

Fertility is the subject of demographic research. Special
attention is paid to problems of population reproduction in
countries that have made the demographic transition because
the observed decline of the birth rate leads to the “aging” of
the population, to a decrease in the proportion of working-age
people, and as a result, to a decline of economic growth rates.
Demographers seek to predict population size and fertility and
to detect its possible association with socioeconomic factors,
which would allow to regulate population reproduction. Thus,
demography essentially investigates the association of com-
plex phenotypic traits with natural selection in a population.

A search for relations between fertility and income, edu-
cational attainment, religiosity, and anthropometric data has
yielded mixed results (Table 1).

Some articles point to an inverse correlation between the
NEB and the income of individuals and households (Arkhan-
gelskiy et al., 2021; Turner, Robbins, 2023), and others have
revealed correlations of different directions when men are
compared with women (Fieder, Huber, 2022); it has also
been noted that after the division of a cohort into subgroups
by income level, the direction of the correlation changes (Co-
hen et al., 2013; Arkhangelskiy et al., 2021). Demographers
pay special attention to the analysis of correlations between
the birth rate and educational attainment. In the vast major-
ity of papers, indicators of education and cognitive abilities
show an inverse correlation with the number of offspring
(Beauchamp, 2016; Reeve et al., 2018; Sanjak et al., 2018;
Arkhangelskiy et al., 2020; Fieder, Huber, 2022) (see Table 1).
Of note, among men, educational attainment correlates with
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natural selection in humans

Table 1. Described correlations of the number of children ever born (NEB) with demographic and anthropometric characteristics,

if sex is not specified: for both sexes

Phenotypic trait Sex Direction Region Reference
of correlation with NEB
BM| ................................................................................................. + ......................................... USA ..................................... Beau Cham p 2016 ...................
Educat,o na|atta , n ment ............................................................... S
He,ght ............................................................. Women .................. S
BM|We|ghtwa|5tc|rcumference ................ Men ........................ + ......................................... UK ....................................... Samaketa|2018 ...................

Body fat

Years of education -
Attendance of religious services +
Educational attainment Men +
Income Men +
Income Women -
General cognitive ability -
Height Women -
Weight +
Total cholesterol level -

income, the above effect may change (Fieder, Huber, 2022).
A survey of 9,452 women from 27 EU countries indicates
that the estimated NEB is higher among women with higher
education, but this study deals with intentions, not actually
born offspring (Testa, 2014).

Anthropometric studies have uncovered a slow change in
some parameters in populations. For example, since the 1950s,
there has been a 0.5 % increment in the number of cases of
fetal disproportion during childbirth, and this phenomenon is
associated with a weakening of natural selection as a result
of the massive use of cesarean section (Mitteroecker et al.,
2016). A positive correlation of the NEB with physical charac-
teristics has been documented, including weight, the BMI,
and body fat (Byars et al., 2010; Beauchamp, 2016; Sanjak
etal., 2018; Arner et al., 2021) (see Table 1). Modern data on
selection for height contradict those obtained from ancient
specimens; it has been reported that the number of children
is negatively correlated with females’ height (Byars et al.,
2010; Beauchamp, 2016). The Framingham two-generation
study revealed reductions in total cholesterol and systolic
blood pressure in a European population (Byars et al., 2010).

Nevertheless, the NEB depends on historical, cultural, eco-
nomic, and social environments (for example, the availability
of contraceptives and child care) (Barban et al., 2016). In de-
mographic research, it is often impossible to establish causal

688

Turner, Robbins, 2023

202

202

Arner et al.,, 202

Fieder, Huber, 2022

relations between observed phenomena and to take into ac-
count all nongenetic factors, and this state of affairs makes
it difficult to employ such data. In this regard, proposals are
being made for the integration of genetic and demographic
studies (Hugh-Jones, Abdellaoui, 2022).

Analysis of the association

of fertility with genetic markers

The NEB has one of the highest levels of polygenicity of any
trait (Mathieson et al., 2023). At the same time, NEB heri-
tability in different articles is estimated at 1446 % (Barban
et al., 2016). In a sample of women from the UK and the
Netherlands, it has been shown that up to 10 % of the NEB
variance is determined by common genetic variants (Tropf et
al., 2015). The main way to assess the effect of the genotype
on fertility is a genome-wide analysis of the association of
fertility rates in populations of modern people. The results of
such research are given in Tables 2 and 3.

A meta-analysis of NEB genome-wide association studies
(343,072 people) has revealed three main loci: rs10908474
(near genes SLC27A43 and GATAD2B), rs13161115 (between
genes EFNAS5 and FBXL17), and rs2415984 in the intron
of long intergenic noncoding RNA gene LINC00871 (the
strongest signal). An additional study identified a locus near
1s2415984 containing genes ARHGAP27, PLEKHM1, and
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Table 2. Genome-wide associations identified for the total number of children ever born,
if sex is not specified: for both sexes

Genetic locus and its functional significance Phenotype associated with nearby genes Sex Reference

according to https://www.ncbi.nlm.nih.gov/gene/

sico7A3,GATAD2S, Autism, intellectual disabilty Barban et al, 2016
lipid metabolism, transcription repressor

EFNAS5, FBXL17; central nervous system development, Degenerative disorder of the nervous system Men

blood vessel growth
U NCO 0 8 7 1( ARHGAP27 p/_EKHM1 andM/R4 3 75 1 ) ........................................................................................................................

endocytosis, vesicular transport

MCTR; melanocortin 1 receptor Hair pigmentation Mathieson et al.,
FADSI/2 fatty acid synthesis enzymes Serumtriglyceridelevel 2023
ARHGAP27 d athn n med,a tEdend ocytOS,s .....................................................................................................................................
PLEKHMI vesiculartransport Autosomal recessive osteopetrosis type 6
PIKBIPT; cell cycle regulator inhibition of T cell activation

ZFP82; transcription regulator Tumor suppression
. LRP4 WNT S ,gn a|mg regu|ator ........................................... Sena m_ Lenz syn d rome ......................................................................

GLDN; formation of peripheral neurons Lethal congenital contracture syndrome

RPS11; ribosomal complex protein

PGGHG; carbohydrate metabolism

Table 3. Polygenic associations found for the number of children ever born (NEB),

if sex is not specified: for both sexes

Polygenic trait Direction Sex Reference

of correlation with NEB

ADHD nSk .................................................................................................. + ..................................................................... Demont, Seta| 2019 .................
PolyEduc, educational attainment polygenic score - Men Fieder, Huber, 2022
POLYEDU, educational attainment polygenic score - Kongetal,2017
He,ght ........................................................................................................ + .............................................. Men ................ Song eta|2021 ..........................
5k,nco|or .................................................................................................. + .............................................. Men ...............

nghmte”lgence ...................................................................................... i

|ncom e ...................................................................................................... i Hugh Jones Abde”aowzozz .
Ed uc at,ona|attamme nt ........................................................................... i

ADHD nsk depressw e d. Sor d er ns k ....................................................... + ....................................................................

Coronaryhea,—t d,sease ,—,Sk ..................................................................... + ....................................................................

BM| ............................................................................................................. + ....................................................................

EXtrav .é rs,on .............................................................................................. + ....................................................................

Yearsofeducatlon .................................................................................... i Barbaneta|2o16 ......................
R|Sk ofauus ms pe Ctrum dlsorder ........................................................... i

MIR4315-1. An analysis of potential functional significance of
these variants indicates linkage disequilibrium of rs13161115
with a methylation site near the EFNAS gene (Barban et al.,
2016) (see Table 2). For the loci associated with age at first
birth, an inverse correlation with educational attainment has
been shown. The NEB polygenic score inversely correlates

with the number of years of education (see Table 3). Most of
the correlations found in the above meta-analysis for the NEB
and age at first birth polygenic scores are related to behavioral
and reproductive phenotypes.

A recent genome-wide search for NEB and childlessness
associations (785,604 Europeans) yielded 43 genomic loci
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associated with age of puberty, age at first birth, sex hormone
regulation, endometriosis, and age at menopause (Mathieson
et al., 2023) (see Table 2). Among them, 28 are common
between men and women and six are gender-specific to the
NEB; nine, including a gender-specific one, are associated
with childlessness. rs12949256 of ARHGAP27 (p.Alal17Thr)
is associated with a higher NEB but a shorter reproductive
period. NEB-associated coding variants were found in genes
PIK3IP1 (152040533, p.Thr251Ser), ZFPS82 (rs17206365,
p.Leu59Met), and LRP4 (rs6485702, p.Ile1086Val). A com-
parison of data between modern (Mathieson et al., 2023)
and ancient (Mathieson et al., 2015) Europeans shows that
at the FADS1/2 locus (biosynthesis of ®-3 and ®-6 lipids),
directional selection has continued for several thousand years.
A yet unknown role of the melanocortin 1 receptor (MCIR)
gene in reproductive biology has been discovered. Its effect
on the number of offspring was stronger in women. Although
variants of this gene determine ~73 % of the heritability of
the red hair color, phenotypically the red color in the study
population was not associated with NEB. After exclusion of
red-haired women from the analysis, observed MC/R effect on
the number of offspring in the British Biobank persisted. No
relation was detected between effects of specific SNVs on hair
color and on NEB. Intron insertion/deletion polymorphism of
the CADM?2 gene manifested the strongest association with
childlessness. For this gene, which codes for a cell adhesion
molecule and is expressed in the brain, a strong balancing
selection signal and an association with risky behavior have
been shown (Boutwell etal., 2017). A female-specific associa-
tion with childlessness was found for transcription regulator
gene PPP3R1 (Mathieson et al., 2023). The results obtained
in that paper were validated for 35 identified loci in a sample
of 34,367 FinnGen women (Mathieson et al., 2023). None
of the signals identified in that study showed significant
genome-wide associations with educational attainment, church
attendance, or indices of social deprivation. In an assessment
of potential functional significance of the found variants, it
was noted that most of the found signals of modern directional
selection are related to the hypothalamic—pituitary—gonadal
axis, which regulates fertility and reproductive aging.

In several articles, authors separately studied the relation
between educational attainment and the NEB. In a sample
of 129,808 Icelanders born between 1910 and 1990, the
POLYEDU polygenic index of educational attainment showed
a negative correlation with the NEB, with gradual diminu-
tion in several observed generations (Kong et al., 2017). In
particular, an increase in the frequency of the rs62056842
variant in an intron of the MAPT gene, which is expressed in
the nervous system and is associated with reduced educational
attainment, was detected. When children born to mothers aged
21 or younger (18 % of all children in the sample) and children
born to men aged 22 or younger (13 %) were excluded from
the analysis, the correlations disappeared (Kong et al., 2017).

Another study points to a borderline inverse correlation
between the NEB and the polygenic educational attainment
score among men, with the number of children regressing
positively in the interaction of income and the PolyEduc
polygenic score, thus indicating a positive correlation between
income and the number of offspring in men with genetic pre-
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disposition to higher education (Fieder, Huber, 2022). In an
analysis of the association of the polygenic score of fertility
with 33 polygenic traits in two generations of Europeans from
the British Biobank (348,595 people of European descent,
taking into account the number of siblings and the number
of offspring), it was shown that polygenic scores that predict
higher income and education attainment are correlated with
reduced fertility, whereas polygenic risk scores for ADHD,
depressive disorder, and coronary heart disease as well as a
higher BMI and extraversion predict more offspring (Hugh-
Jones, Abdellaoui, 2022). That paper indicates that educational
attainment and the risk of ADHD and a depressive disorder are
selected among young mothers (age at first birth before 22),
but the natural selection was reversed among older mothers.
On the other hand, several anthropometric polygenic scores
are selected only among older ones. By contrast, the largest
analysis in terms of sample size (Mathieson et al., 2023) did
not reveal selection against educational attainment.

In modern society, out of 15 categories of genes that de-
termine phenotypic traits, those responsible for metabolism,
nutritional habits, psychiatric indicators, dermatological signs
(in men), social cognition, and reproduction correlate with the
NEB (Song et al., 2021).

A positive correlation between polygenic risk scores for
ADHD and fertility was also demonstrated in a comparison of
a sample of 20,183 people with ADHD and a control sample
0f 35,191 residents of Europe and the United States (Demontis
etal., 2019).

A limitation of genome-wide association studies is that they
detect only a genetic locus, not a specific gene or polymorphic
site associated with a given trait. Just as in a bioinformatic
analysis, a high proportion of the associations falls into inter-
genic regions and cannot always be interpreted. A lot of con-
troversy is caused by the stratification of a population sample;
this approach can significantly affect the results (Sohail et
al., 2019; Mills, Mathieson, 2022). Researchers emphasize
the nonrandom compilation of cohorts as a source of bias
because the very consent to participate in the study correlates,
for example, with educational attainment not only in the fre-
quently used American commercial sample 23andMe but also
in the British Biobank (Mills, Mathieson, 2022; Schork et al.,
2022). Itis reported that a meta-analysis of small populations
of Europeans from small geographic areas can give incorrect
results due to the different proportions of ancestral populations
of pastoralists, hunter-gatherers, and farmers who partici-
pated in the formation of the modern population of Europe
in different regions; on the other hand, when examining large
populations settled in different climatic regions, it is necessary
to take into account the influence of climatic factors on the
phenotype. In the UK, geographic clustering of genetic va-
riants was found that affects complex traits, including alleles
associated with educational attainment, thereby proving the
influence of demographic factors on the correlation between
genes and the environment (Abdellaoui et al., 2019). The
vast majority of genome-wide association studies have been
performed on populations of European origin, and therefore
the findings cannot be automatically extrapolated to humanity
as a whole; in addition, the number of studies with sufficient
statistical power is small.
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Analysis of frequencies of genetic variants

in close generations

The direction of selection can be assessed by comparison of
genotypes among people born in the same population during
periods adjacent to significant natural, socioeconomic, or
political events in the region of their birth. The difference in
allele frequencies in this case may reflect increased perinatal,
prenatal, and infant mortality or a difference in the number
of children among reproductive-age people carrying different
genotypes during the period of the events under study.

Similar work was done on data from the British Biobank
(Wu et al., 2022). A genome-wide association study of infant
mortality rates by place and year of birth was performed.
Cohorts born between 1936 and 1970 in England and Wales
experienced a decline of infant mortality with spikes during
World War II. Several statistically significant loci were found,
including missense variant rs1446585 of the R3IHDM1 gene
near the LCT gene and missense variant rs5743618 of the 7TLR1
gene as well as rs2852853 in an intron of 7-dehydrocholesterol
reductase gene DHCR7 (vitamin D metabolism), rs9944197
in an intron of the gene of ribosomal protein £FL 1, and inter-
genic 1s10521293. Those authors were especially interested
inthe LCT and TLR1/6/10 loci, which had previously shown
natural selection among Europeans (Mathieson et al., 2015).
The frequency of these alleles did not differ by year of birth in
regions with low infant mortality but differed in this manner
in regions with high infant mortality. The biggest difference
was noted in 1942 (a year after the maximum of the German
bombing), but the density of the bombings by region did not
match the level of infant mortality; accordingly, those authors
attribute the observed effect to harsh living conditions and
food shortages.

A work comparing genotypes among three groups of ado-
lescents who born before, during, and after the socioeconomic
crisis of the 1990s in Russia was previously published by us
(Mikhailova et al., 2022). We analyzed frequencies of com-
mon genetic variants previously found to be associated with
stress resistance and stress-induced disorders in populations of
Novosibirsk city schoolchildren aged 14—17 years. A statisti-
cally significant increase in frequencies of stress-protective
variant rs4680 G of the COMT gene and long (7R+8R) tandem
repeats in exon 3 of the DRD4 gene was found in the “stress”
group. Both genes belong to the dopaminergic regulatory sys-
tem. We hypothesized that under the conditions of prolonged
social stress, carriers of certain genotypes have more offspring
due to better adaptation to the conditions of socioeconomic
deprivation because social stress affects fertility.

A limitation of such research is that alterations of allele
frequencies occur within some short periods and may not af-
fect the genetic pool of the population, especially owing to a
drop of the birth rate in populations during of major destructive
events. Furthermore, it is difficult to take into consideration
all the factors that can potentially alter allele frequencies.

Conclusion

Despite the limitations of each approach and the lack of in-
formation about directional selection in African and Asian
populations, several dozen genetic variants and a number of
polygenic traits have been found that have undergone natural
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selection during human evolution. Genetic loci and phenotypic
traits have been identified whose direction of natural selection
has not changed from the Neolithic to our time, although the
intensity of the selection has varied (LCT and FAD1/2). For
some genetic variants, the direction of adaptation changed,
probably as a result of an encounter with pathogens (e.g.,
rs34536443 of the TYK2 gene). In modern populations,
there has been a reversal of directional selection relative to
previous evolution for polygenic scores of height in women
and for the BMI in men. A considerable number of genetic
variants that are reported to be associated with inflammatory
diseases (including Crohn’s disease and atopic dermatitis)
have been positively selected in the past, but it is not clear
whether these variants are now under selection pressure or
the observed genotype ratio is already a consequence of ba-
lancing selection due to antagonistic pleiotropy. Conflicting
data have been obtained about selection of relatively recent
complex polygenic traits: income and educational attainment.
It has been shown that the targets of selection — to a greater
extent than in previous centuries — are genes responsible for
social adaptation and behavioral phenotypes. For instance, the
positive association of the ADHD polygenic risk score with
fertility as documented by several researchers is indicative of
selection for this phenotype in modern populations.
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