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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.
Key words: natural selection; Homo sapiens; fertility; adaptation; polygenic index; genome-wide association study.
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Аннотация. В обзоре описаны основные методы оценки направленного отбора в популяциях человека. В их 
числе биоинформатический анализ последовательностей ДНК, основанный на выявлении неравновесия по 
сцеплению и отклонения от случайного распределения частот генетических вариантов; демографические и 
антропометрические исследования, заключающиеся в поиске корреляции рождаемости с фенотипически-
ми признаками; полногеномные оценки ассоциаций фертильности с генетическими локусами и полигенны-
ми индексами, а также сравнение частот аллелей между поколениями (как в современных выборках, так и в 
полученных из захоронений ДНК). Каждый из этих подходов имеет свои ограничения и применим к разным 
периодам эволюции Homo sapiens. Основными источниками ошибок в таких исследованиях считаются стра-
тификация выборок, ограниченное число исследований на неевропеоидном населении, невозможность 
полного сопоставления найденных ассоциаций и функционально значимых каузативных вариантов, а также 
сложность учета всех негенетических факторов, определяющих фертильность в современных популяциях. 
Полученные с помощью разных методов результаты свидетельствуют о том, что направление адаптации че-
ловека к новым для него пищевым продуктам не меняется в ходе эволюции с неолита; многие из вариан-
тов генов иммунитета, ассоциированных в современных популяциях с воспалительными и аутоиммунными 
заболеваниями, подверглись положительному отбору в период последних 2–3 тыс. лет в связи с распро-
странением бактериальных и вирусных инфекций. По некоторым генетическим вариантам и полигенным 
признакам показана смена направления естественного отбора на территории Европы, среди них связанные 
с иммунным ответом и когнитивными способностями. Анализ корреляции фертильности и уровня образо-
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вания дает противоречивые результаты. В современных популяциях в большей степени, чем ранее, наблю-
дается отбор по вариантам генов, отвечающих за социальную адаптацию и поведенческие фенотипы. В том 
числе в нескольких работах показана положительная корреляция фертильности с полигенными индексами 
синдрома дефицита внимания/гиперактивности.
Ключевые слова: естественный отбор; Homo sapiens; фертильность; адаптация; полигенный индекс; полно-
геномный анализ ассоциаций.

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, 
(ii) 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 
proteincoding 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 singlenucleotide 
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), ITPR3 (as
sociated with type 1 diabetes mellitus), innateimmunity re
ceptor gene TLR5, 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 SLC24A5 gene, in addition to pig
mentation, determines resistance to leprosy. Genes ALMS1, 
CCR9, CXCR4, 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 SNVs 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 (TLR1-6-10, HLA, IGHG, STAT4, 
MUC5B, FAM19A5, and ANXA), near the genes that determine 
pigmentation (GRM5 and MC1R), 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 
LCT and 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/HERC2, ASIP, and 
SLC24A4). 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 diseaseassociated polygenic traits and 15 non
diseaseassociated 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 diseaserelated loci, including those asso ciated 
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.

Twentynine 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 
et al., 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, 
STAT5, IRF1, CSF2, IL2, IL3, IL12A, IL2RA, and SOCS1) (Raj 
et al., 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 a result, 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.

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 innateimmunity genes associated with 
predisposition to mycobacterial infections (SLC11A1, 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 (rs17235409 of the divalent cation transporter SLC11A1 
gene and rs1800896 of interleukin IL10 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 TYK2 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 genomewide 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  highdensity 
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 (rs2549794, 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 (ERAP1, ERAP2, LNPEP, CTLA4, ICOS, 
TICAM2, and TMED7) 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 tandetermining 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 FADS1 (rs174546) and DHCR7/NADSYN1 (rs7940244). 
FADS1 and FADS2 are fatty acid desaturases taking part in 
the synthesis of longchain 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. 7Dehydrocholesterol reductase (en
coded by the DHCR7 gene) participates in the metabolism of 
cholesterol and vitamin D. Additionally, directional selection 
was documented for the MHC and TLR1-6-10 immunity gene 
loci, genes HERC2 and SLC45A2 (responsible for pigmen
tation), loci near genes ATXN2, GRM5 (glutamate receptor), 
ZKSCAN3 (transcriptional regulation), and SLC22A4 (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 
et al., 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 

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. Crosssectional 
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, longterm 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 
et al., 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 workingage 
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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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  
of correlation with NEB

Region Reference

BMI + USA Beauchamp, 2016

Educational attainment –

Height Women –

BMI, weight, waist circumference Men + UK Sanjak et al., 2018

Educational attainment –

Body fat Men +

Fluid intelligence score Women –

Height Women –

Income – USA Turner, Robbins, 2023

Income – Russia Arkhangelskiy et al., 2021

Educational attainment Women – Russia Arkhangelskiy et al., 2020

Body fat Women + UK Arner et al., 2021

Years of education – USA Fieder, Huber, 2022

Attendance of religious services +

Educational attainment Men +

Income Men +

Income Women –

General cognitive ability – Asia, Europe, and USA Reeve et al., 2018

Height Women – Europe Byars et al., 2010

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 
et al., 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 twogeneration 
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 cau sal 

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 14–46 % (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 genomewide 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 metaanalysis of NEB genomewide association studies 
(343,072 people) has revealed three main loci: rs10908474 
(near genes SLC27A3 and GATAD2B), rs13161115 (between 
genes EFNA5 and FBXL17), and rs2415984 in the intron 
of long intergenic noncoding RNA gene LINC00871 (the 
strongest signal). An additional study identified a locus near 
rs2415984 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  
according to  https://www.ncbi.nlm.nih.gov/gene/

Sex Reference

SLC27A3, GATAD2B;  
lipid metabolism, transcription repressor

Autism, intellectual disability Barban et al., 2016

EFNA5, FBXL17; central nervous system development, 
blood vessel growth

Degenerative disorder of the nervous system Men

LINC00871 (ARHGAP27, PLEKHM1, and MIR4315-1);
endocytosis, vesicular transport

 

MC1R; melanocortin 1 receptor Hair pigmentation Mathieson et al., 
2023 

FADS1/2; fatty acid synthesis enzymes Serum triglyceride level

ARHGAP27; clathrin-mediated endocytosis

PLEKHM1; vesicular transport Autosomal recessive osteopetrosis type 6

PIK3IP1; cell cycle regulator Inhibition of  T cell activation

ZFP82; transcription regulator Tumor suppression

LRP4; WNT signaling regulator Senani–Lenz syndrome

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  
of correlation with NEB

Sex Reference

ADHD risk + Demontis et al., 2019

PolyEduc, educational attainment polygenic score – Men Fieder, Huber, 2022

POLYEDU, educational attainment polygenic score – Kong et al., 2017 

Height + Men Song et al., 2021

Skin color + Men

High intelligence –

Income – Hugh-Jones, Abdellaoui, 2022

Educational attainment –

ADHD risk, depressive-disorder risk +

Coronary heart disease risk +

BMI +

Extraversion +

Years of education – Barban et al., 2016

Risk of autism spectrum disorder –

MIR4315-1. An analysis of potential functional significance of 
these variants indicates linkage disequilibrium of rs13161115 
with a methylation site near the EFNA5 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 metaanalysis for the NEB 
and age at first birth polygenic scores are related to behavioral 
and reproductive phenotypes.

A recent genomewide 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.Ala117Thr) 
is associated with a higher NEB but a shorter reproductive 
period. NEBassociated coding variants were found in genes 
PIK3IP1 (rs2040533, p.Thr251Ser), ZFP82 (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 ω-3 and ω-6 lipids), 
directional selection has continued for several thousand years. 
A yet unknown role of the melanocortin 1 receptor (MC1R) 
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 
redhaired women from the analysis, observed MC1R 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 CADM2 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 et al., 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 
genomewide 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

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 
of 35,191 residents of Europe and the United States (Demontis 
et al., 2019).

A limitation of genomewide 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 cor relates, 
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). It is reported that a metaanalysis of small populations 
of Europeans from small geographic areas can give incorrect 
results due to the different proportions of ancestral populations 
of pastoralists, huntergatherers, 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 genomewide 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 genomewide 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 R3HDM1 gene 
near the LCT gene and missense variant rs5743618 of the TLR1 
gene as well as rs2852853 in an intron of  7dehydrocholesterol 
reductase gene DHCR7 (vitamin D metabolism), rs9944197 
in an intron of the gene of ribosomal protein EFL1, and inter
genic rs10521293. Those authors were especially interested 
in the 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 stressinduced 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 

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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