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ABSTRACT

The Russian Federation is the largest and one of the most ethnically diverse countries in the world, however no centralized reference database of genetic variation
exists to date. Such data are crucial for medical genetics and essential for studying population history. The Genome Russia Project aims at filling this gap by
performing whole genome sequencing and analysis of peoples of the Russian Federation.

Here we report the characterization of genome-wide variation of 264 healthy adults, including 60 newly sequenced samples. People of Russia carry known and
novel genetic variants of adaptive, clinical and functional consequence that in many cases show allele frequency divergence from neighboring populations.
Population genetics analyses revealed six phylogeographic partitions among indigenous ethnicities corresponding to their geographic locales. This study presents a
characterization of population-specific genomic variation in Russia with results important for medical genetics and for understanding the dynamic population history
of the world's largest country.

1. Introduction diverse indigenous human populations within a single country.
According to the 2010 census, 195 ethnic groups are represented on
The Russian Federation (Russia) has one of the most ethnically Russian territory. The migrations of the last millennia have created a
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complex patchwork of human diversity that represents today's Russia.
The (pre)historic milestones that founded modern Russian populations
include settlement of Northern areas of Eurasia by anatomically modern
humans, the eastward expansion of the Indo-European speakers, the
westward expansion of the Uralic and Altai language families and
centuries of admixture between them [1-6]. The migration routes for
peopling Northern and Central Eurasia and the Americas inevitably
passed through this territory, followed by the waves of great human
migrations together with the exchange of knowledge and technology
(and likely the genes) along the Silk Road [7,8]. Studies of population
ancestry and structure in Russia would further provide genomic links to
the lost Neanderthal and Denisovan cultures discovered in Russia's
fossil beds [9,10].

There remain ongoing discussions about the origins of the ethnic
Russian population. The ancestors of ethnic Russians were among the
Slavic tribes that separated from the early Indo-European Group, which
included ancestors of modern Slavic, Germanic and Baltic speakers,
who appeared in the northeastern part of Europe ca. 1500 years ago.
Slavs were found in the central part of Eastern Europe, where they came
in direct contact with (and likely assimilation of) the populations
speaking Uralic (Volga-Finnish and Baltic-Finnish), and also Baltic
languages [11-13]. In the following centuries, Slavs interacted with the
Iranian-Persian, Turkic and Scandinavian peoples, all of which in suc-
cession may have contributed to the current pattern of genome di-
versity across the different parts of Russia. At the end of the Middle
Ages and in the early modern period, there occurred a division of the
East Slavic unity into Russians, Ukrainians and Belarusians. It was the
Russians who drove the colonization movement to the East, although
other Slavic, Turkic and Finnish peoples took part in this movement, as
the eastward migrations brought them to the Ural Mountains and fur-
ther into Siberia, the Far East, and Alaska. During that interval, the
Russians encountered the Finns, Ugrians, and Samoyeds speakers in the
Urals, but also the Turkic, Mongolian and Tungus speakers of Siberia.
Finally, in the great expanse between the Altai Mountains on the border
with Mongolia, and the Bering Strait, they encountered paleo-Asiatic
groups that may be genetically closest to the ancestors of the Native
Americans [14]. Today's complex patchwork of human diversity in
Russia has continued to be augmented by modern migrations from the
Caucasus, and from Central Asia, as modern economic migrations take
shape [15].

There have been several studies of genetic history of Russia using
microarrays, microsatellites, Y-chromosome and mitochondrial genome
sequences [16-35] and more recently using whole genome sequencing
[36-38]. Most studies have focused on profiling specific ethnicities, but
a centralized reference dataset of genomic variation of most Russian
populations is currently lacking. Furthermore, a number of medically-
relevant candidate genes with variants specific to groups within Russia
have been reported [39-42]. To further expand on these reports, we
initiated the Genome Russia Project [43,44], with the goal of sequen-
cing the whole genomes of approximately 3500 individuals, including
family trios, to assess the genetic diversity across the Russian Federa-
tion and to reveal functional genomic variation of medical significance.

In the current study, we annotated whole genome sequences of in-
dividuals currently living on the territory of Russia and identifying
themselves as ethnic Russian or as members of a named ethnic minority
(Fig. 1). We analyzed genetic variation in three modern populations of
Russia (ethnic Russians from Pskov and Novgorod regions and ethnic
Yakut from the Sakha Republic), and compared them to the recently
released genome sequences collected from 52 indigenous Russian po-
pulations [36,37]. The incidence of function-altering mutations was
explored by identifying known variants and novel variants and their
allele frequencies relative to variation in adjacent European, East Asian
and South Asian populations. Genomic variation was further used to
estimate genetic distance and relationships, historic gene flow and
barriers to gene flow, the extent of population admixture, historic po-
pulation contractions, and linkage disequilibrium patterns. Lastly, we
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present demographic models estimating historic founder events within
Russia, and a preliminary HapMap of ethnic Russians from the Eur-
opean part of Russia and Yakuts from eastern Siberia.

2. Results

Our study presents analyses of the whole genome sequences (WGS)
at 30 X coverage of 60 newly sequenced individuals from three popu-
lations: Pskov region (western Russia), Novgorod region (western
Russia), and Yakutia (eastern Siberia), and comparing these to 204
individuals from 52 populations including both Russians and other
ethnic groups (Table 1, Supplemental Table S1; Fig. 1). Samples of
Pskov, Novgorod, and Yakut populations were collected as family trios
(two biological parents and their adult child) upon obtaining informed
consent and IRB approval, and with a stated three (or more) generation
homogenous ancestry from the same ethnic group and the same region
[45]. The genomes of all study participants were explored for known
disease-associated mutations, as well as for medically important ‘loss-
of-function’ coding variants including SNPs, short indels (< 20 bp),
longer indels (20-100 bp), copy-number variants (CNVs) and segmental
duplications (SDs).

Variant calling and genotyping of SNPs and short indels in Pskov,
Novgorod, and Yakut genomes revealed 8 million SNPs and 2 million
indels per population (Supplemental Table S2; Supplemental material).
Between 3 and 4% of these SNPs were classified as novel as compared
to dbSNP (Supplemental Fig. Sla-b). Overall, over 10.5 million SNPs
and 2.8 million short indels were found in all 60 samples from three
Genome Russia populations combined (Supplemental Fig. Slc). As
might be predicted, the number of overlapping SNPs and indels was
higher when comparing Pskov and Novgorod than when comparing
Yakut with the western Russia populations, in line with the geographic
separation of these populations (Supplemental Fig. S1lc). The same
trend was observed for long indels (see Supplemental material).

In addition, we resolved CNVs and aggregated them into segmental
duplication (SD) profiles for the 60 Genome Russia samples. This re-
sulted in regions of SDs spanning around ~214 Mbs in each dataset
(Supplemental Table S3). The highest number of SDs (~3 Mb) was
observed for Yakuts. We further compared SD profiles between popu-
lations using V statistics (Vst, see Methods and Supplemental material),
and observed relatively strong differences between Yakut and the two
western populations of Pskov and Novgorod, consistent with expecta-
tions based on geography (Supplemental Fig. S2).

The collection of identified SNPs was used to inspect quantitative
distinctions among 264 individuals from across Eurasia (Fig. 1) using
Principal Component Analysis (PCA) (Fig. 2). The first and the second
eigenvectors of the PCA plot are associated with longitude and latitude,
respectively, of the sample locations and accurately separate Eurasian
populations according to geographic origin. East European samples
cluster near Pskov and Novgorod samples, which fall between northern
Russians, Finno-Ugric peoples (Karelian, Finns, Veps etc.), and other
Northeastern European peoples (Swedes, Central Russians, Estonian,
Latvians, Lithuanians, and Ukrainians) (Fig. 2b). Yakut individuals map
into the Siberian sample cluster as expected (Fig. 2a). To obtain an
extended view of population relationships, we performed a maximum
likelihood-based estimation of ancestry and population structure using
ADMIXTURE [46](Fig. 2c). The Novgorod and Pskov populations show
similar profiles with their Northeastern European ancestors, while the
Yakut ethnic group showed mixed ancestry similar to the Buryat and
Mongolian groups.

We further assessed ancestral divergence between the populations
in western Russia (Pskov and Novgorod), and Siberia (Yakuts) by
choosing ‘Ancestry Informative Markers’ (AIMs) from the major
Eurasian population groupings represented in 1000 Genome Project
[47]. As expected European-specific AIMs were concentrated in the
western Russia (Pskov and Novgorod) populations compared to the
Yakut samples; while the converse was observed for East Asia-specific
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Fig. 1. Map of the Russian Federation with locales of indigenous ethnic groups. Sample collections locales are indicated as colored circles with 2 letter code (see
Supplemental Table 1). White dotted lines are arbitrary boundaries separated major population partitions suggested by the phylogenetic analyses (see text).
Populations code colors correspond to geographic areas: A) Pink — North-Eastern Siberia; B) Green — Eastern Siberia; C) Brown — Western Siberia; D) Orange — Volga-
Ural; E) Red — Western Russia; F) Blue — Caucasus. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)

Table 1
Number of samples used in the study.

Number samples Number unrelated samples Number families

Sample group Region Number populations
GR Pskov Western Russia 1

GR Novgorod Western Russia 1

GR Yakuts East Siberia 1

Mallick et al. Many 18

Pagani et al. Many 45

Total 55

22 14 7
20 15 5
18 14 4
31 32 0
173 174 0
264 249 16

AIMs (Supplemental Fig. S3).

Possible admixture sources of the Genome Russia populations were
addressed more formally by calculating F3 statistics, which is an allele
frequency-based measure, allowing to test if a target population can be
modeled as a mixture of two source populations [48]. Results showed
that Yakut individuals are best modeled as an admixture of Evens or
Evenks with various European populations (Supplemental Table S4).
Pskov and Novgorod showed admixture of European with Siberian or
Finno-Ugric populations, with Lithuanian and Latvian populations
being the dominant European sources for Pskov samples (Supplemental
Table S4).

2.1. Medically relevant gene variants

A total 894 medically relevant gene variants, annotated in the
Human Gene Mutation Database (HGMD) [49] as disease-causing mu-
tations, were detected within the Pskov, Novgorod and Yakut popula-
tions, resulting in 1776 known disease-associated variants occurring
within all samples (Supplemental Table S5). We profiled the

distribution of disease-associated mutations from HGMD (disease-
causing mutations - HGMD-DM) in the 60 Genome Russia individuals,
which showed an average of 75 HGMD-DM variants per individual
(Supplemental Fig. S4). In addition, 31 unique variants in 29 genes
were classified as pathogenic after manual curation of HGMD-DM
variants (Supplemental Table S6). Forty three (43) of the 60 individuals
carried at least one pathogenic variant: 41 as heterozygous, one com-
pound heterozygote, and one homozygous case (both in the ABCA4
gene, associated with age-related macular degeneration; [50]. Notably,
three of eighteen Yakut participants were heterozygous for a patho-
genic variant in the SBF1 gene (MAF = 0.17 compared to MAF <
0.003 in gnomAD database [51]; Table 2, Supplemental Table S6),
related to Charcot-Marie-Tooth disease 4b3 type [52].

All variants conformed to Mendelian expectations in the trios. We
validated each of the four disease-causing mutations showing the most
significant allele frequency difference together with other variants
listed in Table 2 by Sanger sequencing, which confirmed genotypes and
MAF for each. The Genome Russia subjects carrying functional muta-
tions were all healthy, which would be explained by heterozygotes for
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Fig. 2. Sample relatedness based on genotype data. (a,b) Principal Component plot of 574 modern Russian genomes. Colors reflect geographical regions of collection;
shapes reflect the sample source. Red circles show the location of Genome Russia samples. (a) Eurasia; (b) Western Russia and neighboring countries. (c) Population
structure across samples in 178 populations from five major geographic regions (k = 5). Samples are pooled across three different studies that covered the territory of

Russian Federation (Mallick et al. 2016 [36], Pagani et al. 2016 [37], this study). The

optimal k-value was selected by value of cross validation error. Russian samples

from all studies (highlighted in bold dark blue) show a slight gradient from Eastern European (Ukrainian, Belorussian, Polish) to North European (Estonian Karelian,
Finnish) structures, reflecting population history of northward expansion. Yakut samples from different studies (highlighted in bold red) also show a slight gradient
from Mongolian to Siberian people (Evens), as expected from their original admixture and northward expansions. The samples originated from this study are
highlighted, and plotted in separated boxes below. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)

recessive alleles, age-dependent penetrance (e.g. for ABCA4), and/or
other gene-environmental interactions.

2.2. Loss-of-function SNPs

Coding gene variants were annotated for their effect on proteins
using the Ensembl Variant Effect Predictor (VEP) tool [53]. We in-
vestigated their occurrence in large SNP databases (1000 Genomes —

1000G [47], Exome Aggregation Consortium — ExXAC [51], Genome
Aggregation Database — gnomAD [51]), and reported associations with
diseases and complex traits, focusing on loss-of-function (LoF) SNPs and
indels. Of 82,574 coding SNPs identified in the combined cohort, 2145
SNPs were identified as high-confidence loss-of-function variants (stop
codon, frameshifts, splice alterations; see Methods). For the subsequent
analyses, we selected only the 758 LoF SNPs that had an allele count of
two or more and did not fail Mendelian inheritance expectations in any
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of the Genome Russia trios. One hundred and one (101) of these LoF
SNPs were not reported in 1000G, EXAC or gnomAD (Supplemental
Table S7).

We detected 34 LoF SNPs showing elevated allele frequencies in
Genome Russia populations compared to that in the European (EUR),
East Asian (EAS), or South Asian (SAS) populations of 1000G (18 SNPs
with MAF > 10 fold, and 17 SNPs with MAF = 5-10 X greater than in
human genetic population databases). Implicated genes, minor allele
frequency (MAF) and allele counts for each observed LoF SNP, their
allele frequencies in public databases, specific disease phenotype as-
sociated with genes in GWAS catalog, including five genes that are
scored as LoF-intolerant [51] are listed in Supplemental Table S7. For
example, a LoF variant rs117753184 of WDR33, an RNA editing gene
previously associated with coronary artery calcification, carries a stop
codon allele in Yakut at a MAF of 18%, but occurs at 3% frequency in
East Asia and is even less frequent in European and South Asian po-
pulations (Table 2, Supplemental Table S7). This gene is considered as
“LoF intolerant” according to EXAC [51] and may have clinical con-
sequences that are not yet confirmed. Other LoF SNPs in Supplemental
Table S7 are also potential candidates for both population differentia-
tion and clinical influence.

2.3. Insertions and deletions

As many as 757 short insertion-deletion mutations (< 20 bp) were
annotated as LoF among the Genome Russia populations. Indel calling
is known to be error prone, therefore we performed additional filtering
by applying alignment-free k-mer-based genotyping (see Methods). In
addition, novel insertions and deletions (indels) that failed Mendelian
inheritance compliance were filtered out, leaving a total of 308 indels
for which at least two alleles were present among the 43 unrelated
Genome Russia individuals (Supplemental Table S8). We identified
longer indels (20-100 bp) in the Pskov, Novgorod and Yakut popula-
tions and annotated the indels with Ensembl VEP [53] (Supplemental
Tables S9,10). Each population had 1600-1900 long indels, of
which < 1% overlapped exons and about 80% were previously re-
corded in dbSNP (Supplemental Table S9). Exon overlapping long in-
dels were detected in 26 genes, with six genes having long indels lo-
cated within exons in two or more populations (AGBL5, CHIT1, DNAH9,
ENOSF1, PLCH2, and ZNF683). The majority of samples in the three
populations were heterozygotes for the long indels overlapping with
exons (Table 2, Supplemental Table S10).

2.4. Population-specific biomedical phenotypes

Certain diseases and heritable traits have different occurrence in
different populations due to genetic drift, adaptation or migration
[54-57]. Variant frequencies with population-specific patterns can lead
to differences in traits or disease prevalence in different populations
that can influence tailored clinical treatment specific for particular
populations. To date, complete Russian genomes have not been inter-
rogated for the presence and incidence of medically significant variants.
Here, we offer a first step in making the personalized approach in
genomic medicine for this part of the world. To illustrate how differ-
ences in population history can affect frequencies of important phy-
siological traits, we examined four familiar loci in depth: MCM®6,
VCORC1, SLC45A2, and DHDDS (Fig. 3).

LCT, a gene that regulates adults' tolerance to lactose and milk
products, is a well-known example of selection-based differentiation
[58,59]. However, the first mutation associated with the lactose toler-
ance phenotype in Europeans —13.910: C > T (rs4988235) is not lo-
cated in the LCT gene, but rather 14 kb upstream, within intron 13 of
the mini-chromosome maintenance complex component 6 (MCMG6)
gene. The lactose tolerance A allele has been strongly selected in Eur-
opean populations within the last 10,000 years since the dawn of
agriculture and modern civilization in the Fertile Crescent of the Middle
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East [60]. This LCT- MCM6 variant has been suggested to be one of the
strongest signals of natural selection in the human genome [58,59]. As
expected, the non-European chromosomes in EAS and Yakut were all
nearly fixed for the ancestral G (lactose intolerant) allele, while CEU
and FIN had a higher frequency for the A (lactose tolerant) allele. Pskov
and Novgorod populations show intermediate frequencies (41%), lower
than CEU (74%) or FIN (59%) possibly indicating the effect of ad-
mixture (Fig. 3a, Table 2).

Another example of a population-specific allele frequency difference
important for medical drug dosage prediction, is response to warfarin
(also called coumadin). Warfarin is a popular anti-coagulant that has
severe side-effects, such as bleeding, if used in an inappropriate dosage.
Response to warfarin depends on several factors, including genetic
variants in the CYP2C9 and VKORCI1 genes that are commonly used to
predict the correct dose [61,62]. Carriers of the VKORCI-T allele, which
is predominant in Asia, require a substantially lower dose of warfarin
than Europeans, where the VKORCI1-C allele predominates [61,62]. As
expected, EAS and Yakut populations showed a higher frequency of the
VKORCI-T allele (86% and 88% respectively), compared to the CEU
(43%) and FIN (31%). The two western Genome Russian populations
(Pskov and Novgorod) showed a T allele frequency (24%) similar to the
Finnish population (Fig. 3b, Table 2). This likely means that warfarin
dosage for Pskov and Novgorod individuals needs to be similar to that
for Finns, while a lower dosage in Yakuts is expected to be effective,
similar to populations of East Asia.

Dramatic population stratification is also apparent for SLC45A2, a
gene related to lighter skin pigmentation. Within European populations
SLC45A2 has been shown to be under strong selection, as evidenced by
multiple genome-wide scans of selection (reviewed in [63]. Analyses of
ancient Eurasian genomes found that the allele associated with light
skin pigmentation has likely reached fixation in modern Europeans
from very low frequency during the Neolithic period, due to strong
selection pressure over the past ~4000 years [57]. Not surprisingly, the
light skin allele (G) is nearly fixed in both populations from western
Russia (100%), while in the Yakut population the low frequency (7%)
reflects some level of an ancestral genetic component shared with
Europeans, since this variant is completely absent from the East Asian
populations (EAS) (Fig. 3¢, Table 2).

Single-nucleotide mutation in the gene that encodes cis-pre-
nyltransferase (DHDDS) has been identified as the cause for non-syn-
dromic recessive retinitis pigmentosa (RP) [64,65]. The 757G > A: re-
cessive missense variant in the DHDDS gene (rs3816539) associated
with retinitis pigmentosa pathology is reduced in frequency in western
Russian populations (9% vs 20% in CEU and 28% in FIN) compared to
other European populations, and increased in the Yakut population
(96% vs 71% in EAS) compared to the other Asian populations
(Fig. 3d). It is not clear if this reversal derives from genetic drift or
natural selection.

The Yakut population is known to have higher allele frequencies for
some variants, which sometimes leads to hereditary pathologies
[39-42]. For example, rs369698072 in the NBAS gene is associated
with short stature syndrome in Yakuts [40]. While this variant is ex-
tremely rare in European and Asian populations, it has a MAF of 7% in
our Yakut samples, which is significantly higher than in other popula-
tions (p = 8.03 x 10~ %, see Table 2).

2.5. Russian gene variants that are associated with infectious diseases,
pharmacogenomics, and natural selection across the globe

Table 2 also summarizes Russian gene variants that convey notable
infectious disease, natural selection and pharmacogenomic phenotypes
distinctive in world populations [54,55,66,67] (see also Supplemental
Tables 11-13). Many of these show divergent MAF of Russian popula-
tions compared to parental EUR and EAS database frequencies, which
we confirmed by Sanger sequencing (Supplemental material). These
gene frequency distinctions may reflect historic genetic drift, occasional
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Fig. 3. Differences in Genome Russia allele frequencies of SNPs in notable genes with important phenotypes differentiate among Eurasian ethic groups.

Allele frequencies for populations of Pskov and Novgorod (combined) and Yakut are shown together with allele frequencies of 1000G populations: Europeans (CEU),
Finnish (FIN), East Asians (EAS) and South Asians (SAS) for four SNPs: (a) rs4988235, located in MCM6 gene. This SNP is associated with adult type lactose
intolerance. G allele tags the lactose intolerant haplotype [58,59]; (b) rs9923231, located in VKORCI gene. This SNP is associated with Warfarin response. T allele
carriers need reduced dose of warfarin; (c) rs16891982 In the SLC45A2 a gene related to lighter skin pigmentation; (d) rs3816539 the DHDDS gene that is associated

with retinitis pigmentosa.

founder events, or possible assortative mating effects [56] that would,
upon replication, be relevant to the health impact in Russian commu-
nities.

We compared the variation in MAF for variants previously asso-
ciated with human infectious disease, natural selection and pharma-
cogenomic phenotypes [54,55,67] from Supplemental Tables S11-13 in
Russian versus 1000G populations to search for patterns of overall al-
lele frequency change during the founding of Russian populations
(Supplemental Fig. S5). While allele frequencies in western Russians
(Pskov and Novgorod) resembled the European reference and Yakut
parallels East Asian populations, we observed a different pattern for the
reported gene targets of natural selection. For example, we observed a
rather tight cluster (indicating near invariance) among all alleles in
Novgorod and Pskov versus their EUR neighbors for all three gene ca-
tegories, while variance of the same alleles from EAS and SAS is con-
siderably larger (Supplemental Fig. S5, left and center plots). The Yakut
population shows larger substantial deviation from all database popu-
lations (EUR, EAS and SAS) for infectious disease and pharmacoge-
nomics associated genes, but tighter clustering of the selected alleles
with EAS. For the Novgorod and Pskov populations, the pattern may
likely be interpreted as indicating that all the studied alleles were
adapted and set before the recent founding of these populations in
Russia from EUR predecessors with little drift or perturbation effects or
MAF changes since. This explanation also seems to hold for the tight
clustering of Yakut and EAS for the ‘selection’ alleles. However, the
absence of clustering for Yakut-EAS for the alleles mediating infectious
disease and pharmacogenomics phenotypes would suggest these im-
portant gene variants were altered by selection, drift or other

demographic factors in more recent times after the original founder
events.

2.6. Phylogeography of Russian peoples

To further explore the relationships of individuals within and be-
tween different regions of Russia (Fig. 1), we constructed neighbor-
joining trees based on pairwise nucleotide differences of ~3.8M
homologous SNPs (after filtering, see Methods) from 231 unrelated
individuals representing 55 ethnicities. The resulting topology (Fig. 4a)
showed a stepwise arrangement of individuals into six phylogeographic
clusters ordered from eastern Asia to western Europe, corresponding to
the six regions separated by white dashed lines in Fig. 1. Individuals
from each of the six geographic locations were clustered together as
monophyletic clades, indicating recent isolation and restricted gene
flow between them since.

The family trio design of our project allowed us to accurately phase
SNP data and identify the haplotype structure of our samples, which
have been suggested to perform as well as or better than unlinked SNPs
in reconstructing historical relationships of populations [68]. We cre-
ated a haplotype-based phylogenetic tree with fineSTRUCTURE [68]
using the same Russian genomes plus 308 additional neighboring Eur-
asian genomes [36,37](Fig. 4b). The analysis largely re-affirmed the
geographic clusters obtained in the neighbor-joining tree (Fig. 4b). In-
dividuals from Pskov clustered together with Estonians, Latvians, and
Lithuanians, highlighting their close contact. Novgorod samples also
showed similarities to Finno-Ugric groups such as Estonians and In-
grians. Yakuts clustered together with Evens, and Evenks (Fig. 4b), but
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Fig. 4. Phylogenetic analyses of samples from the territory of Russia.

(a) Neighbor-joining tree showing relationships among 231 Russian-ancestry individuals based on pairwise nucleotide divergence for 3,779,316 homologous SNPs.
The tree was rooted using two individuals from Vietnam. Colors are used to differentiate among individuals originating from six major geographic regions across the
Russian Federation (see Fig. 1): Eastern Siberia, North-Eastern Siberia, Western Siberia, Volga-Ural region, the Caucasus, and Western Siberia. The separation
between the three eastern regions (Eastern and North-Eastern and Western Siberia) and the western regions (Volga-Ural, Caucasus and Western Russia) is centered
along the Ural Mountains. (b) Haplotype-based tree of samples from the territory of Russia and neighboring countries. (c,d) The heatmaps of gene flow barriers show
for each point at the geographical map the interpolated differences in allele frequencies (AF) between the estimated AF at the point with AFs in the vicinity of this
point. (c) The maximum difference in AFs over all directions is plotted. (d) The direction of the maximal difference in allele frequencies is coded by colors and arrows.



D.V. Zhernakova, et al.

the haplotype sharing also shows a close relation of Yakuts to Mongols,
Buryats, Altaians, and Tuvinians, consistent with their postulated
Turkic founders being from the Lake Baikal region [69]. The two
phylogenetic approaches, when supplemented with Fig. 2, add con-
fidence to a definitive population structure that indicates appreciable
population isolation in recent times.

The genetic distinctions seen in the phylogenetic analyses suggested
there appears to have been strong geographic isolation restricting gene
flow between certain groups. To assess this possibility, we imputed
allele frequencies (AF) at each point of a geographical grid from the
available AF and estimate the differences in AF between the predicted
population at each point on the grid and other predicted populations in
the geographic vicinity of that point in eight directions, using a method
derivative to the one used in Pagani et al. [37]. Three putative gradients
indicative of restricted gene flow “barriers “were identified within
Russia (Fig. 4c) taking into account the direction of the most rapid al-
lele frequency change and the maximal directional allele frequency
changes (Fig. 4d). The most intense gene flow restriction occurs on the
West of Siberia (corresponding to the Urals and Ob’ river), that sepa-
rates the area populated predominantly by ethnic Russians (or Russian-
speaking descendants of other eastern European groups) from the na-
tive people of Siberia and the Arctic. A second detected gene flow re-
striction lies in North Eastern Siberia (along the Lena River and Ver-
khoyansk Mountain Range). A third gene flow restriction barrier was
identified at the Russian border at the South Far East (Fig. 4c). In this
last case the direction of maximal local divergence in allele frequencies
is changing from North to South if we follow across the restriction
gradient region from South to North (Fig. 4d). For the other two re-
stricted regions, the direction of maximal local divergence in allele
frequencies is changing from East (North East) to West if we follow
across the barrier from West to East (but not vice versa) and the max-
imal whole genome allele frequency changes are large. It is notable that
the three areas of restricted gene flow correlate with geographic and
climatic features, which may provide physical barriers for human mi-
grations.

2.7. Demographic history

The demographic history of a population's founder events or po-
pulation bottlenecks can influence the genetic diversity, the length of
haplotype blocks generated by linkage disequilibrium, and the genome-
wide patterning of endemic variation. We noted moderately high SNP
variation in the Novgorod and Pskov samples compared to Yakut
(Supplemental Fig. S1), raising the prospect of a population bottleneck
or an historic founder event in the Yakut population's past. Another
possible reason for the difference in variant numbers is reference bias,
as the human reference genome reflects more European genetic varia-
tion. The distinctiveness of the study populations prompted a closer
look at the patterns of SNP variation across the genomes. First, we
computed the average length of extended regions of SNP homozygosity
and noted that the Yakut population displayed relatively longer
homozygous stretches (median length = 127 kbp) than the western
Russian samples (median length = 119 kbp; Supplemental Fig. S6).
When SNP density was plotted across the entire genome of Yakut and
compared to Novgorod and Pskov, there were multiple chromosomal
regions of the Yakut genomes with diminished SNP variation that
would corroborate the evidence of a recent founder event or population
contraction (Supplemental Figs. S6, 7).

To assess demographic history within a population, coalescence
rates were calculated and scaled by mutation rate and generation time
(Fig. 5). Patterns of whole-genome sequence variation were used to
model population history using the diffusion approximation to the al-
lele frequency spectrum built without inferring ancestral alleles (folded
AFS) for three populations: Yakut, Novgorod and Pskov (n = 14 un-
related for each). The GADMA approximation software tool [70] was
used to compare the expected allele frequency and the observed allele
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Fig. 5. Demographic history of Yakut and Pskov-Novgorod populations.

The GADMA approximation of populations' demographic history for three
Genome Russia populations based upon comparison of expected allele fre-
quency and the allele frequency spectrum. The best composite likelihood sce-
nario suggests a founder event 6900 year. bp and split between western Russian
Populations and Yakut ancestors approximately 1200 year. bp, coincident with
the establishment of human settlements in Russian regions.

frequency spectrum (AFS) over the parameter value space by com-
puting a composite-likelihood score for the best plausible evolutionary
scenarios (Fig. 5). The scenarios were simulated with the AFS data and
the results were used to calculate the likelihoods of best fit for each
model. Pskov and Novgorod show nearly identical histories. The best
model and reconstruction combined the Western Russia population and
indicated patterns implying a common “out of Africa” coalescence date
at 70,000 years BP followed by a split and asymmetric migration from
western Russia (Pskov -Novgorod) toward Yakutia 6900 years ago,
followed by slower population growth and very limited migration
events between the relatively isolated populations. A more recent split
between Pskov and Novgorod occurred around 1200 years ago and was
followed by population growth in both populations. All three popula-
tions have subsequently increased effective population size, most
probably following postulated founder events and expansion in Russian
regions around that period.

2.8. Haplotype map

An important goal of the Genome Russia Project is to construct a
haplotype map (HapMap) of ethnic Russians and several smaller ethnic
minorities within the Russian Federation for further use in gene asso-
ciation as well as population studies. We analyzed western Russians
(Novgorod and Pskov) and Yakuts separately and created two haplo-
type maps. We also assessed the variation in SNP density within the
Western Russians as compared with Yakut (Supplemental Fig. S7) and
haplotype length (Supplemental Fig. S8). A Haploview LD structure of a
homologous regions on chromosome 17 is presented in Supplemental
Fig. S9. Although these haplotypes are based upon a limited number of
trios they present an illustration of the comparative differences between
the large ethnic Russian populations (Novgorod and Pskov) and the
more isolated ethnic group of Yakuts. With more extensive sampling,
we expect that the precision, accuracy and utility of the LD patterns will
increase substantially. Variation and LD structure of Genome Russia
samples can be visualized using a genome track at http://garfield.
dobzhanskycenter.org/genomerussia/.

3. Discussion

We present here an analysis of genomic patterns and inference of
264 people representing 55 ethnic groups living across the Russian
Federation today in an initial step toward developing a comprehensive
database describing genetic diversity in Russia (Fig. 1). Using whole
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genome sequences, we quantified the variation, and catalogued that for
medical and population-based studies. Our first goal was to inspect
variation of importance in medical diagnostics by screening known
disease-associated variants and “loss-of-function” mutations within all
genes. In a sampling of healthy Russian study volunteers, we present
known variants mined from the HGMD database [49] as well as pre-
dicted loss-of-function SNPs, short and long insertion/deletion variants,
segmental duplications and copy number variation regions (Table 2;
Supplemental Tables S5-10). We demonstrate the occurrence and fre-
quencies in trait- and disease-associated variants as an illustration of
the medical genomic information relevant to diagnostics and prog-
nostics of the Russian populations (Fig. 3).

In 1950, Hermann Muller introduced the terms “Our Load of
Mutations”, also termed “Genetic Load”, to assess and describe the
accumulation of damaging or fitness-lowering variants that influence
population survival, individual health and biomedical cost [71]. From
the genome data offered here (Table 2; Supplemental Tables S5-13) we
can begin to impute the genetic load qualitatively and quantitatively as
a preview of the more comprehensive analyses anticipated in the
Genome Russia Project, in parallel with the human genome sequencing
initiatives begun in many world communities.

We and others have applied the tools of molecular evolutionary
genetics to address the many anthropological conundrums that involve
Russian peoples and their recent ancestry [16-35]. We estimated re-
lative ancestry of populations directly and compared the relatedness
and phylogenetic distinctions among different ethnicities using multiple
phylogenetic algorithms (Figs. 2, 4). The results demonstrate a se-
paration of ethnic groups along geographic regions, which is further
indicated by imputation of gene flow barriers across the Russian land-
scape. Coalescence calculations conform to archaeological estimates as
affirming a recent isolation and separation of certain populations
(Fig. 5). The Yakut genomes display moderate genetic homogeneity,
most of which may be explained by founder events and genetic drift
also mentioned in previous publications [23,27].

Our data lend support to historical records that suggest that the
ethnic Russian people had early contact with groups speaking Uralic
and Baltic languages and their subsequent expansion from the Central
Eastern Europe to North, South and Eastern frontiers, followed by en-
counters with Uralic and also Baltic speaking populations [11,12]. This
historical contact inevitably contributed to admixture and to the pat-
terns seen in the current local genome diversity in western Russia.
While ethnic Russian populations cluster with the West Europeans in
the PCA plot (Fig. 2a, b), the groupings are not tight; rather they are
spread along an axis indicating divergence and admixture (Fig. 2b). The
neighbor-joining and fineSTRUCTURE trees show that Novgorod and
Pskov define distinct clusters that group with their immediate neigh-
bors: Novgorod with the Uralic (Komi, Ingrian, Estonian) and Pskov
with the Baltic people (Estonian, Latvian and Lithuanian) (Fig. 4a and
b). At the same time, the Uralic populations very likely received the
genetic contributions from the Russians and other Slavs, with whom
they share branches of the phylogenetic trees (Fig. 2b; Fig. 4b). In ad-
dition, other peoples that came in contact in the area carry the evidence
of historic admixture (e.g. Scandinavian and Finns: Fig. 2b).

The occurrence of Uralic admixture in Novgorod corroborates the
historic evidence. In the middle of the 9th century, Novgorod was an
important trade post on the route from the Baltic Sea to Constantinople
in the Byzantine Empire. At the time, various Finnish, Baltic, and Slavic
tribes populated the area [13]. The presence of Uralic admixture in
Novgorod is justified by the historic contacts and gene flow that oc-
curred for at least a millennium. Pskov is the westernmost region in
modern Russia, and the presence of Estonians, Latvians and Lithuanians
in the same branch on the phylogenetic tree probably indicates the
same gene flow in the area, as the three modern Baltic countries had
historic contact.

When we examined the Yakut ethnic population in Siberia, our
analysis supports the prior historic evidence on the origin of the Yakut
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people who live in the Sakha Republic (Yakutia) in eastern Siberia
(North East Asia) and that practiced animal husbandry and semi-no-
madic lifestyle. The ancestors of Yakuts were Turkic people with some
Mongolian admixture that migrated from the Yenisey river to the Lake
Baikal region, and expanded to the north, as far as Kolyma river [72].
Our data clearly shows this to be the case, indicating among other
things a historic admixture between the Yakut and the native North
Siberian people such as Evens and Evenks (Fig. 4b). On the other hand,
some individuals are closer to the Altaic people and the Mongolians,
supporting the earlier theories of Yakut origins [72].

Lastly, we present preliminary haplotype maps of the three groups:
ethnic Russians represented by trios collected in Novgorod and Pskov
regions, as well as for the Yakut population. The population-specific
HapMap will assist in the identification of the causal or operative
variants resolved by genome-wide association studies.

4. Materials and methods
4.1. Sample description

We sampled family trios (two biological parents and their full aged
children) of ethnic Russians from Pskov and Novgorod and Yakuts from
Yakutia in Siberia (Table 1). The two ethnic Russian populations ori-
ginated from the western part of the Russian Federation, namely the
Pechora district of Pskov region and Starorussky district of Novgorod
region. Yakut population is a representative of East Siberia and was
collected in various locations in Yakutia (Sakha) Rebublic.

The research protocol and informed consent documents were ap-
proved by the Institutional Review Board (IRB) of the Saint-Petersburg
State University (#65/2015).

DNA was extracted from blood samples using MagCore HF16
Automated Nucleic Acid Extractor (RBC Bioscience).

4.2. Data processing

4.2.1. Sequencing

One pg of each DNA sample was used as starting material for whole
genome library preparation. DNA was sheared using an M220 Focused-
ultrasonicator™ and microTUBE-50 tubes (Covaris, Inc.). The targeted
library insert size was 350 bp. Genomic DNA libraries were constructed
using TruSeq DNA PCR-Free Library Preparation Kits (Illumina, Inc.,
USA). All laboratory procedures were conducted in accordance with the
protocol “TruSeq DNA PCR-Free Library Prep Reference Guide”
(Mllumina Part # 15036187 Rev. D, 2015). The final libraries were
quantified using the KAPA library quantification kit for Illumina se-
quencing platforms (KAPA Biosystems, Inc., USA) and sequenced on the
Mlumina HiSeq 4000 platform (PE 2 x 150bp; Illumina, Inc., USA) at
the Resource Center Biobank of the Research Park of Saint-Petersburg
State University, Russia, in accordance with the protocol “Illumina
HiSeq 4000 System Guide” (Illumina Part # 15066496, Rev. 02 RUS,
2016).

4.2.2. Data analysis infrastructure

Data analysis was performed at the Theodosius Dobzhansky Center
for Genome Bioinformatics of Saint-Petersburg State University. For our
project, we developed a closed protected network to securely perform
data analyses. The protected network does not have any connections to
the Internet and to other segments of the computer network. It is di-
vided into two subnetworks located in two separate buildings, one of
which contains the main storage system and the second one contains a
backup storage system. Access to the network is granted from eight
dedicated desktops for researchers of the Dobzhansky Center. Data
analyses were performed on a server cluster containing 192 CPU cores
and 1.5 Tb of memory. For data storage, we use storage systems with a
total capacity of 150 Tb.
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4.2.3. Raw read quality control and filtration

The initial quality control of the raw sequence reads was assessed
using FastQC [73]. The distribution of 23-mer coverage was calculated
and visualized by KrATER [https://pypi.python.org/pypi/KrATER/O.
1], based on the Jellyfish [74] k-mer counter. Adapter occurrence was
estimated using Cookiecutter [75]. As adapter occurrence was low and
had little impact on the genome alignment, we skipped the adapter
removal stage. Finally, only reads with a mean quality score equal to or
higher than 20 (Q20) were retained.

Overall, six parameters were measured to assess the quality of the
sequencing data:

1. Mode of coverage

2. Estimated mean coverage (calculated only for the non-repetitive
region of genome using 23-mer distribution);

3. Variance coefficient of coverage (estimation of uniformity of cov-
erage);

4. Fraction of read pairs with both reads retained after filtration (es-
timation of sequencing quality);

5. Fraction 23-mers with errors (estimation of sequencing error rate);

6. Fraction of read pairs without adapters or “N”s (estimation of library
preparation and sequencing quality).

Several samples contained low quality tiles (according to FastQC) in
some sequencing lanes. For these samples additional filtration was
applied. All reads from low quality tiles were removed before the fil-
tration steps described above.

4.2.4. Read alignment

We mapped raw reads that passed our quality control measures to
the GRCh38 human reference genome using Bowtie2 2.2.8 [76] with
the “~very-sensitive” and “-X 800” option and obtained one BAM file
per sample. We obtained alignment statistics from BAM files using a
combination of samtools-1.3 [77], BEDTools2-2.25.0 [78] and custom
scripts written in Python 2.7.

4.2.5. Variant calling and genotyping

We sorted and indexed the individual BAM files using Sambamba
0.6.1 [79]. We used the SAMtools 1.3 mpileup utility with options -q 37
-Q 30 -tAD,INFO/AD,ADF,INFO/ADF,ADR,INFO/ADR,DP,SP and the
BCFtools 1.3 call utility [77] with options -v -m -f GQ,GP for joint
genotyping of samples in each population. To get a set of high-con-
fidence variants, we selected only the variants that passed all of the
following filters: (1) QUAL > 40, (2) FORMAT/GQ > 20, (3) FORMAT/
DP > 10 and (4) FORMAT/SP < 20 by using BCFtools view utility.

We also filtered out variants by the universal mask (using an ap-
proach similar to [22]) which contained low-mappability and low-
complexity genomic regions and covered 24% of the human genome.
The regions of low mappability were identified in the following way: for
each position in the genome, all 151-mers covering it were mapped
back to the reference human genome using the Bowtie2 aligner with the
same options as used for the read alignment and the ratio of the un-
iquely mapped 151-mers was calculated. If the ratio was < 0.5, then
the position was considered to belong to a low-mappability region. The
low-complexity genomic regions were obtained by merging three sets of
regions: homopolymers of 7bp or longer, low-complexity regions
identified using DustMasker [80], and RepeatMasker-annotated low-
complexity and microsatellite regions, and adding 10 bp to their flanks
[81]. Statistics on the universal mask and its components are given in
Supplemental Table S2.

To check the quality of genotype data and correctness of gender and
family relation data of the DNA samples, we assessed the percentage of
missing genotypes per sample, looked for potential outliers using PCA
on genotype data and compared the identity-by-descent and gender
predicted from genotype and stated in the phenotype data using PLINK
1.9 [82]. We also assessed the percentage of known and novel SNPs,
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indels and singleton variants in the three datasets. Genotype statistics
were collected using BCFtools 1.3 [77] and PLINK1.9 [82]. For some of
the additional analyses, we needed a dataset in which genotypes were
merged. Merging was performed in PLINK 1.9. Indels were aligned
using LeftAlignAndTrimVariants in the GATK toolkit [83] prior to
merging.

To reduce the number of false positives in the list of LoF indels we
validated the them by an alternative alignment-free genotyping
method. For indel verification, we computed all 23-mers based on raw
reads using Jellyfish software [74] and constructed de Bruijn graphs
based on these kmers. For each indel we searched for unique flanking
regions in the reference genome and filtered out all indels located in
repeated regions or located in regions with several closely located
SNVs. Next, each indel was confirmed by the presence of a bubble
structure between two unique paths in the constructed graph, while for
missing indels we expected only one unique path between two flanks.

4.2.6. Copy number variation and segmental duplication discovery

Copy number variants (CNVs) and segmental duplications were
identified for the 60 individuals from Pskov, Novgorod and Yakuts. The
human genome reference assembly GRCh38 was hard-masked from the
repetitive regions using RepeatMasker [81] and Tandem Repeats Finder
[84] software. Potential repeats also were identified with a k-mer ap-
proach by alignment of 36-mers using mrFast [85] and masking out the
overrepresented fragments from the assembly. The copy number values
(CNVs) were evaluated using mrCaNaVaR [85] in non-overlapping
windows of 1Kbp of unmasked sequence. From each read of length
100 bp we selected two non-overlapping k-mers. The flanking regions of
length 9 bp of potentially lower quality were excluded from the ana-
lysis.

Population genetic analysis on CNVs was performed using Vst sta-
tistic, which estimates the proportion of variance attributable to var-
iation between populations [86]. Analysis was based on average CNV
values in windows of 100Kbp and involved 15 unrelated samples from
Novgorod, 16 from Pskov and 14 from Yakutia. Segmental duplications
(SD) were defined as regions that span at least 10Kbp in genomic co-
ordinates of increased average copy number value in comparison to the
mean copy number value in control (non-repetitive) regions of the
corresponding individual with correction for dispersion.

4.2.7. Long indel calling

We called genomic variants in the Pskov, Novgorod and Yakut po-
pulations using Platypus [87] with default options except for --as-
semble = 1, which enables local read assembly functionality. We fil-
tered the obtained variants in the following series of steps: (1) indels
called by Platypus (with “PASS” tag in “FILTER” field); (2) indels suc-
cessfully normalized; (3) long indels (20 to 100 bp); (4) indels with
quality scores (QUAL) > 40; (5) indels with minimal genotype quality
(GQ) > 20; (6) indels outside of low complexity and low mappability
regions. For steps (1), (2), (4) and (5) we used BCFtools utilities [77]. In
step (2), we normalized indels using the BCFtools norm utility with the
following options: --check-ref x -m-. In step (3), we selected long indels
(20 to 100 bp) using a custom script. An indel was considered to have
length from 20 to 100 bp if the difference between the lengths of the
reference allele and the alternative allele was greater or equal to 20 bp
and less or equal to 100 bp. In step (6), we filtered out indels located in
low-complexity and low-mappability genomic regions using the uni-
versal mask described above and the BEDTools [78] intersect utility
with the options -v -header.

To determine the conformance of long indels to Mendelian laws of
inheritance, we used BCFtools [77] with plugin “mendelian.”

We considered a long indel from our datasets to be present in a
database, if its coordinates as well as reference and alternative alleles
exactly matched those of some long indel in the database. As 1000
Genomes Phase 3 [47], EXAC [51] and gnomAD [51] databases use
GRCh37 genomic coordinates, we employed UCSC Genome Browser
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utility liftOver to convert genomic coordinates of long indels in our
datasets from GRCh38 to GRCh37. We intersected sets of long indels
using the BCFTools [77] isec utility with options —-n = 2 —-w1. For long
indel annotation and filtration, we used the Ensembl Variant Effect
Predictor (VEP) version 84 [53]. In Supplemental Table S9, we con-
sidered a long indel to be novel/existing, if it missed/had an rs iden-
tifier in its VEP annotation.

4.2.8. Creating a combined dataset of SNPs

For SNP-based analyses, including both mining of putatively medi-
cally-relevant variants and population genetics, we combined our 60
Genome Russia individuals (20 each from Novgorod, Pskov and
Yakutsk) with the two published whole genome sequencing datasets of
Pagani et al. [37] and Mallick et al. [36]. In all subsequent analyses
(except for fineSTRUCTURE, PCA and ADMIXTURE, see below) we used
only the samples collected on the territory of the Russian Federation: 31
samples from Mallick et al. [36] and 173 samples from Pagani et al.
[37]. To merge the genotype data, we performed the following steps:
(1) all genotype data from the two published datasets were converted to
PLINK format and merged using the PLINK v.1.9 merge utility [88]
(when possible we swapped the alleles and removed the SNPs when
alleles were discordant); (2) we lifted the merged genotype data SNP
coordinates to GRCh38 using the UCSC liftOver tool; (3) the resulting
genotype data was merged with the Genome Russia genotype data of 60
samples using PLINK in the same way as described in (1). (4) Samples
from the territory of Russia were extracted for further analyses; and (5)
we applied the universal mask to remove low mappability and low
complexity regions (as described above).

By running a preliminary PCA, we identified a batch effect asso-
ciated with the genotypes distinguishing the individuals from the
Pagani et al. [31] study versus the Mallick et al. [32] study. To correct
for this batch effect, we ran a chi-square test and removed SNPs with p-
values higher than 0.05 after Bonferroni correction. An additional PCA
showed that this resolved the batch effect.

4.2.9. Genotype phasing

We performed phasing of genotype sets using SHAPEIT v2 [89]
without reference panels. We phased the following datasets: (1) Pskov
and Novgorod individuals together and (2) Yakut individuals (both (1)
and (2) were used for population-specific haplotype map creation); (3)
all Genome Russia individuals combined with published Eurasian
samples from [36,37] (for fineSTRUCTURE tree construction). Each
dataset was phased in the following way: (1) genotypes were filtered
using PLINK v1.9 [88] to remove samples with call rates < 95%, fa-
milies with a Mendel error rate > 5%, and to remove SNPs with
MAF < 5% and a Mendel error rate > 5%; (2) SNP positions were
mapped to hg19 using the UCSC liftOver tool to make the coordinates
consistent with SHAPEIT v2 recombination maps; (3) only autosomes
were included; (4) SHAPEIT v2 was run using default options using
genetic maps based on data from the 1000 Genomes Project (1000G).
Chromosome X was phased for haplotype map construction using the
SHAPEIT —chrX parameter. One family from Pskov included two chil-
dren, and only one of them was kept for phasing.

4.2.10. Variant annotation

The set of variants obtained after filtration were annotated using the
Ensembl VEP [53] and the Loss-Of-Function Transcript Effect Estimator
plugin to obtain potential LoF variants. We annotated the variants with
MAFs from the 1000G phase3 [47], EXAC [51] and gnomAD [51] da-
tabases and with associated diseases obtained from the GWAS catalog
[90], ClinVar [91] and HGMD [49].

We compared MAFs of variants identified in our data with those
from 1000G phase 3 populations [47] using a chi-square sum test and
testing codominant, dominant, recessive and allelic models. To gain
more statistical power, we combined the individuals from Pskov and
Novgorod. MAF estimation was performed after removing children
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from trios.

To identify disease-causing mutations in our samples, we used the
Human Gene Mutation Database (HGMD) Professional version 2016.2
[49]. We considered an HGMD variant as potentially pathogenic if it
was annotated as a “Disease-causing Mutation” (DM). Pathogenic status
of variants was accepted after manual curation according to American
College of Medical Genetics and Genomics (ACMG) recommendations
[92]. Literature search was performed in PubMed using the dbSNP re-
ference SNP ID number, gene name or disorder name as a search term.
Pathogenic HGMD-DM variants were screened for variants re-
commended by the ACMG to be returned to patients in genome and
exome sequencing studies [93].

4.3. Population data analysis

We performed population genetic analysis on the data obtained
from the Genome Russia Project (n = 60) (Pagani et al. [37] (n = 173),
and Mallick et al. [36] (n = 31), which together provide a widespread
geographical sampling of Eurasia peoples. We merged whole genome
data as described above. We further reduced the number of SNPs by
removing those with a call rate < 95% and MAF < 5%. We performed
LD pruning using PLINK v1.9 [88] indep-pairwise 1000 50 0.2 to select
independent SNPs for non-phased data analysis. Finally, we reduced the
number of individuals representing the Genome Russia Project by ex-
cluding progeny (Table 1).

4.3.1. Principal component analysis (PCA)
We performed explanatory PCA based on all Eurasian samples using
the SNPRelate [94] R package on the pruned set of SNPs.

4.3.2. Admixture analysis

We used the unsupervised ADMIXTURE [46] algorithm to estimate
genetic structure in the Genome Russia multilocus SNP dataset relative
to the data from Pagani et al. [36,37]. A total of 557 individuals were
included in our final dataset. Analyses were done for K values ranging
from 2 to 10, each with 200 bootstrap replications. The best fitting K
was selected according to the value of the cross validation error (Sup-
plemental Table S14).

4.3.3. F3 statistics

We calculated the F3 statistics using Pskov, Novgorod and Yakut
populations as targets and all possible pairs of Eurasian populations as
sources using qp3pop from AdmixTools [95] with default settings. This
analysis was performed on the genotype file filtered using the following
filters: call rate > 0.95, MAF > 0.05 and HWE p > 10~ % LD pruning
was performed using the following parameters in plink: indep-pairwise
1000 50 0.5. Only the F3 results with Z-score < —3 were reported.

4.3.4. Identification of ancestry informative markers

Ancestry informative markers (AIMs) were identified based on
1000G phase3 [47] EUR, EAS and SAS data by identifying SNPs with
allele count difference higher than 0.5 in each possible population pair.
These SNPs were considered as AIMs for the population with higher
allele counts.

4.3.5. Genetic distance and the identity by state (IBS) analysis

We used Nei's DAl/ 2 distance [96] to evaluate genetic differences in
each pair of individuals and obtain a hierarchical cluster analysis with
complete linkage. The D, genetic squared distance is actually a mean
value of the squared Hellinger distance between allele frequencies over
the whole genome. Moreover, we performed identity by state (IBS)
analysis. The results obtained from the IBS analysis were very similar to
the results obtained with the D, squared distance.

The allele frequencies of each population were obtained as the half
of the mean value of alleles available coded as 0, 1 and 2 for common
homozygote, heterozygote and minor homozygote, respectively.
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Undefined variants were excluded from the analysis. An efficient
methodology to evaluate allele frequencies at any point on the Earth is
the kernel smoothing method. We determined that the
Nadaraja-Watson estimator used in [22] to evaluate the expected allele
frequencies f,(x) at any point x of the grid from the observed allele
frequencies fi, of k-th population located at some point x; does not
work well if population locations x; are not uniformly distributed on
the Earth. We evaluated the expected values f,(x) from the observed
values of allele frequencies fi, using a generalized linear smoother [97]:
LG = Z:;l Wi ()fyg 'e))
So(Y B () =58 ()
the kernel density estimator with the Gaussian kernel ¢. In contrast to
the Nadaraja-Watson estimator, this approach is much more robust to
splitting populations (up to single individuals). We selected heur-
istically the parameter of kernel width for density 0o = 500 km and the
main parameter of kernel width 0 = 1000 km. We mapped the genetic
IBS distances based on allele frequencies between the Pskov, Novgorod,
and Yakutia populations and the evaluated allele frequencies at any
point of the geographic grid.

where wy (x) =

4.3.6. Gene flow barriers analysis

We improved and extended the framework for studying genetic
differences between widely distributed populations of any size, ori-
ginally developed in Pagani et al. [37], to investigate gene flow barriers
on a grid. For any node x; in the geographical grid we draw a small
circle S/(x;) of radius r, set d = 8 equally spaced points of the Earth in
the small circle in the 8 directions S, SE, E, NE, N, NW, W, SW from the
node and calculated directional and mean increments for any node of
the grid. The nodes were selected equally spaced in geographical co-
ordinates with approximately 25 km between a node at the equator and
its four neighbors. The distance (in kilometers) between the nodes de-
pends on the latitude and becomes smaller in high latitudes. The dis-
tance between each node of the grid and the eight surrounding points-
on-the-circle is fixed to r = 500 km.

The allele frequencies are obtained sequentially for each node and 8
points around it on the circle (9 points) by using the formula below,
which requires to evaluate allele frequencies at any point by its geo-
graphic coordinates. Finally, taking mean values of the increments for
all loci, we obtained the directions of the smallest and largest di-
vergences and the mean divergence in the area by using the following
formula:

2 1 1
M= 1 2 arerg

>~ £,

YES(x)

where S(x) is the set of d points on the small sphere around x; R is the
radius of Earth and L is the number of loci.

We call “barrier” a line by crossing which the genetic difference is
maximal. In order to get more detailed results, we looked for directions
of maximal changes in allele frequencies at each point on the grid. A
true barrier should be accompanied by a rapid change of the evaluated
allele frequencies with the appropriate change direction of the maximal
difference in allele frequencies in its neighborhood. First, we examined
the gradient direction change to the inverse (or closely inverse) one,
which formed the boundary, in such a way that the gradients were
directed outward with respect to the boundary. The local difference in
allele frequencies Af (x) (or, more precisely, the maximal directional
difference in allele frequencies (gradient) Af(x,ymax)) displays the
magnitude of the barrier and the higher value of the ratio f(x,ymax)/Af
(x,ymin) in the neighborhood of the bound (the ratio should be equal to
1 on the bound) displays a sharpness of the barrier. Larger values of the
ratio near the border should mean more gene flow along the border.

4.3.7. Neighbor-joining tree
We estimated the phylogenetic relationships among 231 individuals
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of Russian ancestry, including 60 individuals from the Genome Russia
Project (Novgorod, Pskov and Yakut), using the neighbor-joining al-
gorithm [98]. The majority of individuals included were derived from
the studies by Mallick et al. [36] and Pagani et al. [37]. Individuals
showing a high proportion of admixture between two or more popu-
lations (based on the ADMIXTURE results reported in the Mallick et al.
and Pagani et al. studies) were excluded from the analysis. A data
matrix of 3,779,316 homologous SNPs was assembled after filtering the
full SNP data set according to call rate (> 95%), minor allele frequency
(>5%) and Hardy-Weinburg equilibrium (p < le-4). Neighbor-
joining trees based on pairwise nucleotide divergence were constructed
using PAUP* v4.0a159 [99]. Ties were broken randomly and no topo-
logical constraints were defined during the tree search. Tree files gen-
erated from PAUP* v4.0a159 (.tre) were saved and then visualized in
FigTree v1.4.3 [100]. Two Vietnamese individuals were used to root the
distance tree.

4.3.8. Haplotype-based tree

We used fineSTRUCTURE v2 [68] to create a haplotype-based tree.
This was done on the set of 60 individuals from Pskov, Novgorod, and
Yakutia combined with all samples from Eurasia from [36,37]. We
phased the data as described above and removed children, which re-
sulted in 573 samples used in the analysis. We ran fineSTRUCTURE
with default settings using the 1000G phase 3 recombination maps.
Chromopainter was run within fineSTRUCURE command automatically
with default settings. To visualize the resulting tree, we used R scripts
provided by the authors of fineSTRUCTURE.

4.4. Haplotype estimation

We inferred haplotypes from multilocus SNP genotypes by using the
SHAPEIT2 tool [89] as described in the previous sections. This was
done separately for the Pskov + Novgorod and Yakutia individuals.
Haplotype structure analysis was performed in the Haploview software
[101]. Haplotype blocks were estimated using the Solid Spine LD al-
gorithm [101] between each pair of SNPs within 100 kb distance.

4.5. Identification of runs of homozygosity

Runs of homozygosity (ROHs) for the three populations (Novgorod,
Pskov, and Yakutia) were identified using the PLINK2 software [88].
Biallelic SNPs were considered for the analysis. PLINK2 was launched
with the following options: --geno 0.05 --homozyg-density 1000
--homozyg-window-het 1 --homozyg-kb 10 --homozyg-window-snp 20.
These options correspond to filtering out the variants with > 5% of
missing call rates and requiring runs of homozygosity to contain at least
one SNP per 1 Mb on average and be at least 10 kbp long. The sliding
windows consisting of 20 SNPs and containing at most one hetero-
zygous SNP were used to scan every individual for runs of homo-

zygosity.
5. Data access

The datasets supporting the results of this article are publicly
available at http://genomerussia.spbu.ru/dataaccess.html.
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