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Summary

The Finnish population is a unique example of a genetic isolate affected by a recent founder event. Previous studies have suggested that
the ancestors of Finnic-speaking Finns and Estonians reached the circum-Baltic region by the 1* millennium BC. However, high linguis-
tic similarity points to a more recent split of their languages. To study genetic connectedness between Finns and Estonians directly, we
first assessed the efficacy of imputation of low-coverage ancient genomes by sequencing a medieval Estonian genome to high depth
(23x) and evaluated the performance of its down-sampled replicas. We find that ancient genomes imputed from >0.1x coverage can
be reliably used in principal-component analyses without projection. By searching for long shared allele intervals (LSAIs; similar to iden-
tity-by-descent segments) in unphased data for >143,000 present-day Estonians, 99 Finns, and 14 imputed ancient genomes from
Estonia, we find unexpectedly high levels of individual connectedness between Estonians and Finns for the last eight centuries in
contrast to their clear differentiation by allele frequencies. High levels of sharing of these segments between Estonians and Finns predate
the demographic expansion and late settlement process of Finland. One plausible source of this extensive sharing is the 8"~10'" cen-
turies AD migration event from North Estonia to Finland that has been proposed to explain uniquely shared linguistic features between
the Finnish language and the northern dialect of Estonian and shared Christianity-related loanwords from Slavic. These results suggest

that LSAI detection provides a computationally tractable way to detect fine-scale structure in large cohorts.

Introduction

Evidence derived from archaeology and genome-scale
studies of ancient human remains explain high genetic ho-
mogeneity across present-day Europe in a world context by
massive population movements associated with Steppe
ancestry in the Late Neolithic and Early Bronze Age." Un-
derneath this overarching homogeneity of allele fre-
quencies, substantial regional differences can be revealed
through the study of long identical-by-descent (IBD) seg-
ments that are sensitive to signals of regional mating pat-
terns within the last millennia.” While ancient DNA
work has become pivotal for addressing questions about
the genetic ancestry in European prehistory, the use of
IBD-based methods has been limited so far because of the
fact that these require good-quality genotype calls, which
can be made directly only from high-quality data. A study
of a late-medieval 11.3x genome from Barcelona® showed,
intriguingly, an excess of IBD sharing locally with the pre-
sent-day Spanish population, highlighting the potential of

IBD sharing measures to be informative in ancient DNA
analyses in historical time depths. However, most ancient
genomes that are currently available have low coverage
and are routinely assessed via haploid genotype calls. Yet,
accurate imputation methods*® have been shown to
enable the recovery of usable diploid genotype calls from
ancient DNA,”” including from samples with as low as
0.1x coverage data with accuracy of common variants >
0.95."" In parallel, fast methods for IBD estimation from
tens to hundreds of thousands of individuals have been
recently developed for phased''™' and unphased'®'®
genomic data along with scalable clustering methods for
the detection of fine-scale community structure.'’-'®

Late Bronze and Early Iron Age migrations have been
argued to be responsible for the spread of Finnic languages
together with a minor Siberian genetic component
(Figure 1D) in the circum-Baltic region;'?**?! however, it
has been less clear how much gene flow and contact over
the Gulf of Finland has occurred in the last 2,000 years
(Figures 1E and 1F). Linguistic studies have suggested
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Simplified summary of population history of Estonia and Finland

(A-C) Initial settlement by EHG (eastern hunter-gatherers), WHG (western hunter-gatherers), and SHG (Scandinavian hunter-gatherers)
(the locations of sites that have produced ancient DNA evidence are shown with squares), followed by inflow of EEF (early European

farmer) and STE (Steppe) ancestry'?3!=3°

(site locations and proportions of Steppe ancestry is shown with pie charts).

(D) The first appearance of SIB (“Siberian-like”) autosomal and Y chromosome (haplogroup N) ancestry'? dates back to the Late Bronze-
Early Iron Age (sites locations shown with triangles) and corresponds to the likely arrival time of the Finnic languages in the region.?*
(E) The split time of Estonian and Finnish languages has been estimated by a range of linguists at 2,000-1,000 years before present (YBP);

Honkola et al.’s?* analyses place the split time at 800 AD.

(F) Some Finnish settlements in Northeast Estonia (highlighted with a yellow diamond) date back to 17""—18" centuries.

that the differentiation of the Finnic from Finno-Volgaic
languages dates back to 3,000-4,000 years ago.””****
Numerous Baltic loan words in Finnic and archaeological
evidence of metal work and proximity of fortified settle-
ments point to extensive local contacts between the Finnic
and Baltic speakers in the Late Bronze and Early Iron
Ages,”® while the divergence of the Finnic and split of Esto-
nian and Finnish may have occurred more recently be-
tween 1,000 and 2,000 years ago.”>** The time gap be-
tween these two split dates means that the divergence of
Finnic languages likely postdates the first arrival of Finnic
languages in the region. Numerous Slavic loan words in
Finnish related to the spread of Christianity,”* the similar-
ities between North Estonian and Finnish, and the lack of
record for historically attested migration events to Finland
from the south since the 12" century point to a possible
prehistoric migration event from North Estonia to Finland
after the second wave of Slavic expansion (8™-10" cen-
turies) potentially related to the intensification of agricul-
ture in the region.””?“?” The origin of the modern Finnish
population with its unique “disease heritage” has been
ascribed to founder events and population range expan-
sions, from relatively small coastal distribution of
~50,000 people to more than 5 million, within the last

millennium.”*?’ Further significant founder events most
likely postdate the reforms introduced by the Swedish
King Gustav Vasa in the 16™ century.*’

Finns and Estonians can be clearly distinguished in ge-
netic distance-based analyses of modern genomes.*® Both
Estonia and Finland show internally high levels of sub-
structure,>°>® which in the case of Finland, seems to
reflect geographic divisions and founder events during
the late settlement process and its long-term isolation
in the last 100 generations. There is no historical record
for the last eight centuries of significant migration events
across the Gulf of Finland apart from the accounts of
Finnish settlements in Northeast Estonia in the 17 and
18 centuries, which could account for local patterns of
Finnish IBD sharing in Northeast Estonia.*® However, the
analyses of modern genomes cannot offer conclusive an-
swers about the time depth and directionality of migration
events that have caused regional and inter-regional pat-
terns of genetic differentiation and similarity between Es-
tonians and Finns. In this study, we focus on the potential
of applying IBD-based methods on ancient genomic
sequence data to address these questions. Some of our
key results leverage an unphased IBD detector,'® which is
typically viewed as reliable for segments >7 cM long, yet
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we find meaningful genetic signals by using shorter seg-
ments (>5 cM). Because stretches of shared alleles in an un-
phased context at these lengths are unlikely to always
correspond to shared haplotypes,*” we refer to them as
long shared allele intervals (LSAISs).

Material and methods

Present-day populations: Estonian Biobank data merged
with 1000 Genomes Project European data

[lumina Global Screening Array data for 707,385 SNVs genotyped
in 150,415 individuals of the Estonian Biobank (EstBB) were
merged with the 1000 Genomes Project (1000 GP) Phase 3*°
data. After applying --maf 0.035, --geno 0.005, and --mind 0.01 fil-
ters in PLINK-1.9.0*" data for 143,774 EstBB individuals (repre-
senting >10% of the total population of Estonia), we retained
503 individuals of European ancestry (CEU, Utah residents with
Northern and Western European ancestry; GBR, British in England
and Scotland; FIN, Finnish in Finland; IBS, Iberian populations in
Spain; and TSI, Toscani in Italy) from the 1000 GP and 254,325
overlapping SNVs with genetic map coordinates (build 37) as an
input for downstream analyses.

Ancient DNA extraction and sequencing

As part of this study, DNA was extracted from medieval human re-
mains of two individuals from Estonia: TPM003 from Tartu Piiha
Maarja Kirik, Tartu County and TUDOO1 from Tudulinna, Ida-
Viru County. In addition, we analyzed a medieval tooth sample,
PSN177, from the cemetery of the Hospital of St John, Cambridge,
UK as a control to test the effect of local Estonian reference panel
on imputation results and their effect on downstream population
genetic analyses. The teeth used for DNA extraction were obtained
with relevant institutional permissions from the Institute of His-
tory and Archaeology, University of Tartu and the Cambridge
Archaeological Unit, Department of Archaeology, University of
Cambridge, which excavated the remains from the cemetery of
the Hospital of St John on behalf of St John’s College . All labora-
tory work was performed in dedicated ancient DNA laboratories of
the Institute of Genomics, University of Tartu and the Department
of Archaeology, University of Cambridge. The library quantifica-
tion and sequencing were performed at the Institute of Genomics
Core Facility, University of Tartu.

For extraction, we broke off or cut off apical tooth roots by using
a drill and used them whole to avoid heat damage during
powdering with a drill and to reduce the risk of cross-contamina-
tion between samples. Contaminants were removed from the sur-
face of tooth roots by soaking in 6% bleach, rinsing with milli-Q
water (Millipore) and 70% ethanol, and drying under a UV light.
Next, we added EDTA and proteinase K and left the samples to
digest on a rotating mixer at 20°C for 72 h to compensate for
the smaller surface area of the whole root compared to powder.
The DNA solution was concentrated to 250 uL (Vivaspin Turbo
15, 30,000 molecular weight cut-off [MWCO] polyethersulfone
[PES], Sartorius) and purified in large volume columns (High
Pure Viral Nucleic Acid Large Volume Kit, Roche) with the MinE-
lute PCR Purification Kit (QIAGEN).

We built sequencing libraries by using NEBNext DNA Library
Prep Master Mix Set for 454 (E6070, New England Biolabs) and Il-
lumina-specific adaptors*> following established protocols.'®*?
The samples were purified between steps with the MinElute PCR

Purification Kit (QIAGEN). The libraries were amplified and both
the indexed and universal primer (NEBNext Multiplex Oligos for
[llumina, New England Biolabs) were added by PCR with HGS Dia-
mond Taq DNA polymerase (Eurogentec). We implemented three
verification steps to make sure library preparation was successful
and to measure the concentration of double-stranded DNA
sequencing libraries—fluorometric quantitation (Qubit, Thermo
Fisher Scientific), parallel capillary electrophoresis (Fragment
Analyzer, Agilent Technologies), and qPCR.

We sequenced DNA by using the Illumina NextSeq 500 platform
with the 75 bp single-end method. First, we multiplexed samples
to gain low-coverage data. Later, we generated an additional four
full runs of data for TPMO0O03 to increase coverage.

Ancient sequence data processing and authentication
Before mapping, the adaptor sequences and poly-G tails were cut
from the ends of DNA sequences via cutadapt 1.11.** We removed
sequences shorter than 28 bp to avoid random mapping of se-
quences from other species. The sequences were mapped to refer-
ence sequence GRCh37 (hs37d5) with the Burrows-Wheeler
Aligner (BWA 0.7.12)** algorithm mem with re-seeding disabled.
After mapping, the sequences were converted to BAM format
and only sequences that mapped to the human genome were
kept with samtools 1.3.*> Next, data from all flow cell lanes
for the same sample were merged and duplicates were removed
with picard 2.12. Indels were realigned with GATK 3.5,*¢ and
reads with mapping quality under 10 were filtered out with sam-
tools 1.3.

Because of post-mortem degradation, ancient DNA can be
distinguished from modern DNA by shorter fragments and a
high frequency of cytosine deamination at the ends of sequences.
We used the program mapDamage2.0*” to estimate the frequency
of deamination damage with results for the three newly reported
genomes shown in Figure S1. mtDNA contamination was esti-
mated with contammix.*® This included calling an mtDNA
consensus sequence based on reads with mapping quality of at
least 30 and positions with at least 5X coverage, aligning the
consensus with a panel of 311 human mtDNA sequences, map-
ping the mtDNA reads to the consensus sequence, and running
contamMix 1.0-10 with the reads mapping to the consensus and
the 312 aligned mtDNA sequences with the option trimBases to
trim seven bases from the ends of reads. For male individuals, X
chromosome contamination was also estimated via the two
methods in the script contamination.R incorporated in
ANGSD.*

Detailed summary of the sequence data of all the 14 ancient
samples from Estonia used in this study, including 12 published
genomes, and the PSN177 genome from Cambridge is provided
in Table S1.

Genotype calling of the high-coverage genome

The genotype calls of the high-coverage TPM003 genome were
determined with GATK 3.5 HaplotypeCaller’® with Build37
reference and --genotyping_mode GENOTYPE_GIVEN_ALLELES,
--output_mode EMIT_ALL_SITES, and --alleles variant.list options.
In total, 12.6 million SNVs that had minor allele frequency (MAF)
higher than 0.1% in a subset of 2,076 high-coverage whole-
genome sequences’’ were used in variant.list. Called variants
were filtered with genotype quality (GQ) > 30, read depth
(DP) > 10, and genotype probability (GP) > 0.99. Details of the
down-sampling of the high-coverage genome and the imputation
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of the low-coverage replicas are given in the supplemental
methods.

Principal-component analyses

We used FlashPCA2°” to perform principal-component analysis
(PCA) on high-coverage and imputed ancient genomes in the
context of 69,218 EstBB samples and 503 Europeans (CEU, GBR,
FIN, IBS, and TSI) from the 1000 GP data.*’ After merging geno-
type data of 15 ancient (including 14 Estonian samples and one
British sample) and 69,713 modern individuals, we thinned the
data by excluding variants in linkage disequilibrium with the
PLINK*' --indep-pairwise 1000 50 0.5 option and excluded the rec-
ommended®” range of likely non-neutral regions with --exclude
range exclusion_regions_hg19.txt. After thinning, 153,813 vari-
ants remained available for PCA, which was performed with
default settings of FlashPCA2.

We assessed the performance of imputed ancient genomes by
comparing the placement of TPM003 high coverage (23x) and
its down-sampled (to 0.1x) and imputed replicas in PCA per-
formed with FlashPCA2 and smartpca in analyses together with
a sub-sample of 1,040 modern genomes (including 503 Europeans
of the 1000 GP and 537 EstBB samples). We confirmed first that
the two methods produce highly correlated PC1 (r = 0.999997)
and PC2 (r = 0.999979) values and performed further analyses
including the projections of the five 0.1x replicas of TPMO003,
which were haploid-called with smartpca that offers the option
of projection with the least-squares equations. We observe minor
shifts between the position of projected and unprojected copies
of TPMO003 relative to their most proximate neighbors in the EstBB
data on the plot (Figure S2). Similar shifts were observed in addi-
tional analyses with different sets of modern references, different
sets of SNPs, and different ancient samples (data not shown).
Because the positional shifts were relatively minor and would
not affect the conclusions drawn from the analyses, these were
not followed up further. The data were converted to EIGENSTRAT
format with the program convertf from the EIGENSOFT 7.2.0
package.’® The results were plotted in R with ggplot2.*

Y chromosome analyses

In total, 113,217 haplogroup informative Y chromosome variants
from regions that uniquely map to the Y chromosome®'>>>® were
called as haploid from the BAM file of the high-coverage TPM003
with --doHaploCall function in ANGSD.*’ Derived and ancestral
allele as well as haplogroup annotations for each of the called var-
iants were added via BEDTools 2.19.0°” intersect option. Hap-
logroup R1a-YP578 assignment received the highest support of
informative positions called in the derived state in TPMO0O03.
Further fine-level phylogenetic assignment was contextualized
(Figure S8, Table S11) within the Y chromosome variation of Esto-
nian high-coverage genomes®' and the phylogenetic tree of Yfull
YTree v.8.10.0.

LSAI sharing and individual connectedness inference

LSAI segments and kinship coefficients were estimated from
merged PLINK files of EstBB samples, 503 Europeans from the
1000 GP, and 15 ancient Estonain genomes with IBIS'® (identical
by descent via identical by state) v.1.20.6 using -min_L 5 cM and
—-c 0.0005 kinship coefficient cut-offs—corresponding to mini-
mum requirement of one shared segment of >5 cM length and to-
tal sharing of at least 0.1% of the genome ~6.6 cM—for most of
the analyses (except for Table S4 comparing 2, 5, 7, and 10 ctM

thresholds) and —-maxDist 0.1 and -mt 300 parameters. The total
number of SNPs used varied between 244,643-254,326 MAF >
0.0S variants.

Although IBIS has the highest IBD inference accuracy for >7 cM
segments,”’ we use >5 cM threshold in our diachronic inferences
because our focus is on relationships at generational distances >
15 at which longer IBD block sharing expectations become rela-
tively low,*® particularly in combination with the loss of sensi-
tivity to detect long IBD segments from imputed ancient DNA
sequences, as shown by the fragmented nature of TPMO003’s self-
sharing in Table S6. Because true IBD segments of this length are
not expected to be common at these generational distances, we
need to consider the detected segments as “long shared allele in-
tervals” (LSAIs) rather than IBD segments sensu stricto. Because
they are inferred from unphased data after removal of rare variants
(which cannot be imputed with sufficient accuracy), the LSAIs are
likely to include undetected recombination points and smaller
IBD segments residing on different haplotypes. To control for po-
tential effect of differences in sites with missing data on the LSAI
inference, we analyzed all low-coverage (<0.3%) samples individ-
ually (in order to avoid cumulative loss of SNP numbers) against
the EstBB and 1000 GP data by using the —setIndexEnd option
in IBIS after filtering out, on individual basis, variants for which
the low-coverage genome had missing data.

Further details on the LSAI inference parameter choice are given
in the supplemental methods.

The probability of individual connectedness (PiC) score for in-
dividual x in group Z was estimated as the proportion of individ-
uals from group Z with whom individual x shared IBD above the
given threshold. In practice, we estimated the count of con-
nected individuals from group Z from sorted IBIS .coef output
files by using the linux “join” function to add group codes to in-
dividual identifiers and by using the “crosstab” function of
datamash®’ to generate the table of counts, each of which we
divided by the total number of individuals in group Z to obtain
the individual connectedness proportions by groups (the PiC
scores).

Simulations of LSAI sharing under different
demographic models

To investigate the patterns of IBD sharing between contemporary
and ancient samples expected under different demographic sce-
narios, we simulated eight different demographic scenarios,
described in Table S9, by using msprime.®° In all simulations, we
used the discrete time Wright-Fisher model (model = “dtwt”) to
simulate generations O to 1,000 and then switched to the Hudson
model (model = “hudson”) as advised by msprime documentation
for simulations with large sample size and multiple chromosomes.
We used a recombination map obtained by concatenating two
1000 GP maps for chromosome 1 (GRCh37) separated by a region
of 50 cM to increase analyzed sequence length. Mutation rate was
set to 1.25 x 10~%. In each simulation, we sampled 400 haplotypes
(200 diploid samples) per time point per population (in the case
with two populations simulated) at six time points: 0, 10, 20,
30, 50, and 100 generations ago. We filtered out positions falling
into telomeric or centromeric regions of the chromosome 1
recombination map or in the junction between the two maps as
well as positions with derived allele frequency less than 5% in
the simulated dataset to match the filtering scheme applied on
empirical data. The LSAI segments were detected via IBIS'® with
the same thresholds (at least one >5 cM shared segment and
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kinship coefficient > 0.0005) as used in the analyses of the empir-
ical data.

Unsupervised community extraction analyses

We used the list of individual pairs sharing at least one >5 cM LSAI
segment and having a kinship coefficient > 0.0005 from the IBIS
(.coef) results as an input (with three columns: id1, id2, kinship co-
efficient) for community extraction analyses. This list was passed
to a custom R script that runs a hierarchical clustering method
for “community detection,” known as the Louvain algorithm,'”
that is implemented in the R library “igraph.”®' We introduced
an additional step to quantify the significance of the extracted
communities. Five nested cycles of the Louvain algorithm were
run on each community passing the Wilcoxon rank-sum signifi-
cance test implemented in the R library exactRankTests.®*

In our pipeline, the igraph algorithm first detects all possible
level-one communities and then each community undergoes a
Wilcoxon rank-sum test that weighs the internal and external de-
grees of the community connections in order to quantify its signif-
icance. In cases of significantly (p value < 0.05) more internal than
external connections, the communities are accepted and passed
on to the analyses at the next level. All individuals from the com-
munities that do not pass significance testing are excluded from
further steps. Every next cycle of community extraction begins
with modularity detection followed by testing of statistical signif-
icance before moving to the following cycle. We let this process
continue up to the fourth level. A fifth cycle is internally imple-
mented only for testing the statistical significance of the level-
four communities. By the end of this process, a network of connec-
tions will include all those communities statistically supported at
each level and a per community list of included individuals. At this
point, using a series of custom scripts, we combined all the com-
munity levels in order to assign each individual to a community
defined by a unique alphanumeric code, resuming a sample’s com-
plete path from one level to another. Based on the significance test
results, each sample’s last community level assignment can be
confirmed (the sample maintains its position) or be changed (sam-
ple is reassigned to the previous statistically significant level).
Finally, connectivity scores are estimated for individuals of the ex-
tracted communities.

PiC score was used for the outlier detection process in each ex-
tracted community. We screened by community the individuals
for their PiC scores and identified as “outlier candidates” individ-
uals below the lower whisker of the boxplot distribution of the
PiC scores in the community they were assigned to. Each list of
“outlier candidates” was tested against the overall distribution of
the PiC scores in that same community via a custom R script for
the significance. Communities with more than 25 individuals
were tested with a Rosner’s test, whereas communities with 25
or less members were tested with Dixon’s test. Individuals with p
values < 0.05 are marked as significant outliers and removed
from further analyses. Eventually, 330 samples out of 4,852 were
removed from the intensity score matrix as outliers, including
281/320 Slavic- or Baltic-speaking EstBB participants and 49/
4,419 ethnic Estonians (Table S15). Community membership pro-
portions were then plotted as pie charts in R with the ggplot2
package.

Phenotype prediction analyses
We used vcftools®® (--snp option) to extract the genotype informa-
tion at 104 phenotype informative markers already analyzed,* af-

ter excluding nine SNPs absent in our Estonian reference panel,
from the high-coverage TPMO003 and for its down-sampled (0.1x
and 0.3x) and imputed copies. We then filtered the genotypes
to keep only variants with GP > 0.99 and recorded them as the
number of effective alleles by using PLINK (--recode A --recode-
allele option). For the HIrisPlex-S set for the pigmentation predic-
tion,®® we uploaded the genotype data to the HirisPlex-S webtool
after reformatting by using the “merge” function in R to combine
information from all informative SNPs. We interpreted the results
of the webtool according to its manual to obtain the pigmentation
prediction (Table S13).

Further details of the phenotype prediction concordance esti-
mation and analyses of the SLC24A5 region are given in the sup-
plemental methods.

Results

While IBD-based methods can offer high-resolution in-
sights into the recent phases of our demographic history,
the accuracy and robustness of shared IBD inferences—or
the related signal we explore here, LSAl—from low-
coverage ancient genomes has not been determined yet.
To address this, we sequenced the genome of a 15" century
male individual (TPMO003) from Tartu Pitha Maarja (St.
Mary) parish cemetery (Estonia) to an average depth of
23x (Table S1). We determined the genotype calls of the
high-coverage genome of TPMOO03 directly and then
compared the results against genotype calls from five
down-sampled copies of 0.1x coverage, each of which
we imputed by using a panel of 2,076 Estonian high-
coverage sequences.”’ We estimated the average propor-
tion of matching heterozygote calls between the imputed
and high-coverage data as the primary estimator of impu-
tation accuracy at 98.6% for common (MAF > 0.05) variant
sites and noticed a notable accuracy drop to <95% and
<80% in variants with MAF < 0.05 and MAF < 0.01,
respectively (Table S2). In further analyses, we used only
variants with MAF > 0.05.

We next analyzed the imputed low-coverage ancient
samples from Estonia and one medieval sample from the
UK together in context of genotype data from 69,218 indi-
viduals from the EstBB and 503 Europeans from the 1000
GP*? by using FlashPCA2°% and smartpca®® (Figure 2 and
Figure S1). We observed a clear distinction of Estonians
from other European populations, including Finns
(Figure 2A). By the fixation index (Fsr) statistic, Estonians
are more differentiated from neighboring Finns than, for
example, 1000 GP Italians from Tuscany are from the Ibe-
rians (Figure 2B). We found that all 14 imputed Bronze
Age, Iron Age, and medieval samples from Estonia cluster
together with present-day Estonians approximately within
the same broad geographic regions of Estonia in which they
were buried, although the resolution afforded by these ana-
lyses did not allow for finer county-level assignments
(Figure 2D). Similarly, we found that the medieval British
sample that we imputed together with five Estonian medi-
eval genomes maps close to the GBR cohort (Figures 2A
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Figure 2. Principal-component analysis
of ancient and modern Estonian genomes
(A) Principal-component map of 69,218
modern Estonian Biobank (EstBB) individ-
uals, 14 imputed Estonian genomes, and
one imputed British (GBR-PSN177)
genome shown in context of 503 Euro-
peans from the 1000 GP. The proportion
of total variance explained: PC1, 0.00094;
PC2, 0.00058. The coordinates of the
ancient genomes were calculated directly
without use of projection.

(B) Fsr estimates among modern popula-
tions where EST refers to Estonians from
the EstBB and other abbreviations to those
of the 1000 GP populations.

(C) Geographic locations of modern indi-
vidual birth and ancient individual burial
places in Estonia are shown in the map
with colors corresponding to those used
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in the principal-component map. Further
details of ancient genomes are provided
in Table S1.

geographic barriers and proximity, Es-
tonians share most drift with Baltic-
speaking Latvians, while by the PiC
statistic, Finns are the most closely
connected group to Estonians. The dif-
ferentiation of Estonians and Finns by
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and 2C). We confirmed the robustness of the placement in
PCA of ancient imputed genomes directly without the use
of projection by comparative analyses of high-coverage,
imputed, and haploid-called and projected data (Figure S2).
Notably, the down-sampled replica of TPM003, imputed
from 0.1x coverage, mapped next to the closest neighbors
from the EstBB in the PCA constructed with the high-
coverage sample without imputation, suggesting that
high accuracy (with less variance than from projections of
haploid-called genotype data) of individual ancestry map-
ping is possible from imputed data at this coverage
(Figure S2).

To explore regional LSAI sharing patterns, we used IBIS'®
to extract pairs of individuals who share long unphased
(>5 cM) LSAI segments and estimated kinship coefficient >
0.0005. We introduce PiC, the probability of individual
connectedness, as a simple measure to explore patterns of
LSAI sharing within and among populations by user-defined
segment length (L) and kinship coefficient k (as a measure of
total genome-wide IBD sharing) thresholds. We first
compared the outgroup-f3 statistic as a measure of drift
sharing against PiC among Estonians, Baltic and Slavic
speakers from EstBB, and Finns from 1000 GP and observed
that PiC offers high resolution in distinguishing local differ-
ences (Figure S3). There is a notable decline of within-region
connectedness across year of birth cohorts (Figure S4), which
most likely reflects higher mobility within Estonia in the last
few generations. Consistent with the lack of major

drift-sensitive statistics, such as f3,

can be explained by the founder effects
in the Finnish demographic history, a finding that is consis-
tent with the higher genetic Fsr differentiation between Esto-
nians and Finns than among Tuscan and Iberian genomes
(Figure 2B); the higher level of Estonian connectedness
with Finns than with Baltic-speaking neighbors by PiC re-
quires, however, further scrutiny with regards to the time
depth of these connections. Analysis of ancient genomes
can provide answers about whether the LSAI segment
sharing reflects recent gene flow or some other aspects of
shared demographic history.

We assessed IBD sharing between ancient and modern ge-
nomes from Estonia and found that the proportion of indi-
viduals from the EstBB with whom ancient genomes share
LSAI segments increased from Bronze to Iron Age and medi-
eval periods (Table S3). We observed significantly higher PiC
scores between EstBB and medieval (127-16" centuries)
than EstBB and Iron (p = 0.02, two-tailed t test) or Bronze
Age (p = 0.017) samples when we used LSAI length > 5 cM
threshold. These results stand in contrast to the lack of clear
differences between the diachronic samples in their >2 cM
LSAI sharing (Table S4). Further, we observe that the sharing
of >5 cM and >7 cM LSAI is at comparable levels for
modern-modern and modern-medieval pairs of samples,
while >10 cM segments can be detected more abundantly
in modern-modern than modern-ancient pairs, most likely
because of the excess of distant genealogical relationships
among the modern samples that would be absent in mod-
ern-ancient pairs.
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Genetic connectedness with six target populations of the circum-Baltic region and Estonian Bronze Age, Iron Age, and me-

Each individual violin plot shows the distribution of PiC scores, which reflect individual probabilities of >5 cM LSAI sharing and kinship
coefficient estimate higher than 0.0005. Individuals from the modern target population are shown on the y axis. Distributions of the
present-day populations are shown by the colors according to the map. Present-day genomes include 99 Finnish individuals from
the 1000 GP data; 4,739 EstBB Estonians born before 1940, including 1,880 from Harju, Saare, Viru, Tartu, and Valga counties, and
320 EstBB Latvians, Lithuanians, Belarusian, and Polish individuals born outside Estonia. All ancient samples, shown with squares (me-
dieval), circles (Iron Age), and triangles (Bronze Age), have been imputed, including one medieval 0.1 X coverage British genome PSN177
as a control, with 2,092 Estonian high-coverage sequences as a reference panel.

To explore further regional details of LSAI sharing pat-
terns between Estonians and their geographic neighbors
in light of evidence from ancient imputed genomes, we
focused on PiCy, = 5 oM, k > 0.0005 Scores in a subset of Esto-
nians of the EstBB born before 1940 for whom county- and
parish-level information of birthplace was available
(Figure 3, Figure S9). Under realistic scenarios of human
population densities and dispersal rates, virtually all pair-
wise shared IBD blocks longer than 4 cM are expected to
coalesce to common ancestors within the last 100 genera-
tions®® or approximately 3,000 years. Consistent with this
prediction, we observe marginally low levels (1%-2%) of
>5 cM LSAI sharing between Estonians and other East
European populations (Poles, Belarusians, Lithuanians)
(Figure 3) with whom they share Steppe ancestry’'
through Late Neolithic dispersals from a common Corded
Ware culture source (Figure 1C).

Estonian Iron and Bronze Age individuals sampled at a
2,400-2,800 years time depth show >10x higher connec-
tivity with modern Finnic- and Baltic-speaking popula-
tions than with West Europeans (Table S3), while their
PiC scores with present-day Estonians are lower than
with Baltic-speaking Latvians and Lithuanians (Table S3,
Figure 3). These observations are in line with common

ancestry sharing in a broader area of Corded Ware culture
before the arrival of Finnic speakers: consistent with this
model (Figure 1C), Belarusians and Poles show more LSAI
sharing with the Bronze Age than present-day individuals
from Estonian (Figure 3). We observe no significant excess
of PiC scores between EstBB Estonians and Iron or Bronze
Age genomes sampled from the same Estonian counties
(Table S10, Figure 3). Neither do we see higher regional af-
finity between North Estonian Bronze and Iron Age sam-
ples in relation to Iron Age samples from Saaremaa. Over-
all, these results suggest that the present-day county-level
LSAI sharing patterns were not yet fixed in the Iron Age.
In contrast to individuals sampled from earlier periods,
six Estonian medieval genomes from the 13™-16" cen-
turies share significantly more >5 cM LSAIs with present-
day individuals born in the same county in Estonia
(Figure 3, Figure S9). Furthermore, all ancient genomes
from Estonia studied here show high affinity not only to
present-day Estonians but also to present-day Finns at
levels up to an order of magnitude higher than to Swedes
(Table S10), including Late Bronze Age (average 5%) and
Iron Age (average 5%, range 3%-8%) genomes. Estonians
share more Finnish LSAIs than 82 EstBB Latvians and
Lithuanians (average 2%, range 0%-7%) or a medieval
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low-coverage genome from Cambridgeshire, UK imputed
with Estonian medieval samples (Figure 4). Medieval Esto-
nians, however, share significantly more >5 cM LSAIs with
Finns (10.1% average, Table S3) than Iron Age (average
4.7%, p = 0.006, two-tailed t test) or modern Estonians
(8.7% on average), suggesting that recent (17"-18'™ cen-
turies) localized migration events cannot explain the
excess of Finnish LSAI sharing that we observe across
Estonia today. Instead, these findings point to a migration
event across the Gulf of Finland earlier than the 13" cen-
tury as being responsible for the observed patterns.

We observe higher consistency in regional LSAI sharing
patterns between the high-coverage genome and its
down-sampled replicas (Table S8, for further details see
supplemental methods). To summarize the compound
effect of imputation errors on LSAl-based ancestry map-
ping of the ancient samples, we applied the uniform
manifold approximation and projection (UMAP) dimen-
sion reduction method on the regional (county-based)
PiC scores (Figure 5) and observed that the imputed
TPMO003i0.1 x mapped closely to its high-coverage version
that had not been imputed. This, along with regional
clustering of other medieval genomes among EstBB indi-
viduals from the same geographic context suggests that
(1) LSAI inference through imputation from ancient
low-coverage genomes can be achieved sufficiently accu-
rately for addressing questions about regional ancestry;
(2) >5 cM LSAI segments persist and remain regionally
informative for at least 800 years, over which time the
regional genetic identities in Estonia have remained rela-
tively distinct from one another; and (3) considering the
fact that local Iron and Bronze Age populations do not
show region-specific affinity to present-day local commu-
nities—although most likely being genetically ancestral to
these in a broader geographic sense—these regional LSAI
sharing patterns that unite medieval and present-day Es-
tonians were most likely created between the Iron Age

cient > 0.0005; *, medieval British low-
coverage (0.1x) genome PSN177 imputed
together with medieval Estonians with
reference panel of 2,092 Estonian high-
coverage whole-genome sequences.

3000

and the 12™/13"™ centuries AD whence our earliest medi-
eval samples derive.

The geographic patterns of connectedness we estimated
from PiC scores of 15 present-day counties of Estonia rely
on administrative divisions that may have not been mean-
ingful in the past. To further test the robustness of the
inference of geographic patterns in our data, we used an
unsupervised modularity optimization technique, called
the Louvain method,!” that clusters individuals into
modular units (communities) by their LSAI connectivity
among individuals without the use of any geographic or
other sample pooling criteria. We extracted communities
by using a nested application of the Louvain algorithm, al-
lowing each detected community to undergo a further cy-
cle of community identification on the basis of significant
excess of internal as opposed to external connections. We
applied the Louvain method on the IBIS results for 4,739
EstBB donors born before 1940, 14 ancient genomes
from Estonia, and 99 Finns from the 1000 GP. The Louvain
method revealed four first-order and 20 second-order com-
munities, which roughly corresponded to the main
geographic regions of Estonia (Figure 6). Notably, all
Finns of the 1000 GP data clustered together in one of
the 3"-level sub-clusters, I7b, of a 2"%level cluster, 17,
that has predominantly Northeast Estonian provenance
(Figure 6, Table S15). The Louvain method places all six
medieval genomes from Estonia into communities con-
taining modern genomes from the same geographic region
as their burial place while lumping all eight Iron and
Bronze Age genomes, regardless of their geography, to
community 14 (Figure 6, Table S15). The 14 community
contains a small number of modern counterparts and is
characterized by low connectedness both internally and
to other communities, which is uncharacteristic of modern
and medieval genomes (Table S15).

We next ran simulations with msprime® in order to bet-
ter understand the observed patterns of extensive LSAI

The American Journal of Human Genetics 108, 1792-1806, September 2, 2021

1799



\Finland

A A

Iron Age Estonia VIO

O—TPM003
t~MAL001

O———O0TE001  paDOQ1 »

KRJ001 ‘K'.-‘: o
. - :
—va«&;. i

B 0" &

O Medieval Estonians
-':". Estonian Biobank Estonians born before 1940

sharing between ancient and modern Estonian genomes
and how these are affected by demographic history (Figures
S5 and S6). The simulation models were inspired by effec-
tive population size (Ne) trajectories obtained by applying
IBDNe®” to modern high-coverage Estonian genomes.*®
We show (Table S9) that Ne and its changes over time signif-
icantly affect the pattern of IBD sharing between individ-
uals. First, unsurprisingly, the results of the simulations
show that the fraction of the population that an average in-
dividual is connected to is inversely and linearly dependent
on Ne (compare Figures S6A and S6C versus Figures S6F and
S6H), resulting in little expected connectedness in large
populations. Second, under a population model with a
recent exponential growth, modern individuals can have
a higher LSAI sharing with ancient individuals sampled
from periods of small population size preceding the growth
compared to IBD sharing with present-day individuals; the
specific pattern is dependent on the duration of the growth
period and the growth rate (Figure S6). Third, under sce-
narios realistic for Estonian subpopulations, we find that
present-day individuals are expected to have similarly
high levels of LSAI sharing with their contemporaries and
with ancient individuals from up to 30 generations (~900
years) ago at maximum, and there is a notable drop deeper
in time (Figures S5A and SSC, Figures S5B and SSD, and Fig-
ures S5E and S5G). This means that our simulations do not
support a model by which the high connectedness between
Finns and Estonians could derive from Iron Age migrations
circa 100 generations ago (Figure 1A). Finally, under a
simplistic model of a clean population split with no subse-
quent gene flow, present day individuals from one of the
populations are expected to show an increasing level of
IBD sharing with individuals from the other population as
we sample from time points successively closer to the split
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time (Figure S5F and SSH, blue boxes).
The latter observation explains why
present-day Finns can have higher
IBD sharing with medieval rather
than contemporary Estonians from
certain Estonian regions.

The high-coverage genome of TPMO003 allowed us to
examine his Y chromosome at high resolution in context
of a large reference set of 1,160 high-coverage sequences
from Estonia.”’ Consistent with the autosomal LSAI
sharing results, we detect a signal of regional clustering
of TPMO0O03 together with lineages from Southeast Estonia
in a newly defined Rlalc-B2153 clade (Figure S8, Table
S11), which is nested within a broader set of Y chromo-
somes in a clade Rlalc-YP578. According to YFull tree,
this clade has been estimated to have a coalescent date
of 2,100 (confidence interval [CI] 95% 2,300-1,800) years
and geographic distribution mainly in present-day Russia
and Finland. Although Rlalc-YP578 is widely spread
across Estonia (3.1% on average), the newly defined
Rlalc-B21353 has, according to our knowledge, not yet
been found outside of Estonia. Among 1,160 Estonian
Y chromosomes, it is only found in six individuals from
Tartu and Polva counties, including a grandfather-fa-
ther-son trio from Tartumaa. Unsurprisingly, considering
the generational distance between the ancient and
modern genomes, we find no evidence of triangular
autosomal IBD transmission of the medieval TPM003
shared segments from the modern grandparent to his
grandchild.

Because imputation of genotypes at loci that have been
targets of selection can be problematic®® and we had not
filtered out such variants from our analyses, we assessed
the accuracy of imputation at 104 functionally informative
positions widely used for phenotype inference, including
those affected by recent selection (Table S12). We observed
high (>0.98) match rate between imputed and high-
coverage genome for genotype calls at 90 variants that
were sufficiently well covered in the high-coverage
TPMO03 genome (Table S13).
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Interestingly, we found TPMOO3 to be heterozygous at
151426654 (A/G) in the SLC24A5 that has been identified
among 22 strongest signals of selection in human
genome.®” 151426654 is a variant that explains a major
part of skin pigmentation differences between Africans
and Europeans and differences among South Asians.”®"~
The derived A allele at this variant, associated with lighter
pigmentation, has been shown to have been introduced to
Europe by Neolithic farmers followed by its virtual fixation
in most European populations today.”* The highest fre-
quency of the ancestral G allele in the 1000 GP Europeans
appears to be in Finns (2%).

Because genotype imputation at variants with low MAF
is reduced and potentially problematic in regions of the
genome targeted by natural selection,®® we further assessed
the accuracy of our LSAI inference from imputed data by
comparing TPMO003’s LSAI sharing, with a >2 <M
threshold, around the rs1426654 variant in the local Esto-
nian reference panel that was used in imputation against
LSAI matches for TPMOO3 in this locus in the Haplotype
Reference Consortium (HRC) and the 1000 GP panels
not used in our imputation. We found that both directly
called and imputed copies of TPM003 share IBD segments,
both for the A and G allele, with Estonian and Finnish sam-
ples from different haplotype panels (Figure S7, Table S14).
Among segments longer than 5 cM, there are both G- and
A-allele-carrying haplotypes shared between TPM003 and
four Estonians (three with the A allele and one with the
G allele) and one Finn (with the G allele) (Figure S7A).
On average, G-allele-carrying haplotypes are significantly
longer (3.44 cM versus 2.42 cM, one-tail t test: 6.63 X
10~%), suggesting more recent common ancestry in Finns
and Estonians of the ancestral than the derived allele,
which has been highlighted as one of the strongest targets
of positive selection in human populations.®’ The core 200

OTE001

Figure 6. Two-level community struc-
ture inferred from 4,739 Estonian Bio-
bank individuals born before 1940, Finns
of the 1000 GP, and 14 ancient Estonians
Unsupervised community extraction
method (Louvain method'’) was applied
on 5 ¢cM LSAl-sharing signals estimated
with IBIS. Four communities with more
than ten members (A, B, F, and I) are de-
tected at the first level of extraction. One
of the communities, I, which is most wide-
spread in North and West Estonia, was
further divided into six significant sub-
communities (I1, 13, 14, 17, 19, and I11),
which have more specific regional distri-
butions. One of these, I7 is more common
in Northeast Estonia where it has six ma-
jor sub-communities (Table S15). The 17
community also captures all 99 Finns of
the 1000 GP. Pie charts on the map show
the sub-community membership propor-
tions in 15 Estonian counties, the FIN sub-
set of the 1000 GP data (without regional
detail of administrative units within
Finland), and 14 ancient genomes from
Estonia.

kb G haplotype observed in TPMO0O03 is distinct from Asian
and African G haplotypes and observed in the given sam-
ple only among Estonians and Finns (with the exception
of a single Japanese [JPT] individual from 1000 GP)
(Figure S7B).

Discussion

We have shown that shotgun sequencing of ancient DNA
at low (0.1-1x) coverage enables sufficiently accurate ge-
notype data imputation for ancestry and IBD/LSAI-based
community structure analyses. Our estimated imputation
accuracy of 0.99 (Table S1) for heterozygote calls of com-
mon variants from a medieval Estonian genome is higher
than the 0.93 estimate we previously obtained by applying
the same approach'® on a high-coverage Neolithic
genome” and higher than comparable estimates of accu-
racy of <0.90 for other approaches.®”* The increased accu-
racy can potentially be explained by (1) the temporal (and
genetic ancestry) proximity of our medieval genome
compared to the Neolithic sample considered in Hui
et al.'’ and (2) the use of a large, ethnically/regionally
matched reference panel. Although our analyses at pheno-
type-informative variants, including those highlighted
previously as selection targets, did not reveal a notable
drop in imputation accuracy, we caution against general-
izations to cases without ethnically/regionally matched
large reference panels and longer time gaps between the
imputed sample and the imputation panel and note that
these results are based on a limited number of observations
of a diverse set of 90 different variants taken between a sin-
gle high-coverage genome and its down-sampled replicas.

Downstream PCA and LSAI analyses showed sufficiently
high precision for fine-scale mapping of the genetic
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ancestry of the imputed samples. Our analyses showed
relatively lower accuracy of IBD1 and IBD2 recovery from
imputed low-coverage (0.1X) genomes, suggesting that
detection of sample identity, as well as twins and 1*-degree
relatedness from imputed low-coverage genomes via IBD/
LSAI approach, can be challenging; however, at 0.3x
coverage, we were able to correctly recover 92.6%
of IBD2 and 96.5% of total IBD segments of the
down-sampled ancient genome (Table S6). Furthermore,
other methods such as READ’® or GRUPS’® offer accurate
estimation of close relatives from low (>0.05x) coverage
data.

Kinship coefficients are a measure of the proportion of
genome-wide IBD in a pair of individuals. The abundance
of long IBD segments can be a robust indicator of close
relatedness in a large unstructured population and is there-
fore widely used by direct-to-consumer genetic testing for
inferring matches in genealogical relationships (up to 5™
cousins). However, our simulations (Figures S5 and S6)
show that IBD sharing patterns are strongly influenced
by effective population size history. The kinship coeffi-
cients estimated here between modern and medieval sam-
ples are clearly not interpretable in terms of meaningful
genealogical relationships given that the pairs are sepa-
rated by more than 15 generations in time. Hence, the sig-
nals of elevated LSAI sharing (comparable in their intensity
to the levels of 4" to 5™-cousin relationships in large pop-
ulations) between present-day individuals and those
sampled 10-20 generations ago can be best explained, in
line with our simulation results, by relatively low historic
Ne and recent exponential growth in Estonia. Additionally,
a large fraction of the segments we detect may not corre-
spond to shared haplotypes because of their unphased na-
ture and their length,*® and as such, represent a series of
very short segments that coalesce, on average, longer ago
than a true IBD segment of the same length would. Consis-
tent with this, among the triangular cases, where a medie-
val genome shares LSAI with two modern individuals who
are themselves closely related (grandparent-parent-
offspring sequence), we observe no excess of LSAI sharing
in the grandparent (Figure S8), which would be expected
under genealogical relationships. Thus, it is more likely
that most cases of diachronic LSAI sharing that we describe
are explainable by cumulative long-term maintenance of
community-specific chunks of IBD through marriages
involving distant (cryptic) relatedness within the same
parish- or county-level community.

We suggest that diachronic LSAI sharing patterns can be
informative for resolving complex demographic scenarios
involving recent population splits and subsequent gene
flow. Most shared IBD blocks longer than 4 cM are ex-
pected to be less than 1,500 years old,” and virtually all
IBD blocks of this length are expected to derive from the
last 3,000 years.°® The large-scale >5 cM LSAI sharing be-
tween Estonians and Finns would thus be expected to
reflect primarily historical gene flow across the Gulf of
Finland (Figure 1F) while not necessarily standing in con-

flict with contributions from earlier migration events pre-
dicted on linguistic grounds (Figure 1E) or synthesis of
archaeological and genetic evidence (Figure 1D)."

The high levels of LSAI sharing with Finns that we
observe in present-day Northeast Estonians could, at least
partly, be explained*® (Figure 1F) by historically attested
Finnish settlements in Northeast Estonia in the 17*-18™
centuries. However, our ancient DNA evidence (Figures 3
and 4) from the 12"™-16™ centuries points to deeper time
depth for this relationship across Estonia. According to
the current synthesis of genetic and archaeological evi-
dence, the earliest migration event that could account for
genetic ancestry sharing and unique connectedness
among Finnic-speaking Finns and Estonians dates back
to the Pre-Roman Iron Age (Figure 1D '°). However, the
Nganasan-related autosomal component that appears in
the circum-Baltic region in this time period as a signature
of possibly the first arrival of Finno-Ugric speakers is likely
to have reached Fennoscandia and Estonia by different
routes and is relatively minor (3%-5% of total autosomal
ancestry).'”???" Yet, our analyses of ancient genomes
through the transect of time show that the levels of LSAI
sharing with present-day Finns have been higher among
Estonian genomes than those observed in present-day Lat-
vians and Lithuanians (Table S3) since not only the Iron
Age but also the Bronze Age (Figures 3 and 4), suggesting
they have been generated in situ in Estonia for a long
period of time rather than being introduced to Estonia
from external sources recently.

The minor Nganasan-related component in the Pre-
Roman Iron Age migrations (Figure 1D) could explain
the specific G-allele-carrying haplotype distribution of
SLC24AS among Finns and Estonians (Figure S7), but the
genome-wide sharing patterns, in which individuals from
the 12"-14"™ centuries AD show the highest connected-
ness to present-day Finnish genomes (Figure 4), are arguing
against the Pre-Roman Iron Age time depth for the main
connectedness signal we observe. Furthermore, the results
of our community extraction analyses (Figure 6) suggest
that the patterns of region-specific connectedness within
Estonia postdate our Iron Age samples and that all 99
Finnish samples we explored were assigned to a single
community primarily composed of North Estonians.
Notably, in simulations, this diachronic pattern of exten-
sive sharing between past and present populations is
consistent not only with the outcome of a population split
model (Figure S6F) but also observable under a range of
panmictic cases that consider realistic demographic sce-
narios of population history in Estonia (Figure S6E). In
sum, these results suggest that informative LSAI signals
can persist in structured populations at least for dozens
of generations and that the high level of connectedness be-
tween North Estonian and Finnish genomes is older than
our earliest medieval and younger than our latest Pre-
Roman Iron Age samples.

The high level of Finnish LSAI sharing observed in indi-
viduals who lived in Estonia during the 12"-14'" centuries
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AD represents the first direct evidence that a significant
proportion of these relationships date back to the time
before the expansion of the Finnish population, the
Finnish founder event,? i.e., to the time when the total
population size of Finland is estimated to have been very
small. Because we observe nearly identical and highly
correlated (r > 0.999) levels of LSAI sharing between Esto-
nian counties and Finnish samples from two independent
datasets (Table S10), we consider our results to be robust
and representative for the Finnish population in general.
However, considering the existence of significant popula-
tion substructure in Finland,®°>® further research would
be required for determining regional and temporary details
of the connectedness patterns revealed here within the
context of temporary changes of ancestry and substructure
of the Finnish population.

In sum, the results of our analyses on genetic data are
consistent with the linguistic model (Figure 1E) that as-
cribes the language affinities and innovations shared be-
tween the Finnish language and North Estonian dialects
to a migration event from North Estonia to Finland in
the end of the first millennium. Because LSAIs are expected
to decay in time because of recombination and admixture,
the fact that present-day Finns still show genetic connect-
edness with medieval and modern North Estonians at
levels comparable to internal connectedness in Estonia
suggests that these uniquely shared long allele intervals
are abundantly present across the genome as a feature
that characterizes a major part of Finnish genetic ancestry.
However, more precise quantification of the impact of the
migration event and its timing would require ancient DNA
evidence from Finland before and after the event as well as
modeling of Finnish effective population size history in
context of its local regional diversity and admixture
sources.

Data and code availability

The community extraction analysis scripts generated during this
study are available at https://github.com/SABiagini/Louvain. The
ancient genomic data generated during this study are available
at https://www.ebi.ac.uk/ena/browser/view/PRJEB46155 (acces-
sion code ENA: PRJEB46155) and the data depository of the EBC
(https://evolbio.ut.ee/). The Estonian Biobank (EstBB) data used
in this study are available under restricted access. The procedure
of applying for access to the data can be found under the following
link: https://genomics.ut.ee/en/biobank.ee/data-access.
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Figure S1. Genome-wide average damage rates in the three newly reported ancient genomes. The top plots show the frequency of each
nucleotide in the 10 positions before and after each end of the DNA fragments that mapped to the human genome. The plots on the bottom
show nucleotide substitutions at the 25 positions at each end of the DNA fragments that mapped to the human genome: the red line shows
cytosine to thymine substitutions and the blue line guanine to adenine substitutions. Further details about the three genomes are reported in

Table S1.
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Figure S2. Smartpca analyses of TPMO003 in context of 526 EstBB Estonians and 503 Europeans from 1000 GP. Genotypes were first directly
called from the 23x coverage sample (TPMO0O03h) without imputation. A. The placement of TPMO003h on the PC plot is shown without projection.
B. The placement on the PC plot of the down-sampled (to 0.1x) replica TPM003imp which was imputed and included to smartpca analyses
without projection. C. PCA plot in which TPMO003h is shown projected on PC-s calculated only from the modern samples along with projections
of the haploid called (blue, TPMO003hap) and imputed (green, TPM003imp) versions of its five independently down-sampled (0.1x) replicas.
Through each plot the EstBB closest Euclidean squared distance neighbors (EsqNgb) of TPMO003h by PC1 and PC2 coordinates are shown in

brown.
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Figure S3. Drift sharing and individual connectedness with present-day Estonians. Upper panel shows drift sharing assessed using outgroup f3

statistics on Estonian, Finnish, Baltic and Slavic speaking subset of 47,015 EstBB individuals whose birthplace and year of birth data was

available. Lower panel shows individual connectedness (PiC) with Estonians in the same subset of EstBB individuals as in the upper panel. The y

axis shows the proportion of Estonians with whom the given individual shares at least one LSAI segment longer than 5¢M and kinship coefficient

>0.0005 (equivalent to the average expectations for 10th degree of genetic relatedness in large populations).
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Figure S4. Proportions of individual connectedness of 47,015 EstBB samples (with birth place and year of birth information) within their home
county by year of birth cohorts: (1) =<1940 cohort with 4,370 individuals, (2) 1941-60 cohort with 11,869 individuals, (3) 1961-80 cohort with
18,101 individuals, and (4) 1980+ cohort with 13,654 individuals.

4



>
w

501 50 1

o pop

40 40 1
2 #% $ = A 2

gse 304 ! ‘%3;2 30
& 204 &5 201
104 % 10
0- T T T T T T T T O-

0 10 20 30 50 75 100 125

Generations ago

Cc 1504 D 1504

pop

=] — A 3

QS 301 LS 30+
<, 201 25, 204
104 10
54 — . . . = 51

0 10 20 30 50 75 100 125

Generations ago

m
m

50 501
pop
401 40
o S
S 901 Ex 90
B 207 ) &5 201
o] PPmL L il ol
L ]
0‘ T T T T T T T T
0 10 20 30 50 7S 100 125
Generations ago
G 1504 H 150
pop
8 —A 8
LS 301 LS 30+
<, 201 25, 204
104 10
5 . , . . . . : - 5
0 10 20 30 50 75 100 125

Generations ago

pop
B3 A

P L

0 10 20 30 50 75 100 125
Generations ago

pop
— A
0 10 20 30 50 75 100 125
Generations ago
pop
B A
EH B

iiiﬁ o =

0 10 20 30 50 75 100 125
Generations ago

0 10 20 30 50 75 100 125
Generations ago

Figure Sb. Individual connectedness among modern and ancient samples simulated under demographic

scenarios inferred from whole genome sequences of present day Estonians (Pakratov et al. 2020). Panels

A, B, E and F show the percentage of samples (PiC score) from different time points sharing at least one

LSAI segment of 5 cM or longer and having a kinship coefficient above 0.0005 with each contemporary

individual from population A. Panels C, D, G and H show the corresponding demography simulated. In

panel H population B split from population A 50 generations ago. Y-axis in C, D, G and H is logarithmic.

Grey vertical lines show the time points of sampling. Demographic scenarios C, D and G correspond to

simplified representations of the demographic history of South-East, South-West and North-West Estonia

!, Note the simulations are based on genome size approximately corresponding to 1/5th of the size of the

human genome and therefore the presented sharing % is not exactly comparable to estimates based on the

empirical results.
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Figure S6. Individual connectedness among modern and ancient samples simulated under various
demographic growth scenarios. Panels A, B, E and F show the percentage of samples (PiC score) from
different time points sharing at least one IBD segment of 5 ¢cM or longer and having a kinship coefficient
above 0.0005 with each contemporary individual. Panels C, D, G and H show the corresponding
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Region Population N rs1426654-G TPMO003-shared Reference
EST FIN FNH EST 2076 0.005 0.364 EST
T = FNH 1918 0.022 0.452 HRC

A-haplotype CEU 99 0.000 - 1000 GP
G-haplotype s — Europe GBR 91 0.000 - 1000 GP
IBS 107 0.000 - 1000 GP

m TSI 107 0.005 0.000 1000 GP

= CDX 93 1.000 0.000 1000 GP.

CHB 103 0.971 0.000 1000 GP

EastAsia __ CHS 105 0.981 0.000 1000 GP

JPT 104 0.995 0.010 1000 GP

KHV 99 0.995 0.000 1000 GP

BEB 86 0.465 0.000 1000 GP

= GIH 103 0.049 0.000 1000 GP

- - South Asia___ITU 102 0.348 0.000 1000 GP

] PIL 96 0.219 0.000 1000 GP

STU 102 0.515 0.000 1000 GP

ACB 96 0.896 0.000 1000 GP

ASW 61 0.811 0.000 1000 GP

ESN 99 0.975 0.000 1000 GP

Africa GWD__ 113 0.925 0.000 1000 GP

| WK 99 0.924 0.000 1000 GP

MSL 85 0.912 0.000 1000 GP

YRI 108 0.986 0.000 1000 GP

CLM 94 0.282 0.000 1000 GP

America MXL 64 0.484 0.000 1000 GP

] - PEL 85 0.718 0.000 1000 GP

1 == £ PUR 104 0.231 0.000 1000 GP

—

chrls 51 52 53 54 55 56 57 58 59 60 61 62 63 64 65 cM

Figure S7: LSAI sharing between medieval TPM003 and modern Estonians and Finns in the SLC24A5.
A. LSAI segments (> 2cM) shared between TPMO003 and Estonians (EST, 2076 individuals from the
high-coverage Estonian reference panel), Finns from 1000 GP (FIN) and Finns from the HRC (FNH).
Segments in samples with the G allele at rs1426654 are in darker shades. Other tested Europeans
populations from the 1000 GP that did not share G-segments with TPMO0O03 are not shown. B. Worldwide
frequency distribution of the G allele of rs1426654 (rs1426654-G) and relative frequency of the 200kb
core G-haplotype specifically observed in TPM003 (TPMO003-shared).



M417

Rla
7283
Z280
11 EST
Y35741
YP578
Y35737 JISEST
1 RUS
BY88054 |1 UKR
TPMO003
35702 |4 FIN Tartu

B2153, B2154

Y35758

B2155,B2156

3 RUS

Y10804

2 EST

5RUS

Y10802

9 RUS

2 FIN
1 KAZ

B2157, B2158

Ladne-Viru

Harju

B2159, B2160

Ida-Viru

Pdlva

Number and chromosomal location of >5¢cM

1,

1 IBD

ts shared with TPM003

=a

0

2

Hilgy O fecl
‘ Pdmu
viljandi
]
Valga
Palva
Pélva
Tartu
Tartu, Grandfather
Tartu, Father
Tartu, Grandchild

chrl12:95.161-101.076
chr14:89.903-94.926

chr20:33.89-41.329

chr20:33.983-43.746

Figure S8. The placement of the medieval sample TPMO003 in the context of phylogenetic tree of Y

chromosome haplogroup R1a-YP578 in modern samples and his autosomal IBD sharing with present-day

Estonians. Y chromosome lineages reported in the Y-Full YTree are shown in black and individuals from

the Estonian Biobank in blue font. The birthplaces of the six Estonian Biobank samples phylogenetically

closest to TPMO003 are shown with colors corresponding to colors in the county map of Estonia.



B62°N

Belarus_Poland

TLIJ'OF,!
TPMO0S

L/
AMLTO01
OTEQ0T, Y
)

ESTONIA

_ <]
58N+ .

Laane-Viru
Valga

R = EE—
B
B

.1 ¥

0o *

s 56°N :

01 ot
g“ b ;m,
2 -

& o2 i (/ i E‘w,
{rh i\ | 54N (H)
01 | (8} é%g | y \I/
0 ¥ | POLAND BELARUS a0 ] [ *
5

Harju -
Vi
Feland

Belarus

Eston
Mediaval
Cambridg
Estonia
Medieval
Cambridg

18°E 20E 22 24°E 26°E 28°E a0°E
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and medieval genomes. Each individual violin plot shows the distribution of PiC scores which reflect individual probabilities of >5 cM LSAI
sharing and kinship coefficient estimate higher than 0.0005 with individuals from the population shown on the y axis. Distributions of the present-
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Latvians, Lithuanians, Belarus and Polish individuals born outside Estonia. All ancient samples, shown with squares (medieval), circles (Iron
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Supplemental Tables

Heterozygote call accuracy

MAF DS1-0.1x  DS2-0.1x DS3-0.1x DS4-0.1x DS5-0.1x DS6-0.3x
<0.01 0.7537 0.7448 0.7376 0.7467 0.7471 0.8197
0.01-0.05 0.9468 0.9446 0.9424 0.9421 0.9449 0.9644
0.05-0.1 0.9753 0.9747 0.9715 0.9756 0.9756 0.9863
0.1-0.3 0.9856 0.9858 0.9843 0.9835 0.9857 0.9929
>0.3 0.9896 0.9896 0.9901 0.9895 0.989 0.9947
Cv 0.9866 0.9867 0.986 0.9857 0.9864 0.9932

Proportion of heterozygote positions retained

MAF DS1-0.1x  DS2-0.1x DS3-0.1x DS4-0.1x DS5-0.1x DS6-0.3x
<0.01 0.5096 0.4981 0.4882 0.4993 0.5009 0.6776
0.01-0.05 0.7402 0.7364 0.7336 0.7343 0.7377 0.8777
0.05-0.1 0.8469 0.8441 0.8364 0.8443 0.8472 0.9405
0.1-0.3 0.8696 0.8671 0.8649 0.8660 0.8684 0.9603
>0.3 0.8733 0.8698 0.8680 0.8685 0.8661 0.9626
Cv 0.8693 0.8664 0.8639 0.8653 0.8654 0.9596

Table S2. Heterozygote genotype imputation accuracy estimates by five minor allele frequency (MAF) classes for a medieval 23x coverage
genome TPMO003 and its five down-sampled replicas DS1-5 at 0.1x and one, DS6, at 0.3x coverage.

Note: Accuracy estimates reflect the proportion of heterozygous sites of the high coverage genome that were imputed as heteroz. CV - common
variants, MAF >0.05.
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ID Period Age Geographic origin EST FIN BAL EUR

Average Present-day FIN 0.087 0.523 0.020 0.003

Average Present-day Latvia and Lithuania  0.059 0.020 0.098 0.003

Average Present-day Estonia 0.137 0.087 0.059 0.003

Average Medieval Estonia 0.163 0.101 0.064 0.003

MALO001 Medieval 435 Maletjarve, Tartumaa 36738 6 9 0
Tudulinna, Ida-

TUDO001 Medieval 520 Virumaa 13709 8 5 4

TPMO003 Medieval 570 Tartu, Tartumaa 28188 9 6 0

OTEOO01 Medieval 640 Otepad, Valgamaa 31719 10 5 1

KRJO01 Medieval 705 Karja, Saaremaa 15880 13 3 1

PADO001 Medieval 815 Pada, Laane-Virumaa 14538 14 3 1

Average Iron Age Estonia 0.068 0.047 0.058 0.004

KURO0O1 V12 Iron Age 2220 Kurevere, Saaremaa 10812 4 5 0

KUR002 V11 Iron Age 2315 Kurevere, Saaremaa 8655 6 4 1

LOO001 X04 Iron Age 2440 Loona, Saaremaa 10092 8 7 2
Voéhma, Ladne-

VOT001 VIi4 Iron Age 2600 Virumaa 10351 4 3 2
Kunda, Laane-

KNDO0O1 V10 Iron Age 2630 Virumaa 9021 3 4 0
Kunda, Laéne-

KNDO002 OLS10 Iron Age 2685 Virumaa 10044 3 5 4

Average Bronze Age Estonia 0.064 0.051 0.093 0.005

Bronze
REB002 X14 Age 2625 Rebala, Harju 9661 5 7 2
Bronze
MULO0O01 XO08 Age 2890 Muuksi, Harju 8696 5 8 2

Table S3. Time series of IBD sharing of Estonian Bronze, Iron Age and medieval genomes with 143,774 modern Estonians and 1000
Genome Project Europeans.
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Note for each ancient sample the number of present-day genomes is reported with whom they share at least one >5cM IBD segment and kinship
coefficient >0.0005. IBD analyses were performed with IBIS on 254326 SNPs with MAF>0.05 using the -setindexEnd option for each ancient
individual separately using only variants for which that individual had genotype imputed with GP>0.99. EST - 143,774 Estonian biobank
individuals, FIN - 99 Finns, EUR - 404 individuals including 99 CEU, 91 GBR, 107 TSI and 107 IBS from the 1000 Genomes project data. BAL -
81 Baltic speakers (Latvians, Lithuanians) of EstBB.

N 1 81 99 2 6 6 4419
threshold MedUK  Baltic FIN BrAgeEST IrAgeEST MedEST  EstBB
EstBB  2cM 0.242 0.396 0.444 0.672 0.623 0.615 0.553
5cM 0.015 0.069 0.085 0.082 0.080 0.201 0.185
7cM 0.005 0.040 0.046 0.023 0.032 0.127 0.130
10cM 0.000 0.009 0.007 0.000 0.015 0.020 0.047
FIN 2cM 0.182 0.219 0.911 0.409 0.507 0.452 0.444
5cM 0.010 0.020 0.526 0.051 0.047 0.097 0.085
7cM 0.010 0.009 0.326 0.010 0.019 0.055 0.046
10cM 0.000 0.002 0.093 0.000 0.003 0.006 0.007
Baltic 2cM 0.235 0.462 0.219 0.735 0.572 0.485 0.396
5cM 0.037 0.098 0.020 0.082 0.070 0.065 0.069
7cM 0.012 0.058 0.009 0.023 0.031 0.039 0.040
10cM 0.000 0.015 0.001 0.000 0.000 0.009 0.009

Table S4. Average proportions of IBD sharing among population for four different IBD segment length thresholds.

Note - IBD inferences were made with IBIS using kinship coefficient 0.0005 threshold in addition to the IBD segmenth length threshold.
BrAgeEST, IrAgeEST and MedEST refer to pools of Bronze Age, Iron Age and Medieval genomes from Estonia, respectively.

MedUK - medieval (14th-15th cc) 0.1x coverage genome from StJohn's Hospital, Cambridge, UK

EstBB samples involve only 4419 individuals born before 1940 in Estonia; FIN - 99 Finnish samples from the 1000 Genomes Project,

Baltic - Baltic speakers (Latvians and Lithuanians) of the EstBB.
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Parameters

Segment
length:
SNPs

7-10 cM
PPV  TPR

15-20 cM
PPV  TPR

>20 cM
PPV TPR

MAF >
0.005,
-maxDist
0.12,

default -mt
MAF > 0.02,
-maxDist
0.12,

default -mt

MAF = 0.05,

-maxDist
0.12,
-mt 300

MAF > 0.05,
-maxDist 0.2,
-mt 300

611,324

449,526

312,685

312,685

0.931 0.947

0.939 0.927

0.956

0.878

0.956 0.899

0.969 0.991

0.972 0.989

0.979 0.982

0.979 0.983

0.991 0.996

0.992 0.995

0.994 0.993

0.994 0.993

Table S5. The precision and sensitivity of IBIS to detect IBD/LSAI segments of different size from simulated data.

Note, the estimates are based on simulated data of related individuals using the UK Biobank data as input. SNPs with missingness > 0.01 in the
UKB genotype data were excluded. PPV - positive predictive value or precision, the fraction of the total length of all inferred IBD segments
(within a given length bin) that overlap any true segment of any size. TPR - true positive rate or sensitivity, the fraction of the total length of all

true IBD segments (in a length bin) that an algorithm calls as identical by descent, considering all called segments of any size.
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ID1 depth 1D2 depth IBD2 totallBD Segs DR
Imputed low coverage vs directly called high coverage genome

TPMO003d6_i  0.3x  TPMO003_h  23x 0.926 0965 156 O
TPM003d1_p 0.1x TPMO003_h  23x 0.377 0688 309 1
TPM003d1_i 0.1x  TPMO03_h  23x 0.330 0659 303 1
TPM003d3_i  0.1x  TPMO003_h  23x 0.300 0649 290 1
TPM003d2_i  0.1x  TPMO03_h  23x 0.298 0641 292 1
TPM003d5_i  0.1x  TPMO003_h  23x 0.287 0641 279 1
TPM003d4_i  0.1x  TPMO03_h  23x 0.283 0634 275 1
Two independent imputations from different downsampled replicas
TPM003d1_p 0.1x  TPMO003d6_i 0.3x 0.355 0677 293 1
TPM003d1_i 0.1x  TPMO003d6_i 0.3x 0.307 0649 296 1
TPM003d2_i  0.1x  TPMO003d6_i 0.3x 0.300 0643 294 1
TPM003d3_i  0.1x  TPMO003d6_i 0.3x 0.297 0647 2838 1
TPM003d5_i  0.1x  TPMO0O03d6_i 0.3x 0.287 0641 280 1
TPMO003d4_i  0.1x  TPMO003d6_i 0.3x 0.264 0625 275 1
TPM003d1_p 0.1x  TPMO003d5_i 0.1x 0.205 0598 243 1
TPM003d1_p 0.1x  TPMO003d2_i 0.1x 0.205 0592 224 1
TPM003d1_p 0.1x  TPMO003d3_i 0.1x 0.202 0598 247 1
TPM003d1_i 0.1x  TPMO003d2_i 0.1x 0.186 0584 234 1
TPM003d4_i  0.1x  TPMO003d5_i 0.1x 0.185 0590 223 1
TPM003d2_i  0.1x  TPMO003d5_i 0.1x 0.185 0584 230 1
TPM003d1_i 0.1x  TPMO003d3_i 0.1x 0.184 0585 239 1
TPM003d1_ p 0.1x  TPMO003d4_i 0.1x 0.180 0584 210 1
TPMO0O03d1 i 0.1x TPMO003d5_i 0.1x 0.177 0584 224 1
TPM003d1 i 0.1x  TPMO003d4_i 0.1x 0.174 0579 210 1
TPMO003d2_i 0.1x TPMO003d3_i 0.1x 0.171 0579 217 1
TPM003d3_i  0.1x  TPMO003d5_i 0.1x 0.171 0584 214 1
TPM003d3_i  0.1x  TPMO003d4_i 0.1x 0.170 0578 217 1
TPM003d2_i  0.1x  TPMO003d4_i 0.1x 0.164 0569 199 1
Two independent imputations from the same low coverage source

KRJOO1 p 09x KRJ1001 i  0.9x 0.995 0997 35 0
TPM003d1_p 0.1x  TPMO003d1_i 0.1x 0.605 0800 377 1
TUDO001 p 0.1x  TUDO0O1 i 0.1x 0.499 0748 313 1

Table S6. Estimates of IBD recovery from imputed low coverage ancient genomes sampled from the
same individual source.

Note, the imputations of the TPM003 sample were performed from 5 independently downsampled 0.1x
replicas (d1-d5). samples imputed in a pool of 7 medieval low coverage genomes are shown with _p,
those imputed independently with _i suffix. _h suffix refers to 23x TPM genome genotypes of which

were called directly without imputation. totallBD proportion is reported as twice the kinship coefficient
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estimated with I1BIS, IBD2 - proportion of genome shared in IBD2. IBD analyses were performed
with IBIS with 5¢M threshold on 217,554 SNPs with MAF >0.05 in Estonian Biobank data that had no
missingness in any of the imputed and directly called in these ancient samples. 'Segs' - number of IBD

segments detected

DR - degree of relatedness.
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match probability
Inference h23x i0.1x overlap m-all m-overlap

Number of EstBB samples with >5¢cM IBD
sharing and kinship coefficient >0.0005 in
both h23x and i0.1x 28987 28188 23739  0.933 0.842

Number of EstBB samples with >5¢cM IBD
sharing and kinship coefficient >0.001 in
both h23x and i0.1x 8663 8167 6333 0.971 0.775

Number of EstBB samples with >5¢cM IBD

sharing and kinship coefficient >0.001 in

i0.1x and with >5¢M IBD sharing and

kinship coefficient >0.0005 in high

coverage TPM3 28987 8167 7849 0.998 0.961

Table S7. Match probabilities of LSAI sharing of TPMO003 high coverage (h23x) and imputed 0.1x
coverage (i0.1x) copies with 143,774 modern Estonian Biobank (EstBB) samples.

Note - match probability for all (m-all) is estimated as a proportion of matching inferences made for the
entire pool of 143,774 individuals, including cases where both h23x and i0.1x have no relationship with
modern samples (1-(i0.1x-overlap)/143774). Match probability for the overlap (m-overlap) represents the
proportion of positive inferences of i0.1x IBD sharing with EstBB samples that match with h23x
(overlap/i0.1x).
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Probabilities of individual connectedness with present-day populations

h23x i0.1xpl i0.1xs1 i0.1xs2 i0.1xs3 i0.1xs4 i0.1xs5
average depth 23X 0.1x 0.1x 0.1x 0.1x 0.1x 0.1x
Pop\imputation none pooled separately separately separately separately separately
Poland/Belarus 0.029 0.038 0.075 0.046 0.046 0.05 0.05
Latvia/Lithuania 0.074 0.074 0.148 0.074 0.111 0.111 0.111
FIN (1000 GP) 0.071 0.091 0.121 0.091 0.081 0.111 0.101
Harju 0.136 0.145 0.204 0.155 0.169 0.196 0.153
Hiiu 0.069 0.111 0.111 0.153 0.153 0.097 0.111
Ida Viru 0.14 0.136 0.158 0.14 0.145 0.145 0.163
Jarva 0.171 0.193 0.182 0.193 0.193 0.171 0.193
Jogeva 0.168 0.168 0.203 0.19 0.211 0.18 0.16
Laane 0.145 0.145 0.205 0.145 0.193 0.157 0.145
Laane Viru 0.145 0.16 0.169 0.181 0.187 0.166 0.151
Parnu 0.19 0.19 0.212 0.215 0.249 0.21 0.167
Polva 0.436 0.432 0.432 0.481 0.427 0.448 0.44
Rapla 0.167 0.167 0.132 0.149 0.211 0.175 0.158
Saare 0.11 0.11 0.126 0.126 0.121 0.104 0.099
Tartu 0.315 0.327 0.357 0.353 0.331 0.337 0.345
Valga 0.327 0.311 0.354 0.377 0.346 0.35 0.339
Viljandi 0.227 0.236 0.295 0.268 0.27 0.234 0.243
Voru 0.456 0.445 0.472 0.463 0.47 0.463 0.465
Correlation 1 0.995 0.974 0.983 0.984 0.992 0.989

Table S8. Probabilities of individual connectedness (PiC) of TPMO003 and his imputed low coverage

copies (i0.1x).

Note, h23x - TPMO0O03 high coverage genome was used as a reference for calculating the correlations over
presented PiC scores. IBD sharing between TPMO003 and modern samples was estimated with IBIS using
>5cM and kinship coefficient >0.0005 thresholds.

pl, s1-5 index numbers refer to five down-sampled copies of TPMO0O03 generated with SAMTOOLS using

different seeds.

TPMO003p1 was imputed in a pool of 7 medieval genomes while TPM3s1-5 were imputed separately.

Correlation - the Pearson product-moment coefficient calculated between h23x and the imputed replicas.
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Model Pop G Ne r Demography
1 A 0 150 0.3401
10 5 0
2 A 0 150 0.1134
30 5 0
3 A 0 150 0.068
50 5 0
4 A 0 750 0.3401
10 25 0
5 A 0 150 0.3401  South-East Estonia
10 5 0
20 5 -0.0126
75 10 0.0139
125 5 0
6 A 0 150 0.3401 South-West Estonia
10 5 0
15 5 -0.3584
20 30 0.02
75 10 0.0139
125 5 0
7 A 0 150 0.2015 North-West Estonia
10 20 0
15 20 -0.0811
20 30 0.02
75 10 0.0139
125 5 0
8 A 0 150 0.2015
10 20 0
15 20 -0.0811
20 30 0.0379
49 10 -0.4055
50 15 0.0162
75 10 0.0139
125 5 0
B 0 150 0.2015
10 20 0
15 20 -0.0811
20 30 0.0618
49 5 -1.0986
50 15 Pop B merges with A
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Table S9. Description of demographic models used for simulations.

Note, G - number of generations back in time; Ne - effective population size, in thousands of individuals;

r - growth rate; Demography - choice of demographic parameters of regional population histories

according to Pankratov et al. 2020 *.

B37position  ANC DER TPMO003 Marker
17980713 G A A B2153
19332625 A G G B2154
19527255 T C C B2155
21886504 T C C B2156

7144971 G A G B2157
14405906 C T C B2158
16237271 A G A B2159
21680037 A C A B2160

Table S11. Newly defined Y chromosome markers within the R1a-YP578 clade.

The placement of the markers on the branches of the Y chromosome phylogeny is shown in Figure S8.

ID 23X i0.3x i0.1x

Eye colour Blue Blue Blue

P Eye 0.92 0.94 0.94

Hair colour Brown Brown Brown

P Hair 0.51 0.50 0.50

Hair Shade Light Light Light

P Shade 0.91 0.92 0.92

Final Hair colour Brown/Dark Brown/Dark Brown/Dark
prediction brown brown brown

Skin colour Intermediate Intermediate Intermediate
P skin 0.99 0.95 0.99

Table S13. Pigmentation phenotype predictions for TPMO003 high-coverage and imputed copies.

Note, P Eye, P Hair, P Shade and P Skin refer to the probabilities of the most supported phenotype

category according to the HlrisPlex-Stool, https://hirisplex.erasmusmc.nl/pdf/hirisplex.erasmusmc.nl.pdf.

19



Pos
Chr SNP (hgl9) REF ALT TPMOO03 haplotype

15 rs2469592 48401875
15 rs8038571 48402368
15 rs938505 48405895
15  rs55728404 48411805
15 rs2675346 48411821
15 rs2433354 48414969
15 rs2459391 48415068
15 rs2433356 48416360
15 rs8041370 48425379
15 rs1426654 48426484
15 rs1878188 48430423
15 rs2469597 48438269
15 rs2459394 48444748
15 rs149639137 48476672
15 rs2413887 48485926
15 rs9920281 48514309

OH4H42>200>2T0O0>200403>D>
>TO004400>2>20440 400
>4 44000000040 >

Table S14. Allelic states of TPMO0O03 for SLC24A5 variants defining its core rs1426654-G haplotype.
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Supplemental Methods

Estimation of the accuracy of imputation and its effect on LSAI inference

Detailed summary of the sequence data of all the ancient samples used in this study is provided in Table

Sl

Genotype calling and coverage down-sampling of the high coverage genome

Subsampling (-s) option in ‘SAMTOOLS view’ was used to generate five copies of the TPM003 genome
at 0.1x coverage. The genotypes of each were then independently imputed with an approach described

below for low coverage genomes.

Genotype calling and imputation of the low coverage genomes

Imputation analyses were performed using the pipeline described in detail elsewhere 2 and an ethnically
matched panel of 2076 high coverage sequences from Estonia 3. In short, genotype likelihood calls from
low coverage genomes were estimated with ATLAS * followed by the first imputation step with
BEAGLE 4.1 -gl 5, a GP>0.99 filtering of SNPs followed by the second BEAGLE 5.0 -gt ® imputation
step and a final (optional) step of GP filtering at different thresholds (no GP filter; 0.5; 0.9; 0.99). We
note that substitution of BEAGLE 4.1 with GLIMPSE 7 in the first imputation step would yield slightly
improved heterozygote calling accuracy at the cost of a significant reduction of high confidence SNPs 2.
Considering the restricted number (265,227) of SNPs with MAF>0.05 in the Illumina GSA array data
available for the Estonian Biobank and the dependence of the downstream analyses on available SNP

numbers the BEAGLE 4.1 —- BEAGLE 5.0 pipeline was used throughout the analyses.

IBD/LSAI analyses
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IBD inference of up to 6" degree relatives from high-density and quality genotype data can be achieved at
high accuracy through long (>7cM) IBD segments &; however, the genotype density of modern biobank
genotype data is often substantially reduced when merged with ancient imputed genomes because of the
accumulative effect of missing data and because variants with low minor allele frequency (MAF<0.05)
have low imputation accuracy 2. To estimate the effect of reduced genotype density on LSAI inference
with IBIS we simulated the effect of different minor allele frequency filters on the UK Biobank data and
observed that while the accuracy of LSAI inference from ca 300K SNPs with MAF>0.05 can be achieved

at >0.95, the sensitivity is lowered (0.899) with 600K SNPs with MAF>0.005 threshold (Table S5).

We used Ped-sim ° to simulate 1,000 pairs of first through sixth degree relatives and 500 pairs each of
seventh and eighth degree relatives (Table S5). For this, we used a sex-specific genetic map °, crossover
interference modelling %12, and drew pedigree founder samples from 39,485 UK Biobank samples. These
samples include unrelated individuals (defined for the purposes of this simulation as sixth degree or more
distant relatives) within 62,508 UK Biobank samples previously selected to include a mix of fourth
degree or more distant relatives and geographically distributed samples (see Seidman et al. &). These data
were previously phased with Eagle 2.4 3, We ran IBIS on the simulated genotypes and calculated
sensitivity and the positive predictive value (PPV) by comparing the inferred segments with the true
segments as produced by Ped-sim. These metrics are defined fractionally, with sensitivity being the
proportion of the true segments' length inferred as an IBD segment/LSAI by IBIS, and PPV the fraction

of the inferred segments that overlap a true segment.

To investigate the accuracy of LSAI inference from imputed low-coverage ancient genomes further, we
compared the extent of IBIS reported IBD shared between high-coverage TPMO003 and its down-sampled
and imputed replicas. We found that while IBD2, corresponding to genomic regions with genotype
identity between two genomes, can be recovered from individuals whose genomes have been imputed
from 0.1x coverage (i0.1x) only at >30% and total IBD (i.e., both IBD1 and IBD2 segments) at >60%

rate, the sensitivity of IBD detection is not sufficiently high for accurate estimation of close degrees of
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relatedness: for the copies of the same source genome we inferred 1% rather than 0" degree of relatedness
(Table S6). We retain 92.6% of IBD2, 96.5% of total IBD and accurate identification of degree of
relatedness, however, in case of i0.3x and self-sharing IBD inference of genomes imputed independently
from the same 0.9x coverage source at >0.99 accuracy (Table S6). We also observe that a 0.1x down-
sampled replica of the TPMO003 genome imputed in a pool together with six other medieval genomes

showed higher accuracy than the other five independently imputed replicas (Table S6).

While the 0.1x imputed genomes are not suitable for accurate detection of close (<2nd degree) relatives,
the accuracy of distant relationship detection between medieval and present-day Estonian genomes, using
5¢M length and kinship coefficient 0.0005 thresholds appears to be sufficiently good for regional ancestry
mapping. We find that on average 84% of the individual links detected above the threshold for the high-
coverage TPMO0O03 sample are replicated in its 0.1x down-sampled replicas and that 96% of the links of
the imputed 0.1x genome at kinship coefficient threshold 0.001 match the inferences made from the high-

coverage genome at kinship coefficient threshold 0.0005 (Table S7).

Phenotype prediction concordance rate and analysis of the SLC24A5 region

We were able to obtain genotype information for a total of 90 SNPs in the high-coverage TPMO003, with a
concordance rate with its down-sampled and imputed copies of 98.9 % with 0.3x (1 error and two NAS)
and of 100% with 0.1x. Among the SNPs considered, we also analysed a subset of 35 markers included in
the HlirisPlex-S set *4, obtaining the allelic information for a total of 31 markers, sufficient to have a
prediction of blue eyes, brown/dark brown hair and intermediate skin. Consistent with the high
concordance rate in the genotypes, we obtained the same prediction also for the 0.3x and 0.1x copy of

TPMOO3it (Table S13).

To explore the LSAI sharing in the SLC24A5 gene between TPMO003 and modern Europeans, we ran IBIS

with the same commands reported above with a >2cM threshold and the -setindexEnd option to analyse
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the samples with the G allele at rs1426654 against all the others. In this analysis, we included Estonians
from the Estonian reference panel, Finns from Haplotype Reference Consortium (HRC) ** and European
samples from 1000GP. We then plotted the LSAI segments shared between TPMO003 and other modern
populations using the R package “ggplot2”, after excluding those groups not showing any segments with
the G allele at rs1426654 shared with TPMO0O03 (Figure S7 panel A). To identify the exact haplotype with
the G allele at rs1426654 carried by TPMO003, we created Haploview ¢ input files (.ped and .info format)
using PLINK, restricting the analysis to 200 kb around the variant (core block) and including TPMO003,
Estonians and Finns sharing LSAI segments with it. We then visualised the blocks using the "Solid spine
of LD" option and listing all the haplotypes regardless of their frequency. We then selected 16 SNPs able
to distinguish between different blocks with the G allele at rs1426654 (Table S14) and produced a fasta
file with their allele information in 1) 2076 Estonians (a subset from the high-coverage Estonian reference
panel); 2) Finns from HRC ; 3) 1000 GP. The worldwide frequency of the 16 NSP haplotype in the 200kb
region surrounding the G-allele of TPMO003 was estimated as the number of matching haploid sequences

divided by the total number of haploid sequences considered (Figure S7 panel B).
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Estimates of imputation accuracy on LSAI and diachronic connectedness inference

To gain further insights into regional and diachronic connectedness of medieval Estonians and to test
how accurately it can be inferred from imputed data, we estimated the proportions of IBD sharing to
modern populations for: 1) the high-coverage (23x) TPMO003 genome, the genotypes of which were
inferred directly without imputation; and, 2) the five down-sampled (0.1x) replicas, which were imputed.
Consistent with the results of IBD recovery between imputed copies of the same genome (Table S6), we
observe higher consistency in regional LSAI sharing patterns between the high coverage genome and its
down-sampled replica that was imputed in a pool of other samples rather than imputed separately (Table

S8).
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