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Abstract 21	

Finland provides unique opportunities to investigate population and medical genomics 22	

because of its adoption of unified national electronic health records, detailed historical 23	
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and birth records, and serial population bottlenecks. We assemble a comprehensive 1	

view of recent population history (≤100 generations), the timespan during which most 2	

rare disease-causing alleles arose, by comparing pairwise haplotype sharing from 3	

43,254 Finns to geographically and linguistically adjacent countries with different 4	

population histories, including 16,060 Swedes, Estonians, Russians, and Hungarians. 5	

We find much more extensive sharing in Finns, with at least one ≥ 5 cM tract on 6	

average between pairs of unrelated individuals. By coupling haplotype sharing with fine-7	

scale birth records from over 25,000 individuals, we find that while haplotype sharing 8	

broadly decays with geographical distance, there are pockets of excess haplotype 9	

sharing; individuals from northeast Finland share several-fold more of their genome in 10	

identity-by-descent (IBD) segments than individuals from southwest regions containing 11	

the major cities of Helsinki and Turku. We estimate recent effective population size 12	

changes over time across regions of Finland and find significant differences between 13	

the Early and Late Settlement Regions as expected; however, our results indicate more 14	

continuous gene flow than previously indicated as Finns migrated towards the 15	

northernmost Lapland region. Lastly, we show that haplotype sharing is locally enriched 16	

among pairs of individuals sharing rare alleles by an order of magnitude, especially 17	

among pairs sharing rare disease causing variants. Our work provides a general 18	

framework for using haplotype sharing to reconstruct an integrative view of recent 19	

population history and gain insight into the evolutionary origins of rare variants 20	

contributing to disease. 21	

  22	

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted October 13, 2017. ; https://doi.org/10.1101/200113doi: bioRxiv preprint 

https://doi.org/10.1101/200113
http://creativecommons.org/licenses/by/4.0/


 
	

4 

Background 1	

A central goal in human genetics is to identify causal disease variants, elucidate their 2	

functional roles, and pinpoint therapeutic routes for correction. Recent large-scale DNA 3	

sequencing consortia efforts such as ExAC have demonstrated that one of the most 4	

predictive features of pathogenicity is allele frequency, with most disease-causing 5	

variants being rare and thus relatively young 1,2. These variants have not yet been fully 6	

exposed to the forces of natural selection that common, older variants have survived. 7	

Genome-wide association studies (GWAS) continue to identify a myriad of common and 8	

increasingly rare risk variants across many traits and increase heritable variance 9	

explained 3, but their power is substantially reduced for rare variants. Additionally, 10	

standard GWAS approaches, such as the inclusion of principal components in GWAS to 11	

correct for population structure, are insufficient for rare variants 4. 12	

 13	

Most rare variants that play a critical role in disease today arose during approximately 14	

the last 100 generations 5. Aside from de novo variants in early-onset developmental 15	

phenotypes, the role of recently evolved, large-effect variants in common disease is 16	

largely uncharacterized. Stronger effects are likely not confined to de novo variants but 17	

may persist for several generations; however, this class of variation has been difficult to 18	

distinguish with single variant analyses because of extremely limited power, especially 19	

for scenarios involving incomplete penetrance 6,7. It is imperative that we better 20	

understand recent population genetic history in this context because it bounds the ability 21	

of negative selection to purge deleterious variants, and is the most relevant period for 22	

producing disease-conferring variants subject to negative selection 8,9. Haplotype-based 23	

methods have two major benefits over single variant approaches for inferences into 24	
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demographic history and disease association: 1) as opposed to commonly used site-1	

frequency based approaches 10, they are more informative of population history during 2	

the last tens to hundreds of generations ago, and 2) they can expose disease-causing 3	

rare variants at the population level without necessitating deep whole-genome 4	

sequencing. Rather, haplotype sharing can take advantage of massive, readily available 5	

GWAS array data. While these advantages have been theoretically recognized when 6	

sample sizes were relatively small 11,12, they have been underutilized in the modern 7	

genomics era. 8	

 9	

Finland provides a convenient example in which to infer both population history and rare 10	

disease associations because of unified electronic health records as well as the founder 11	

effect elicited by serial population bottlenecks. In addition to the out-of-Africa bottleneck 12	

experienced by all of Europe, Finland underwent multiple additional bottlenecks over the 13	

last few thousand years, with the Finnish founder population size estimated to include 14	

3,000-24,000 individuals 13-17. Archaeological evidence indicates that Finland has been 15	

continuously inhabited since the end of the last ice age ~10.9kya, with a small 16	

population of not more than a few thousand early hunter-gatherers first settling 17	

throughout Finland mostly from the south and to a lesser extent from the east and a 18	

western Norwegian coastal route 18. A cultural split circa 2300 BC was hypothesized to 19	

separate the western and eastern areas of Finland, termed the Early and Late 20	

Settlement Regions (ESR and LSR), upon the arrival of the Corded Ware culture 21	

primarily restricted to the southwestern and coastal regions of the country; this split has 22	

been supported by Y chromosome and mitochondrial DNA as well as historical data 23	
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18,19,20. Archaeologists agree that Finland has historically been sparsely inhabited, but 1	

that the ESR encompassing the southern and western colonized regions of Finland was 2	

more densely and permanently settled beginning ~4,000 years ago. In contrast, the LSR 3	

encompassing the northern and eastern regions of Finland, were more permanently 4	

inhabited beginning in the 1500s, pushing existing nomadic Sami people further north 5	

into Lapland. Archaeological records suggest that a series of founding, extinction, and 6	

re-colonization events took place over two millennia before continuous habitation 7	

coincident with agriculture 21. While Finland was a part of the Swedish Kingdom until 8	

1809 and then became a semi-autonomous grand duchy controlled by tsarist Russia 9	

until it gained independence in 1917, immigration into western and especially eastern 10	

Finland has been relatively low until after the collapse of the Soviet Union. Linguistically, 11	

roughly 5% of the population speaks Swedish as their mother tongue, and both Finnish 12	

and Swedish are taught at school. Bilingual Finns who speak Swedish as their mother 13	

tongue live mostly in the ESR in restricted western and southern coastal regions. 14	

 15	

Because of serial bottlenecks in Finland, the site-frequency spectrum is skewed towards 16	

more common variants than other European populations, and deleterious alleles are 17	

more likely to be found in a homozygous state 17. The consequence of this is 18	

exemplified in the Finnish Disease Heritage (FinDis) database, which contains 36 19	

monogenic diseases to date that are much more frequent in Finns than in any other 20	

population 22. Several complex diseases also show strong regional clines within Finland, 21	

for example with schizophrenia and familial hypercholesterolemia risk being greatest in 22	

northeastern Finland 23,24. Current Finnish demographic models are primarily based on 23	

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted October 13, 2017. ; https://doi.org/10.1101/200113doi: bioRxiv preprint 

https://doi.org/10.1101/200113
http://creativecommons.org/licenses/by/4.0/


 
	

7 

single locus markers (i.e. the Y-chromosome and mitochondria) 13,19,20, and a few 1	

studies have recently expanded to incorporate autosomal data 25-27. In contrast to site 2	

frequency spectrum-based methods which consider sites independently and are 3	

therefore optimally powered to infer old demographic events (>100 generations ago), 4	

haplotype-based demographic inference is best powered to inform population history 5	

during the period most relevant for negatively selected traits (last 100 generations) 28-31. 6	

Multiple lines of evidence indicate that recent history is particularly important for 7	

disadvantageous traits. For example, long runs of homozygosity (ROH), a special case 8	

of recent haplotype sharing, are enriched for deleterious variation 32, and increased 9	

ROH have been associated with decreased educational attainment as well as 10	

intellectual disability 33,34. Further, allele dating techniques indicate that pathogenic 11	

variants are on average considerably younger than neutral variants 2.  12	

 13	

In this study, we combine biobank-scale genetic and detailed birth record data to 14	

assemble a comprehensive inquiry into recent population history by employing genetic 15	

data from 43,254 Finnish individuals (~0.8% of Finland’s total population) and 16,060 16	

demographically distinct individuals from geographically or linguistically neighboring 17	

countries, including Swedes, Estonians, Russians, and Hungarians. While Finland is a 18	

poised example for population insights from haplotype sharing due to serial population 19	

bottlenecks, our approach provides a general framework for using haplotype sharing to 20	

reconstruct an integrative view of recent population history (e.g. elucidation of migration, 21	

divergence, and population size changes over time) within and across countries. 22	

Through these analyses, we also demonstrate that elevated haplotype sharing patterns 23	
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resulting from multiple population bottlenecks provide insights into the origins of certain 1	

genetic diseases. 2	

 3	

Results 4	

 5	

Population substructure across regions of Finland 6	

To investigate fine-scale population structure within Finland, we assembled a panel of 7	

43,254 Finnish individuals (Table S1, Methods). We performed principal components 8	

analysis (PCA) on all individuals, and using the subset of individuals with recorded birth 9	

record data show that genetic variation in Finland broadly reflects geographical 10	

birthplace (Methods), with highly significant correlations between PC1 and longitude 11	

(ρ=-0.72, p < 1e-200), and PC2 and latitude (ρ=-0.55, p < 1e-200). The PCA and birth 12	

record data also reflect variability in sampling and population density, with high density 13	

in Helsinki and Turku contrasting with low density in the northernmost Lapland region 14	

(Figure S1B). Mean PC1 and PC2 across birth regions closely mirror geographical 15	

patterns, apart from Southern Finland (region 1), which projects closer to central Finland 16	

than expected geographically; Southern Finland is the most populous region of Finland, 17	

containing the capital city of Helsinki, and consequently draws genetic diversity from 18	

across the country (Figure S1B & Figure S1C). By comparing parent and offspring 19	

birthplaces, we show that within a single generation, offspring across Finland tend to 20	

move south, e.g. towards Helsinki (Kolmogorov-Smirnov two-sided test between and 21	

child’s and mean parents’ latitude: p=8.7e-3, Figure S2). 22	

 23	

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted October 13, 2017. ; https://doi.org/10.1101/200113doi: bioRxiv preprint 

https://doi.org/10.1101/200113
http://creativecommons.org/licenses/by/4.0/


 
	

9 

We also assessed genetic divergence across regions in Finland, and identify relatively 1	

high levels of regional divergence compared to other European countries, e.g. the UK, 2	

Germany, Sweden, and Estonia 25,35, with mean FST between region pairs = 0.001 3	

(Figure S1D); these results are consistent with an additional Finnish bottleneck with 4	

respect to nearby countries. Regionally across Finland, we identify geographical 5	

clusters with high degrees of similarity. For example, Southern Savonia, Northern 6	

Karelia, and Northern Savonia (regions 6, 7, and 8, respectively) exhibit high degrees of 7	

genetic similarity (Figure 1C). We also identify genetic similarity clusters in the southern 8	

central regions of Southern Finland, Tavastia, Southern Karelia, and Central Finland 9	

(i.e. regions 1, 4, 5, and 9); western coastal regions of Southwest Finland and 10	

Ostrobothnia (2 and 10); and northern regions of Northern Ostrobothnia and Lapland 11	

(11 and 12). 12	

 13	

Population bottlenecks in Finland are reflected in identity-by-descent sharing 14	

To better understand the recent population history of Finland, we computed pairwise 15	

identity-by-descent (IBD) sharing across all unrelated Finnish pairs of individuals 16	

(Methods). We performed hierarchical clustering of cumulative IBD sharing across pairs 17	

of individuals within and between regions of Finland, and identified excess sharing in 18	

eastern Finland (regions 6, 7, and 8) compared to relatively depleted sharing in 19	

southwestern Finland (regions 1, 2, 4, and 10) (Figure 1D). Compared to genetic 20	

similarity from common variants (Figure 1C), haplotype-based clustering is more 21	

consistent with historical records that have documented the early vs late settlement 22	

areas in southwest and northeast Finland, respectively. Nonetheless, pairwise regional 23	
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IBD and FST are highly correlated (Mantel test ρ=0.89, p < 1e-4 with 1,000 Monte Carlo 1	

repetitions). Previous work on serial founder effects showed that global genetic 2	

divergence increases with geographical distance 36, and we recapitulate this finding at 3	

the sub-country level within Finland (Figure S3B); we also identified decaying IBD 4	

sharing with increasing geographical distance within Finland (Figure S3A).  5	

 6	

Because Finland historically has shared trade, language, and migration with 7	

neighboring countries and/or regions, including Sweden, Estonia, and St. Petersburg, 8	

Russia, we compared the relative level of allelic and haplotypic sharing within each 9	

population. We also compared these genetic data with individuals from Hungary 10	

because although it is geographically distal, it shares common linguistic roots; Finnish is 11	

a Uralic language that forms an outgroup to most European languages but is related to 12	

Estonian and Hungarian. Comparing pairwise IBD sharing within each of these 13	

countries, we find that cumulative IBD sharing between pairs of individuals is 14	

significantly greater across pairs of individuals on average in Finland than in Sweden, 15	

Estonia, Russia, and Hungary, as expected from the Finnish population bottleneck 16	

(cumulative total of tracts ≥ 1 cM in length: !"#$%$&= 22.9 cM vs !'(&)*&%= 107.0 cM, 17	

p<1e-50). Consistent with this observation, the average pair of Finns shares more 18	

haplotypes that are also longer than in the countries compared here, with for example 19	

13.3 haplotypes ≥ 2 cM shared in Finland vs an order of magnitude fewer (1.3 20	

haplotypes ≥ 2 cM) in Sweden (Figure 1B). 21	

 22	

Recent migration inferences from genetic divergence and IBD sharing 23	
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We coupled haplotype sharing between pairs of individuals with municipality- and 1	

region-level birth record data to determine relative rates of sharing among fine-scale 2	

locations in Finland. We subset pairwise IBD to individuals in which both parents were 3	

born within 80 km (~50 miles) of each other. For each analysis, we further subset to 4	

pairs of individuals in which at least one individual had municipality-level birth records 5	

from within 80 km of a given city, then assessed average pairwise IBD with other 6	

individuals across municipalities and regions of Finland. By comparing pairwise sharing 7	

from different Finnish cities, we find that IBD sharing is very uneven throughout the 8	

country, varying by several-fold, and that different geographical regions exhibit 9	

considerable substructure with differential IBD sharing patterns (Figure 2). This fine-10	

scale structure is likely driven by multiple bottlenecks, recent migration patterns, and 11	

variable population density (e.g. genetic diversity is higher and thus IBD sharing is lower 12	

in densely populated Helsinki than many rural areas, as Helsinki ancestors have more 13	

diverse origins).  14	

 15	

Haplotype sharing is on average lowest when at least one individual lives in a major 16	

southern Finnish city (Figure 2). Specifically, pairwise haplotype sharing across Finland 17	

is relatively low across the country with minimal structure when at least one individual 18	

lives in Helsinki, Turku, and Tampere. There is subtle structure among individuals born 19	

in Helsinki, a relatively young capital (since 1812), indicated by greater haplotype 20	

sharing with eastern Finland than western Finland on average (Figure 2); in contrast, 21	

individuals from the historical capital of Turku, have more elevated haplotype sharing 22	

with nearby southwestern Finland (Figure 2). IBD sharing is highest among individuals 23	
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living in northeastern cities in the late settlement area (e.g. Kuopio, Ilomantsi, or 1	

Kuusamo), with more structure evident compared to the cosmopolitan cities and greater 2	

sharing in the late settlement areas. Of all cities investigated, Kuusamo shows the most 3	

elevated IBD sharing, with ~60 Mb on average shared in haplotypes > 3 cM with nearby 4	

individuals, compared to ~5-15 Mb near Helsinki, Turku, and Tampere. IBD sharing 5	

among western coastal cities (e.g. Vaasa, Oulu, and Rovaniemi) are intermediate, and 6	

show varying patterns of regional haplotype sharing. For example, Vaasa, a bilingual 7	

city with mostly Finnish and Swedish speakers surrounded by majority Swedish-8	

speaking municipalities, shows restricted patterns of elevated sharing specifically in 9	

Ostrobothnia (region 10). Oulu and Rovaniemi in Northern Ostrobothnia and Lapland 10	

(regions 11 and 12), in contrast, show broadly elevated patterns of sharing in the late 11	

settlement area and depleted sharing in the early settlement area. 12	

 13	

We also utilized the granular birth records to investigate geospatial migration rates (m). 14	

We used a spatially explicit statistical model to estimate effective migration surfaces 15	

(EEMS), which measures effective migration rates from genetic differentiation (i.e. 16	

resistance distance) across neighboring demes 37. By measuring the genetic distance 17	

between evenly spaced demes relative to other pairs of demes across Finland and/or 18	

neighboring countries, we inferred locations where migration was uncommon, referred 19	

to as migration barriers and depicted in dark orange, and where migration excesses 20	

occurred, depicted in blue (Figure 3C-D). We find variable migration rates across 21	

Finland, many of which are consistent with known historical events (Figure 3C). For 22	

example, we identify barriers to migration generally separating the early and late 23	
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settlement area (i.e. between Tampere and Kuopio), as well as into the northernmost 1	

Lapland region. In contrast, there is increased migration within Finland in/directly 2	

surrounding several coastal cities, including Helsinki, Turku, Vaasa, and Oulu.  3	

 4	

When considering migration rates among individuals with birth records from Finland, 5	

Sweden, Estonia, and St. Petersburg, Russia (Figure 3D), the major migration routes 6	

within Finland remain broadly consistent. For example, a barrier to migration between 7	

the early and late settlement regions between Tampere and Kuopio remain, along with 8	

a barrier of migration into Lapland. The starkest difference is a barrier to migration along 9	

nearly the entire Finnish border (Figure 3D), likely due to the absence of some 10	

neighboring comparison demes in Figure 3C (see also Figure S5), indicating little 11	

significant migration into Finland in the last 100 generations, consistent with the 12	

described patterns of low frequency variation presenting as a bottleneck/isolate. Apart 13	

from migration rate inferences along the border, subtle changes within Finland are likely 14	

due to additional smoothing because of a larger area over which demes are spread 15	

(Methods, Figure S5). Migration rates within Sweden are most elevated in southern 16	

regions near the largest cities, including Stockholm and Uppsala. As speculated 17	

previously 38, migration rates are generally elevated within Estonia, but depleted along 18	

the west coast and between Tallinn and Tartu; it is also depleted between the Estonia 19	

mainland and Finland/Sweden. The strongest barriers to migration in/near Sweden are 20	

in the northwest as well as along the northwestern Finnish border separating Finnish 21	

Lapland and Sweden, although there are notably few individuals either sampled or living 22	

there, resulting in increased noise. 23	
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 1	

Fine-scale population differentiation between Finland and nearby countries 2	

We assessed how much sharing occurs within and between regions of Finland and 3	

neighboring countries and/or regions, including Sweden, Estonia, St. Petersburg, 4	

Russia, and Hungary. PCA recapitulates geographic boundaries and Finnish 5	

bottlenecks: PC1 separates Finland from non-Finnish Europeans, and PC2 separates 6	

non-Finnish European populations along a cline (Figure 3B) 38,39. Birth regions also 7	

recapitulate expected trends; for example, southern Finns project closer in PCA space 8	

with northern Estonians than other regions of either country (Figure 3B). Hierarchical 9	

clustering of genetic divergence (FST) within and between regions and countries 10	

demonstrates that divergence is typically smallest within countries, with the exception 11	

Finland and the northernmost Norrbotten region of Sweden that neighbors Finnish 12	

Lapland, which cluster together, albeit with the greatest divergence within Finland plus 13	

Norrbotten (Figure S1D). Taken together with the migration rate analysis, our results 14	

suggest that while Norrbotten is most genetically similar to Finnish Lapland, there is still 15	

a migration barrier separating these two counties. Individuals from the southwest 16	

coastal regions of Finland (regions 1, 2, 10, and 4; i.e. Southern Finland, Southwestern 17	

Finland, Ostrobothnia, and Tavastia) are more genetically similar to cosmopolitan 18	

Swedes than the rest of the country (Figure S1D, Figure 3A). The divergence is 19	

greatest (FST ~ 0.01) between eastern Finland (regions 6, 7, 8; i.e. Southern Savonia, 20	

North Karelia, and Northern Savonia) versus Hungary and southern Estonia (regions 21	

30, 34, 36) (Figure S1D). The elevated IBD sharing in Finland and the elevated 22	

divergence in relation to neighboring countries supports the utility of haplotypes to 23	
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investigate recent population history as well as IBD mapping to identify rare 1	

associations. 2	

 3	

Regional recent effective population size changes over time 4	

Haplotype-sharing also enables a precise assessment of the effective population size of 5	

a region. We inferred effective population size changes over recent time across birth 6	

regions in Finland using the haplotype-based IBDNe method 40. Across all birth regions, 7	

we identify a population expansion in the last 50 generations from around 103 to 105 and 8	

106 (Figure 4, Figure S4). The region with the largest current effective population size 9	

is Southern Finland (region 1, current Ne=1.3e6), which contains the capital city of 10	

Helsinki, closely approximating current census data (current census population ~1.6e6). 11	

We inferred that Lapland (region 12), the northernmost and least populated region, had 12	

the least growth, with current Ne=6.9e4 (current census population ~1.8e5). The inferred 13	

effective population size is expected to be smaller than the census size because of the 14	

census size including multiple generations, variance in reproductive rates, etc 40.  15	

 16	

When comparing the early versus late settlement areas, we find consistently earlier 17	

onset of population expansions in the early settlement area. In the early settlement 18	

area, for example, the population began expanding around 30-40 generations ago (circa 19	

760 – 1060 AD, assuming a generation time of 30 years 41). In contrast, the late 20	

settlement area began expanding between approximately 15-25 generations ago (circa 21	

1210 – 1510 AD), and had lower minimum effective population sizes (Figure 4). We 22	

also find significant evidence of a geographical cline, wherein populations began 23	
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expanding earlier in regions further south (ρ=0.79, p=4.2e-3). For example, whereas 1	

Southern Finland and Southwestern Finland (regions 1 and 2) began growing ~36 2	

generations ago, the northernmost region of Lapland (region 12) only began growing 3	

~21 generations ago. We also infer larger current effective population sizes in the early 4	

rather than late settlement area, consistent with the population density of Finland being 5	

higher in the early settlement area. Taken together, the estimation of the regional 6	

expansion of the population in conjunction with IBD sharing within and between 7	

municipalities provides a clear picture of the history of the population calculated entirely 8	

from genetic analysis of the modern Finnish population. 9	

 10	

Haplotype insights into disease 11	

To better understand the utility of IBD sharing for rare variant interpretation, we coupled 12	

haplotype tracts with exome sequencing data (Methods). Because previous work in 13	

population genetics has suggested that haplotype lengths provide insight into the age of 14	

alleles 42 and that younger alleles are more likely to be deleterious 43, we quantified the 15	

extent of haplotype sharing across predicted functional classes of variants and across 16	

genotype states. We find as expected that there is generally more haplotype sharing at 17	

the rare end of the frequency spectrum (Figure 5A). Additionally, we identify greater 18	

haplotype sharing in more damaging missense variants than synonymous variants. 19	

CpGs disrupt haplotype patterns at the rarest allele frequencies (Figure 5A, Figure S7), 20	

which is likely a product of mutational recurrence. Haplotype sharing is depleted at the 21	

rarest end of the frequency spectrum compared to low frequency variants (~0.1%) in 22	

loss-of-function (LoF) and missense constrained genes (Figure S8). This depletion may 23	
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be driven by negative selection against low frequency deleterious variants that are 1	

purged prior to reaching more common frequencies 8,9 or alternatively because LoF 2	

variants are enriched for sequencing error modes 44. 3	

 4	

We also assessed the overlap of haplotypes for several known disease variants from 5	

the Finnish Heritage Disease (FinDis) database (Methods, Figure 5B-C). Across the 6	

genome, there is a 3% chance that two unselected Finns share a ≥ 1cM haplotype at 7	

any position. Considering a set of disease variants with 1% frequency, we first 8	

confirmed that indeed homozygous reference individuals (non-carriers) share a 9	

haplotype spanning the mutation site at this same background rate.  For pairs of 10	

individuals who are heterozygous, however, the likelihood of sharing a haplotype ≥ 1 cM 11	

is an order of magnitude higher (~30% or higher, Table 1). This enrichment of sharing 12	

among carriers belies the conceptual framework of IBD mapping, highlighting the power 13	

to detect rare, disease-associated loci. We find a significant enrichment of haplotype 14	

lengths among pairs of individuals who are heterozygous versus homozygous reference 15	

rs386833491 allele (Figure 5C). This allele is an in-frame deletion causing congenital 16	

chloride diarrhea, and is likely enriched for haplotype sharing beyond the other FinDis 17	

variants investigated here because of the regional specificity and origins in the LSR 18	

(Figure 5B). 19	

 20	

Discussion 21	

The concept that haplotype tracts assessed from common variant GWAS arrays can 22	

provide insight into both population history and rare disease without sequencing data 23	
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harkens back to the International HapMap Project and before 11. While these ideas have 1	

been around for decades, their implementation in biobank-scale data is now feasible, 2	

and shows promise in isolated populations 45. Using data from Finland, we demonstrate 3	

that haplotypes provide insight into the evolutionary timeline of greatest interest for this 4	

study: recent population history over the past 100 generations and rare, deleterious 5	

variants. Coupled with birth record data, haplotype tracts provide deeper insight into 6	

fine-scale substructure than common allele approaches alone, including differential 7	

sharing within and across coastal and inland municipalities in the early and late 8	

settlement areas of Finland. 9	

 10	

Finland is particularly amenable for an investigation of recent population history 11	

because it has gone through multiple well-documented bottlenecks, has considerable 12	

population substructure compared to many other countries 25-27, and has a universal 13	

health care system with integrated registry information. The relatively high genetic 14	

divergence between the early and late settlement areas has been well-documented in 15	

prior genetic analyses; we demonstrate much more granular resolution into differential 16	

rates of haplotypes across Finland at the level of municipality, for example with several-17	

fold cumulative sharing differences across Finland between major urban southwest 18	

cities (e.g. Turku, Helsinki) compared to isolated late settlement areas (e.g. Kuusamo). 19	

 20	

The founder effects in Finland have resulted in a massive enrichment of longer 21	

haplotypes relative to non-Finnish European neighbors, which depleted genetic diversity 22	

overall and increased relatively common deleterious variants with respect to non-23	
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Finnish Europeans 17. A consequence of these bottleneck signatures is the utility of 1	

population-based linkage analysis for discovering deleterious variants at the rare end of 2	

the frequency spectrum. Many of the founder mutations contributing to the 36 3	

monogenic diseases in the Finnish Disease Heritage database were originally 4	

discovered through family-based linkage analysis 22. The emergence of biobank-scale 5	

genetic and clinical data enables population-based linkage analysis to discover rare 6	

variant associations with previously undiscovered diseases or in populations where risk 7	

was previously unrealized, such as a rare orthopedic collagen disorder conferring 8	

extreme short stature and dysmorphic features in Puerto Ricans 45. Coupling 9	

population-based linkage analysis with electronic health records provides a powerful 10	

tool for rare disease insights, particularly in populations that have gone through a 11	

historical bottleneck. This study demonstrates the utility of haplotype sharing for 12	

historical demographic inference and population-based linkage analysis to identify rare 13	

variants that confer risk of rare disorders in isolated populations with unified health care 14	

registry data, such as Finland. 15	

 16	

Methods 17	

 18	

Genotyping datasets 19	

Finnish samples were genotyped for various projects, all of which have been published 20	

previously and most of which were described in 46. Briefly, study participants are as 21	

follows: European Network for Genetic and Genomic Epidemiology (ENGAGE) 22	

Consortium, Myocardial infarction Genetics (MIGen) Exome Array Consortium 17, Finrisk 23	
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(1992, 1997, 2002, and 2007) cohorts, Northern Finland Birth Cohort 1966 1	

(NFBC1966), Corogene controls (which are also from Finrisk), Health 2000 samples 2	

from the GenMets study, the Helsinki Birth Cohort Study (HBCS), the Cardiovascular 3	

Risk in Young Finns Study (YFS), the Finnish Twin Cohort (FTC). All birth records are 4	

from the Finrisk study, which is a superset of several projects. The Finrisk 1997 cohort 5	

contains municipality-level birth records (N=3,942), and the 2007 cohort contains 6	

region-level birth records (N=5,448), which were genotyped across different 7	

projects/arrays (Table S2). Swedish samples used here were waves 5 and 6 (Sw5, 8	

Sw6) and were genotyped as part of a schizophrenia study 47. Swedish genotype data 9	

are available upon application from the National Institute of Mental Health (NIMH) 10	

Genetics Repository at https://www.nimhgenetics.org/. Estonian samples are from the 11	

Estonian Genome Center, University of Tartu (EGCUT) 38. Genotyping for individuals 12	

from St. Petersburg, Russia was performed as a part of Starvation Study ongoing at the 13	

Broad Institute on a cohort previously described in 48. Hungarian samples included in 14	

the study were genotyped as part of the Hungarian Transdanubian Biobank (HTB) 49. 15	

Genotyping details and sample sizes are shown in Table S1. 16	

 17	

Exome sequencing datasets 18	

Exome sequencing data of Finnish individuals were from multiple studies collected and 19	

harmonized as part of Sequencing Initiative Suomi (SISU) study (www.sisuproject.fi, 20	

Table S4).  The Finnish sequence data processing and variant calling has been 21	

described previously 50. We filtered to exomes with overlapping GWAS data from 22	

unrelated individuals this study (N=9,369), as described in “Haplotypes overlapping 23	
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exome variants,” which were primarily from the FINRISK study obtained through dbGaP 1	

51. Sample and variant quality control after joint calling differed from that of Rivas et al, 2	

2016 to assess the relationship between rare variation and pairwise haplotype sharing. 3	

We filtered to variants present at least twice and excluded variants that failed GATK 4	

VQSR quality. See additional information under “Haplotypes overlapping exome 5	

variants.” 6	

 7	

Phasing and imputation 8	

All Finnish genotypes underwent quality control, phasing, and imputation, as described 9	

previously 46. 10	

 11	

Principal Components Analysis 12	

We combined best guess genotypes for 43,254 Finnish individuals where variants were 13	

imputed with INFO > 0.99 across all arrays, including the Affymetrix Genome-Wide 14	

Human SNP 6.0, Illumina Human 370k, 610k, 670k, Core Exome, and OmniExpress 15	

arrays. This resulted in ~3.4 million accurately imputed common SNPs across all 16	

individuals. From these sites, we performed LD pruning using PLINK v1.90b3f 52, 17	

keeping SNPs with MAF > 0.05, missingness < 10%, and R2 ≤ 0.50 using a window size 18	

of 50 SNPs and 5 SNP overlap between windows. PCs were computed across 232,332 19	

sites for all Finnish individuals using flashpca 53. We also generated a multi-population 20	

dataset of unrelated individuals with birth records where available from Finland, 21	

Sweden, Estonia, Hungary, and St. Petersburg, Russia. As before, we extracted best 22	

guess Finnish imputed sites with INFO > 0.99. We also filtered to individuals with ≤ 10% 23	
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missingness, sites with ≤ 10% missingness, MAF ≥ 0.05, and LD R2 < 0.5. Because of 1	

array heterogeneity, we also filtered to sites on the Illumina Global Screening Array 2	

(GSA) to avoid removing all Russian individuals due to high missingness. We then ran 3	

PCA with 65,224 sites across N=11,287 individuals. 4	

 5	

Genetic divergence 6	

We computed FST among geographical regions using PLINK v1.90b3f 52. For all 7	

analyses, we used the weighted Weir-Cockerham FST estimate. 8	

 9	

Genetic relatedness 10	

We identified the maximal set of unrelated individuals separated by at least 2 degrees of 11	

relatedness using KING v2.0 54 within each population. We identified a maximal 12	

unrelated set of: 34,737 Finnish individuals, 7,863 Swedish individuals, 6,328 Estonian 13	

individuals, 294 Hungarian individuals, and 210 Russian individuals. 14	

 15	

Haplotype calling 16	

We generated two sets of haplotypes for Finland-only analyses: one for assessing 17	

effective population size changes over time using IBDseq 55, and another for all other 18	

analyses using GERMLINE 56. We used IBDSeq rather than GERMLINE for the IBDNe 19	

analyses following previous recommendations 40 stating that switch errors in estimated 20	

haplotypes can cause erroneous haplotype breaks, resulting in spuriously recent time to 21	

most recent common ancestor (TMRCA) inferences; IBDseq is less susceptible to these 22	

errors since it does not rely on phased data as input. We ran IBDseq on the maximal set 23	
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of unrelated individuals with birth record data (N=9,008 individuals using 169,306 1	

SNPs). To perform effective population size inferences per region, we subset to 2	

haplotypes where both pairs of individuals were born in the same region. 3	

 4	

For all other analyses, we first phased all genotype data together using Eagle v2.3.2 57. 5	

We then generated haplotype calls using GERMLINE because of its computational 6	

tractability at large sample sizes, using the following parameters: -err_hom 0 -err_het 2 -7	

bits 25 -h_extend -haploid. To investigate the decay of IBD tract length, we used a 8	

minimum haplotype size of 1 cM (-min_m 1) within each population for unrelated 9	

samples with birth record data and/or exome sequencing data. When assessing 10	

haplotype sharing across the full set of unrelated genotyped Finns without respect to 11	

birth records, we set a minimum haplotype size (-min_m) to 3 cM for computational 12	

tractability and reasonable storage sizes. We removed haplotypes that fall partially or 13	

fully within centromeres, telomeres, acrocentric short chromosomal arms, 14	

heterochromatic regions, clones, and contigs identified in the UCSC hg19 genome 15	

“gaps” table. 16	

 17	

Haplotype calling for effective population size analyses 18	

Variants imputed with an info score > 0.99 that intersected across all 6 arrays on which 19	

Finnish samples were genotyped (Table S1) were included in the haplotype analyses, 20	

resulting in 3.4 million accurately imputed common SNPs across 43,254 individuals. 21	

High imputation quality best guess genotypes were subsequently filtered to have MAF > 22	

0.05, no indels, and LD R2 < 0.5. IBDNe was run across regions of Finland by 23	
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subsetting to pairs of individuals who were both born in the same region. Demographic 1	

analyses included pairwise haplotypes for individuals from the Finrisk 1997 and 2007 2	

cohorts, with the following number of individuals by region: 1,123 in region 1; 1,078 in 3	

region 2; 378 in region 4, 224 in region 5; 304 in region 6; 1,581 in region 7; 1,547 in 4	

region 8; 225 in region 9; 228 in region 10; 1,697 in region 11; 184 in region 12 (region 5	

names as in Figure 1).  6	

 7	

Mapping cumulative haplotype sharing 8	

Municipality-level maps of Finland, Sweden, and Estonia were downloaded in R 9	

SpatialPolygonsDataFrame (S4) format from http://www.gadm.org/ on 9/14/2015, 10	

4/13/2017, and 7/24/2017, respectively. Pairwise sharing was computed for a maximal 11	

unrelated set of individuals (≥ 2nd degree relatives) with municipality- or region-level 12	

birth record data (N=8,630 individuals total: N=5,020 with municipality-level data from 13	

FR97 and N=3610 with region-level data from FR07). From each city, all pairs where at 14	

least one individual had parents born within 80 km of each other and whose mean birth 15	

location was within 80 km of the city of interest were included. Municipalities are official 16	

and were numbered as described here: 17	

https://fi.wikipedia.org/wiki/Luettelo_Suomen_kuntanumeroista, with 3 additional codes: 18	

198 = No home in Finland, 199 = unknown, 200 = abroad. To account for uncertainty 19	

when only region-level data was available, even weights were assigned to all 20	

municipalities within that region with the sum of the weights equal to 1; in contrast, a 21	

single municipality was given a weight of 1 in the municipality-level data. 22	

 23	
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Estimating Effective Migration Surfaces (EEMS) 1	

We performed EEMS analysis (Petkova 2015) to estimate migration and diversity 2	

relative to geographic distance. We computed genetic dissimilarities for all unrelated 3	

pairwise individuals with municipality-level birth record data and both parents born 4	

within 80 km, using mean parental latitude and longitude when they differed. We 5	

computed pairwise genetic dissimilarities using the bed2diffs tool provided with EEMS 6	

on the intersected Finnish data with 232,332 SNPs for 2,706 individuals, as well as the 7	

intersected Finnish, Swedish, Estonian, and Russian data with 88,080 genotyped SNPs 8	

across 10,993 individuals. We set the number of demes to 300 (with fewer actual 9	

observed) and adjusted the variances for all proposal distributions of migration, 10	

diversity, and degree of freedom parameters such that most were accepted 20-30% of 11	

the time and all were accepted 10-40% of the time, per manual recommendations. We 12	

increased the number of MCMC iterations, burn-in iterations, and thin iterations until the 13	

MCMC converged. 14	

 15	

While Finland birth records used in this analysis are at the municipality-level, Swedish 16	

and Estonian birth records are at the region-level. Because of differing birth record 17	

densities and boundaries in Finland-only versus multi-country analyses, there are 18	

differing densities and number of observed demes. When setting nDemes = 300 across 19	

Finland, Sweden, Estonia, and St Petersburg, Russia, we observed 110/274 demes. 20	

When setting nDemes = 300 across Finland alone, we observed 167/266 demes. 21	

 22	

Haplotypes overlapping exome variants 23	
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All analyses of haplotypes paired with exome sequencing data were performed using 1	

Hail version 0.1. To map IDs between the genotype and exome sequencing data, we 2	

filtered genotype and exome data to variants with at least 1% frequency and less than 3	

10% missingness in each dataset, and subsequently removed individuals with greater 4	

than 10% missingness. We intersected these datasets, repeated the same filtering 5	

process, and identified 9363 individuals with both data types using the Hail ibd function 6	

(minimum pi_hat = 0.95). We assessed haplotype sharing overlapping each SNP used 7	

for calling with GERMLINE, and filtered out these overlaps shared at a rate greater than 8	

three times the standard deviation above the mean level of sharing (Figure S6) to make 9	

pairing of exome and haplotype pair data computationally tractable. We overlaid the 10	

haplotype data with the exome data using the annotate_variants_table function, and 11	

calculated the number of pairs of individuals sharing haplotypes and genotypes for each 12	

variant (excluding singletons and variants that failed VQSR filtering) using a custom 13	

script in the Hail expression language. Briefly, we determined the set of individuals 14	

carrying each genotype and then iterated over the pairs of individuals who share 15	

haplotypes, counting cases whether both members of the pair harbored the same 16	

genotype. The number of pairs that did not share a given genotype was simply 17	

computed as the number of pairs with the genotype &∗(&-.)
0  subtracted by the number 18	

of pairs that shared the genotype. Variants were subsequently annotated using VEP 19	

version 85 using transcripts from Gencode v19 and the LOFTEE plugin 20	

(https://github.com/konradjk/loftee; v0.2-28a4843). We then computed the following 21	

haplotype enrichment ratio across all exome variants: Ratio=	
Heterozygous	pairs	that	share

All	heterozygous	pairs
Homozygous	reference	pairs	that	share

All	homozygous	reference	pairs
. 22	

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted October 13, 2017. ; https://doi.org/10.1101/200113doi: bioRxiv preprint 

https://doi.org/10.1101/200113
http://creativecommons.org/licenses/by/4.0/


 
	

27 

We stratified haplotype enrichments across allele frequencies and predicted functional 1	

variant consequence as well as variants known to cause diseases in the Finnish 2	

Disease Heritage database. 3	

 4	

Figure captions 5	

 6	

Figure 1 – Identity-by-descent (IBD) haplotype sharing and genetic divergence 7	

across regions of Finland. A) Regional map of Finland. Region names are shown in 8	
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Table S3. Thin lines within regions represent municipality boundaries. B) Distribution of 1	

average pairwise shared IBD segments in Finland (N=7,669), specifically within two 2	

birth regions defined previously as having >95% posterior probability of clustering 3	

geographically in the ESR (N=428) and LSR (N=592) 27, Estonia (N=6,328), Sweden 4	

(N=7,863), and Hungary (N=294). All individuals included are unrelated and ancestrally 5	

representative of a given region/country. Numbers indicate average pairwise haplotypes 6	

shared at 1, 2, 3, 4, and 5 cM in Finland and Sweden. C) Hierarchical clustering of 7	

genetic similarity, as measured by 1 - FST across regions of Finland. D) Hierarchical 8	

clustering of cumulative IBD (minimum haplotype ≥ 3 cM) sharing across regions of 9	

Finland. C-D) Regions are numbered as in Table S3. 10	
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Figure 2 – Geographically structured haplotype sharing between pairs of 1	

individuals across Finland. We subset to pairs of individuals in which both parents 2	

were born within 80 km (~50 miles) of each other. For each panel, we further subset 3	

haplotypes from pairs of individuals in which at least one of the individual pairs lives 4	

within 80 km of cities indicated by red asterisks. Thinner lines outline municipalities, and 5	

thicker lines outline regions. The color shaded in each municipality indicates the 6	

weighted mean of cumulative IBD sharing for haplotypes ≥ 3 cM. For each city, the 7	

number of unique individuals with both parents from within an 80 km radius and total 8	

pairwise comparisons across Finland is as follows: N=152 in Helsinki, 677,844 total 9	

pairwise comparisons; N=227 in Turku, 1,003,794 total pairwise comparisons; N=102 in 10	

Tampere, 457,419 total pairwise comparisons; N=50 in Vaasa, 225,525 total pairwise 11	

comparisons; N=185 in Oulu, 821,955 total pairwise comparisons; N=13 in Rovaniemi, 12	

58,877 total pairwise comparisons; N=566 in Kuopio, 2,406,915 total pairwise 13	

comparisons; N=363 in Ilomantsi, 1,580,502 total pairwise comparisons;  14	

N=25 in Kuusamo, 113,075 total pairwise comparisons. 15	

  16	
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 1	

Figure 3 – Migration rates and haplotype sharing within Finland and between 2	

neighboring countries. A) Map of regional Finnish, Swedish, and Estonian birthplaces. 3	
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Purple triangle indicates St. Petersburg, Russia. Hungary not shown. Finnish, Swedish, 1	

and Estonian region labels are shown in Table S3. B) Principal components analysis 2	

(PCA) of unrelated individuals, colored by birth region as shown in A) if available or 3	

country otherwise. C-D) Migration rates inferred with EEMS. Values and colors indicate 4	

inferred rates, for example with +1 (shades of blue) indicating an order of magnitude 5	

more migration at a given point on average, and shades of orange indicating migration 6	

barriers. C) Migration rates among municipalities in Finland. D) Migration rates within 7	

and between Finland, Sweden, Estonia, and St. Petersburg, Russia. 8	

 9	

Figure 4 – Effective population size over time by birth region in Finland. 10	

Representative regions within the early and late settlement areas are numbered as 11	

shown in Table S3. Dashed lines indicate the time at which the minimum Ne over the 12	

last 50 generations occurred in each region. Number of individuals in each region are 13	

shown in Figure S4.  14	
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 1	

Figure 5 – Haplotype sharing enrichment across variant classes and in Finnish 2	

heritage diseases. A) Haplotype sharing enrichment among pairs of individuals who 3	

are heterozygous versus homozygous reference, excluding CpG variants (Methods). 4	

Note that missense (no damaging annotation) and synonymous curves are largely 5	

overlapping. B-E) Allele frequency maps for known Finnish heritage disease variants. 6	

The same allele frequency scale is included for each of these plots, shown on the 7	
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bottom right. B) AGU = Aspartylglucosaminuria, C) CNA2 = Cornea plana 2, D) CCD = 1	

Congenital chloride diarrhea, and E) MKS = Meckel syndrome. Additional haplotype 2	

summaries of these variants are shown in Table 1.  3	

 4	
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Table 1 – Enrichment of haplotype sharing overlapping FinDis variants. Haplotype enrichment is computed as in Figure 5 1	

and Methods. the rate of haplotype sharing among pairs of heterozygous individuals per total number of heterozygous 2	

pairs relative to homozygous reference pairs. AGU = Aspartylglucosaminuria, CNA2 = Cornea plana 2, CCD = Congenital 3	

chloride diarrhea, MKS = Meckel syndrome, FH = familial hypercholesterolemia, T2D = type II diabetes. 4	

Disease 
code gene rsID Chr Pos Ref Alt Freq Reference pair 

ratio 
Carrier pair 
ratio 

Haplotype 
enrichment 

AGU AGA rs121964904 4 178359918 C G 0.79% 0.03 0.33 10.37 
CNA2 KERA rs121917858 12 91449319 T C 0.52% 0.03 0.56 16.74 
CCD ACC rs386833491 7 107427289 AACC A 0.60% 0.03 0.67 21.97 
MKS CC2D2A rs116358011 4 15538697 C T 0.30% 0.03 0.28 11.31 
 5	
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