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Abstract: 43 

 44 

Most population isolates examined to date were founded from a single ancestral population.  45 

Consequently, there is limited knowledge about the demographic history of admixed population 46 

isolates. Here we investigate genomic diversity of recently admixed population isolates from 47 

Costa Rica and Colombia and compare their diversity to a benchmark population isolate, the 48 

Finnish. These Latin American isolates originated during the 16th century from admixture 49 

between a few hundred European males and Amerindian females, with a limited contribution 50 

from African founders. We examine whole genome sequence data from 449 individuals, 51 

ascertained as families to build mutigenerational pedigrees, with a mean sequencing depth of 52 

coverage of approximately 24X. We find that Latin American isolates have increased genetic 53 

diversity relative to the Finnish. However, there is an increase in the amount of identity by 54 

descent (IBD) segments in the Latin American isolates relative to the Finnish. The increase in 55 

IBD segments is likely a consequence of a very recent and severe population bottleneck during 56 

the founding of the admixed population isolates. Furthermore, the proportion of the genome that 57 

falls within a long run of homozygosity (ROH) in Costa Rican and Colombian individuals was 58 

significantly greater than that in the Finnish, suggesting more recent consanguinity in the Latin 59 

American isolates relative to that seen in the Finnish. Lastly, we found that recent consanguinity 60 

increased the number of deleterious variants found in the homozygous state, which is relevant if 61 

deleterious variants are recessive. Our study suggests there is no single genetic signature of a 62 

population isolate.  63 

 64 

 65 
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Introduction: 66 

 67 

The use of population isolates to map Mendelian and complex diseases has been a key feature of 68 

medical genomics. In addition to experiencing the bottleneck involved with the migration out of 69 

Africa, some populations underwent subsequent bottlenecks and remained in relative seclusion 70 

afterward. These populations formed present-day isolates1. There are numerous benefits to use 71 

population isolates to map genes underlying disease. First, and perhaps the largest benefit, is the 72 

increased homogeneity of genomes in isolates when compared to outbred populations. Second, 73 

isolates experience greater genetic drift than the population from which they were founded. Drift 74 

can allow disease causing alleles to exist at an appreciable frequency in isolated populations. 75 

Third, isolates may be endogamous and the cryptic relatedness of individuals leads to an 76 

enrichment in prevalence of the phenotype of interest and an enrichment of homozygous disease 77 

variants1–4. Lastly, isolates may also have increased cultural and environmental homogeneity, 78 

resulting in a reduction of variability in phenotype due to non-genetic sources. 79 

 Generally, the genomes of population isolates are thought to exhibit several hallmark 80 

features of genetic diversity. Due to bottlenecks associated with their founding, it is thought that 81 

isolates should carry lower levels of genetic diversity and lower haplotype diversity than closely 82 

related non-isolated populations. Drift experienced by isolates is magnified by small population 83 

size, which generates more linkage disequilibrium (LD) than in non-isolated populations. In 84 

addition to increased LD, individuals from isolated populations tend to share more regions of the 85 

genome identical by descent (IBD) due to small population sizes. Further, due to the isolation 86 

after founding and recent mating practices, isolates may have larger regions of the genome found 87 

in runs of homozygosity (ROHs) as a result of recent inbreeding. Lastly, bottlenecks and 88 
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inbreeding should impact patterns of deleterious variation5–7. Consequently, one would predict 89 

that individuals from isolates will have fewer segregating sites, and the remaining deleterious 90 

variants will be segregating at a higher frequency8. Indeed, genomic studies over the last decade 91 

have documented several of these signatures2,9,10. However, it is known that not all isolates share 92 

the same demographic history. Therefore, it is essential that we understand how the factors 93 

shaping genetic variation in a population, are influenced by the unique demographic history of 94 

the population. 95 

One archetypal human population isolate with a demography that has been extensively 96 

studied is the Finnish 2,11–13. Finland was populated through two separate major migrations. The 97 

first wave originated 4000 years ago from the west, and the second wave originated from the 98 

southern shores approximately 2000 years ago. There was a subsequent internal migration and 99 

expansion around the 16th century. Briefly, the small number of founders, relative isolation, 100 

serial bottlenecks, and recent expansion in Finland has allowed drift to play a large role in 101 

shaping the gene pool of this population. The aforementioned demographic history of Finland 102 

has led to an increase in the prevalence of rare heritable Mendelian diseases, which has made this 103 

population particularly fruitful for disease gene discovery studies12,14. Most of the initial disease 104 

gene discovery studies in Finland exploited LD mapping in affected families and well curated 105 

genealogical records to identify causal and candidate variants12. More recently, it has been 106 

possible to apply population-based linkage analyses to identify disease associated variants as an 107 

alternative to GWAS (unpublished data)15 due to the availability of whole genome sequence data 108 

in conjunction with extensive electronic health records. 109 

A number of studies have shown that disease detection power can be improved by 110 

studying population isolates other than the Finnish10,16–18. For example, the Greenlandic Inuit 111 

.CC-BY-NC-ND 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 June 6, 2018. ; https://doi.org/10.1101/340158doi: bioRxiv preprint 

https://doi.org/10.1101/340158
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 5 

(GI) experienced an extreme bottleneck which caused a depletion of rare variants and 112 

segregating sites in their genome18.The remaining segregating variants are maintained at higher 113 

allele frequencies and a larger proportion of these SNPs are deleterious when compared to non-114 

isolated populations. Another study on Southeast Asian populations showed similar results. 115 

Specifically, South East Asian populations have experienced more severe founder effects than 116 

the Finnish17, thus causing an excess of rare alleles associated with recessive disease. A study of 117 

European population isolates compared the isolates with the closest non-isolated population from 118 

similar geographic regions10, and found that the total number of segregating sites was depleted 119 

across all isolates relative to the comparison non-isolate. Of the sites that were segregating in 120 

isolates, between ~30,000- 122,000 sites existed at an appreciable frequency (MAF > 5.6%), 121 

while remaining rare (MAF < 1.4%) in all of the non-isolate population samples. These variants 122 

could serve as candidate markers in genome-wide association studies (GWAS) for novel 123 

associations and included SNPs that had been previously associated with cardio-metabolic traits. 124 

As previously mentioned, population isolates tend to have a depletion of segregating sites 125 

and an increased number of homozygous sites in their genomes. Pemberton and colleagues19,20 126 

demonstrated that levels of homozygosity differ across the globe, and that long ROH, 2Mb or 127 

greater, are strongly influenced by very recent demography. A study involving multiple Jewish 128 

isolates showed a link between historic consanguinity and the amount of long ROH in the 129 

genome21.The same correlation between long ROH and parental consanguinity was also 130 

observed in Middle Eastern isolates4. In another study, authors observed an increased count of 131 

ROH and total length of the genome within an ROH in Greek isolates from the Pomak villages 132 

and the island of Crete relative to a non-isolated Greek cohort16. Lastly, a study in Sardinians 133 

showed there was sub-structure within the island when comparing the amount of long ROH 134 
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across sampled populations22. Authors identified an enrichment of long ROH in sub-populations 135 

that had experienced recent endogamy, while sub-populations that had not experienced such 136 

isolation have ROH levels similar to that of non-Sardinian Italians.  137 

While there have been many studies of genetic variation in population isolates, the 138 

studies described above have focused on populations where the founders all came from the same 139 

ancestral population. However, the founders of Latin American population isolates have come 140 

from distinct continental populations. We sampled individuals from mountainous regions of  141 

Costa Rica and Colombia where geographic barriers resulted in populations remaining isolated 142 

since their founding in the 16th and 17th centuries, until the mid-20th century23. Both groups share 143 

a similar demographic history, having originated primarily from admixture between a few 144 

hundred European males and Amerindian females, with a limited contribution from African 145 

founders. After the founding event, both populations experienced a subsequent bottleneck and 146 

then a recent expansion, within the last 300 years, the expansion increased the population size 147 

over 1000-fold since the initial founding event23. The effect that admixture has had on overall 148 

patterns of genetic variation in isolates remains elusive, and it is unclear whether these 149 

populations share the typical genomic signatures seen in population isolates. While the small 150 

founding population size could reduce diversity, because the Costa Rican and Colombian isolates 151 

were founded from multiple diverse populations, they could potentially have increased in 152 

diversity relative to other population isolates. Lastly, the impact of admixture on deleterious 153 

variation remains unclear. 154 

To better understand patterns of genetic variation in admixed isolated populations, we 155 

compared the Colombian and Costa Rican population isolates to a benchmark isolate, the 156 

Finnish, as well as other 1000 Genomes Project populations24. We observe that relative to the 157 
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Finnish, Latin American isolates have increased genetic diversity but an excess of IBD segments. 158 

Moreover, we detect an increase in the proportion of an individual’s genome that falls within a 159 

long ROH in Latin American isolates relative to all other sampled populations and an enrichment 160 

of deleterious variation within these long ROH. Demographic simulations indicate that the 161 

enrichment of long ROH is a consequence of recent inbreeding in Latin American isolates. We 162 

corroborate these results by leveraging extended pedigree data. Pedigree inbreeding coefficients 163 

explain approximately 21.8% of the amount of an individual’s genome within a long ROH. Next, 164 

we examine the relationship between the proportion of European, Native American, and African 165 

ancestry and the amount of the genome within an ROH, as well as the relationship to an 166 

individual’s pedigree inbreeding coefficient. To our knowledge, this is the first time long ROH 167 

have been examined in admixed isolated populations. Further, we examine demography across 168 

both recent and ancient timescales in these isolates. Our work sheds light on how the distinct 169 

demographic histories of population isolates affect both genetic diversity and the distribution of 170 

deleterious variation across the genome.  171 

 172 

Methods: 173 

 174 

Pedigree Data for Costa Rican and Colombian Individuals  175 

 176 

Our study included 10 Costa Rican (CR) and 12 Colombian (CO) multi-generational pedigrees 177 

ascertained to include individuals affected by Bipolar Disorder 1. More extensive details about 178 

the curation of pedigree data and clinical assessments of diagnosis can be found in Fears et al.25. 179 

 180 
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Identifying Unrelated Individuals 181 

 182 

We defined unrelated individuals as those who are at most third-degree relatives. We chose this 183 

threshold of relatedness because the families from CR and CO are known to be cryptically 184 

related. We used KING26 to identify 30 unrelated individuals from CR and CO. 24 of the 30 185 

unrelated individuals in the CO are founders in the pedigree and 15 of the 30 unrelated 186 

individuals in the CR are founders. The algorithm implemented in KING estimates familial 187 

relationships by modeling the genetic distance between a pair of individuals as a function of 188 

allele frequency and kinship coefficient, assuming that SNPs are in Hardy-Weinberg 189 

equilibrium. 190 

 191 

We also used KING26 to identify 30 unrelated individuals from the following 1000 Genomes 192 

Project24 populations: Yoruba (YRI), CEPH-European (CEU), Finnish (FIN), Colombian 193 

(CLM), Peruvian (PEL), Puerto Rican (PUR), and Mexican from Los Angeles (MXL). We used 194 

these 30 unrelated individuals per population for all analyses unless otherwise stated 195 

(Supplementary Figure 1).  196 

 197 

Genotype Data Processing 198 

 199 

We generated a joint variant call file (VCF) containing single nucleotide polymorphisms (SNP) 200 

from two separate data sets. The first data set contained 210 whole genome sequences sampled 201 

from the aforementioned 1000 Genomes Project populations24. The second data set contained 202 

449 whole genome sequences from Costa Rican and Colombian individuals. Variants in the 203 
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second data set were called following the GATK best practices pipeline27 with the 204 

HaplotypeCaller of GATK. All multi-allelic SNVs and variants that failed Variant Quality Score 205 

Recalibration were removed. Genotypes with genotype quality score ≤ 20 were set to missing. 206 

Further quality control on variants was performed using a logistic regression model that was 207 

trained to predict the probability of each variant having good or poor sequencing quality. 208 

Individuals with poor sequencing quality and possible sample mix-ups were removed, and all 209 

sequenced individuals had high genotype concordance rate between whole genome sequences 210 

and genotypes from microarray data. All sequenced individuals had consistency between the 211 

reported sex and sex determined from X chromosome and also between empirical estimates of 212 

kinship and theoretical estimates. More information on sequencing and quality control 213 

procedures is discussed in Sul et al. 2018 (unpublished data).  214 

We used the following protocol to merge these two datasets. First, we used guidelines 215 

from the 1000 Genomes Project strict mask to filter the Costa Rican and Colombian VCFs as 216 

well as the 1000 Genomes Project VCFs. Then, we used GATK to remove sites from both sets of 217 

VCFs that were not bi-allelic SNPs or monomorphic. Next, we merged the 1000 Genomes 218 

Project VCFs with the Costa Rican and Colombian VCFs into a single joint-VCF for each 219 

chromosome. We only used autosomes for our analyses. Lastly, we filtered the merged joint-220 

VCF to only contain sites that were present in at least 90% of individuals. There were a total of 221 

57,597,196 SNPs and 1,891,453,144 monomorphic sites in the final data set. We ensured that the 222 

merged data sets were comparable by examining the number of derived putatively neutral alleles 223 

across the 30 unrelated individuals in all sampled populations, and finding few differences 224 

between populations, which is consistent with theory8 (Supplementary Figure 2). 225 

 226 
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Calculating Genetic Diversity 227 

 228 

We computed two measures of genetic diversity from sites called across all 30 unrelated 229 

individuals from each population: pi (π) and Watterson’s Theta (θw). The average number of 230 

pairwise differences per site (π) was calculated across the genome as:   231 

π = 	 $
$%&

'()(&%()),
)-.

/ , 232 

where n is the total number of chromosomes sampled, p is the frequency of a given allele, and L 233 

is the length in base pairs of the sampled region. Watterson’s Theta, was computed by counting 234 

the number of segregating sites and dividing by Watterson’s constant, or the n-1 harmonic 235 

number28. 236 

 237 

Site Frequency Spectrum (SFS) 238 

 239 

Site frequency spectra were generated using the 30 unrelated individuals from each population, 240 

SNPs with missing data were removed from these analyses. There was a total of 16 SNPs out of 241 

the 57,597,196 SNPs that were removed due to missing data.    242 

 243 

Linkage Disequilibrium Decay  244 

 245 

We calculated LD between pairs of SNPs for all unrelated individuals. First, we applied a filter 246 

to remove sites that were not at a frequency of at least 10% across all populations. Next, pairwise 247 

r2 values were calculated using VCFTools29. SNP pairs were then binned according to physical 248 

distance (bp) between each other and r2 was averaged within each bin. 249 
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 250 

Identifying Identity by Descent Segments 251 

 252 

To detect regions of the genome that have shared IBD segments between pairs of individuals, we 253 

first removed singleton SNPs in each population since singletons are not informative about 254 

shared IBD. Then, we called IBD segments using IBDSeq30. IBDSeq is a likelihood-based 255 

method that is designed to detect IBD segments in unphased sequence data. We chose to use 256 

IBDSeq because other methods that require computational phasing could be biased when applied 257 

to Latin American population isolates, as they do not have a publicly available reference 258 

population to aid in phasing. We compared IBDSeq to two well-known phasing methods 259 

Beagle31 and GERMLINE32 to determine whether it was feasible to use IBDSeq on an admixed 260 

population (Supplementary Figure 3). Beagle33 produced the shortest IBD segments while 261 

GERMLINE produced the longest IBD segments. IBDSeq produced segments with a length 262 

distribution similar to what we observed in Beagle, though the average segment length was 263 

slightly larger, which we expected given that IBDSeq was created to call longer segments that 264 

would have previously been broken up when using Beagle for phasing30. We used the default 265 

parameters for IBDSeq. 266 

 Next, we filtered the pooled IBD segments to remove artifacts. First, we calculated the 267 

physical distance spanned by each IBD segment. Then, we totaled the number of SNPs that fell 268 

within each segment. We observed an appreciable number of IBD segments that were extremely 269 

long but sparsely covered by SNPs (Supplementary Figure 4). IBD segments were removed if 270 

the proportion of the IBD segment covered by SNPs was not within one standard deviation of the 271 

mean proportion covered across all IBD segments (Supplementary Figure 4). Strong deviations 272 
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from the mean could indicate that the IBD segment spans a region of the genome with low 273 

mappability, and we are only calling the SNPs at the outer ends of the segment. Therefore, the 274 

true segment length might be much shorter than what is being calculated by IBDSeq. Lastly, we 275 

converted from physical distance to genetic distance using the deCODE genetic map34.  276 

 277 

Enrichment analyses of IBD segments 278 

 279 

To determine whether certain populations contain more IBD segments than others, we followed 280 

the IBD score procedure outlined in Nakatsuka and collegues17. A population’s IBD score was 281 

calculated by computing the total length of all IBD segments between 3 and 20 cM. The score 282 

difference is the difference between the query population’s IBD score and the Finnish IBD score. 283 

The score ratio is the ratio of each population’s IBD score relative to the Finnish IBD score. The 284 

significance of enrichment relative to the Finnish was evaluated using a permutation test for each 285 

population, where IBD segment length was held fixed and labels of the two populations were 286 

permuted. We recalculated the score on a total of 10,000 permutations to generate a null-287 

distribution of scores for each isolate. 288 

 289 

Estimating Effective Population Size 290 

 291 

We used the output files from IBDSeq to estimate the recent effective population size from the 292 

30 unrelated individuals from each sampled population. We estimated effective population size 293 

by using the default settings in IBDNe35. We set the minimal IBD segment length equal to 2cM 294 

since that is the suggested setting when using sequence data. 295 
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 296 

Identifying Runs of Homozygosity 297 

 298 

Runs of homozygosity were identified for each individual using VCFTools, which implements 299 

the procedure from Auton et al. 200936.  Next, we examined the number of callable sites that lie 300 

within each ROH. We found that there was a bi-modal distribution of coverage for ROH, where 301 

some ROH appeared to contain almost no callable sites, while others had much higher coverage. 302 

We only kept ROHs that were at least 2Mb in length, which we called long runs of 303 

homozygosity, and were at least 60% covered by callable sites. (Supplementary Figure 5). 304 

 305 

Calculating Inbreeding Coefficients 306 

 307 

SNP-based inbreeding coefficients were calculated using VCFTools29. VCFTools calculates the 308 

inbreeding coefficient F per individual using the equation F = 0%12%1, where O is the observed 309 

number of homozygotes, E is the expected number of homozygotes (given population allele 310 

frequency), and N is the total number of genotyped loci. 311 

 Pedigree-based inbreeding coefficients were computed using the R package kinship237.  312 

 313 

Demographic Simulations 314 

 315 

In order to investigate how aspects of the population history affect current day genetic diversity 316 

in Latin American isolate populations, we simulated genetic variation data using the forward 317 

simulation software SLiM 4.2.238. We simulated a sequence length of 10Mb under uniform 318 
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recombination rate of 1x10-8 crossing-over events per chromosome per base position per 319 

generation and under a mutation rate of 1.5x10-8 mutations per chromosome per base position 320 

per generation. Every simulation contained intergenic, intronic, and exonic regions, but only 321 

nonsynonymous new mutations experienced natural selection in accordance with the distribution 322 

of selection coefficients estimated in Kim et al. 201739. Within coding sequences, we set 323 

nonsynonymous and synonymous mutations to occur at a ratio of 2.31:139,40. The chromosomal 324 

structure of each simulation was randomly generated, following the specification in the SLiM 325 

4.2.2 manual (7.3), which is modeled after the distribution of intron and exon lengths in Deutsch 326 

and Long41.  327 

We assumed an effective population size in the ancestral African population of 10,000 328 

individuals, and a reduction in size to 2,000 individuals, starting 50,000 years ago, reflecting the 329 

colonization of the European, Asian, and American continents. The population then recovers to a 330 

size of 10,000 individuals 5,000 years ago. The colonization bottleneck is assumed to occur 500 331 

years ago by an admixture event with a European population (70% admixture proportion) and is 332 

followed by an immediate reduction in population size to 1,000 individuals. The recent 333 

expansion in population size is modeled by an increase in population size to 10,000 individuals 334 

200 years ago. We simulated data with recent inbreeding and without recent inbreeding. In the 335 

former case, inbreeding started at the time of the European colonization 500 years ago and 336 

continues until the present. Inbreeding is implemented with the “mateChoice” function in SLiM. 337 

Because SLiM’s pedigree track function is only valid for at most second-degree related 338 

individuals, 50% of the time, mating occurs randomly. However, in the remaining cases, mating 339 

occurs between close relatives with a relatedness coefficient bigger than 0.25. This produces 340 

levels of consanguinity similar to those seen empirically as measured by F (see Results). Finally, 341 

.CC-BY-NC-ND 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 June 6, 2018. ; https://doi.org/10.1101/340158doi: bioRxiv preprint 

https://doi.org/10.1101/340158
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 15 

we sampled a total of 60 random individuals and calculated summary statistics on the sample 342 

data. The simulation script can be found on GitHub (see Web Resources). 343 

  344 

Annotation of Variants 345 

 346 

The ancestral allele was determined using the 6-primate EPO alignment (see Web Resources) 347 

and we restricted to only those sites called with the highest confidence. After filtering, 348 

54,049,081 SNPs remained.  349 

 350 

Subsequently, exonic SNPs were annotated using the SeattleSeq Annotation website (see Web 351 

Resources). A total of 693,301 SNPs were annotated as either nonsynonymous or synonymous. 352 

We further classified these sites as either putatively neutral or deleterious using Genomic 353 

Evolutionary Rate Profiling (GERP) scores42. A GERP score less than two was considered as 354 

putatively neutral and a GERP score greater than 4 was considered as putatively deleterious, 355 

totaling 404,302 classified SNPs.  356 

 357 

Counting Deleterious Variants 358 

 359 

We used three different statistics to count the number of deleterious mutations per individual. 360 

First, we tabulated the number of deleterious variants (the number of heterozygous plus the 361 

number homozygous derived genotypes). Second, we counted the total number of derived 362 

deleterious alleles (the number of heterozygous genotypes plus twice the number of homozygous 363 
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derived genotypes). Third, we computed the total number of derived deleterious homozygous 364 

genotypes.   365 

 366 

Testing for an enrichment of deleterious variation in ROHs 367 

 368 

We were interested in whether there is an enrichment of nonsynonymous or loss-of-function 369 

mutations in ROH over non-ROH regions for the three different ways of counting deleterious 370 

variants outlined above. To account for differences in neutral variation, we standardized by 371 

synonymous variation, which is assumed to be neutral. Then, we calculated the ratio of 372 

nonsynonymous over synonymous variation in ROH regions divided by the ratio of 373 

nonsynonymous over synonymous variation outside of ROH. We computed significance using a 374 

permutation test, where the position of each SNP and its annotation as synonymous versus 375 

nonsynonymous was fixed and the positions of the vector of ROH annotations were randomly 376 

placed throughout the genome. Thus, the frequency distribution of synonymous and 377 

nonsynonymous SNPs, as well as the total amount of ROH and non-ROH annotations, is kept 378 

constant when compared to the unpermuted data. We recalculated the ratio for a total of 10,000 379 

permutations to form a null-distribution of ratios and then computed significance. 380 

 381 

Calculating Ancestry Proportions  382 

 383 

We estimated genome-wide ancestry proportions in members of the CR and CO pedigrees using 384 

ADMIXTURE43 (v1.22). Then the genome-wide ancestry proportions from ADMIXTURE were 385 

used as the prior in local ancestry analysis using LAMP44. We generated estimates for all 838 386 
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pedigree members with SNP array genotype data. Detailed information on the SNP array data 387 

can be found in Pagani et al.45. The reference populations were the CEU (n=112) and YRI 388 

(n=113) from HapMap46,47, as well as 52 Native American samples from Central or South 389 

America. The Native American samples are the Chibchan-speaking subset of those used in Reich 390 

et al.48, selected to originate from geographical regions relevant to CR/CO and to have virtually 391 

no European or African admixture. In total the admixture analysis used 57,180 LD-pruned SNPs 392 

and 1115 individuals. 393 

 394 

Accounting for Relatedness  395 

 396 

We tested for correlations among several quantities computed for each individual in the Latin 397 

American population isolates. Because some of these individuals are closely related, the data 398 

points in our linear regression are no longer independent. Therefore, we implemented the R-399 

package GenABEL49 to incorporate kinship when performing statistical tests for our correlations. 400 

We used the polygenic_hglm() function where the formula input was the equation for our linear 401 

model of interest and the kinship.matrix input was a kinship matrix computed from our pedigree 402 

computed using kinship237. Our input took the following form: (FPED ~ Length of genome in 403 

ROH, kin = kinshipMatrix, data = df).  404 

 405 

Results 406 

 407 

Genetic Variation in Population Isolates  408 

 409 
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We first compared levels of genetic diversity in a sample of 30 unrelated individuals across the 410 

1000 Genomes populations24 and the CO and CR isolates. We split the genome into several 411 

different genomic regions and in each region summarized genetic variation using both the 412 

average number of pairwise differences (π) and Watterson’s theta (θw) (Figure 1A and B). 413 

Overall, we found differences in diversity across the functional category of sequence studied in 414 

all populations, with coding regions exhibiting the lowest diversity and intergenic regions the 415 

highest. These patterns are consistent with the role of purifying selection affecting coding 416 

diversity39. However, if we look genome-wide or focus on intronic regions we see intermediate 417 

levels of diversity (Supplementary Table 1 and 2). We suspect that these categories are more 418 

strongly influenced by linked selection50–52.  419 

 As we are interested in the role of demography in shaping genetic diversity, we focused 420 

on comparisons of intergenic levels of diversity as those are most likely to be neutrally evolving 421 

(Figure 1A and B). Overall, the YRI had the highest level of diversity (π ≈ 0.0010; θw ≈ 0.0012) 422 

(Supplementary Table 1 and 2). The European populations (CEU and FIN) had lower levels of 423 

diversity. The CEU and FIN had similar levels of π (approximately 0.0004), despite the FIN 424 

being considered an isolated population. However, the FIN had reduced numbers of SNPs as 425 

reflected by lower values of θw (CEU ≈ 0.0008 & FIN ≈ 0.0008). The CO and CR had levels of 426 

diversity similar to that of several other Latin American populations in the 1000 Genomes 427 

Project (CLM and MXL). We found no clear pattern of the population isolates (FIN, CO, CR) 428 

having lower diversity than their most similar non-isolated population. Instead, diversity levels 429 

tended to be higher across all the sampled Latin American populations (CLM, CO, CR, MXL, 430 

and PUR) when compared to the European populations. One exception to this pattern is the PEL 431 

population, who had the lowest neutral levels of diversity (π ≈ 0.0007; θw ≈ 0.0007).  432 
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 Next, we examined the proportional site frequency spectrum (SFS; Figure 1C). Latin 433 

American populations had the highest proportion of singletons. The CO and CR had similar 434 

proportions of singletons when compared to other 1000 Genomes Project Latin American 435 

populations. Conversely, the FIN had the lowest proportion of singletons in comparison to all 436 

sampled populations. The depletion of singletons relative to common variation supports the 437 

presence of a stronger founder effect during the FIN population history13. 438 

 We also examined patterns of linkage disequilibrium (LD), since LD is affected by 439 

population size and recent bottlenecks53,54. Figure 1D shows the mean decay of r2 with physical 440 

distance over 2Mb intervals across the genome in each population. We found that the YRI had 441 

the lowest levels of LD for each bin of physical distance, and the PEL formed the upper bound of 442 

the LD decay curves. The remaining Latin American populations (PUR, MXL, CLM, CO, CR) 443 

clustered together, close to the YRI, while the CEU and FIN are shifted toward higher values, 444 

like those seen in the PEL.  445 

The FIN were previously shown to have more extensive haplotype blocks in their 446 

genome in comparison to the Latin American isolates9. In line with these findings, we observed 447 

faster LD decay in the Latin American isolates relative to the FIN. When considering pairs of 448 

SNPs 150kb or more apart, rates of LD decay become quite similar across all the sampled 449 

populations. Analogous to other diversity statistics, LD in the CO and CR closely resembled 450 

those of non-isolated Latin American populations. Once again, we found there is no clear pattern 451 

of having lower diversity or more LD that holds across all the population isolates (FIN, CO, CR) 452 

when compared to their most similar non-isolated population.  453 

 454 

Latin American isolates carry more IBD segments than Finnish 455 
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 456 

Next, we used IBD sharing between pairs of individuals to gain insight about more recent 457 

demographic events within populations (Figure 2). We compared the amount of IBD within each 458 

population by computing an IBD score. Each population’s IBD score was calculated by totaling 459 

the length of IBD segments between 3cM and 20cM. We expressed IBD scores for each 460 

population as the ratio of the IBD score for a given population relative to the IBD score in the 461 

FIN (Figure 2A). We also tabulated the total count of IBD segments for each population. The 462 

CEU showed the lowest number of both called IBD segments and the lowest IBD score relative 463 

to the FIN (p-value = 0.0001). Latin American populations formed the upper bounds of both total 464 

IBD segments called and IBD enrichment scores (Figure 2A). The PUR had the largest number 465 

of IBD segments (1402) and had a 2.1-fold increase in IBD score relative to the FIN (p-value < 466 

1x10-4). The CO and CR isolates had a 1.8-fold and 2-fold increase in their IBD scores relative to 467 

the FIN (p-value < 1x10-4), as well as carrying more IBD segments than the FIN (Figure 2B and 468 

2C). However, there were some Latin American populations that exhibited depletions in both 469 

IBD segments and IBD scores relative to the FIN. The MXL and PEL have the lowest number of 470 

IBD segments for the Latin American populations. Previous work has shown that a larger 471 

effective population size in admixed populations likely drove the depletion of IBD segments in 472 

these two Latin American populations55.  473 

 474 

Inferring the Demographic History of Latin American Isolates  475 

 476 

We next leveraged the patterns of IBD described above to estimate the effective population size 477 

using IBDNe35 on the 30 unrelated individuals from each population (Figure 3). The use of only 478 
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30 unrelated individuals caused limitations for accurate estimation of Ne (see Discussion), but 479 

the demographic history of the population was robust to the number of individuals used. First, 480 

we found that recent demography differs vastly between the European populations (FIN and 481 

CEU). In general, CEU experienced population expansions over much of their demographic 482 

history. It was only in the most recent generations that they experienced a decrease in Ne. The 483 

FIN, on the other hand, have experienced a long population decline since their founding, 484 

approximately 4000 years ago, followed by a recent population expansion. 485 

 When analyzing the Latin American isolates, we detected a recent bottleneck, 486 

approximately 500 years ago (Figure 3). This bottleneck could correspond to the recorded 487 

bottleneck that followed the founding of these populations, and it appears to be much shorter and 488 

less severe than the bottleneck seen in the FIN. The strength and duration of bottlenecks varied 489 

across each of the Latin American populations. For example, we observed a more severe 490 

bottleneck in the CR, CO, CLM, and PUR than in PEL or MXL. However, we detected a 491 

subsequent period of growth across all populations following the bottleneck. The rate of growth 492 

differed across each population, and the PEL appeared to be growing at a much more rapid rate 493 

than any of the other Latin American populations.  494 

 495 

Exploring Recent Consanguinity 496 

 497 

Isolated populations may have experienced recent consanguinity. To test for this, we began by 498 

examining SNP-based inbreeding coefficients (FSNP) (Supplementary Figure 6). YRI 499 

individuals had the lowest median inbreeding coefficients and the CO and CR isolates had the 500 

highest median inbreeding coefficients. Further, the CO and CR also had the highest maximum 501 
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FSNP values in the entire sample of unrelated individuals from any population (Supplementary 502 

Figure 6). Median levels of FSNP in the CEU suggested that they are more inbred than the FIN, 503 

which may be a result of how 1000 Genomes samples were selected. The PEL had the largest 504 

variance in FSNP across any of the sampled populations.  505 

Next, we examined patterns of long runs (>2Mb, see Methods) of homozygosity (ROH), 506 

since ROH have been linked to recent consanguinity20,21,56–58. The YRI and CEU had the lowest 507 

amount of their genome contained within an ROH (Figure 4A). The FIN had higher median 508 

amounts of their genome within an ROH in comparison to the CEU. Latin American isolates had 509 

the highest median amount of the genome contained within an ROH. Specifically, the CR had 510 

the highest median at 21.7 Mb. Further, the Latin American isolates also had the greatest 511 

variance in the amount of the genome contained within an ROH. For example, one of the CO 512 

individuals had approximately 230 Mb of her/his genome contained in long ROHs.  513 

As expected, we found that the amount of the genome contained in a long ROH strongly 514 

correlated with an individual’s FSNP (CO: R2 = 0.8060, p –value = 1.1 x 10-11; CR: R2 = 0.7740, 515 

p-value = 9.5 x 10-11; FIN: R2 = 0.1288, p-value = 0.03) (Figure 4B-4D). Indeed, individuals 516 

with higher values of FSNP tended to have more of their genome within an ROH. Further, the 517 

individual with the highest FSNP (0.133) also had the largest amount of his/her genome in long 518 

ROHs (230Mb).  519 

The total number of ROH segments per individual followed a similar pattern as the total 520 

amount of genome within an ROH (Supplementary Figure 7). For example, in populations with 521 

low values of FSNP, ROH segments were not frequent. One YRI individual and three CEU 522 

individuals carried a ROH >4Mb, whereas more than 50% of CO and CR individuals carried an 523 
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ROH >4Mb. Additionally, the longest ROHs identified (>20MB), only occurred in Latin 524 

American populations, where there were the largest values of FSNP (Supplementary Figure 7).   525 

Importantly, the FIN individuals had significantly fewer ROH segments than the CO and 526 

CR, and most individuals had an FSNP close to 0 (Figure 4). The Latin American isolates had the 527 

most ROH in comparison to any other sampled population, as well as the largest values of FSNP 528 

(Figure 4). 529 

 530 

Determining the Mechanisms that Generate Runs of Homozygosity  531 

 532 

In principle, ROHs can be generated either by recent consanguinity over the last few generations, 533 

or by older historical processes, such as bottlenecks19,56,58–60. Based on both historical data23 and 534 

inference from IBDNe analyses, Latin American population isolates show evidence of recent 535 

population bottlenecks. Therefore, we used two complementary strategies to test whether recent 536 

consanguinity or bottlenecks drove the observed increase in ROHs in the Latin American 537 

isolates. First, we used the extensive pedigree data for 449 sequenced individuals to calculate a 538 

pedigree inbreeding coefficient (FPED) for each individual (Figure 5). Most individuals had a 539 

FPED of 0. However, there were several individuals with values of FPED as high as 0.07 in CR and 540 

0.06 in CO. We observed a significant correlation between FSNP and FPED (R2=0.1520 and p-541 

value < 2 x10-16), even after accounting for the non-independence of individuals based on their 542 

kinship (Figure 5A; see Methods). These correlations suggest that the recent consanguinity 543 

captured within the last few generations in the pedigree was likely sufficient to drive the increase 544 

in ROHs in the CO and CR populations. FSNP was a substantially better predictor of the amount 545 

of an individual’s genome that falls within a ROH (R2 = 0.7540 and p-value < 2 x 10-16), than 546 
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FPED (R2 = 0.2180 and p-value < 2 x 10-16 ) (Figure 5B and C) likely due to the fact that FSNP 547 

captured distant background relatedness within the population as well as the realized level of 548 

consanguinity, rather than the expected value61. Further, because the pedigrees were ascertained 549 

and analyzed separately, connections between pedigrees were not accounted for in FPED, but were 550 

likely captured by FSNP. 551 

As a second approach to determine the mechanism driving the increase in ROHs in the 552 

CO and CR populations, we conducted forward in time demographic simulations. We simulated 553 

a 10Mb region under a demographic model that reflected changes in effective population size 554 

during the human expansion across the European, Asian and American continents, as well as the 555 

more recent bottleneck during the Spanish colonization about 500 years ago (Figure 5D; see 556 

Methods). We compared simulations with no inbreeding to simulations with recent inbreeding. 557 

Consanguinity in the populations was modeled to begin 500 years ago, and simulated individuals 558 

had an inbreeding coefficient of about 0.075. This level of inbreeding was comparable to the 559 

level of inbreeding in some of the CO and CR individuals, based on calculations using pedigree 560 

data (see Methods). Our simulations suggested that the recent population bottleneck caused by 561 

the Spanish colonization was not capable of generating the large amounts of the genome within 562 

an ROH (>2Mb) that we observed for some of the individuals (Figure 5D). Only when 563 

simulating recent inbreeding could levels of the genome in an ROH comparable to that we 564 

observed be generated. Thus, recent inbreeding was paramount for generating the long ROH that 565 

we observed in the CO and CR isolates. 566 

 567 

Local Ancestry 568 

  569 
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Since the Latin American isolates originated from an admixture event between Native 570 

Americans, Africans, and Europeans, we tested for a correlation between FPED and the proportion 571 

of European, African, or Native American ancestry (Supplementary Figure 8). We used the 572 

entire sequenced Costa Rican and Colombian data set (n=449) for the local ancestry analyses and 573 

accounted for relatedness of individuals in all the following reported p-values (see Methods). We 574 

found that European ancestry was positively correlated with FPED (p-value = 0.0052) while 575 

Native American ancestry was negatively correlated with FPED (p-value = 0.0245). African 576 

ancestry was also negatively correlated with FPED (p-value = 0.0496).  577 

Then, we asked if the proportion of ancestry was correlated with the amount of the 578 

genome within an ROH (Supplementary Figure 8). The correlation between ancestry and 579 

amount of the genome within an ROH followed the same trend as the correlation between 580 

ancestry and FPED. Native American ancestry and African ancestry are negatively correlated with 581 

the amount of the genome within a long ROH (p-value = 3.91 x 10-14 and p-value = 6.76 x 10-07, 582 

respectively). European ancestry was positively correlated with the amount of an individual’s 583 

genome within an ROH (p-value < 2 x 10-16). 584 

 585 

Recent Consanguinity is Correlated with an Increase of Deleterious Variation  586 

  587 

It is well known that demography impacts patterns of deleterious variation in populations5,8,20,62–588 

66. Thus, we compared patterns of putatively deleterious variation in the CO and CR to those in 589 

the FIN. Variants were classified as putatively deleterious or putatively neutral using GERP 590 

scores (see Methods). Recall that we consider three ways of counting deleterious variants in the 591 

genome of an individual: first, counting the number of heterozygous genotypes plus twice the 592 

.CC-BY-NC-ND 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 June 6, 2018. ; https://doi.org/10.1101/340158doi: bioRxiv preprint 

https://doi.org/10.1101/340158
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 26 

number of homozygous derived genotypes (i.e. the total number of derived deleterious alleles), 593 

second, counting the number of heterozygous and homozygous derived genotypes (counting 594 

variants), and third, counting only the number of homozygote derived genotypes (counting 595 

homozygotes). The first quantity is most relevant if deleterious alleles are additive, while the 596 

third is most relevant if they are recessive. First, we looked at absolute counts of derived 597 

deleterious variation across isolates (Supplementary Figure 9). Then, we used linear regression 598 

to test if there was a relationship between the amount of an individuals’ genome in an ROH and 599 

the number of nonsynonymous sites in the genome for each counting method (Figure 6). 600 

The FIN carried approximately 1% more derived deleterious nonsynonymous alleles per 601 

individual than CO and CR (p-value = 0.0007; p-value = 0.0013). However, there was no 602 

significant difference in the number of putatively neutral synonymous derived alleles per 603 

individual. These results suggest that the difference seen for putatively deleterious variants is not 604 

driven by data artifacts (Supplementary Figure 9), and the FIN indeed have a slightly higher 605 

additive genetic load than the CO or CR. Turning to the number of variants per individual, FIN 606 

individuals carried significantly more deleterious nonsynonymous variants than the CR but not 607 

the CO (p-value = 0.0110). However, CO and CR did not differ significantly in the number of 608 

deleterious variants carried per individual (Supplementary Figure 9). When we examined 609 

neutral synonymous variants, CO had significantly more variants than either FIN or CR (p-value 610 

= 8.56-06; p-value = 0.0054, respectively). Finally, when counting the number of homozygous 611 

derived genotypes, we found that the FIN carried 3.3% more deleterious variants in the 612 

homozygous state per individual than CO but not the CR (p-value = 0.0003) (Supplementary 613 

Figure 9). Additionally, the FIN carried significantly more neutral homozygous genotypes per 614 

individual than either population (CO p-value = 1.01 x 10-05; CR p-value = 6.96 x 10-05). The 615 
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increased deleterious and neutral variation in homozygous form is an expected consequence of 616 

the long-term bottleneck that the FIN experienced during their founding.   617 

We next tested whether the amount of the genome in an individual contained within a 618 

ROH was correlated with the number of nonsynonymous mutations carried by the individual. 619 

Counting nonsynonymous (NS) or synonymous (SYN) allele copies did not show any correlation 620 

with the amount of an individuals’ genome that falls within an ROH for the CR or FIN (Figure 621 

6A and D; Supplementary Figures 10-13). However, in the CO, as the amount of the genome 622 

within an ROH increased, individuals tended to carry more NS alleles, though this correlation 623 

was strongly driven by a single individual, who also had the highest FSNP and FPED (R2 = 0.2393; 624 

p-value = 0.0036; Supplementary Figure 10). Importantly, the number of SYN alleles per 625 

individual was not correlated with the amount of the genome in an ROH (p-value = 0.2261). 626 

When counting variants per individual, we observed a significant negative correlation 627 

with the amount of an individuals’ genome that falls within an ROH in the Latin American 628 

isolates (Figure 6B and E; Supplementary Figures 10-12). The negative correlation is a result 629 

of heterozygous sites being lost when an ROH is formed due to inbreeding. Conversely, when 630 

counting homozygous genotypes per individual, we observed a significant positive correlation 631 

with the amount of an individual’s genome that falls within an ROH in both the Latin American 632 

isolates and FIN (Figure 6C and F; Supplementary Figures 10-13). Homozygous genotypes 633 

were the only statistic that correlated significantly with the amount of the genome in an ROH 634 

across all isolated population for both SYN and NS sites. We observed a stronger correlation 635 

between the number of NS homozygous genotypes and the amount of an individual’s genome 636 

within an ROH in the Latin American isolates (R2 = 0.5000 (CO) & R2 = 0.2165 (CR); p-value = 637 

7.546-06(CO) and p-value = 0.0059(CR)) compared to the FIN (R2 = 0.1130 and p-value = 638 
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0.0389) (Supplementary Figures 10-13). This pattern exists because the majority of CO and CR 639 

individuals carried larger proportion of their genome within an ROH while the FIN individuals 640 

do not harbor many ROH.   641 

We next asked whether there was an enrichment or depletion of NS variants relative to 642 

SYN variants within versus outside of an ROH using a permutation test on the three different 643 

counting approaches (see Methods). When variants or allele copies were counted, none of the 644 

populations produced significant results (Table 1). When homozygous genotypes were counted, 645 

ROHs in the MXL and CR were enriched for homozygous NS genotypes relative to SYN 646 

homozygous genotypes (p-value = 0.0052 and p-value = 0.0169) (Table 1). Additionally, if we 647 

pooled the CR and CO populations, we also observed a significant enrichment of deleterious 648 

variation within an ROH compared to non-ROH regions of the genome (p-value = 0.0011). 649 

We tested whether FSNP was correlated with the amount of deleterious variation per 650 

individual. We only used isolates for these regressions, because we are particularly interested in 651 

how recent consanguinity affected deleterious variation in the genome. We observed the exact 652 

same pattern with FSNP as with ROH (Supplementary Figure 14). Briefly, counting NS or SYN 653 

allele copies did not show any correlation with FSNP for the CR or FIN, but there was a 654 

significant correlation with NS allele copies in CO (Supplementary Figure 14; Supplementary 655 

Figures 15-17). Counting NS and SYN variants per individual produced a significant negative 656 

correlation with FSNP in the Latin American isolates (Supplementary Figure 12; 657 

Supplementary Figures 15-17). Counting the number of NS and SYN homozygous genotypes 658 

per individual was positively correlated with FSNP in the both Latin American isolates and FIN 659 

(Supplementary Figure 14; Supplementary Figures 15-17). Again, counting homozygotes 660 

was the only method with significant results across all isolated populations for both SYN and NS 661 
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variants. The ability to recapitulate the pattern we observed in ROH using FSNP was reassuring 662 

and adds further support to the strong relationship between recent consanguinity and ROH. 663 

Lastly, because we had multi-generational pedigrees for the Latin American isolates, we 664 

examined the correlation between putatively deleterious variation and recent consanguinity as 665 

measured by (FPED). All the following reported p-values account for kinship (see Methods). 666 

When we pooled the CO and CR individuals together, we did not observe any relationship 667 

between counting derived deleterious allele copies and FPED after correcting for kinship (Figure 668 

7A). Moreover, we observed a negative correlation between FPED and the number of deleterious 669 

variants per individual (R2 = 0.0375, p-value = 6.02 x 10-06). The number of neutral variants per 670 

individual was also negatively correlated with FPED (p-value = 2.26 x 10-10) (Figure 7B). Finally, 671 

we observed a positive correlation between FPED and derived deleterious homozygotes (R2 = 672 

0.0575, p-value = 1.0 x 10-06) as well as between FPED and the number of neutral derived 673 

homozygotes per individual. (p-value = 1.03 x 10-08) (Figure 7C). These results suggest that 674 

recent consanguinity during the last few generations has increased the number of derived 675 

deleterious homozygous genotypes in these two populations.  676 

 677 

Discussion: 678 

 679 

Here we present the first comprehensive study of genetic diversity, demographic history, 680 

identity-by-descent, runs of homozygosity, and deleterious mutations in multiple admixed 681 

isolated populations. We show that admixture sufficiently increases genetic diversity of the 682 

Colombian and Costa Rican isolates, such that each isolate has diversity levels comparable to a 683 

non-isolated population. However, we still observe characteristics in the Latin American isolates 684 
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that are hallmarks of an archetypal isolate, such as: an excess of IBD segments, cryptic 685 

relatedness within the population, and an enrichment of long ROH. Further, we demonstrate that 686 

long ROHs contain an enrichment of deleterious variants carried in the homozygous state, which 687 

has potential implications for fitness and disease risk. 688 

 Taken together our results support historical data which states that a recent admixture 689 

event, within the last 500 years, founded the Colombian and Costa Rican population isolates. A 690 

bottleneck corresponding to the Spanish Settlement, followed the founding event and then each  691 

population has increased in size until the present day23,67. We see evidence of these processes in 692 

the inference of demography from IBD patterns. The IBDNe inference shows a severe 693 

population bottleneck occurring approximately 500 years ago, coinciding with the historical 694 

record23. Importantly, the bottleneck experienced in the Latin American isolates was not as 695 

prolonged as that experienced by the Finnish. Further, the Finnish bottleneck occurred thousands 696 

of years ago. The difference in bottleneck timescales likely accounts for some portion of the 697 

higher genetic diversity observed in Latin American population isolates in comparison to the 698 

Finnish. In other words, the bottlenecks captured by IBDNe in the Latin Americans are too 699 

recent to markedly impact levels of genetic diversity. Further, the admixture process experienced 700 

by the Latin American isolates could increase levels of genetic diversity, especially because 701 

some individuals have appreciable levels of African ancestry50. We see little difference in 702 

patterns of genetic variation in the 1000 Genomes Colombian samples and the Colombian 703 

sample studied in this project. The Latin American isolates occupy areas that were considered as 704 

being geographically isolated at the time of sampling -- the Central Valley of Costa Rica and the 705 

department of Antioquia in Colombia23, while the 1000 Genomes CLM sample was taken from 706 

Medellín which is included within the Antioquia region68–71. Thus, there is likely some amount 707 
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of shared demography between the 1000 Genome CLM and our isolated Colombia population. 708 

However, it is worth noting that the individuals in the Latin American isolates are from pedigrees 709 

ascertained for Bipolar Disorder 1, rather than a random sample from the area.  710 

 Our results beg the question, what constitutes a population isolate? For example, is it a 711 

requirement that population isolates have low genetic diversity relative to the source population? 712 

Under this definition, the Latin American population isolates would not qualify as population 713 

isolates. The bottleneck in the Costa Ricans and Colombians seems to have had little effect on 714 

their genetic diversity, as their diversity levels are similar to non-isolated Latin American 715 

populations. The Finnish, on the other hand, experienced a long-term bottleneck that has resulted 716 

in a depletion of segregating sites, and of the remaining segregating sites, there is an enrichment 717 

of deleterious variants relative to non-isolated populations2,13, and would clearly qualify as an 718 

isolate. However, if one measures isolation based on IBD we see that there is an enrichment of 719 

IBD segments in the Latin American isolates relative to the Finnish. Further, looking at ROH, 720 

Latin American individuals from population isolates have a larger burden of ROH than Finnish, 721 

thus increasing the chances of identifying more shared genomic regions in the Latin American 722 

isolates than the Finnish. By this metric, the Latin American population isolates would certainly 723 

qualify as a population isolate. Thus, both the Costa Rican and Colombian populations and the 724 

Finnish are isolates but in different ways. For example, the Costa Ricans and Colombians are 725 

historical isolates, meaning these populations are not currently isolated but they exhibit many 726 

traits of an isolate, whereas the Finnish are contemporary isolates, meaning the population is still 727 

isolated and is the archetypal isolate that one would imagine. Our work also suggests that 728 

isolated populations have distinct demographic histories that impact genetic variation in different 729 

ways; and it is critical that researchers study and quantify the consequences of demography in 730 
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each population.  731 

 We find that Latin American isolates have the largest ROH burden in comparison to any 732 

other sampled population. Our work corroborate results from a recent review on ROH where 733 

authors state that populations with small Ne and recent consanguinity will harbor the largest 734 

amount of ROH72. Because previous research has shown a strong correlation between recent 735 

inbreeding, quantified by both FSNP and FPED, and long runs of homozygosity, we were 736 

particularly interested in the mechanism behind the generation of long ROH19–21,56–58,73. We used 737 

simulations to test which demographic scenarios could produce long ROH (Figure 5). These 738 

simulations and availability of extended pedigree data were crucial, because the FSNP metric can 739 

also be influenced by a recent bottleneck. Thus, having FPED available allowed us to test whether 740 

the correlation we observed between FSNP and ROH was a consequence of a recent bottleneck or 741 

recent consanguinity. If small population size or admixture was responsible for generating the 742 

ROHs, these processes would not be reflected in FPED. Thus, we would not expect to find a 743 

correlation between FPED and the amount of the genome in ROHs. The fact that we observe a 744 

correlation between FPED and the amount of the genome in ROH suggests that recent 745 

consanguinity (as measured by FPED) is related to the extent of long ROHs in the genome. 746 

Further, our simulations show that neither admixture nor a recent population bottleneck could 747 

generate the high levels of long ROH that are observed in some individuals. It was only when we 748 

incorporated inbreeding into the simulation that levels of ROH comparable to what we observed 749 

in our data were produced. Thus, both lines of evidence suggest that the Latin American 750 

population isolates have experienced more recent consanguinity than other population isolates, 751 

like the Finnish. Further, in Finland it has previously been shown that the frequency of 752 

consanguinity, due to first-cousin marriages, is quite low and the best predictors of these unions 753 
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were socio-economic class and ethnicity, rather than geographic barriers or population density74. 754 

On the other hand, for the two Latin American isolates consanguinity could be a consequence of 755 

increased geographic barriers preventing movement of individuals over more dispersed areas. It 756 

is also important to point out that it is unclear the extent to which ascertaining individuals from 757 

large pedigrees may impact the number of ROHs in our sample. Thus, the finding of an increase 758 

in ROHs may not be generalizable to Colombian and Costa Rican populations as a whole. 759 

However, we observed a similar pattern of increased ROH in the CLM, which suggests that the 760 

pedigree ascertainment of the CO and CR may not be generating the increase in ROHs. 761 

We also tested how recent consanguinity affects deleterious variation in the genome. 762 

When counting homozygous derived deleterious genotypes, we found a positive correlation 763 

between the number of nonsynonymous homozygous genotypes and the amount of an 764 

individual’s genome within an ROH (Figure 6). Further, we observed an enrichment for 765 

nonsynonymous homozygous derived genotypes relative to synonymous homozygous derived 766 

genotypes within ROHs versus the rest of the genome (Table 1). This enrichment can be a result 767 

of nonsynonymous mutations generally segregating at lower frequency and typically being 768 

carried as a single copy in an individual. When an ROH is formed, the chromosome that was 769 

carrying the mutation is copied, thus allowing the mutation to increase the number of 770 

homozygotes within the ROH19,20. Since long ROH are a product of recent consanguinity, and 771 

these populations have experienced recent consanguinity, we see a corresponding increase in the 772 

burden of deleterious variants in the genomes of Costa Rican and Colombian isolates. Since we 773 

are more likely to see deleterious variants in the homozygous form in areas of the genome that 774 

fall within an ROH, our work is particularly relevant for alleles associated with recessive 775 

diseases. Lastly, we provide a mechanism for how recent consanguinity can reduce fitness in 776 
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natural populations75–77. Specifically, if gene-knockouts and deleterious mutations tend to be 777 

recessive40,78–82, as suggested by several studies, then recent consanguinity will increase the 778 

number of homozygous derived deleterious variants carried by an individual in a long ROH, thus 779 

leading to a reduction of fitness in the sampled population6. 780 

Utilizing estimated ancestry proportions from across the genome, we tested for a 781 

correlation between an individual’s ancestry and the amount of their genome that falls within an 782 

ROH. To our knowledge, this is the first time that the relationship between proportion of 783 

ancestry and the amount of the genome within an ROH has been examined (Supplementary 784 

Figure 8). We found a positive correlation between the proportion of European ancestry and the 785 

amount of an individual’s genome within a run of homozygosity. These results are consistent 786 

with the Latin American isolates originating from a small number of European founders, which 787 

would decrease genetic diversity and increase homozygosity for those areas of the genome 788 

containing European haplotypes. We observed a negative correlation between Native American 789 

ancestry and the amount of the genome contained within an ROH (Supplementary Figure 8). 790 

This finding appears to be at odds with previous research19,72 that detected the opposite pattern. 791 

Some of this difference may be due to distinct sampling strategies of the Native American source 792 

population in our study compared to previous work. The reference Native American population 793 

we used was composed of Chibchan-speaking individuals from Reich et al.48. Chibchan-speaking 794 

populations inherited their Native American ancestry from admixture between Southern and 795 

Northern American lineages, the necessity of  admixture was particularly apparent in the Cabecar 796 

of Costa Rica48. Because our reference Native American population is admixed, and Native 797 

American populations tend to be small, it is likely that drift has affected different alleles in 798 

source populations that formed the current Chibchan-speaking populations. The Chibchan-799 
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speaking populations may have more diversity, fewer fixed homozygous sites, than previously 800 

sampled Native American populations which could explain the negative correlation we observed 801 

between ancestry and ROH.  802 

While we were able to capture evidence of recent bottlenecks and expansions within 803 

Latin American isolates using IBDNe35 (Figure 3), our demographic inferences have some 804 

limitations. For example, the current estimates of Ne are unrealistically large. This inflation may 805 

be due to low sample size, since we only used 30 individuals, or it may be a result of applying 806 

IBDNe to admixed populations. IBDNe was designed to be applied to un-admixed, randomly 807 

mating populations. Thus, one area of future research could be exploring the influence of 808 

admixture on IBD and developing methods to infer demography using IBD patterns in admixed 809 

populations. Interestingly, in our study, the populations with the highest IBD scores were 810 

admixed (PUR, CO, CR, and CLM). Furthermore, because IBD segments may contain useful 811 

information for identifying regions of the genome that contain disease associated mutations, 812 

especially within individuals with the highest amounts of consanguinity, it may be useful to 813 

deconvolute ancestry for each segment when identifying disease associated mutations because 814 

disease prevalence may differ in each parental population. 815 

Population isolates have frequently been used for mapping Mendelian disease genes17,83–816 

88 and studying complex diseases16,89–95. Isolates are thought to be beneficial in comparison to 817 

non-isolated populations because of their increased homogeneity of the gene pool, disease 818 

causing alleles potentially existing at an appreciable frequency due to drift, possible enrichment 819 

in prevalence of the phenotype of interest1–4, and a likely reduction in the variability of 820 

phenotypes. Our work shows that the genetic diversity and genomic background of population 821 

isolates varies immensely. Therefore, it is imperative that we understand the unique genetic 822 
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diversity belonging to each population isolate. Researchers should adapt their study design to 823 

integrate the demographic history of the population, to better leverage the power of the unique 824 

genetic features of the population of interest. For example, if we knew beforehand that there was 825 

a history of consanguineous unions within the study population, researchers could target ROH 826 

for disease mapping. This method has previously been used to identify human knockouts, 827 

discover novel loci associated with disease, and understand gene function95–98. Further, 828 

populations with large amounts of ROH could help us better understand disease architecture 829 

because ROH may harbor more recessive mutations that do not have full penetrance, since the 830 

prevalence of recessively acting variants in ROH is enriched relative to non-ROH portions of the 831 

genome. Most importantly, our work highlights the importance of understanding the 832 

demographic history of isolated populations, as differences in demographic history will greatly 833 

impact patterns of genetic variation in isolates.  834 

 835 
  836 
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Figures 1142 
 1143 

 1144 
 1145 

Figure 1. Patterns of genetic variation in the Colombian and Costa Rican populations 1146 
compared to the 1000 Genomes populations.  1147 
 (A) Diversity measured using the average pairwise differences between sequences, π. (B) 1148 
Diversity measured using the number segregating sites, Watterson’s theta (θW). (C) The site 1149 
frequency spectrum for each population. (D) Average LD (r2) between pairs of SNPs. All 1150 
statistics were calculated using 30 unrelated individuals per population (see Methods). Box plots 1151 
in (A) and (B) show the distribution over 22 autosomes. YRI: Yoruba 1000 Genomes; CEU: 1152 
Ceph-European 1000 Genomes; FIN: Finnish 1000 Genomes; PEL: Peruvian 1000 Genomes; 1153 
CLM: Colombian 1000 Genomes; CO: Colombia; CR: Costa Rica; MXL: Mexican from Los 1154 
Angeles 1000 Genomes; and PUR: Puerto Rican 1000 Genomes. 1155 
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 1157 
 1158 
Figure 2. Latin American population isolates (CR and CO) have significantly more identity 1159 
by descent (IBD) segments relative to the Finnish (FIN).  1160 
IBDSeq was used to generate IBD segments for the 30 unrelated individuals in each population. 1161 
(A) Population score was calculated by summing all IBD segments between 3cM and 20cM for 1162 
each population. Score difference is the population score minus the FIN population score. IBD 1163 
enrichment for each population score is reported as relative to the FIN (i.e. FIN score is 1.0). 1164 
(B&C) Histogram of 10,000 permutation tests of Colombia (p < 1.0 e-04) and Costa Rica (p < 1.0 1165 
e-04) population scores versus Finnish score. The observed score for each population is 1166 
demarcated by the purple line. Population abbreviations are as in Figure 1. 1167 
  1168 
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PUR 9339.79 4952.27 1402 2.13 <+0.0001
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  1169 
 1170 
Figure 3. Recent effective population size differs across populations. IBDNe35 (see Methods) 1171 
was used to infer effective population size (Ne) over the last 9000 years for each population. 1172 
Note the FIN shows a long slow decline followed by recent growth. The CO and CR show sharp 1173 
bottlenecks approximately 500 years ago followed by recent growth. Population abbreviations 1174 
are as in Figure 1. 1175 
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Figure 4. Length of the genome in a run of homozygosity (ROH) varies across populations 1179 
and correlates with SNP inbreeding coefficient. The length of the genome in an ROH was 1180 
calculated for each unrelated individual (n=30 per population) by summing the physical distance 1181 
(Mb) of each ROH >2Mb. (A) The length of the genome in an ROH varies by population. The 1182 
black line within the violin marks the median. FSNP for each individual was overlaid within the 1183 
ROH violin plot. A blue hue indicates the lowest FSNP and orange indicates the highest FSNP. (B) 1184 
Length of the genome in an ROH is strongly correlated with FSNP in Colombians, (R2 = 0.8060, p 1185 
–value = 1.1 x 10-11). (C) Length of the genome in an ROH is strongly correlated with FSNP in 1186 
Costa Ricans, (R2 = 0.7740, p-value = 9.5 x 10-11). (D) Length of the genome in an ROH is 1187 
positively correlated with FSNP in Finnish, (R2 = 0.1288, p-value = 0.03). Population 1188 
abbreviations are as in Figure 1. 1189 
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Figure 5. Recent consanguinity creates ROH in Costa Rica and Colombia.  1193 
Triangles represent the individuals that were sampled in the unrelated data set (n=30). (A) FSNP is 1194 
correlated with the pedigree inbreeding coefficient (FPED; R2=0.1520, p-value < 2 x10-16) in the 1195 
full data. (B) The length of the genome in an ROH is correlated with FPED (R2 = 0.2180, p-value < 1196 
2 x 10-16). (C) The length of the genome in an ROH is correlated with FSNP (R2 = 0.7540, p-value 1197 
< 2 x 10-16). (D) Forward simulations show that recent consanguinity during the last 500 years 1198 
can generate ROHs while bottlenecks cannot. Top panel shows the changes in population size 1199 
used in the simulations. Bottom panel shows how the percent of the simulated in genome within 1200 
an ROH changes over time. Population abbreviations are as in Figure 1. 1201 
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Figure 6. The correlation between ROH and nonsynonymous variation in the Colombian, 1205 
Costa Rican, and Finnish samples.  The count of nonsynonymous and synonymous mutations 1206 
per individual as a function of the length of the genome in an ROH in the Colombia (CO), Costa 1207 
Rican (CR) and Finnish (FIN) populations: (A) Number of nonsynonymous alleles per 1208 
individual. (B) Number of nonsynonymous variants per individual. (C) Number of homozygous 1209 
nonsynonymous genotypes per individual. (D) The number of synonymous alleles per individual. 1210 
(E) The number of synonymous variants per individual. (F) The number of homozygous 1211 
synonymous genotypes per individual. Population abbreviations are as in Figure 1. 1212 
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 1215 
Figure 7. Pedigree inbreeding coefficient (FPED) is correlated with deleterious variation. 1216 
Triangles represent the individuals that were sampled in the unrelated data set (n=30). Variants 1217 
were predicted as either putatively deleterious (nonsynonymous) SNPs or putatively neutral 1218 
(synonymous) SNPs using GERP42. Correlation between FPED and the number of mutations per 1219 
individual in Colombians and Costa Ricans. (A) Number of derived alleles per individual. (B) 1220 
Number of variants per individual. (C) Number of homozygous derived genotypes per 1221 
individual. The first row depicts the correlation between deleterious sites using each counting 1222 
method and FPED for sequenced individuals from Latin American isolates. The second row 1223 
depicts the correlation between neutral sites using each counting method and FPED in the same 1224 
individuals. Population abbreviations are as in Figure 1. 1225 
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Table 1. Enrichment of nonsynonymous homozygous derived genotypes within ROHs  1227 
 1228 

Population 
Allele Copies 
Odds Ratio  

Allele Copies 
p-value 

Variants 
Odds Ratio 

Variants 
p-value 

Homozygotes 
Odds Ratio 

Homozygotes 
p-value 

YRI 1.059 0.664 1.048 0.762 1.129 0.417 

CEU 1.203 0.105 1.208 0.138 1.252 0.082 

FIN 0.937 0.324 0.92 0.265 1.003 0.957 

PEL 0.986 0.797 0.972 0.638 1.038 0.54 

CLM 0.99 0.755 0.964 0.337 1.066 0.097 

CO 1.008 0.828 0.985 0.714 1.074 0.097 

CR 1.015 0.607 0.991 0.806 1.085 0.0169* 

CO & CR 1.025 0.283 1.002 0.936 1.088 0.0011* 

MXL 1.112 0.053 1.089 0.169 1.19 0.005* 

PUR 0.981 0.635 0.965 0.411 1.047 0.301 
 1229 
The table summarizes the results of our enrichment analyses for each population sampled as well 1230 
as a combined super-population of Colombians and Costa Ricans (COCR). Odds ratios were 1231 
calculated as the ratio nonsynonymous variants relative to synonymous variants within versus 1232 
outside of an ROH for each counting method. Asterisks are used to indicate significant p-values 1233 
after permutation test was conducted (see Methods). Population abbreviations are as in Figure 1234 
1. 1235 
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