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ARTICLE

Understanding the Hidden Complexity
of Latin American Population Isolates

Jazlyn A. Mooney,1,12 Christian D. Huber,2,12 Susan Service,3 Jae Hoon Sul,4 Clare D. Marsden,2

Zhongyang Zhang,5,6 Chiara Sabatti,7,8 Andrés Ruiz-Linares,9,10 Gabriel Bedoya,11 Costa Rica/Colombia
Consortium for Genetic Investigation of Bipolar Endophenotypes, Nelson Freimer,3

and Kirk E. Lohmueller1,2,*

Most population isolates examined to date were founded from a single ancestral population. Consequently, there is limited knowledge

about the demographic history of admixed population isolates. Here we investigate genomic diversity of recently admixed population

isolates from Costa Rica and Colombia and compare their diversity to a benchmark population isolate, the Finnish. These Latin Amer-

ican isolates originated during the 16th century from admixture between a few hundred Europeanmales and Amerindian females, with a

limited contribution from African founders. We examine whole-genome sequence data from 449 individuals, ascertained as families to

build mutigenerational pedigrees, with a mean sequencing depth of coverage of approximately 363. We find that Latin American iso-

lates have increased genetic diversity relative to the Finnish. However, there is an increase in the amount of identity by descent (IBD)

segments in the Latin American isolates relative to the Finnish. The increase in IBD segments is likely a consequence of a very recent and

severe population bottleneck during the founding of the admixed population isolates. Furthermore, the proportion of the genome that

falls within a long run of homozygosity (ROH) in Costa Rican and Colombian individuals is significantly greater than that in the

Finnish, suggesting more recent consanguinity in the Latin American isolates relative to that seen in the Finnish. Lastly, we find that

recent consanguinity increased the number of deleterious variants found in the homozygous state, which is relevant if deleterious var-

iants are recessive. Our study suggests that there is no single genetic signature of a population isolate.
Introduction

The use of population isolates to mapMendelian and com-

plex diseases has been a key feature of medical genomics.

In addition to experiencing the bottleneck involved with

the migration out of Africa, some populations underwent

subsequent bottlenecks and remained in relative seclusion

afterward. These populations formed present-day isolates.1

The genomes of population isolates are thought to exhibit

several hallmark features of genetic variation. Due to bot-

tlenecks associated with their founding, it is thought that

isolates should carry lower levels of genetic diversity and

lower haplotype diversity than closely related non-isolated

populations. Drift experienced by isolates is magnified by

small population size, which generates more linkage

disequilibrium (LD) than in non-isolated populations. In

addition to increased LD, individuals from isolated popula-

tions tend to share more regions of the genome identical

by descent (IBD) due to small population size. Further,

due to the isolation after founding and recent mating prac-

tices, isolates may have larger regions of the genome found

in runs of homozygosity (ROHs) due to recent inbreeding.
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Lastly, bottlenecks and inbreeding should impact patterns

of deleterious variation.2–4 Consequently, one would pre-

dict that individuals from isolates will have fewer segre-

gating sites, and the remaining deleterious variants will

be segregating at a higher frequency.5 Indeed, genomic

studies over the last decade have documented several of

these signatures.6–8 However, it is known that not all iso-

lates share the same demographic history. Therefore, it is

essential that we understand how the factors shaping ge-

netic variation in a population are influenced by the

unique demographic history of the population.

One archetypal human population isolate that has been

extensively studied is the Finnish.7,9–11 Finland was popu-

lated through two separate major migrations. Briefly, a

small number of founders, relative isolation, serial bottle-

necks, and recent expansion in Finland has allowed drift

to play a large role in shaping the gene pool of this popu-

lation.11 The aforementioned demographic history of

Finland has led to an increase in the prevalence of rare her-

itableMendelian diseases, which has made this population

particularly fruitful for identifying disease-associated vari-

ants.10,12 Most of the studies in Finland employed LD
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mapping in affected families and well-curated genealogical

records to identify causal and candidate variants.10 More

recently, it has been possible to apply population-based

linkage analyses to identify disease-associated variants

as an alternative to genome-wide association studies

(GWASs)13 due to the availability of whole-genome

sequence data in conjunction with extensive electronic

health records.

A number of studies have shown that power to detect

causal variants can be improved by studying population

isolates other than the Finnish.8,14–16 For example, the

Greenlandic Inuit experienced an extreme bottleneck

which caused a depletion of rare variants and segregating

sites in their genome.16 The remaining segregating vari-

ants are maintained at higher allele frequencies and a

larger proportion of these SNPs are deleterious when

compared to non-isolated populations. Another study of

South Asian populations showed similar results. Specif-

ically, South Asian populations have experienced more

severe founder effects than the Finnish,15 thus creating

an excess of rare alleles associated with recessive disease.

A study of European population isolates compared the iso-

lates with the closest non-isolated population from similar

geographic regions8 and found that the total number of

segregating sites was depleted across all isolates relative

to the comparison non-isolate. Of the sites that were segre-

gating in isolates, between �30,000 and 122,000 sites ex-

isted at an appreciable frequency (minor allele frequency

[MAF] > 5.6%), while remaining rare (MAF < 1.4%) in all

the non-isolate population samples.8 The authors sur-

mised that these common and low-frequency variants

could be useful in GWASs for novel associations, as they

included SNPs that had been previously associated with

cardio-metabolic traits.8,17

While there have been many studies of genetic variation

in population isolates, the studies described above have

focused on populations where the founders all came

from the same ancestral population. The founders of Latin

American population isolates have come from distinct

continental populations. We sampled individuals from

mountainous regions of Costa Rica and Colombia where

geographic barriers resulted in populations remaining iso-

lated since their founding in the 16th and 17th centuries,

until the mid-20th century.18 Both groups share a similar

demographic history, having originated primarily from

admixture between a few hundred European males and

Amerindian females, with a limited contribution from

African founders. After the founding event, both popula-

tions experienced a subsequent bottleneck and then a

recent expansion, within the last 300 years, wherein the

expansion increased the population size more than

1,000-fold since the initial founding event.18 The effect

that admixture has had on overall patterns of genetic vari-

ation in isolates remains elusive, and it remains unclear

whether these populations share the typical genomic sig-

natures seen in population isolates. While the small found-

ing population size could reduce diversity, because the
708 The American Journal of Human Genetics 103, 707–726, Novem
Costa Rican and Colombian isolates were founded from

multiple diverse populations, they could potentially have

increased in diversity relative to other population isolates.

Lastly, the impact of admixture on deleterious variation

also remains unclear.

To better understand patterns of genetic variation in ad-

mixed isolated populations, we compared the Colombian

and Costa Rican population isolates to a benchmark

isolate, the Finnish, as well as other 1000 Genomes Project

populations.19 We observe that relative to the Finnish,

Latin American isolates have increased genetic diversity

but an excess of IBD segments. Moreover, we detect an in-

crease in the proportion of an individual’s genome that

falls within a long ROH in Latin American isolates relative

to all other sampled populations and an enrichment of

deleterious variation within these long ROHs. Demo-

graphic simulations and analysis of extended pedigrees

indicate that the enrichment of long ROHs is primarily a

consequence of recent inbreeding in Latin American iso-

lates. Next, we examine the relationship between the

proportion of European, Native American, and African

ancestry and the amount of the genome within an ROH,

as well as the relationship to an individual’s pedigree

inbreeding coefficient. Further, we examine demography

across both recent and ancient timescales in these isolates.

Our work sheds light on how the distinct demographic his-

tories of population isolates affect both genetic diversity

and the distribution of deleterious variation across the

genome.
Subjects and Methods

Pedigree Data for Costa Rican and Colombian

Individuals
Our study included 10 Costa Rican (CR) and 12 Colombian (CO)

multi-generational pedigrees ascertained to include individuals

affected by bipolar disorder 1. The sampled families are clumped

geographically to some degree, and it is worth noting that the

Central Valley of Costa Rica and Antioquia are population isolates

but each population contains several million people. In Costa Rica

there is only one psychiatric hospital, and the Antioquia Depart-

ment of Colombia has few hospitals, so most case subjects were

originally identified in the largest hospital in a city of more than

3 million people. More extensive details about the curation of

pedigree data and clinical assessments of diagnosis can be found

in Fears et al.20
Identifying Unrelated Individuals
We defined unrelated individuals as those who are at most third-

degree relatives. We chose this threshold of relatedness because

the families from CR and CO are known to be cryptically related.

We used KING21 to identify 30 unrelated individuals from CR and

CO. 24 of the 30 unrelated individuals in CO are founders in

the pedigree and 15 of the 30 unrelated individuals in CR are foun-

ders, and each family sampled is represented by at least one indi-

vidual, but some families had as many as seven individuals. The

algorithm implemented in KING estimates familial relationships

by modeling the genetic distance between a pair of individuals
ber 1, 2018



as a function of allele frequency and kinship coefficient, assuming

that SNPs are in Hardy-Weinberg equilibrium.

Further, we also used PC-AiR22 and PC-Relate23 to estimate relat-

edness as these two methods are robust to population structure,

cryptic relatedness, and admixture. We found that 28 of the

30 CO unrelated individuals and 26 of the 30 CR unrelated indi-

viduals were contained in the list of unrelated individuals from

PC-AiR.22 Complete overlap was not expected because we retained

third-degree relatives when using KING to allow for cryptic relat-

edness of families sampled from Costa Rica and Colombia due to

their demographic history.

Lastly, we used KING to identify 30 unrelated individuals

from the following 1000 Genomes Project19 populations: Yoruba

(YRI), CEPH-European (CEU), Finnish (FIN), Colombian (CLM),

Peruvian (PEL), Puerto Rican (PUR), and Mexican from Los

Angeles (MXL). We used these 30 unrelated individuals per popu-

lation for all analyses unless otherwise stated (Figure S1).
Genotype Data Processing
We generated a joint variant call file (VCF) containing single-

nucleotide polymorphisms (SNPs) from two separate datasets.

The first dataset contained 210 whole-genome sequences sampled

from the aforementioned 1000 Genomes Project populations.19

The second dataset contained 449 whole-genome sequences

from Costa Rican and Colombian individuals. Variants in the sec-

ond dataset were called following the GATK best practices pipe-

line24 with the HaplotypeCaller of GATK. All multi-allelic SNVs

and variants that failed Variant Quality Score Recalibration were

removed. Genotypes with genotype quality score % 20 were set

to missing. Further quality control on variants was performed us-

ing a logistic regression model that was trained to predict the

probability of each variant having good or poor sequencing

quality. Individuals with poor sequencing quality and possible

sample mix-ups were removed, and all sequenced individuals

had high genotype concordance rate between whole-genome se-

quences and genotypes from microarray data. All sequenced indi-

viduals had consistency between the reported sex and sex

determined from X chromosome as well as between empirical

estimates of kinship and theoretical estimates. More information

on sequencing and quality control procedures is discussed in

Sul et al.25

We used the following protocol to merge these two datasets.

First, we used guidelines from the 1000 Genomes Project strict

mask to filter the Costa Rican and Colombian VCFs as well as

the 1000 Genomes Project VCFs. Then, we used GATK to remove

sites from both sets of VCFs that were not bi-allelic SNPs or mono-

morphic. Next, we merged the 1000 Genomes Project VCFs with

the Costa Rican and Colombian VCFs into a single joint-VCF for

each chromosome. We used only autosomes for our analyses.

Lastly, we filtered the merged joint-VCF to only contain sites

that were present in at least 90% of individuals. There were a total

of 57,597,196 SNPs and 1,891,453,144 monomorphic sites in the

final dataset. We ensured that the merged datasets were compara-

ble by examining the number of derived putatively neutral alleles

across the 30 unrelated individuals in all sampled populations and

we found few differences between populations, which is consis-

tent with theory5 (Figure S2).
Calculating Genetic Diversity
We computed two measures of genetic diversity from sites called

across all 30 unrelated individuals from each population: pi (p)
The American
andWatterson’s theta (qw). The average number of pairwise differ-

ences per site (p) was calculated across the genome as:

p ¼ n

n� 1

PL
i¼12pi 1� pið Þ

L
;

where n is the total number of chromosomes sampled, p is the fre-

quency of a given allele, and L is the length in base pairs of the

sampled region. qw was computed by counting the number of

segregating sites and dividing by Watterson’s constant, or the

n-1 harmonic number.26

Site Frequency Spectrum (SFS)
Site frequency spectra were generated using the 30 unrelated indi-

viduals from each population. SNPs with missing data were

removed from these analyses. There was a total of 16 SNPs out

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

Linkage Disequilibrium Decay
We calculated LD between pairs of SNPs for all unrelated individ-

uals. First, we applied a filter to remove SNPs that were not at a

frequency of at least 10% across all populations. Next, pairwise

r2 values were calculated using VCFTools.27 SNP pairs were then

binned according to physical distance (bp) between each other

and r2 was averaged within each bin.

Identifying Identity by Descent Segments
To detect regions of the genome that have shared IBD segments

between pairs of individuals, we first removed singleton SNPs in

each population since singletons are not informative about IBD.

Then, we called IBD segments using IBDSeq.28 IBDSeq is a likeli-

hood-basedmethod that is designed to detect IBD segments in un-

phased sequence data. We chose to use IBDSeq because other

methods that require computational phasing could be biased

when applied to Latin American population isolates, as they do

not have a publicly available reference population to aid in

phasing. We compared IBDSeq to two well-known methods,

Beagle29 and GERMLINE,30 to determine whether it was feasible

to use IBDSeq on an admixed population (Figure S3). Data

for Beagle and GERMLINE were phased beforehand with

SHAPEIT31 (see Web Resources) using the 1000 Genomes as the

reference panel. Beagle produced the shortest IBD segments while

GERMLINE produced the longest IBD segments. IBDSeq produced

segments with a length distribution similar to what we observed in

Beagle, though the average segment length was slightly larger,

which we expected given that IBDSeq was created to call longer

segments that would have previously been broken up when using

Beagle for phasing. We used the default parameters for IBDSeq.

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

First, we calculated the physical distance spanned by each IBD

segment. Then, we totaled the number of SNPs that fell within

each segment. We observed an appreciable number of IBD seg-

ments that were extremely long but sparsely covered by SNPs

(Figure S4). IBD segments were removed if the proportion of the

IBD segment covered by SNPs was not within one standard devia-

tion (0.0043) of the mean proportion covered (0.0221) across all

IBD segments (Figure S4). Strong deviations from the mean could

indicate that the IBD segment spans a region of the genome with

low mappability where we are only calling the SNPs at the outer

ends of the segment. Therefore, the true segment length might

be much shorter than what is being calculated by IBDSeq. Lastly,

we converted from physical distance to genetic distance using
Journal of Human Genetics 103, 707–726, November 1, 2018 709



the deCODE genetic map.32 A file that contains all the IBD

segments (unfiltered) alongside code used to filter can be found

on GitHub (see Web Resources).

Enrichment Analyses of IBD Segments
To determine whether certain populations contain more IBD seg-

ments than others, we followed the IBD score procedure outlined

by Nakatsuka and collegues.15 A population’s IBD score was calcu-

lated by computing the total length of all IBD segments between 3

and 20 cM. The score difference is the difference between the

query population’s IBD score and the Finnish IBD score. The score

ratio is the ratio of each population’s IBD score relative to the

Finnish IBD score. The significance of enrichment relative to the

Finnish was evaluated using a permutation test for each popula-

tion, where IBD segment length was held fixed and labels of the

two populations were permuted. We recalculated the score on a

total of 10,000 permutations to generate a null-distribution of

scores for each isolate. The code can be found on GitHub (see

Web Resources).

Estimating Effective Population Size
We used the output files from IBDSeq to estimate the recent

effective population size through time from the 30 unrelated indi-

viduals from each sampled population. We estimated effective

population size by using the default settings in IBDNe.33 We set

the minimal IBD segment length equal to 2 cM since that is the

suggested setting when using sequence data. We assumed a gener-

ation time of 30 years.

Identifying Runs of Homozygosity
Runs of homozygosity were identified for each individual using

VCFTools, which implements the procedure from Auton et al.34

Next, we examined the number of callable sites that lie within

each ROH. We found that there was a bi-modal distribution of

coverage for ROHs, where some ROHs appeared to contain almost

no callable sites, while others had much higher coverage. We only

kept ROHs that were at least 2 Mb in length, which we called long

runs of homozygosity, and were at least 60% covered by callable

sites (Figure S5). A file that contains the final ROHs can be found

on GitHub (see Web Resources).

Calculating Inbreeding Coefficients
SNP-based inbreeding coefficients were calculated using

VCFTools.27 VCFTools calculates the inbreeding coefficient F per

individual using the equation F ¼ ðO� EÞ=ðN � EÞ, where O is

the observed number of homozygotes, E is the expected number

of homozygotes (given population allele frequency), and N is

the total number of genotyped loci.

Pedigree-based inbreeding coefficients were computed using the

R package kinship2.35

Demographic Simulations
In order to investigate how aspects of the population history affect

current day genetic diversity in Latin American isolated popula-

tions, we simulated genetic variation data using the forward

simulation software SLiM 2.1.36 We simulated a sequence length

of 10 Mb under uniform recombination rate of 1 3 10�8

crossing-over events per chromosome per base position per gener-

ation and under a mutation rate of 1.53 10�8 mutations per chro-

mosome per base position per generation. Every simulation

contained intergenic, intronic, and exonic regions, but only
710 The American Journal of Human Genetics 103, 707–726, Novem
nonsynonymous new mutations experienced natural selection

in accordance with the distribution of selection coefficients esti-

mated in Kim et al.37 Within coding sequences, we set nonsynon-

ymous and synonymous mutations to occur at a ratio of

2.31:1.37,38 The chromosomal structure of each simulation was

randomly generated, following the specification in the SLiM

manual (7.3), which is modeled after the distribution of intron

and exon lengths in Deutsch and Long.39

We assumed an effective population size in the ancestral African

population of 10,000 individuals, and a reduction in size to 2,000

individuals, starting 50,000 years ago (assuming 30 years per gen-

eration), reflecting the colonization of the European, Asian, and

American continents. The population then recovers to a size of

10,000 individuals 5,000 years ago. The colonization bottleneck

is assumed to occur 500 years ago by an admixture event with a Eu-

ropean population (70% admixture proportion) and is followed by

an immediate reduction in population size to 1,000 individuals.

The recent expansion in population size is modeled by an increase

in population size to 10,000 individuals 200 years ago. We simu-

lated data with recent inbreeding and without recent inbreeding.

In the former case, inbreeding started at the time of the European

colonization 500 years ago and continues until the present.

Inbreeding is implemented with the ‘‘mateChoice’’ function in

SLiM. Here, 50% of the time, mating occurs randomly. However,

in the remaining case subjects, mating occurs between close rela-

tives with a relatedness coefficient bigger than 0.25. This produces

levels of consanguinity similar to those seen empirically as

measured by F (see Results). We also tested whether such high

observed values of F can be explained by random mating during

an extreme bottleneck with a bottleneck to 100 individuals,

and a bottleneck to 64 individuals, during colonization 500 to

200 years ago. To increase the speed of the simulations, we reduced

mutation rate by a factor of 5, and verified the results of the sim-

ulations with theoretical predictions of the relationship between

F and population size over time.40 Finally, we sampled a total of

60 random individuals and calculated summary statistics on the

sample data. The simulation script can be found on GitHub (see

Web Resources).
Annotation of Variants
The ancestral allele was determined using the 6-primate EPO align-

ment (see Web Resources) and we restricted to only those sites

called with the highest confidence. After filtering, 54,049,081

SNPs remained. Subsequently, exonic SNPs were annotated using

the SeattleSeq Annotation website (see Web Resources). A total

of 693,301 SNPs were annotated as either nonsynonymous or syn-

onymous. We further classified these sites as either putatively

neutral or deleterious using Genomic Evolutionary Rate Profiling

(GERP) scores.41 GERP scores are generated using a multiple-

sequence alignment of the hg19 reference to 33 other mammalian

species. When calculating the rejected substitutions (RS) score,

which we will refer to as the GERP score, the hg19 reference

genome is removed to eliminate confounding due to deleterious

derived alleles. A GERP score less than 2 was considered as puta-

tively neutral and a GERP score greater than 4 was considered as

putatively deleterious for the 404,302 classified SNPs.
Counting Deleterious Variants
We used three different statistics to count the number of delete-

rious mutations per individual. First, we tabulated the number of

deleterious variants (the number of heterozygous plus the number
ber 1, 2018



Table 1. Ancestry Proportions for Each Sampled Population

Population Native American African European

YRI 0.00 100.00 0.00

CEU 0.00 0.11 99.89

FIN 0.78 0.16 99.06

PEL 88.24 2.20 9.56

CLM 27.95 9.10 62.95

CO 20.43 6.64 72.93

CR 27.3 2.20 70.50

MXL 44.48 5.73 49.79

PUR 14.25 18.59 67.16

This table summarizes the average global ancestry percentages for each of the
sampled populations found using ADMIXTURE.47 Admixture proportions in CO
and CR were estimated using supervised model with reference populations.
Admixture proportions in other populations were inferred using an unsuper-
vised model (see Subjects and Methods). Population abbreviations are as in
Figure 1.
homozygous derived genotypes). Second, we counted the total

number of derived deleterious alleles (the number of heterozygous

genotypes plus twice the number of homozygous derived geno-

types). Third, we computed the total number of derived delete-

rious homozygous genotypes. A table that contains the counts

of all deleterious and neutral variants can be found on GitHub

(see Web Resources).

Testing for an Enrichment of Deleterious Variation

in ROHs
We were interested in whether there is an enrichment of nonsy-

nonymousmutations in ROHs over non-ROH regions for the three

different ways of counting deleterious variants outlined above. To

account for differences in neutral variation, we standardized by

synonymous variation, which is assumed to be neutral. Then,

we calculated the ratio of nonsynonymous over synonymous vari-

ation in ROH regions divided by the ratio of nonsynonymous over

synonymous variation outside of ROHs. We computed signifi-

cance using a permutation test, where the position of each SNP

and its annotation as synonymous versus nonsynonymous was

fixed and the positions of the vector of ROH annotations were

randomly placed throughout the genome. Thus, the frequency

distribution of synonymous and nonsynonymous SNPs, as well

as the total amount of ROH and non-ROH annotations, is kept

constant when compared to the unpermuted data. We recalcu-

lated the ratio for a total of 10,000 permutations to form a null-dis-

tribution of ratios and then computed significance.

Calculating Ancestry Proportions
We estimated genome-wide ancestry proportions in members of

the CR and CO pedigrees using LAMP.42 We generated ancestry es-

timates for all 838 pedigree members with SNP array genotype

data (detailed information on the SNP array data can be found

in Pagani et al.43). The ancestral reference populations were the

CEU (n ¼ 112) and YRI (n ¼ 113) from HapMap,44,45 as well as

52 Native American samples from Central or South America. The

Native American samples are the Chibchan-speaking subset of

those used in Reich et al.,46 selected to originate from geographical

regions relevant to CR/CO and to have virtually no European or
The American
African admixture (European and African ancestry < 0.00025).

The allele frequencies were calculated for each reference popula-

tion and were used as input files for LAMP alongside the following

configuration parameters: offset ¼ 0.2, recombrate ¼ 1e�8, gener-

ations ¼ 20, alpha ¼ 0.24,0.72,0.04, ldcutoff ¼ 0.1. Then, we

computed global ancestry estimates from the LAMP output file.

Ancestry proportions in Table 1 for 1000 Genomes and Latin

American populations were estimated using ADMIXTURE.47 The

analysis for the 1000 Genomes populations used 665,105 LD-

pruned SNPs, an unsupervised learning model, and the number

of source populations was set to K ¼ 3 (Table 1). The analysis for

the Latin American isolates used a supervised learning model

with K ¼ 3 source populations, composed of the European, Afri-

can, and Native American populations mentioned above and

57,180 LD-pruned SNPs.

Accounting for Relatedness
We tested for correlations among several quantities computed for

each individual in the Latin American population isolates. Because

some of these individuals are closely related, the data points in our

linear regression are no longer independent. We used the R-pack-

age GenABEL48 to incorporate kinship when performing statistical

tests for our correlations. We used the polygenic_hglm() function

where the formula input was the equation for our linear model of

interest and the kinship.matrix input was a kinship matrix

computed from our pedigree computed using kinship2.35 Our

input took the following form: kinship.matrix (FPED �Length of

genome in ROH, kin ¼ kinshipMatrix, data ¼ df). We also

computed p values from a genetic relatedness matrix (GRM)

created using PC-AiR22 and PC-Relate;23 both sets of p values can

be found in Table S1.
Results

Genetic Variation in Population Isolates

We first compared levels of genetic diversity in a sample of

30 unrelated individuals across the 1000 Genomes popula-

tions19 and the CO and CR isolates. We split the genome

into several different genomic regions and in each region

summarized genetic variation using both the average num-

ber of pairwise differences (p) and Watterson’s theta (qw)

(Figures 1A and 1B). Overall, we found differences in diver-

sity across the functional categories of sequence studied in

all populations, with coding regions exhibiting the lowest

diversity and intergenic regions the highest. These patterns

are consistent with the role of purifying selection affecting

coding diversity.37 However, if we look genome-wide or

focus on intronic regions, we see intermediate levels of di-

versity (Tables S2 and S3). We suspect that these categories

are more strongly influenced by linked selection.49–51

As we are interested in the role of demography in

shaping genetic diversity, we focused on comparisons of

intergenic levels of diversity as those are most likely to be

neutrally evolving (Figures 1A and 1B). Overall, the YRI

had the highest level of diversity (p z 0.0010; qw z
0.0012) (Tables S2 and S3). The European populations

(CEU and FIN) had lower levels of diversity. The CEU and

FIN had similar levels of p (approximately 0.0004), despite

the FIN being considered an isolated population. However,
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Figure 1. Patterns of Genetic Variation in the Colombian and Costa Rican Populations Compared to the 1000 Genomes Populations
(A) Diversity measured using the average pairwise differences between sequences, p.
(B) Diversity measured using the number of segregating sites, Watterson’s theta (qW).
(C) The site frequency spectrum (SFS) for each population (truncated at a SNP frequency of 15; full SFS Figure S6).
(D) Average LD (r2) between pairs of SNPs.
All statistics were calculated using 30 unrelated individuals per population (see Subjects and Methods). Boxplots in (A) and (B) show the
distribution over 22 autosomes. Abbreviations: YRI; Yoruba 1000 Genomes; CEU, Ceph-European 1000 Genomes; FIN, Finnish 1000
Genomes; PEL, Peruvian 1000 Genomes; CLM, Colombian 1000 Genomes; CO, Colombia; CR, Costa Rica; MXL, Mexican from Los
Angeles 1000 Genomes; and PUR, Puerto Rican 1000 Genomes.
the FIN had reduced numbers of SNPs as reflected by lower

mean values of qw (CEU z 0.00075 and FIN z 0.00072).

The CO and CR had levels of diversity comparable to

that of several other Latin American populations in the

1000 Genomes Project (CLM andMXL). We found no clear

pattern of the population isolates (FIN, CO, CR) having

lower diversity than their most similar non-isolated popu-

lation. Instead, diversity levels tended to be higher across

all the sampled Latin American populations (CLM, CO,

CR, MXL, and PUR) when compared to the European

populations. One exception to this pattern is the PEL

population, who had the lowest neutral levels of diversity

(p z 0.0007; qw z 0.0007).

Next, we examined the proportional site frequency spec-

trum (SFS; Figures 1C and S6). Latin American populations

had the highest proportion of singletons, as seen previ-

ously.52 The CO and CR had similar proportions of single-

tons when compared to other 1000 Genomes Project Latin

American populations. Conversely, the FIN had the lowest

proportion of singletons in comparison to all sampled pop-

ulations. The depletion of singletons relative to common

variation supports the presence of a stronger founder effect

during the FIN population history.11

We also examined patterns of linkage disequilibrium

(LD), since LD is affected by population size and recent

bottlenecks.53,54 Figure 1D shows the mean decay of r2
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with physical distance over 2 Mb intervals across the

genome in each population. We found that the YRI had

the lowest levels of LD for each bin of physical distance,

and the PEL formed the upper bound of the LD decay

curves. The remaining Latin American populations (PUR,

MXL, CLM, CO, CR) clustered together, close to the YRI,

while the CEU and FIN are shifted toward higher values,

like those seen in the PEL.

The FIN were previously shown to have more extensive

haplotype blocks in their genome in comparison to the

Latin American isolates.6 In line with these findings, we

observed faster LD decay in the Latin American isolates

relative to the FIN. When considering pairs of SNPs

150 kb or more apart, rates of LD decay become quite

similar across all the sampled populations. Analogous to

other diversity statistics, LD in the CO and CR closely

resembled those of non-isolated Latin American popula-

tions. Once again, we found there is no clear pattern of

having lower diversity or more LD that holds across all

the population isolates (FIN, CO, CR) when compared to

their most similar non-isolated population.

Latin American Isolates Carry More IBD Segments than

the Finnish

Next, we used IBD sharing between pairs of individuals to

gain insight about more recent demographic events within
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Figure 2. Latin American Population Isolates (CR and CO) Have Significantly More Identity by Descent (IBD) Segments Relative to
the Finnish (FIN)
IBDSeq was used to generate IBD segments for the 30 unrelated individuals in each population.
(A) Population score was calculated by summing all IBD segments between 3 cM and 20 cM for each population. Score difference is the
population score minus the FIN population score. IBD enrichment for each population score is reported as relative to the FIN (i.e., FIN
score is 1.0).
(B andC) Histogramof 10,000 permutation tests of Colombia (p< 1.03 10�04) and Costa Rica (p< 1.03 10�04) population scores versus
Finnish score. The observed score for each population is demarcated by the purple line.
Population abbreviations are as in Figure 1.
populations (Figure 2). We quantified the amount of IBD

within each population by computing an IBD score. Each

population’s IBD score was calculated by totaling the

length of IBD segments between 3 cM and 20 cM. We ex-

pressed IBD scores for each population as the ratio of the

IBD score for a given population relative to the IBD score

in the FIN (Figure 2A). We also tabulated the total count

of IBD segments for each population. The CEU showed

the lowest number of both called IBD segments and the

lowest IBD score relative to the FIN (p ¼ 0.0001). Latin

American populations formed the upper bounds of both

total IBD segments called and IBD enrichment scores

(Figure 2A). The PUR had the largest number of IBD seg-

ments (1,402) and had a 2.1-fold increase in IBD score rela-

tive to the FIN (p < 1 3 10�4). The CO and CR isolates had

a 1.8-fold and 2-fold increase in their IBD scores relative to

the FIN (p < 1 3 10�4), as well as carrying more IBD

segments than the FIN (Figures 2B and 2C). However,

there were some Latin American populations that ex-

hibited depletions in both IBD segments and IBD scores

relative to the FIN. The MXL and PEL have the lowest

number of IBD segments for the Latin American popula-

tions. Previous work has shown that a larger effective

population size in admixed populations likely drove the

depletion of IBD segments in these two Latin American

populations.55

Inferring the Demographic History of Latin American

Isolates

We next leveraged the patterns of IBD described above to

estimate the effective population size (Ne) through time us-

ing IBDNe33 on the 30 unrelated individuals from each

population (Figure 3). The use of only 30 unrelated indi-
The American
viduals caused limitations for accurate estimation of Ne

(see Discussion), but the general population size trajectory

is likely to be robust to the number of individuals used.

First, we found that recent demography differs vastly be-

tween the European populations (FIN and CEU). In gen-

eral, CEU experienced population expansions over much

of their demographic history. It was only in the most

recent generations that they experienced a decrease in

Ne. The FIN, on the other hand, have experienced a

long population decline since their founding, approxi-

mately 4,000 years ago, followed by a recent population

expansion.

When analyzing the Latin American isolates, we de-

tected a recent bottleneck, approximately 500 years ago

(Figure 3). This bottleneck could correspond to the re-

corded bottleneck that followed the founding of these

populations, and it appears to be much shorter and more

severe than the bottleneck seen in the FIN. The strength

and duration of bottlenecks varied across each of the Latin

American populations. For example, we observed a more

severe bottleneck in the CR, CO, CLM, and PUR than in

PEL or MXL. However, we detected a subsequent period

of growth across all populations following the bottleneck.

The rate of growth differed across each population, and the

PEL appeared to be growing at amuchmore rapid rate than

any of the other Latin American populations.

Exploring Recent Consanguinity

Isolated populations may have experienced recent consan-

guinity. To test for this, we began by examining SNP-based

inbreeding coefficients (FSNP) (Figure S7). YRI individuals

had the lowest median inbreeding coefficients (�0.0001)

and the CO and CR isolates had the highest median
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Figure 3. Recent Effective Population Size Differs across Populations
IBDNe33 (see Subjects andMethods) was used to infer effective population size (Ne) over the last 9,000 years for each population. Shaded
regions denote 95% confidence intervals. Note the FIN shows a long slow decline followed by recent growth. The CO and CR show sharp
bottlenecks approximately 500 years ago followed by recent growth.While the overall trends in the population size trajectories appear to
be robust to the use of smaller sample sizes in IBDNe, current estimates of Ne are likely inaccurate. Population abbreviations are as in
Figure 1.
inbreeding coefficients (0.0087 and 0.0086, respectively).

Further, the CO and CR also had the highest maximum

FSNP values in the entire sample of unrelated individuals

from any population (Figure S7). Median levels of FSNP in

the CEU (�0.0004) suggested that they are more homozy-

gous than the FIN (�0.0007), which may be a result of

how 1000 Genomes samples were selected. The PEL had

the largest variance in FSNP across any of the sampled

populations.

Next, we examined patterns of long runs (>2 Mb, see

Subjects and Methods) of homozygosity, since ROHs

have been linked to recent consanguinity.56–60 The YRI

and CEU had the lowest amount of their genome con-

tained within an ROH (Figure 4A). The FIN had higher me-

dian (median ¼ 11 Mb and SD ¼ 6.3 Mb) amounts of their

genome within an ROH in comparison to the CEU (me-

dian ¼ 2.4 Mb and SD ¼ 2.1 Mb). Latin American isolates

had the highest median amount of the genome contained

within an ROH. Specifically, the CR had the highest me-

dian at 21.7 Mb (SD ¼ 40.9 Mb). Further, the Latin Amer-

ican isolates also had the greatest variance in the amount
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of the genome contained within an ROH. For example,

one of the CO individuals had approximately 230 Mb of

their genome contained in long ROHs.

As expected, we found that the amount of the genome

contained in a long ROH strongly correlated with an

individual’s FSNP (CO: R2 ¼ 0.8060, p ¼ 1.1 3 10�11; CR:

R2 ¼ 0.7740, p ¼ 9.5 3 10�11; FIN: R2 ¼ 0.1288,

p ¼ 0.03) (Figures 4B–4D). Indeed, individuals with higher

values of FSNP tended to have more of their genome within

an ROH. Further, the individual with the highest FSNP

(0.133) also had the largest amount of their genome in

long ROH (230 Mb).

The total number of ROH segments per individual fol-

lowed a similar pattern as the total amount of genome

within an ROH (Figure S8). For example, in populations

with low values of FSNP, ROH segments were not frequent.

One YRI individual and three CEU individuals carried an

ROH > 4 Mb, whereas more than 50% of CO and CR indi-

viduals carried an ROH > 4 Mb. Additionally, the longest

ROHs identified (>20Mb) occurred only in Latin American

populations, whohave the largest values of FSNP (Figure S8).
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Figure 4. Length of the Genome in a Run of Homozygosity (ROH) Varies across Populations and Correlates with SNP Inbreeding
Coefficient
The length of the genome in an ROH was calculated for each unrelated individual (n ¼ 30 per population) by summing the physical
distance (Mb) of each ROH > 2 Mb.
(A) The length of the genome in an ROH varies by population. The black line within the violin marks the median. FSNP for each indi-
vidual was overlaid within the ROH violin plot. A blue hue indicates the lowest FSNP and orange indicates the highest FSNP.
(B) Length of the genome in an ROH is strongly correlated with FSNP in Colombians (R2 ¼ 0.8060, p ¼ 1.1 3 10�11).
(C) Length of the genome in an ROH is strongly correlated with FSNP in Costa Ricans (R2 ¼ 0.7740, p ¼ 9.5 3 10�11).
(D) Length of the genome in an ROH is positively correlated with FSNP in Finnish (R2 ¼ 0.1288, p ¼ 0.03).
Population abbreviations are as in Figure 1.
Importantly, the FIN individuals had significantly fewer

ROH segments than the CO and CR, and most individuals

had an FSNP close to 0; while the Latin American isolates

had the most ROH in comparison to any other sampled

population, as well as the largest values of FSNP (Figure 4).

Determining the Mechanisms that Generate Runs of

Homozygosity

In principle, ROHs can be generated either by recent con-

sanguinity over the last few generations or by older histor-

ical processes, such as bottlenecks.56,58,60–63 Based on both

historical data18 and inference from IBDNe analyses, Latin

American population isolates show evidence of recent pop-

ulation bottlenecks. Therefore, we used two complemen-

tary strategies to test whether recent consanguinity or

bottlenecks drove the observed increase in ROHs in the

Latin American isolates. First, we used the extensive pedi-

gree data for 449 sequenced individuals to calculate a pedi-

gree inbreeding coefficient (FPED). Most individuals had a

FPED of 0 (Figure 5). However, there were several individ-

uals with values of FPED as high as 0.07 in CR and 0.06 in

CO. We observed a significant correlation between FSNP

and FPED (R2 ¼ 0.1520 and p < 2 3 10�16), even after ac-

counting for the non-independence of individuals based
The American
on their kinship (Figure 5A; see Subjects and Methods).

These correlations suggest that the recent consanguinity

captured within the last few generations in the pedigree

was a relevant factor to increase ROHs in the CO and CR

populations. However, once we remove the four most

influential individuals, the correlation between FSNP and

FPED is no longer significant. These four individuals also

account for approximately 7.5% of individuals with

FPED > 0, so the reduction in sample size could also explain

some component of the reduction in signal. FSNP was a

substantially better predictor of the amount of an

individual’s genome that falls within an ROH (R2 ¼
0.7540 and p < 2 3 10�16) than FPED (R2 ¼ 0.2180 and

p < 2 3 10�16) (Figures 5B and 5C), likely due to the fact

that FSNP captured distant background relatedness within

the population as well as the realized level of consanguin-

ity, rather than the expected value.64 Further, because the

pedigrees were ascertained and analyzed separately, con-

nections between pedigrees were not accounted for in

FPED but were likely captured by FSNP.

As a second approach to determine the mechanism

driving the increase in ROHs in the CO and CR popula-

tions, we conducted forward in time demographic simula-

tions. We simulated a 10 Mb region under a demographic
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Figure 5. Recent Consanguinity Creates ROHs in Costa Rica and Colombia
Triangles represent the individuals that were sampled in the unrelated dataset (n ¼ 30).
(A) FSNP is correlated with the pedigree inbreeding coefficient (FPED; R

2 ¼ 0.1520, p < 2 3 10�16) in the full data.
(B) The length of the genome in an ROH is correlated with FPED (R2 ¼ 0.2180, p < 2 3 10�16).
(C) The length of the genome in an ROH is correlated with FSNP (R2 ¼ 0.7540, p < 2 3 10�16).
(D) Forward simulations show that recent consanguinity during the last 500 years was important for the generation of ROHs in the Latin
American isolates. Top panel shows the changes in population size used in the simulations. Bottom panel shows how the percent of the
simulated genome within an ROH changes over time for different demographic scenarios.
Population abbreviations are as in Figure 1.
model that reflected changes in effective population size

during the human expansion across the European, Asian,

and American continents, as well as themore recent bottle-

neck during the Spanish colonization about 500 years ago

(Figure 5D; see Subjects and Methods). Consanguineous

nonrandom mating in the population was modeled to

begin 500 years ago, leading to a mean value of FROH of

about 0.075. This level of inbreeding matches the level of

inbreeding in some of the CO and CR individuals, based

on calculations using pedigree data.

Next, we investigated how severe the bottleneck caused

by the Spanish colonization would have needed to be to

generate such high levels of ROHs, when assuming

random mating instead of consanguineous mating. We

found that a recent population bottleneck to 1,000 indi-

viduals, as suggested by historical data for the Central Val-

ley population of CR,71 is not capable of generating the

large amounts of the genome within an ROH (>2 Mb)

that we observed for some of the individuals (Figure 5D).

We tested several more scenarios with severe bottlenecks
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where population size decreased to 100 and 64 individuals.

A bottleneck to 100 individuals led to an FROH of only

0.003, which is considerably less than that estimated

from the empirical data (Figure 5D). When we estimated

FROH from simulation with 64 individuals, we observed

the predicted value of 0.075 immediately following the

bottleneck (i.e., 7.5% of the genome are in an ROH) and

the value did not noticeably drop during the last 200 years

even with the subsequent expansion of population size

(Figure 5D). This matches theoretical predictions where

the inbreeding coefficient, F, is related to the inbreeding

effective population size (Ne) and number of genera-

tions40 (t) according to the formula F ¼ 1 � (1 � 1/(2Ne))
t.

Thus, bottlenecks or population structure would need to

reduce inbreeding effective population size to approxi-

mately 60 individuals for multiple generations to generate

ROHs that are comparable to the empirical data. However,

we believe this reduction the effective population size, to

64 individuals, is rather unlikely because such a low effec-

tive population size is not predicted by our estimates of Ne
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during the recent bottleneck (Ne > 1,000; see Figure 3), nor

by the recent genetic estimates of Ne in the Americas pre-

dicted by Browning and colleagues.65 Further, historical

data suggest that the lowest census population size for

just Native Americans was 300 individuals in CO18 and

1,400 in CR71, which is considerably more than 64

individuals, and does not include the unknown number

of European and African American individuals. Since

we observe considerable amounts of ROHs even in the

larger CR population, we conclude that recent consanguin-

eous nonrandom mating was paramount for generating

the long ROH that we observed in the Latin American

isolates.

Global Ancestry

We looked at the relationship between intergenic p and

proportion of ancestry per population (Figure S9). We

saw that populations with the largest proportions of Euro-

pean and Native American ancestry tended to have lower

diversity, and as we expected, populations with higher

African ancestry had higher diversity (Figure S9).

Since the Latin American isolates originated from an

admixture event between Native Americans, Africans,

and Europeans, we tested for a correlation between

different inbreeding metrics and the proportion of Euro-

pean, African, and Native American ancestry (Figure S10).

We used the entire sequenced Costa Rican and Colombian

dataset (n ¼ 449) for the local ancestry analyses and ac-

counted for relatedness of individuals in all the following

reported p values (see Subjects and Methods). First,

we examined the correlation between FPED and global

ancestry. We found that European ancestry was positively

correlated with FPED (R2 ¼ 0.0204; p value ¼ 0.0052) while

Native American ancestry was negatively correlated with

FPED (R2 ¼ 0.0126; p value ¼ 0.0245). African ancestry

was also negatively correlated with FPED (R2 ¼ 0.0085;

p value ¼ 0.0496).

Next, we examined the correlation between FSNP and

global ancestry. Similar to what we observed with FPED, Eu-

ropean ancestry was positively correlated with FSNP (R2 ¼
0.1120; p ¼ 4.76 3 10�12), Native American ancestry was

negatively correlated with FSNP (R2 ¼ 0.0705; p ¼ 2.79 3

10�07), and African ancestry was negatively correlated

with FSNP (R2 ¼ 0.0545; p ¼ 3.49 3 10�08). We expected

that the correlation between FSNP and global ancestry

would be stronger than FPED and global ancestry, since

FSNP captures the realized inbreeding coefficient rather

than the expected inbreeding coefficient.

Lastly, we examined whether ancestry was correlated

with the amount of the genome within an ROH (Fig-

ure S10). The correlation between ancestry and amount

of the genome within an ROH followed the same trend

as the correlation between ancestry, FPED, and FSNP. Native

American ancestry and African ancestry were negatively

correlated with the amount of the genome within a long

ROH (R2 ¼ 0.1193; p ¼ 9.04 3 10�12 and R2 ¼ 0.0467;

p ¼ 2.50 3 10�07, respectively). European ancestry was
The American
positively correlated with the amount of an individual’s

genome within an ROH (R2 ¼ 0.1500; p ¼ 1.02 3 10�15).

Recent Consanguinity Is Correlated with an Increase of

Deleterious Variation

It is well known that demography impacts patterns of dele-

terious variation in populations.2,5,52,56,66–70 Thus, we

compared patterns of putatively deleterious variation in

the CO and CR to those in the FIN. Variants were classified

as putatively deleterious or putatively neutral using GERP

scores (see Subjects and Methods). Recall that we consider

three ways of counting deleterious variants in the genome

of an individual: first, counting the number of heterozy-

gous genotypes plus twice the number of homozygous

derived genotypes (i.e., the total number of derived delete-

rious alleles); second, counting the number of heterozy-

gous and homozygous derived genotypes (counting

variants); and third, counting only the number of homozy-

gote derived genotypes (counting homozygotes). The first

quantity is most relevant if deleterious alleles are additive,

while the third is most relevant if they are recessive. First,

we looked at absolute counts of derived deleterious varia-

tion across isolates (Figure S11). Then, we used linear

regression to test whether there was a relationship between

the amount of an individuals’ genome in an ROH and the

number of nonsynonymous sites in the genome for each

counting method (Figure 6).

The FIN carried approximately 1% more derived delete-

rious nonsynonymous alleles per individual than CO and

CR (p ¼ 0.0007; p ¼ 0.0013, Wilcoxon rank-sum test).

However, there was no significant difference in the num-

ber of putatively neutral synonymous derived alleles per

individual. These results suggest that the difference seen

for putatively deleterious variants is not driven by data ar-

tifacts (Figure S11), and the FIN indeed have a slightly

higher additive genetic load than the CO or CR. Turning

to the number of variants per individual, FIN individuals

carried significantly more deleterious nonsynonymous

variants than the CR but not the CO (p ¼ 0.0110). How-

ever, CO and CR did not differ significantly in the number

of deleterious variants carried per individual (Figure S11).

When we examined neutral synonymous variants, CO

had significantly more variants than either FIN or CR

(p ¼ 8.56 3 10�06; p ¼ 0.0054, respectively). Finally,

when counting the number of homozygous derived geno-

types, we found that the FIN carried 3.3%more deleterious

variants in the homozygous state per individual than CO

but not the CR (p ¼ 0.0003) (Figure S11). Additionally,

the FIN carried significantly more neutral homozygous

genotypes per individual than either population (CO

p ¼ 1.01 3 10�05; CR p ¼ 6.96 3 10�05). The increased

deleterious and neutral variation in homozygous form is

an expected consequence of the long-term bottleneck

that the FIN experienced during their founding.

We next tested whether the amount of the genome in an

individual contained within an ROH was correlated with

the number of nonsynonymous mutations carried by the
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Figure 6. The Relationship between ROHs and Coding Variation in the Colombian, Costa Rican, and Finnish Samples
The count of nonsynonymous and synonymous mutations per individual as a function of the length of the genome in an ROH in the
Colombian (CO), Costa Rican (CR), and Finnish (FIN) populations.
(A) Number of nonsynonymous alleles per individual.
(B) Number of nonsynonymous variants per individual.
(C) Number of homozygous nonsynonymous genotypes per individual.
(D) The number of synonymous alleles per individual.
(E) The number of synonymous variants per individual.
(F) The number of homozygous synonymous genotypes per individual.
Population abbreviations are as in Figure 1.
individual. Counting nonsynonymous (NS) or synony-

mous (SYN) allele copies did not show any correlation

with the amount of an individual’s genome that falls

within an ROH for the CR or FIN (Figures 6A, 6D, and

S12–S15). However, in the CO, as the amount of the

genome within an ROH increased, individuals tended to

carry more NS alleles, though this correlation was strongly

driven by a single individual, who also had the highest

FSNP and FPED (R2 ¼ 0.2393; p ¼ 0.0036; Figure S12), and

when this individual was removed the correlation no

longer remained significant. Importantly, the number of

SYN alleles per individual was not correlated with the

amount of the genome in an ROH (p ¼ 0.2261).

When counting variants per individual, we observed a

significant negative correlation with the amount of an in-

dividuals’ genome that falls within an ROH in the Latin

American isolates (Figures 6B, 6E, and S12–S14). The nega-

tive correlation is a result of heterozygous sites being lost

when an ROH is formed due to inbreeding. Conversely,

when counting homozygous genotypes per individual,

we observed a significant positive correlation with the

amount of an individual’s genome that falls within an

ROH in both the Latin American isolates and FIN (Figures
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6C, 6F, and S12–S15). Homozygous genotypes were the

only statistic that correlated significantly with the amount

of the genome in an ROH across all isolated populations

for both SYN and NS sites. We observed a stronger correla-

tion between the number of NS homozygous genotypes

and the amount of an individual’s genome within an

ROH in the Latin American isolates (R2 ¼ 0.5000 [CO]

and R2 ¼ 0.2165 [CR]; p ¼ 7.546�06 [CO] and p ¼ 0.0059

[CR]) compared to the FIN (R2 ¼ 0.1130 and p ¼ 0.0389)

(Figures S12–S15). This pattern exists because the majority

of CO and CR individuals carried a larger proportion of

their genome within an ROH, while the FIN individuals

do not harbor many ROHs.

We next asked whether there was an enrichment or

depletion of NS variants relative to SYN variants within

versus outside of an ROH using a permutation test on the

three different counting approaches (see Subjects and

Methods). When variants or allele copies were counted,

none of the populations produced significant results

(Table 2). When homozygous genotypes were counted,

ROHs in the MXL and CR were enriched for homozygous

NS genotypes relative to SYN homozygous genotypes

(p ¼ 0.0052 and p ¼ 0.0169) (Table 2). Additionally, if we
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Table 2. Enrichment of Nonsynonymous Homozygous Derived Genotypes within ROHs

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 0.806 1.088 0.0011*

MXL 1.112 0.052 1.089 0.169 1.19 0.005*

PUR 0.981 0.635 0.965 0.411 1.047 0.301

This table summarizes the results of our enrichment analyses for each population sampled as well as a combined super-population of Colombians and Costa Ricans
(CO & CR). Odds ratios were calculated as the ratio of nonsynonymous variants relative to synonymous variants within versus outside of an ROH for each counting
method. Asterisk (*) used to indicate significant p values after permutation test was conducted (see Subjects and Methods). Population abbreviations are as in
Figure 1.
pooled the CR and CO populations, we also observed a

significant enrichment of homozygous NS genotypes

within an ROH compared to non-ROH regions of the

genome (p ¼ 0.0011).

We tested whether FSNP was correlated with the amount

of deleterious variation per individual. We used only iso-

lates for these regressions because we are particularly inter-

ested in how recent consanguinity affected deleterious

variation in the genome. We observed the exact same

pattern with FSNP as with ROHs (Figure S16). Briefly, count-

ing NS or SYN allele copies did not show any correlation

with FSNP for the CR or FIN, but there was a significant cor-

relation with NS allele copies in CO which was driven by a

single outlier individual (Figures S16–S19). The correlation

with NS allele copies and FSNP in CO did not remain once

the outlier individual was removed. Counting NS and SYN

variants per individual produced a significant negative cor-

relation with FSNP in the Latin American isolates (Figures

S14 and S17–S19). Counting the number of NS and SYN

homozygous genotypes per individual was positively

correlated with FSNP in the both Latin American isolates

and FIN (Figures S16–S19). Again, counting homozygotes

was the only method with significant results across all iso-

lated populations for both SYN andNS variants. The ability

to recapitulate the pattern we observed in ROHs using FSNP

was reassuring and adds further support to the strong rela-

tionship between recent consanguinity and ROHs.

Lastly, because we had multi-generational pedigrees for

the Latin American isolates, we examined the correlation

between putatively deleterious variation and recent con-

sanguinity as measured by FPED. All the following reported

p values account for kinship (see Subjects and Methods).

When we pooled the CO and CR individuals together, we

did not observe any relationship between counting derived

deleterious allele copies and FPED after correcting for

kinship (Figure 7A). Moreover, we observed a negative cor-
The American
relation between FPED and the number of deleterious vari-

ants per individual (R2 ¼ 0.0375, p ¼ 6.02 3 10�06). The

number of neutral variants per individual was also nega-

tively correlated with FPED (p ¼ 2.26 3 10�10) (Figure 7B).

Finally, we observed a positive correlation between FPED
and derived deleterious homozygotes (R2 ¼ 0.0575,

p ¼ 1.0 3 10�06) as well as between FPED and the

number of neutral derived homozygotes per individual

(p ¼ 1.03 3 10�08) (Figure 7C). These results suggest that

recent consanguinity during the last few generations has

increased the number of derived deleterious homozygous

genotypes in these two populations.
Discussion

Here we present a comprehensive study of genetic diver-

sity, demographic history, identity-by-descent, runs of

homozygosity, and deleterious mutations in multiple

admixed isolated populations. We show that admixture

sufficiently increases genetic diversity of the Colombian

andCosta Rican isolates such that each isolate has diversity

levels comparable to a non-isolated population. However,

we still observe characteristics in the Latin American

isolates that are hallmarks of an archetypal isolate, such

as: an excess of IBD segments, cryptic relatedness within

the population, and an enrichment of long ROHs.

Further, we demonstrate that long ROHs contain an

enrichment of deleterious variants carried in the homozy-

gous state, which has potential implications for fitness and

disease risk.

Taken together, our results support historical data which

state that a recent admixture event, within the last

500 years, founded the Colombian and Costa Rican popu-

lation isolates. After founding, a bottleneck corresponding

to the Spanish settlement occurred and each population
Journal of Human Genetics 103, 707–726, November 1, 2018 719



Figure 7. Pedigree Inbreeding Coefficient (FPED) Is Correlated with Deleterious Variation
Triangles represent the individuals that were sampled in the unrelated dataset (n¼ 30). Variants were predicted as either putatively dele-
terious (nonsynonymous) SNPs or putatively neutral (synonymous) SNPs using GERP.41 Correlation between FPED and the number of
mutations per individual in Colombians and Costa Ricans.
(A) Number of derived alleles per individual.
(B) Number of variants per individual.
(C) Number of homozygous derived genotypes per individual. The first row depicts the correlation between deleterious sites using each
counting method and FPED for sequenced individuals from Latin American isolates. The second row depicts the correlation between
neutral sites using each counting method and FPED in the same individuals.
Population abbreviations are as in Figure 1.
has increased in size until the present day.18,71 We see evi-

dence of these processes in the inference of demography

from IBD patterns. Importantly, the bottleneck experi-

enced in the Latin American isolates was not as prolonged

as that experienced by the Finnish. Further, the Finnish

bottleneck occurred thousands of years ago. The difference

in bottleneck time scales likely accounts for some portion

of the higher genetic diversity observed in Latin American

population isolates in comparison to the Finnish. In other

words, the bottlenecks captured by IBDNe in the Latin

Americans are too recent to markedly impact levels of het-

erozygosity. Further, the admixture process experienced by

the Latin American isolates could increase levels of genetic

diversity,52 especially because some individuals have

appreciable levels of African ancestry.

We see little difference in patterns of genetic variation in

the 1000 Genomes Colombian samples (CLM) and the iso-

lated Colombian sample (CO) studied in this project. The

CLM have similar levels of diversity and LD relative to

the isolated CO. There is a modest increase in IBD seg-

ments and ROHs in the isolated CO relative to CLM. The

Latin American isolates occupy areas that were considered

as being geographically isolated at the time of sampling

(the Central Valley of Costa Rica and the department of

Antioquia in Colombia18) while the 1000 Genomes sample
720 The American Journal of Human Genetics 103, 707–726, Novem
was taken from Medellı́n, which is included within the

Antioquia region.72–75 Thus, these results are a bit surpris-

ing as the CO samples studied in this project were from a

more remote area and the individuals sampled in the

1000 Genomes Project were from a more cosmopolitan

area. This finding likely indicates that the more ancient

histories (prior to several hundred years ago) were likely

more similar between these populations and have a greater

influence on the patterns of genetic variation studied here.

Our results beg the question, what constitutes a popula-

tion isolate? For example, is it a requirement that popula-

tion isolates have low genetic diversity relative to the

source population? Under this definition, the Latin Amer-

ican population isolates would not qualify as population

isolates. The bottleneck in the Costa Ricans and Colom-

bians seems to have had little effect on their genetic diver-

sity, as their diversity levels are comparable to non-isolated

Latin American populations. The Finnish, on the other

hand, experienced a long-term bottleneck that has resulted

in a depletion of segregating sites, and of the remaining

segregating sites, there is an enrichment of deleterious var-

iants relative to non-isolated populations,7,11 and would

clearly qualify as an isolate. However, if onemeasures isola-

tion based on IBD, we see that there is an enrichment of

IBD segments in the Latin American isolates relative to
ber 1, 2018



the Finnish. Further, looking at ROHs, Latin American in-

dividuals from population isolates have a larger burden

of ROH than Finnish, thus increasing the chances of iden-

tifyingmore shared genomic regions in the Latin American

isolates than the Finnish. By this metric, the Latin Amer-

ican population isolates would qualify as population

isolates. Thus, both the Costa Rican and Colombian popu-

lations and the Finnish are isolates but in different ways.

For example, the Costa Ricans and Colombians are histor-

ical isolates, meaning these populations are not currently

isolated but they exhibit many traits of an isolate, whereas

the Finnish are contemporary isolates, meaning the popu-

lation is still isolated. Our work suggests that isolated pop-

ulations have distinct demographic histories that impact

genetic variation in different ways.

We find that Latin American isolates have the largest

ROH burden in comparison to any other sampled popula-

tion, which corroborates results from a recent review

where authors state that populations with small Ne and

recent consanguinity will harbor the largest amount of

ROHs.62 Because previous research has shown a strong cor-

relation between recent inbreeding, quantified by both

FSNP and FPED, and long runs of homozygosity, we were

particularly interested in the mechanism behind the gen-

eration of long ROHs.56–61,76–78 We used simulations to

test which demographic scenarios could produce long

ROHs (Figure 5). These simulations and availability of

extended pedigree data were crucial, because the FSNP

metric can also be influenced by a recent bottleneck. If

small population size or admixture was responsible for

generating the ROHs, these processes would not be re-

flected in FPED. Thus, we would not expect to find a corre-

lation between FPED and the amount of the genome in

ROHs. The observed correlation between FPED and the

amount of the genome in ROHs suggests that recent con-

sanguinity (as measured by FPED) is related to the extent

of long ROHs in the genome. Further, our simulations

show that neither admixture nor a recent population

bottleneck, unless unrealistically severe (see Results), could

generate the high levels of long ROHs that are observed

in some individuals. It was only when we incorporated

non-random mating into the simulation that levels of

ROHs comparable to what we observed in our data were

produced.

Our results demonstrate that the Latin American popula-

tion isolates have experienced more recent consanguinity

than other population isolates, like the Finnish. Further,

in Finland it has previously been shown that the frequency

of consanguinity, due to first-cousinmarriages, is quite low

and the best predictors of these unions were socio-eco-

nomic class and ethnicity, rather than geographic barriers

or population density.79 On the other hand, for the two

Latin American isolates, consanguinity could be a conse-

quence of increased geographic barriers preventing move-

ment of individuals over more dispersed areas. It is also

important to point out that it is unclear the extent to

which ascertaining individuals from large pedigrees may
The American
impact the number of ROHs in our sample. Thus, the

finding of an increase in ROHs may not be generalizable

to Colombian and Costa Rican populations as a whole.

However, we observed a similar pattern of increased

ROHs in the CLM, which suggests that the pedigree ascer-

tainment of the CO and CR may not be generating the

increase in ROHs.

We also tested how recent consanguinity affects delete-

rious variation in the genome. When counting homozy-

gous derived deleterious genotypes, we found a positive

correlation between the number of nonsynonymous ho-

mozygous genotypes and the amount of an individual’s

genome within an ROH (Figure 6). Further, we observed

an enrichment for nonsynonymous homozygous derived

genotypes relative to synonymous homozygous derived

genotypes within ROHs versus the rest of the genome

(Table 2). This enrichment could be a result of nonsynon-

ymous mutations generally segregating at lower frequency

and typically being carried as a single copy in an individ-

ual. When an ROH is formed, the chromosome that was

carrying the mutation is copied, thus allowing the muta-

tion to increase the number of homozygotes within the

ROH.56,61 Since long ROHs are a product of recent consan-

guinity and these populations have experienced recent

consanguinity, we see a corresponding increase in the

burden of deleterious variants in the genomes of Costa

Rican and Colombian isolates. Because we are more likely

to see deleterious variants in the homozygous form in areas

of the genome that fall within an ROH, our work is partic-

ularly relevant for alleles associated with recessive diseases.

Lastly, we provide a mechanism for how recent consan-

guinity can reduce fitness in natural populations.80–82 Spe-

cifically, if gene knockouts and deleterious mutations tend

to be recessive,83–87,105 as suggested by several studies,

then recent consanguinity will increase the number of ho-

mozygous derived deleterious variants carried by an indi-

vidual in a long ROH, thus leading to an overall reduction

of fitness in the sampled population.3

Utilizing estimated ancestry proportions from across the

genome, we tested for a correlation between an individ-

ual’s ancestry and the amount of their genome that falls

within an ROH, complementing the work of Szpiech

et al.88 We found a positive correlation between the pro-

portion of European ancestry and the amount of an indi-

vidual’s genome within a run of homozygosity. These

results are consistent with the Latin American isolates orig-

inating from a small number of European founders, which

would decrease genetic diversity and increase homozygos-

ity for those areas of the genome containing European

haplotypes. We observed a negative correlation between

Native American ancestry and the amount of the genome

contained within an ROH (Figure S10). This finding ap-

pears to be at odds with previous research61,62 but largely

agrees with conclusions drawn by Moreno and col-

leagues.89 Thus, we believe that some of this difference

may be due to distinct sampling strategies of the Native

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

we used was composed of Chibchan-speaking individuals

from Reich et al.46 Chibchan-speaking populations in-

herited their Native American ancestry from admixture

between Southern and Northern American lineages.46

Because our reference Native American population is ad-

mixed and Native American populations tend to be small,

it is likely that drift has affected different alleles in source

populations89 that formed the current Chibchan-speaking

populations. The Chibchan-speaking populations may

have more diversity and fewer fixed homozygous sites

than previously sampled Native American populations,

which could explain the negative correlation we observed

between ancestry and ROHs.

While we found evidence of recent bottlenecks and ex-

pansions within Latin American isolates using IBDNe33

(Figure 3), our demographic inferences have some limita-

tions. For example, the most current estimates of Ne are

unrealistically large or small. The inaccurate estimates of

Ne may be due to low sample size, since we only used 30

individuals and it has been suggested that IBDNe works

best for larger sample sizes (>200 individuals).33 Indeed,

the wide 95% confidence intervals around the most recent

time points in the FIN suggests much uncertainty

regarding the recent effective size of the last five genera-

tions and this estimate should not be taken literally. How-

ever, a recent study by the creators of IBDNe examined

ancestry-specific effective population sizes through time

by applying IBDNe to different ancestry segments.65

Importantly, in that study, the overall genome-wide trajec-

tories of Ne largely mirror those seen for the individual

ancestry components.65 Thus, we believe that it is appro-

priate to apply IBDNe to admixed populations. Further,

we believe that the demographic patterns that we were

able to detect in the Latin American populations (PUR,

CO, CR, CLM, and MXL) are robust, as these patterns

were recapitulated using a different larger dataset in the

same paper.65

In our study, the populations with the highest IBD scores

were admixed (PUR, CO, CR, and CLM). Furthermore,

because IBD segments may contain useful information

for identifying regions of the genome that contain dis-

ease-associated mutations, especially within individuals

with the highest amounts of consanguinity, it may be

useful to deconvolute ancestry for each segment when

identifying disease-associated mutations because disease

prevalence may differ in each parental population. One

population that may be of particular interest is the

PUR, who demonstrated the largest enrichment of IBD seg-

ments while still exhibiting some of the highest levels of

diversity. The PUR also stood out in several recent studies.

Browning and colleagues found that the PUR had smaller

founder sizes than other Latin American populations,65

while Belbin and colleagues used IBD segment mapping

in Puerto Ricans sampled from BioMe biobank to identify

a gene, COL27A1, that is involved in a common collagen

disorder.90
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Population isolates have frequently been used for study-

ing Mendelian15,91–95 and complex diseases.14,17,96–100

Our work shows that the genetic diversity and genomic

background of population isolates varies immensely.

Therefore, it is imperative that we understand the unique

genetic diversity and demography belonging to each

population isolate. When attempting to identify an

isolate, one could use a composite test with a number of

features of interest: enrichment of IBD and/or ROHs rela-

tive to an archetypal isolate, increase in shared IBD

segments, enrichment of deleterious variation at interme-

diate allele frequencies, or small bottleneck effective pop-

ulation size. For example, if we knew beforehand that

there was a history of consanguineous unions within

the study population, then we would expect an enrich-

ment of ROHs in the composite test. Researchers could

shape their study design to target the enrichment of

ROHs as a tool for disease mapping. This method has

previously been used to identify human knockouts,

discover novel loci associated with disease, and under-

stand gene function.90,100–103 Further, ROHs could be

particularly helpful to better understand disease architec-

ture104 since ROHs may harbor more recessive mutations

that do not have full penetrance. Thus, our work high-

lights the importance of understanding the demographic

history of isolated populations, as differences in demo-

graphic history will greatly impact their patterns of ge-

netic variation.
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