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Genome-wide Ancestry and Demographic History
of African-Descendant Maroon Communities
from French Guiana and Suriname

Cesar Fortes-Lima,1,2 Antoine Gessain,3 Andres Ruiz-Linares,4,5,6 Maria-Cátira Bortolini,7

Florence Migot-Nabias,8 Gil Bellis,9 J. Vı́ctor Moreno-Mayar,10 Berta Nelly Restrepo,11 Winston Rojas,12

Efren Avendaño-Tamayo,12,13 Gabriel Bedoya,12 Ludovic Orlando,1,10 Antonio Salas,14,15

Agnar Helgason,16 M. Thomas P. Gilbert,10,17 Martin Sikora,10 Hannes Schroeder,10,18,19,*
and Jean-Michel Dugoujon1,19,*

The transatlantic slave trade was the largest forced migration in world history. However, the origins of the enslaved Africans and their

admixture dynamics remain unclear. To investigate the demographic history of African-descendant Marron populations, we generated

genome-wide data (4.3 million markers) from 107 individuals from three African-descendant populations in South America, as well as

124 individuals from six west African populations. Throughout the Americas, thousands of enslaved Africans managed to escape

captivity and establish lasting communities, such as the Noir Marron.We find that this population has the highest proportion of African

ancestry (�98%) of any African-descendant population analyzed to date, presumably because of centuries of genetic isolation. By

contrast, African-descendant populations in Brazil and Colombia harbor substantially more European and Native American ancestry

as a result of their complex admixture histories. Using ancestry tract-length analysis, we detect different dates for the European admix-

ture events in the African-Colombian (1749 CE; confidence interval [CI]: 1737–1764) and African-Brazilian (1796 CE; CI: 1789–1804)

populations in our dataset, consistent with the historically attested earlier influx of Africans into Colombia. Furthermore, we find

evidence for sex-specific admixture patterns, resulting from predominantly European paternal gene flow. Finally, we detect strong

genetic links between the African-descendant populations and specific source populations in Africa on the basis of haplotype sharing

patterns. Although the Noir Marron and African-Colombians show stronger affinities with African populations from the Bight of Benin

and the Gold Coast, the African-Brazilian population from Rio de Janeiro has greater genetic affinity with Bantu-speaking populations

from the Bight of Biafra and west central Africa.
Introduction

Between 1526 and 1875, an estimated 7 million Africans

were transported to South America (see the Transatlantic

Slave Trade Database [TASTD] in the Web Resources). Ac-

cording to documentary sources, they embarked from

different historical coastal regions in Africa, including the

Senegambia, the Windward Coast, the Gold Coast, the

Bights of Benin and Biafra, west central Africa, and south-

east Africa (see TASTD in Web Resources)1 Of more than

100,000 Africans who arrived in the Spanish colony of

Colombia between 1549 and 1800 (Table S1), 34% origi-

nated in west Africa (the Senegambia) and 45% in west
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central Africa (Angola, Cameroon, Gabon, and the Congo

Basin) (see TASTD inWeb Resources). By contrast, in Rio de

Janeiro—the largest slaving port in the Portuguese colony

of Brazil and the single most important disembarkation

point in the Americas—84% of captives came from Angola

in west central Africa (see TASTD in Web Resources).1 In

Suriname and French Guiana, the principal sources of en-

slaved Africans were the Gold Coast (23%), the Bight of

Benin (also referred as the Slave Coast) (16%), and west

central Africa (30%) (see TASTD in Web Resources). How-

ever, the region of embarkation does not necessarily reflect

the slaves’ geographical origins because most captives

came from far inland rather than the documented port of
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embarkation.1,2 Therefore, it has been extremely difficult

to reconstruct the geographical or ancestral origins of en-

slaved Africans on the basis of documentary sources

alone.2,3

Another source of information on the history of African-

descendant populations has been the use of genetics.4–6 For

example, genetic studies have revealed significant regional

differences in ancestry proportions within and between

different African-descendant populations in the Ameri-

cas,7,8 different timing of admixture events,9,10 anddifferent

patternsof sex-biasedgeneflow.11–13However, the challenge

with reconstructing ancestral origins has been that African-

descendant populations are generally highly admixed as a

result of a longhistory of intermixingwithEuropeans, indig-

enous peoples, and other African groups.11,14 These admix-

ture dynamics havebeenassociatedwithdifferentmigration

patterns, drift effects, and the more or less pronounced

geographic isolation of these populations.8–12

Maroon communities are descendants of Africans who

escaped from slavery and formed independent settlements

of free people; these communities persist to the present

day in some parts of the Americas.15 For example, the Noir

Marron population of Suriname and French Guiana is one

of the largest Maroon populations in South America and

one of the most culturally, politically, and economically in-

dependent of all Maroon peoples in the Americas.15,16 They

are direct descendants of enslaved Africans who escaped

from plantations in the Dutch colony of Suriname during

the 16th and early 17th century.17,18 Their relative isolation

since thedays of the transatlantic slave trade (TAST)presents

a unique opportunity to study the ancestral origins of Afri-

can-descendant populations;19,20 however, these popula-

tions are underrepresented in genome-wide studies. To this

day, each of the Noir Marron (or Bushinengués, meaning

people of the forest) communities preserves a remarkable

African heritage in their cultural traditions, languages, and

social organization.15,17 However, none of these traditions

can be easily associated with a unique African source popu-

lation because of inaccuracies and inconsistencies in some

of the historical facts and dates and the names of African

groups associated with their ancestral origin.21,22

To shed new light on the ancestral origins and demo-

graphic history of the Noir Marron, we generated a large

genome-wide dataset of more than 4.3 million SNP

markers for four Noir Marron communities (Figure S1), as

well as two other African-descendant populations from

southeastern Brazil and Colombia and six putative west

African source populations. We used the data to evaluate

whether there are differences in patterns of genetic

ancestry between and within the Noir Marron commu-

nities and the other two non-Maroon populations. In addi-

tion, we applied model-based clustering and haplotype-

based methods to infer genetic connections with putative

founder source populations in Africa. Furthermore, we em-

ployed model-based approaches to infer the likely process

and timing of admixture events. Lastly, we used X chromo-

some data to identify differences in patterns of sex-specific
726 The American Journal of Human Genetics 101, 725–736, Novem
gene flow. Our study provides fundamentally new insights

into the population history of African-descendant Maroon

communities from French Guiana and Suriname.
Material and Methods

Population Samples and Genome-wide Genotyping

Techniques
The DNA samples were collected from ten different locations in

South America and west Africa. The samples from South America

(n ¼ 107) included 71 individuals from four Noir Marron commu-

nities in French Guiana and Suriname (23 Aluku, 23 Ndjuka, 19

Saramaka, and six Paramaka) (Figure S1), 16 African-Brazilians

from Rio de Janeiro, and 20 African-Colombians from the Antio-

quia and Chocó departments in Colombia. The samples from

west Africa (n ¼ 124) included 19 Fon, 24 Bariba, and 24 Yoruba

from Benin, 20 Ahizi and 17 Yacouba from the Ivory Coast, and

20 Bwa from Mali. Geographic locations and further information

on these populations are provided in Table S2. The study was

conducted with the informed consent of all voluntary participants

and the authorization of the Comité Consultatif de Protection des

Personnes dans la Recherche Biomédicale Outre-Mer III (Toulouse,

France), Commission Nationale de l’Informatique et des Libertés

(CNIL, France), l’Agence Française de Sécurité Sanitaire des

Produits de Santé (AFSSAPS, France), the Ethic Committee of

Université d’Abomey-Calavi (N� 07/T4/2015/CE/FSS/UAC) from

Cotonou in Benin, the Research Ethics Committee of the Univer-

sidade Federal do Rio Grande do Sul (Resolution no. 98002/1998),

the Brazilian Ethics Commission (CONEP number 1333/2002),

and the Bioethics Committee of the Institute of Biology of the

University of Antioquia in Colombia.

A total of 4,301,332 single-nucleotide polymorphisms (SNPs) for

231 individuals were genotyped on the Illumina HumanOmni5

Quad BeadChip (Illumina). Genotyping was performed with the

Illumina Infinium Assay by the SNP&SEQ Technology platform

in Uppsala, Sweden.23 The results and genotyping quality were

analyzed with GenomeStudio software v2011.1 (Illumina), and

DNA strand positions were built according to the Genome Refer-

ence Consortium Human genome build 37 (GRCh37/hg19). So

that the reproducibility of the genotyping could be assessed, three

individuals were genotyped twice on separate arrays (Table S2),

resulting in 99.92% genotype concordance, on average.
Assembled Datasets and Quality Control
We merged the genotype data with different reference panels to

generate two genome-wide SNP datasets with different SNP

densities (Table S3). Figure S2 depicts the methodological

genome-wide framework that we applied to analyze each assem-

bled dataset. Before merging, four South American and three

west African individuals were removed on the basis of their

intra-population probabilities of parent-offspring or full sibling

relationships; this probability was estimated with KING24 and

PC-Relate.25 The high-density SNP dataset consisted of the newly

genotyped dataset of 224 individuals, 94 individuals from May

et al.26 and 1,812 individuals from the 1000 Genomes Project

phase 3;27 the latter included 157 African descendants from the

Caribbean (ACB) and North America (ASW) (Table S3). We used

PLINK v1.928 to perform the genotyping quality control (QC)

(Figure S2), resulting in 1,782,673 SNPs for 2,130 individuals after

QC and 244,529 SNPs after QC with pruning for linkage
ber 2, 2017



disequilibrium (LD, r2 ¼ 0.1). For the low-density SNP dataset, we

increased the African reference panel by adding previously pub-

lished SNP-array data from 39 sub-Saharan African popula-

tions,29–33 resulting in 229,586 SNPs for 3,127 individuals after

QC and 83,366 SNPs after QC with LD-pruning (r2 ¼ 0.1)

(Figure S2).
Estimating Continental Ancestries
First, we explored the genetic relationships among the African and

African-descendant populations in the QC-filtered LD-pruned

high-density SNP dataset by using FlashPCA v2.34 We then per-

formed both global (GAI) and local ancestry (LAI) analysis to

estimate the four-way continental ancestry in each African-

descendant population, and we evaluated the correlation between

estimates from both approaches.35,36 For GAI, we applied the

unsupervised model-based clustering algorithm in ADMIXTURE

v1.337 at K ¼ 4 to the LD-pruned high-density SNP dataset. For

LAI, we first used SHAPEIT238 to estimate haplotypic phased

data across the chromosomes of each individual on the basis of

the LD-unpruned high-density SNP dataset, and we then used

RFMix v1.5.439 to estimate the continental haplotypic admixture

along phased chromosomal segments (ancestry tracts). To maxi-

mize phasing accuracy, we phased the dataset by using the 1000

Genomes Project phase 3 dataset as a reference panel and the

HapMap phase II b37 reference as a genetic map.38,40 We per-

formed RFMix analysis for a four-way ancestry model by using a

random-forest algorithm based on two steps of expectation maxi-

mization (EM ¼ 2).39 We excluded the first and the last 2 Mb from

the telomeres of each chromosome because of observed inaccurate

LAI in those regions.41 We ran RFMix in PopPhased mode to esti-

mate local ancestry likelihoods in 0.2 cM genetic windows

(�105 SNPs/window) and set the ‘‘generations after admixture’’

parameter to 14 generations.42 Local ancestry assignments were

determined at a 0.9 posterior probability threshold of a given

ancestry estimated within each window with the random-forest

algorithm.10,39 For each local ancestry estimate, we calculated

the average ancestry proportions for all ancestry tracts across auto-

somal chromosomes in each population, as well as for only short

(>5 but% 50 cM) and long (>50 cM) ancestry tracts.10 To infer the

genetic isolation within African-descendant populations, we esti-

mated genomic inbreeding coefficients (FEstim) by using FSuite

v1.0.4,43,44 and genomic runs of homozygosity (ROH) across

SNPs by using PLINK.45 For both parameters, we performed a

one-way ANOVA to test whether there are significant differences

among African-descendent populations.
Estimating Sub-continental Ancestries
To disentangle both the African and European sub-continental

ancestries, we used different approaches to compare genetic

patterns between African-descendant and reference populations

(Figure S2). First, on the basis of the LD-pruned low-density SNP

dataset, we ran unsupervised ADMIXTURE analysis from K ¼ 3

through K ¼ 22 in 20 replicates for each K. We used the Greedy

algorithm implemented in CLUMPP46 for the optimal alignment

of the replicates and the cross-validation (CV) test47 to estimate

the number of K’s with the lowest value. We then used Surfer

v12 (Golden Software) to visualize the African geographic distribu-

tion of the cluster with the highest proportions among African de-

scendants. Second, on the basis of the LD-unpruned low-density

SNP dataset, we used haplotype-based methods for masked and

unmasked haploid genomes.
The American
For masked haploid genomes, we first estimated ancestry tracts

for individual haplotypes by using RFMix analysis at EM ¼ 1.10

We set the minimum number of reference haplotypes per tree

node to 539 to avoid size biases resulting from unbalanced refer-

ence panel sizes in the application of the random forest algorithm

(for 2,178 African, 503 European, 50 Native American, and 103

East Asian individuals). We then generated two datasets with

masked haplotypes: one dataset restricted to reference haplotypes

for African ancestry and masked African-descendant haploid ge-

nomes with at least 40% African ancestry; and the other dataset

restricted to European reference haplotypes and masked African-

descendant haploid genomes with at least 15% European

ancestry.10 For both datasets, we used VCFTools48 to calculate

Weir and Cockerham’s weighted FST (ancestry-specific WC-FST)

for pairwise populations between one admixed population and

one reference population.49 For the haploid genomes, we applied

the multidimensional scaling approach described by Browning

et al.50 to perform ancestry-specific principal-components analysis

(MDS-based ASPCA) for within-continental ancestry inference.

We performed MDS with Euclidean distances by using the ‘‘dist’’

and ‘‘cmdscale’’ functions in R;51 in the calculations, we treated

masked positions asmissing data and only used positions at which

both haplotypes were non-missing.

For unmasked haploid genomes, we used GERMLINE52 to esti-

mate the distribution of genetic segments that are identical-by-

descent (IBD) between pairs of individuals.7 Each individual was

analyzed as two distinct and separate haplotypes. We applied a

filtering script to eliminate false-positive IBD matches by

removing IBD segments smaller than 3 cM and regions with a large

excess of IBD segments (> 20 cM).7 We then calculated the sum of

the total length of IBD sharing between each pair individuals

within each population and normalized these sums by the sample

size of each population.10
Reconstructing the Demographic History and

Admixture Timing
To explore the recent admixture history of the African-descendant

populations in our dataset, we applied two different haplotype-

based admixture methods. First, we used GLOBETROTTER v253

to calculate the best-guess conclusion for admixture according to

the goodness-of-fit (R2 coefficient).53 We identified haplotype

sharing patterns among target and surrogate populations by using

fineSTRUCTURE andChromoPainter v254 with 10 steps of EM.We

performed 100 bootstrap replicates to generate confidence inter-

vals around the estimated date of admixture (95% CI).53 Second,

we used the model-testing approach implemented in TRACTS55

to analyze the tract-length distributions of ancestry tracts esti-

mated with RFMix (EM ¼ 2). We then tested two- and three-pulse

migration models with a founding admixture event between the

African and Native American source populations and followed

this by one (or two) subsequent pulse(s) of European admixture.

To identify the best-fitting model, we first fit each model with

100 starting parameter randomizations and then evaluated the

strength of the maximum-likelihood estimation (MLE) of each

model.55
Detecting Sex-Biased Admixture Patterns
To detect sex-biased admixture patterns, we compared the average

of autosomal and X chromosome continental ancestry propor-

tions estimated for each population by evaluating data for

males and females together as well as separately. To phase the
Journal of Human Genetics 101, 725–736, November 2, 2017 727



Figure 1. Genetic Diversity in the Three African-Descendant Populations from South America
(A) Ternary plots showing individual ancestry proportions in three African-descendant populations, based on ADMIXTURE analysis
(AFR ¼ African; EUR ¼ European; and NAM ¼ Native American). Each dot represents one individual.
(B) Local ancestry karyograms for three individuals with ancestry proportions similar to the estimated population averages. The African-
Colombian and southeastern African-Brazilian haploid genomes present a complex mosaic of ancestry tracts across the genome, reflect-
ing different demographic histories.
(C) Average ancestry proportions in short (>5 but %50 cM) and long (> 50 cM) ancestry tracts were estimated for each continental
ancestry in African-descendant populations with RFMix (EM ¼ 2). Bar plots were plotted with the indicated 95% confidence intervals.
X chromosome dataset corresponding to the non-pseudo-auto-

somal region (non-PAR), we first removed 157 haploid heterozy-

gous SNPs and then phased the dataset by using the 1000

Genomes Project phase 3 haplotypes as a reference for the X chro-

mosome non-PAR data. To estimate ancestry proportions for the

phased X chromosome data on the basis of both GAI and LAI,

we applied ADMIXTURE37,56 and RFMix39,50 analyses, respec-

tively. We estimated means in the general population and for

each sex separately, as well on the basis of the sex-biased admix-

ture model.13 To analyze differences between autosomal and

X chromosome ancestry proportions in each population, we first

calculated the admixture difference ratio (DAdmix ratio) for each

continental ancestry57 and then used the Wilcoxon signed-ranks

(WSR) two-sided unpaired test to establish whether there are any

statistically significant differences.10
Results

Genetic Diversity of African-Descendant Populations

We assessed the genetic ancestry of the Noir Marron and

the two other African-descendant populations at a conti-
728 The American Journal of Human Genetics 101, 725–736, Novem
nental level by using both GAI and LAI approaches.

Figure 1 shows the ancestry proportions estimated for

each individual in the ADMIXTURE (Figure 1A and

Figure S3) and RFMix (Figures 1B and 1C) analyses. In

both approaches, the Noir Marron population has the

highest proportion of African ancestry of all African-

descendant populations in our dataset (see Table 1). The

proportion of African ancestry is similar in all four Noir

Marron communities (Tables S4 and S5), except for one

Saramaka (90%) and one Ndjuka (79%) individual

(Figure 1A). LAI further reveals that the Noir Marron

have a low proportion (29%) of short European and Native

American ancestry tracts, which is consistent with low-

level gene flow from non-African groups after the forma-

tion of these communities (Figure 1C and Figure S4). In

agreement, this population has the highest inbreeding

coefficient (FEstim ¼ 0.009, SD ¼ 5 0.007) and total

length of ROH (35,314 kb, SD ¼ 520,424 kb) of any of

the five African-descendant populations in our dataset

(Figure S5; one-way ANOVA test; p value < 0.001). Overall,

these results suggest long-term genetic isolation in the
ber 2, 2017



Table 1. Average Continental Ancestry Proportions Estimated in the Three African-Descendant Populations by Two Different Methods

Global Ancestry Inferencea Local Ancestry Inferenceb

African European Native American East Asian African European Native American East Asian

NM 97.4 5 2.8 1.5 5 2.8 0.9 5 0.7 0.3 5 0.3 98.2 5 2.9 1.4 5 2.8 0.4 5 0.5 0.03 5 0.1

AB 71.2 5 17.8 23.3 5 15.4 4.9 5 3.5 0.6 5 0.6 70.8 5 17.8 24.0 5 15.4 5.0 5 3.5 0.2 5 0.2

AC 75.6 5 11.4 10.8 5 5.9 12.6 5 6.8 1.1 5 1.8 76.8 5 11.8 10.7 5 6.2 11.9 5 6.6 0.6 5 1.7

We find a highly significant correlation between continental ancestry estimates obtained by both GAI and LAI approaches based on the autosomal data (Figure S7
and Table S6)—conversely, we found no correlation when we based our analysis on X-chromosomal data (Figure S8). Percents 5 SD are shown. (NM ¼ Noir
Marron; AB ¼ African-Brazilian; and AC ¼ African-Colombian).
aADMIXTURE analysis.
bRFMix analysis.
Noir Marron population.43,58,59 By contrast, the African-

Brazilian individuals in our dataset have a stronger Euro-

pean (�23%) and a smaller Native American component

(�5%), whereas the African-Colombian individuals display

similar proportions of Native American (�12%) and Euro-

pean (�11%) ancestry (Table 1). These results are mirrored

in the FlashPCA2 analysis (Figure S6), reflecting the wide

range of genetic variation within and between African-

descendant populations in the Americas.

Sub-continental Ancestry Components in African-

Descendant Populations

We applied three different methods to explore the sub-

continental ancestry of African and European source

populations. First, we used the clustering algorithm

ADMIXTURE with a larger dataset of 51 African reference

populations (Table S3). We identified 12 clusters in the

CV test as the solution of K with the lowest error

(Figure S9), and eight of those clusters are present in

high proportions among African populations from specific

regions across the continent (Figure S10). Figure 2A

presents the geographical distribution of the dominant

African ancestry component among African-descendant

populations in Africa, revealing strong affinities with

west African populations (Table S7). Figure 2B shows the

average sub-continental admixture proportions in the

three African-descendant populations, as well as their

possible source populations across historical regions in

Africa. Interestingly, the admixture profile of the Noir

Marron closely matches that of present-day populations

living in the historical Bight of Benin. Such populations

include Fon, Bariba, and Yoruba from Benin and YRI and

ESN from western Nigeria (Table S3).

We then investigated the sub-continental ancestry by

using haplotype-based methods. Figure 2C shows the

placement of masked African-descendant haploid ge-

nomes against a backdrop of African reference populations

via MDS-based ASPCA. On the first principal component

(PC1), the results first separate west African populations

from southern and east African populations. They then

separate populations throughout west Africa, fromGambia

to Nigeria, on PC2. PC3 splits southern African popula-

tions, such as Namibia and South Africa, from eastern
The American
African populations, such as Kenya and Tanzania. In all

PCs, the Noir Marron and African-Colombian individuals

overlap with African populations residing in the Bight of

Benin and, to a lesser extent, with Ghanaian populations

(Akans, Kasem, and Nankam)29 residing on the Gold

Coast. By contrast, the African-Brazilians from Rio de

Janeiro closely overlap with Bantu-speaking populations

living in present-day Cameroon (Bantu sp., Semi-Bantu

sp., and Nzime)29,30 and Gabon (Nzebi)30 in the Bight of

Biafra and with present-day Angola (Ovimbundu, Kongo,

and Kimbundu)31 in west central Africa (Table S3). These

results are in general agreement with historical sour-

ces1,60 and are consistent with the lowest ancestry-specific

WC-FST values detected between those pairwise popula-

tions (Table S8).

Furthermore, we evaluated the distribution of IBD seg-

ments shared between the African-descendant individuals

and each African population by summing the cumulative

amount of IBD shared between each pair of individuals

within each population (Figure S11). We observed the

highest values of summed IBD segments shared between

each pair of African-descendant and African individuals

who are representative of those historical regions. The

Noir Marron have the highest amount of IBD sharing

with populations from Benin (range 0.48–0.62), whereas

the African-Colombians share most IBD segments with

populations from Benin and Ghana (range 0.27–0.52),

and the African-Brazilians share with populations from

Angola (range 0.82–1.25) (Figure S11). Overall, the IBD

results are in agreement with the MDS-based ASPCA anal-

ysis, highlighting strong genetic links between African-

descendant populations in the Americas and specific

historical regions in Africa.

With regard to European source populations, we find

strong affinities between the European component of the

African-Colombian and African-Brazilian populations in

our dataset and Southern European populations in the

ADMIXTURE analysis at K ¼ 12 (Figure S10 and

Table S7), as reported previously.10,12 This result is mirrored

in the MDS-based ASPCA for European ancestry tracts

(Figure S12), which reveals substantial overlap between

the masked haploid genomes from both admixed popula-

tions and haplotypes from Spain (IBS) and Italy (TSI).
Journal of Human Genetics 101, 725–736, November 2, 2017 729



Figure 2. African Genetic Affinities of the Three African-Descendant Populations from South America
(A) Contour map showing the African geographical distribution of the predominant cluster among African-descendant populations,
based on ADMIXTURE results (K ¼ 12) (Table S7). Sampling locations for each African population are indicated by a star (Table S3).
(B) Average admixture profiles of African-descendant (NM¼Noir Marron; AC¼ African-Colombian; and AB¼ southeastern African-Bra-
zilian) populations and populations living in African historical coastal regions (1 ¼ Senegambia; 2 ¼ Sierra Leone; 3 ¼Windward Coast;
4 ¼ Gold Coast; 5 ¼ Bight of Benin; 6 ¼ Bight of Biafra; 7¼ west central Africa; and 8 ¼ southeast Africa). The admixture profile of the
Noir Marron closely matches that of west African populations from the Bight of Benin, whereas the other two African-descendant pop-
ulations show evidence of non-African gene flow.
(C) MDS-based ASPCA plot showing the placement of masked haploid genomes from African-descendant individuals against a backdrop
of haploid genomes from African reference populations. Both plots reveal fine-scale genetic structure across sub-Saharan African popu-
lations and show different genetic affinities among Noir Marron, African-Colombian, and southeastern African-Brazilian individuals.
These findings are consistent with historical sources1,3 and

are also supported by ancestry-specific WC-FST values

between those pairs of populations (Table S8).

Timing of Admixture Events in African-Descendant

Populations

We applied two different methods to infer the demo-

graphic histories of the African-descendant populations

in our dataset. We first used GLOBETROTTER analysis to

determine the ‘‘best-guess’’ admixture scenarios on the
730 The American Journal of Human Genetics 101, 725–736, Novem
basis of recombination distances between ancestry

tracts.53 We then tested multiple admixture models with

regard to the ancestry tract-length distributions as revealed

by TRACTS analysis.10,55 The results are broadly consistent,

in that both analyses identify recent admixture events

associated with the period of the TAST (Table 2). From

the GLOBETROTTER analysis, we infer multiple waves of

admixture spanning the eighteenth century in the Afri-

can-Colombian (1725–1743) and the African-Brazilian

(1825–1835) individuals in our dataset (Table 2). We also
ber 2, 2017



Table 2. Timing of Admixture Events according to GLOBETROTTER and TRACTS Analyses

GLOBETROTTER TRACTS

African Source First Pulse Second Pulse African Source First Pulse Second Pulse

Noir Marron Fon, Benin PEL, 4.0%: 1750
CE (1725–1775)

CEU, 7.0%: 1775
CE (1750–1800)

YRI, Nigeria PEL, 0.5%: 1783
CE (1755–1790)

CEU, 1.1%: 1791
CE (1767–1796)

African-Brazilian Kimbundu, Angola IBS, 25.0%: 1825
CE (1800–1850)

PEL, 6.3%: 1835
CE (1785–1864)

YRI, Nigeria PEL, 5.8%: 1756
CE (1732–1772)

CEU, 20.6%: 1796
CE (1789–1804)

African-Colombian Akans, Ghana IBS, 16.0%: 1725
CE (1700–1750)

PEL, 21.0%: 1743
CE (1720–1766)

YRI, Nigeria PEL, 11.8%: 1731
CE (1714–1744)

CEU, 9.8%: 1749
CE (1737–1764)

Table showing the best-guess conclusion for admixture in each African-descendant population, as well as ancestry proportions of each inferred source population.
Admixture dates (95% CI) were estimated for a generation time of 25 years. We converted inferred generations since admixture (g) to the admixture year: 1950 –
(g þ 1) 3 25.
detect two admixture events (at 1750 and 1775, respec-

tively) in the Noir Marron population; however, because

of its remarkably low proportions of non-African gene

flow, those dates should be interpreted with caution.53

Furthermore, we identify different European, Native Amer-

ican, and African ancestral source populations (Table 2). In

the TRACTS analysis, a scenario with two migration pulses

presents the model that best fits the observed data in all

three South American populations (Figure 3A and Table 2).

In the NoirMarron population, the inferredmodel predicts

an initial pulse of Native American ancestry around 1750

(1725–1775 at 95% CI) followed by an admixture event

involving Europeans around 1775 (1759–1800 at 95%

CI) (Figure 3B). In the southeastern African-Brazilian

population, the best-fitting model highlights one Native

American pulse around 1756 (1732–1772 at 95% CI) and

a European pulse around 1796 (1789–1804 at 95% CI). In

the African-Colombian population, the Native American

admixture was dated around 1731 (1714–1744 at 95%

CI), and the European admixture was dated around 1749

(1737–1764 at 95% CI).
Sex-Specific Admixture Histories in African-Descendant

Populations

We detect patterns of sex-biased gene flow in all studied

African-descendant populations (African-Brazilian, Afri-

can-Colombian, ACB, and ASW), except for the Noir

Marron because of their low levels of admixture. When

comparing ancestry proportions between X chromosome

and autosomal data via both LAI and GAI, we observe a

significantly higher African component in the X chromo-

some data than in the autosomal data of each admixed

population (Figure 3C and Table S9), as well as for females

and males analyzed separately (Figure S13). Conversely,

European paternal gene flow was evidenced by a higher

proportion of European ancestry in the autosomal data

than in the X chromosome data. This is consistent with

male-biased European gene flow at the time of admix-

ture.13 In accordance with other studies,11,13 we find that

the patterns of sex-biased gene flow differ significantly

between different admixed African-descendant popula-

tions in our dataset. This is clearly shown in Figure 3D,
The American
which reveals significant differences in DAdmix ratios be-

tween different African-descendant populations. For

example, the African-Brazilians in our dataset show higher

levels of European male-biased gene flow than any other

African-descendant population (Figure 3D and Table S5).

Surprisingly, the African-Colombians also show signifi-

cantly higher levels of Native American male-biased gene

flow (Table S9; WSR test; p value 0.041 for GAI and 0.037

for LAI estimated from data from females and males

together).57,61 Overall, these results highlight the complex

history of sex-biased gene flow between African-descen-

dant and non-African populations in the Americas.
Discussion

African-descendant populations in the Americas have

varying degrees of European and Native American admix-

ture depending on their population history.8,11 For

example, we find that the African-Colombians and south-

eastern African-Brazilians in our dataset have on average

around 29% and 24% of non-African ancestry, respectively

(Table 1). Other African-descendant populations in the

Americas, such as the African-Bolivians from Yungas in

Bolivia, ACB from Barbados, and Jamaicans, have similar

amounts of non-African ancestry, ranging from

11%–20%.9,11,62 By contrast, the Noir Marron have rela-

tively little non-African ancestry (less than 3% on average).

In fact, despite living surrounded by European settlers and

indigenous groups for more than four centuries,17,18 the

Noir Marron have the highest proportion (�98%) of

genome-wide African ancestry of all studied African-

descendant populations in the Americas (Table S5).19,20

This result can be explained by the relative genetic isola-

tion since these communities were founded. This is also

reflected in the FEstim and ROH estimates, which support

the long-term genetic isolation of the NoirMarron, who do

not promote consanguineous marriage (Figure S5).17,63,64

The patterns of genetic ancestry reflect the different

population histories and admixture dynamics of the three

South American populations in our dataset.14 The African-

Brazilian individuals in our dataset have higher propor-

tions of European ancestry (24%),12,65 reflecting both their
Journal of Human Genetics 101, 725–736, November 2, 2017 731



Figure 3. Timing of Admixture Events and Sex-Biased Gene Flow in the Three African-Descendant Populations from South America
(A) Length distributions of ancestry tracts within each study population; the best-fittingmodel, allowing for two pulse migration events,
is shown. The data points represent the observed distribution of ancestry tracts estimated with RFMix (EM¼ 2); solid-colored lines repre-
sent the distribution from the model, and shaded areas indicate 68.3% confidence intervals of the predicted models.55

(B) Admixture time estimates (in generations), migration events, volume of migrants, and ancestry proportions over time for each pop-
ulation under the best-fitting model.55

(C) Bar plots showing differences in sex-specific ancestry contributions between different African-descendant populations as estimated
with RFMix (EM ¼ 2). The plots show ancestry proportions estimated for males and females together on the basis of LAI.
(D) DAdmix ratios showing strong African-female contribution (positive values) and European-male contribution (negative values) in
admixed African-descendant populations. Bar plots were plotted with the indicated 95% confidence intervals.
history of admixture and current policies aimed at socio-

political integration of multi-ethnic groups, whereas their

Native American ancestry averages only around 5%, indi-

cating limited gene flow from indigenous groups. By

contrast, the African-Colombians in our dataset display

significantly higher proportions of Native American

ancestry (12%), highlighting their history of admixture

with indigenous peoples.14,66

African Source Populations

Our findings suggest different source populations for the

three African-descendant populations in our dataset. The

Noir Marron, with their high proportion of African

ancestry (�98%), have strong genetic affinities with Afri-

can populations residing in the historical Bight of Benin
732 The American Journal of Human Genetics 101, 725–736, Novem
(Figures 2B and 2C), highlighting this region as an impor-

tant source population. Interestingly, this result is consis-

tent with linguistic studies based on hundreds of African

words that are commonly used by Noir Marron commu-

nities today; these studies reveal striking parallels and

functional similarities with the eastern Gbe language

sub-family that is spoken today by the Fon and other pop-

ulations residing in the Bight of Benin.67–72 Together, the

genetic and linguistic data point to the Bight of Benin as

the most likely source area for the founding population

of the Noir Marron. African-descendants from Colombia

show affinities similar to those shown by the MDS-based

ASPCA and to ancestry-specific WC-FST results (Figure 2C

and Table S8), highlighting the importance of the Gold

Coast and the Bight of Benin as a source for enslaved
ber 2, 2017



Africans during the period of the TAST. By contrast, the

African descendants from southeastern Brazil show stron-

ger affinities with Bantu-speaking populations from west

central Africa, including Cameroon, Gabon, and Angola

(Figure 2C and Figure S11), as suggested by the MDS-based

ASPCA, ADMIXTURE results, and IBD sharing patterns

(Figure 2C and Figures S10 and S11). These results are

broadly consistent with historical sources (see TASTD in

Web Resources),1,60 which suggest that the clear majority

(�84%) of enslaved Africans who disembarked in Rio de

Janeiro between 1651 and 1856 came mainly from Luanda

(Angola) and other areas in west central Africa.

Admixture Timing

Historical sources indicate that the number of imports dur-

ing the TAST fluctuated widely between different European

colonies and over time (Table S1) (see TASTD in Web

Resources).1 For example, the slave trade to Spanish Amer-

ica began much earlier than to other European colonies in

South America. Thus, ca. 85% of enslaved Africans who

were transported to Cartagena in Colombia during the

entire period of the TAST arrived between 1549 and 1650

(Table S1), to replace the rapidly dwindling indigenous

workforce.3 By contrast, the slave trade to Brazil peaked

around 200 years later, during the early 19th century (Table

S1) (see TASTD in Web Resources).1 Interestingly, these

historically attested differences in slave imports are also re-

flected in the genetic data in the sense that the timing of in-

ferred admixture events differs markedly between the three

African-descendant populations in our dataset (although,

admittedly, not as much as expected on the basis of histor-

ical sources;1 see Table 2 and TASTD inWeb Resources). For

example, we infer earlier admixture dates for African-Co-

lombians than for the African-Brazilians and the Noir

Marron in our dataset (Figure 3B and Table 2); these dates

reflect the earlier influx of enslaved Africans to Colombia.

In the African-Brazilian population from Rio de Janeiro,

the inferred admixture dates overlap with the increased

number of slave imports to Brazil during the late 18th and

early19thcenturies (Table S1),whereas for theNoirMarron,

the inferreddates for the admixturewith indigenous groups

fall close to the formation of the first twoNoirMarron com-

munities (Ndjuka and Saramaka) in the 1760s.17,18

In addition, the GLOBETROTTER results add further

support to the sub-continental ancestry results described

above, in that the Fon from Benin were the best proxy

for the African ancestral source population of the Noir

Marron, whereas for the southeastern African-Brazilians

and the African-Colombians it was the Kimbundu from

Angola and the Akans from Ghana, respectively (Table 2).

These findings are also broadly consistent with historically

attested patterns of population movements during the

TAST (see TASTD in Web Resources).31,60

Evidence of Sex-Biased Gene Flow

Historical data indicate that before 1820 four enslaved Afri-

cans crossed theAtlanticOcean forevery Europeanandthat,
The American
overall, more African men than women were enslaved and

transported to the Americas (see TASTD in Web Re-

sources).1 For example, of more than 1.1 million enslaved

Africans who disembarked in Rio de Janeiro between 1576

to 1856, 71% were males and 29% were females, whereas

in Cartagena 67% were males and 33% females (Table S1

and TASTD in Web Resources). Notwithstanding this, we

found signatures of European male-biased gene flow in all

four admixedAfrican-descendantpopulations inourdataset

(Table S9 and Figure S13). This signal is particularly strong in

the African-Brazilian population fromRio de Janeiro, which

has the highest proportion of Europeanmale ancestry of all

African-descendantpopulations in ourdataset (Table S5 and

Figure 3D). This result follows the same pattern as other

African-descendantpopulations in theAmericas andreflects

the predominant social dynamics of colonial slave soci-

eties.8,11 Interestingly, we also detect a higher male Native

American contribution in the African-Colombian individ-

uals in our dataset. Although this goes against some earlier

studies,8,66,73 which suggest higher femaleNative American

contributions in African-descendant and Latino popula-

tions, it does underline the notable heterogeneity in admix-

ture patterns among African-descendant populations.

In summary, this study presents the first genome-wide

characterization of the Noir Marron from French Guiana

and Suriname, who present some of the highest levels of

African ancestry of any African-descendant population in

the Americas. Using both genotype- and haplotype-based

approaches, we were able to identify putative ancestral

source populations of the Noir Marron and neighboring

African-descendantpopulations. Although theNoirMarron

and African-Colombian individuals in our dataset showed

strong genetic affinities with present-day populations from

the Bight of Benin and the Gold Coast, the African-Brazil-

ians fromRio de Janeiro showed stronger affinities with pre-

sent-day populations fromwest central Africa. These results

reflect historically attested patterns of population move-

ments during the TAST. Furthermore, we find evidence for

different admixture dates anddistinct patterns of sex-biased

geneflow,which reflect the contrastingpopulationhistories

and admixture dynamics of African-descendant popula-

tions in the Americas. Taken together, our results shed new

light on the demographic consequences of the TAST and

illustrate how genetic data can complement historical sour-

ces in assessments of historical population movements.
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