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Steven J. Micheletti,1,* Kasia Bryc,1 Samantha G. Ancona Esselmann,1 William A. Freyman,1

Meghan E. Moreno,1 G. David Poznik,1 Anjali J. Shastri,1 23andMe Research Team,1 Sandra Beleza,2

and Joanna L. Mountain1

According to historical records of transatlantic slavery, traders forcibly deported an estimated 12.5 million people from ports along the

Atlantic coastline of Africa between the 16th and 19th centuries, with global impacts reaching to the present day, more than a century

and a half after slavery’s abolition. Such records have fueled a broad understanding of the forced migration from Africa to the Americas

yet remain underexplored in concert with genetic data. Here, we analyzed genotype array data from 50,281 research participants,

which—combined with historical shipping documents—illustrate that the current genetic landscape of the Americas is largely concor-

dant with expectations derived from documentation of slave voyages. For instance, genetic connections between people in slave trading

regions of Africa and disembarkation regions of the Americas generally mirror the proportion of individuals forcibly moved between

those regions. While some discordances can be explained by additional records of deportations within the Americas, other discordances

yield insights into variable survival rates and timing of arrival of enslaved people from specific regions of Africa. Furthermore, the greater

contribution of African women to the gene pool compared to African men varies across the Americas, consistent with literature docu-

menting regional differences in slavery practices. This investigation of the transatlantic slave trade, which is broad in scope in terms of

both datasets and analyses, establishes genetic links between individuals in the Americas and populations across Atlantic Africa, yielding

a more comprehensive understanding of the African roots of peoples of the Americas.
Introduction

The forced displacement of more than 12.5 million men,

women, and children from Africa to the Americas between

1515 and 1865 has had significant social, cultural, health,

and genetic impacts across the Americas.1–6 The conse-

quences of this displacement are myriad and complex, re-

flecting the varied economic goals and practices of the na-

tions outfitting the ships that transported captive

Africans.7,8 The current narrative of this era of forced

deportation has been compiled from thousands of histori-

cal shipping documents, as well as diaries, personal letters,

sketches, and records of slave sales.9 These data suggest

that the number of enslaved people disembarking at each

port in the Americas, the nation that shipped enslaved

people to a given port, and the populations and geographic

locations in Africa from which captives were taken differs

from region to region within the Americas. For example,

shipping manifests indicate that the number of enslaved

people disembarking at Brazilian and Caribbean ports

was far greater than the number disembarking at other

ports in the Americas.5 An estimated 10.1 million enslaved

people, primarily male, disembarked in Central America,

South America, and the Caribbean (accounting for more

than 90% of all captives who were brought to the Ameri-

cas), with fewer than half a million disembarking in main-

land North America5 (3% to 5% of the total). Concurrent

with transatlantic voyages, slave traders also transferred

nearly 500,000 enslaved people throughout the Americas

with most documented intra-American voyages origi-
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nating in the Caribbean.5,10 Despite a majority of enslaved

Africans disembarking into Latin America, estimates of the

proportion of African ancestry for Latin Americans with

African roots are lower on average than estimates for Afri-

can Americans in the United States.11–15 Further, patterns

of embarkation of enslaved populations varied over time,

whereby people primarily from 48 distinct ethnolinguistic

groups were targeted across Atlantic Africa.16 Prior to 1650,

slave voyages most often originated in Senegambia and

West Central Africa (in locations now known as the Dem-

ocratic Republic of Congo and Angola). Although West

Central Africa remained a primary embarkation region

throughout the slave trading period (from 1650 to 1850),

these voyages originated with increasing frequency at

ports in the Bight of Benin and the Bight of Biafra, in loca-

tions now known as Benin, Nigeria, Cameroon, and

Gabon.9

While records have shed light on the main trends of the

transatlantic slave trade, the effects of under-documented

practices, such as illegal slave trading and details of events

after disembarkation in the Americas, remain less under-

stood.17–20 If under-documented events did not shift the

overall paradigm of the slave trade and reproduction rates

were equivalent among enslaved populations in the Amer-

icas, the degree of genetic similarity between the Americas

and each slave-trading region of Africa would be expected

to be correlated with the recorded number of enslaved peo-

ple that disembarked into each region. Also, little is known

about the extent to which enslaved people and their de-

scendants continued to associate exclusively with those
r LE1 7RH, UK

American Journal of Human Genetics 107, 1–13, August 6, 2020 1

mailto:smicheletti@ucdavis.edu
https://doi.org/10.1016/j.ajhg.2020.06.012


Please cite this article in press as: Micheletti et al., Genetic Consequences of the Transatlantic Slave Trade in the Americas, The American
Journal of Human Genetics (2020), https://doi.org/10.1016/j.ajhg.2020.06.012
of similar ethnolinguistic origins after generations in the

Americas.21 If such association was common, Americans

with African roots would be expected to have African

ancestry from a single region of Africa in a pattern that is

correlated with geography. Finally, previous studies indi-

cate that individuals with mixed ancestry have higher

levels of African ancestry in genomic regions inherited

through the female line.22–24 However, the extent of this

sex bias in gene pool contributions may vary across the

Americas due to regional differences in mortality of en-

slaved men,25 rape of enslaved African women,26 forced

segregation,21 and practices of reducing African represen-

tation by promoting reproduction with Europeans (racial

whitening).27,28

Previous genetic studies focusing on people of African

descent across the Americas found that most African Amer-

icans in the United States have more African ancestry from

populations that lived near present-day Nigeria than from

populations that lived elsewhere in Atlantic Africa.11,15

However, multiple previous studies have lacked represen-

tation ofWest Central Africa, the largest source of enslaved

people during the transatlantic slave trade, leading to an

incomplete understanding of the dynamics of population

interactions during and after the slave trade era. Here, we

combined genetic data from individuals representing the

major slave trading regions of Atlantic Africa, Europe,

and the Americas and explored concordance with cen-

turies of historical documents. We determined ancestral

connections using identity by descent, local ancestry infer-

ence, and Bayesian dating techniques. In addition, we used

ancestral admixture models to estimate the bias in gene

pool contributions of African, European, and indigenous

American men and women to current populations of the

Americas. We used data from this large, diverse cohort of

individuals to obtain unprecedented insights into the ge-

netic impact of the transatlantic slave trade.
Subjects and Methods

Human Subjects
We included data from participants drawn from the millions of

research participants of 23andMe, Inc., a consumer personal ge-

netics company,29–31 the 1000 Genomes Project,32 the Human

Genome Diversity Project,33 Angola, and previous studies of the

Democratic Republic of the Congo,34 Sierra Leone,35 and Khoe-

San speaking people.36,37 Angolan participant saliva samples

were collected with research consent, which was approved by

both the ethics committee of the University 11th of November

(Universidade 11 de Novembro), Cabinda, Angola (REf: GD-FM/

UoN/2016) and the University of Leicester ethics committee

(REf: 11334-sdsb1-genetics). 23andMe research participants pro-

vided informed consent and participated in the research online,

under a protocol approved by the external AAHRPP-accredited

IRB, Ethical & Independent Review Services (E&I Review).

23andMe participants were given the option to fill out web-based

questionnaires, including questions on ancestry, ethnicity, and

grandparent birth locations. We included in our study data only

of customers who signed IRB-approved consent documents,
2 The American Journal of Human Genetics 107, 1–13, August 6, 202
which are explicit about the use of customer data for ancestry

research.

We grouped individuals across the Americas, Atlantic Africa, and

Western Europe into cohorts designed to reflect historical regions

(Tables S1–S3). Within the United States, we focused solely on

coastal and surrounding states known to have been disembarka-

tion locations for enslaved people.5,9 We included the Cape Verde

archipelago as control region since it is an Atlantic African country

that was colonized by the Portuguese in the 15th century and has

been inhabited primarily by the descendants of enslaved people

from Senegambia.38 In Africa, we merged contemporary adminis-

trative borders to match all major slave trading regions during the

transatlantic slave trade except South East Africa, which consti-

tuted about 3.8% of all African embarkments, due to limited sam-

ple representation in Mozambique and Madagascar5,9 (Figure 1;

Table S1). Because records constitute number of captives deported

by region of purchase, as opposed to ethnolinguistic affiliation,

merging geographic boundaries in this manner allowed us to con-

nect people of African descent directly to slave trading regions

from which their African ancestors may have embarked.5 Borders

of Atlantic African countries generally aligned with those histori-

cal slave trading regions; however, we split Nigeria into western

and eastern states along the Niger River because enslaved people

from east of the Niger were deported from ports in the Bight of Bia-

fra, whereas people west of the Niger were deported from ports in

the Bight of Benin.9 Categorizing Nigeria in this way also corre-

sponds to the historical geographic occupancy of groups with ge-

netic, ethnic, and linguistic differences: the Yoruba in the Bight of

Benin and Esan and Igbo in the Bight of Biafra.4 We considered

current Atlantic African populations to be suitable proxies for

past populations in Africa given limited migration and current

population structure following a latitudinal gradient13,39,40 (Fig-

ures S1–S6). We combined regions of Europe participating in the

transatlantic slave trade by broad historical descriptors7 and pop-

ulation structure (Figures S7–S9; Table S3), which are largely

described by geographic proximity.

Study participants from the 23andMe customer base indicated

their four grandparents were born within the same country (Latin

America and the Caribbean) or state (United States), whereas study

participants from public databases and Africa-focused studies were

included based on self-described historical ties to an African coun-

try relevant to the transatlantic slave trade.32–35 Using 23andMe’s

ancestry inference algorithm,41 we excluded data from individuals

in the Americas with less than 5% African ancestry, Africans with

less than 95% African ancestry, and Europeans with less than 95%

European ancestry. We additionally pruned pairs of related indi-

viduals using refinedIBD42 so that no two individuals in the study

share more than 500 cM of DNA that is identical by descent. These

filtering steps reduced a sample size of 183,915 individuals repre-

senting the Americas and Africa to 29,339, and 36,866 individuals

representing Europe to 20,942. In remaining Atlantic African rep-

resentatives, we compiled ethnic affiliations from self-reports in

23andMe customers and sample descriptions in other datasets,

finding 37 unique ethnic affiliations (Table S1).
Genotyping
DNA extraction and genotyping of 23andMe customers and Hu-

man Genome Diversity Project were performed on saliva samples

by the National Genetics Institute (NGI), a CLIA-licensed clinical

laboratory and subsidiary of Laboratory Corporation of America.

Samples were genotyped on one of five genotyping platforms.
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Figure 1. Location of Individuals and Cohorts
Arrows highlight the general direction of the triangular trade routes between continents during the transatlantic slave trade. Pie charts
indicate the documented number of enslaved people embarking out of regions of Africa (�12.5 million total) and disembarking in re-
gions of the Americas (�10.5million total) between 1515 and 1865. Representatives of regions of the Americas and Europe indicated that
they each have four grandparents born within the same country or US state. Representatives of Atlantic Africa either indicated four
grandparents born within or historical ties to a country. Points indicate the �16,000 unique grandparental geo-coordinates provided
by participants. *Cape Verde is an Atlantic African island country that, in the 15th century, was colonized by the Portuguese and in-
habited primarily by enslaved people from Senegambia.
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The V1 and V2 platforms were variants of the Illumina Human-

Hap550þ BeadChip, with 560,000 SNPs of which�25,000 custom

SNPs were selected by 23andMe. The V3 platformwas based on the

Illumina OmniExpressþ BeadChip, with additional SNPs, totaling

about 950,000 SNPs. The V4 and V5 platforms are custom arrays,

including a lower-redundancy subset of V2 and V3 SNPs with
The
additional coverage of lower-frequency coding variation and

about 570,000 SNPs. Whole-genome genotypes from 1000 Ge-

nomes Project32 were subset to match those of V1-V5 platforms

and Human Genome Diversity Panel individuals (HGDP)33 were

genotyped on both V1 and V5 platforms. Remaining African data-

sets were genotyped on V3 and V5 platforms. Within each
American Journal of Human Genetics 107, 1–13, August 6, 2020 3
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platform, we removed any sample with >5% genotype missing-

ness, producing an average missingness rate of 0.48% across all

samples.
Population Structure
We used both ordination techniques and ADMIXTURE43 to assess

population structure within Atlantic Africa as well as in Atlantic

Africa plus the Americas. For these techniques, we reduced linkage

by pruning SNPs overlapping across all genotype platforms with r2

< 0.5 via PLINK,44 resulting in 43,780 SNPs. We included addi-

tional Karitiana, Maya, Pima, and Surui individuals from

HGDP23 as Native American references. Ordination techniques

consisted of principal component analysis (PCA) and uniform

manifold approximation and projection43 (UMAP) using 0.8 min-

imum distance, 20 nearest neighbors, and number of pcs based on

the plateau of eigenvalues (8–15). We ran ADMIXTURE,45 with K

values from 2 to 20 in Atlantic African, European, and across all

samples.
Voyage Records
We accessed transatlantic historical records from the Slave Voy-

ages database.5 The Slave Voyages database contains a collection

of records from a wide range of published and archival informa-

tion on more than 36,000 voyages across the Atlantic between

1492 and the early nineteenth century.5 The database contains

more than 100 possible variables for each voyage, including

voyage dates, disembarkation/embarkation ports, crew informa-

tion, and voyage outcomes. Some records that lacked pertinent

data were imputed using information such as carrying capacity

of vessels and characteristics of similar documented voyages.5 Us-

ing the Slave Voyages database, we compiled estimates of en-

slaved African embarkation (‘‘Imputed total num slaves pur-

chased exact’’), disembarkation (‘‘Imputed total slaves

disembarked exact’’), proportions of males (‘‘Imputed percentage

male exact’’), and proportion of children (‘‘Imputed percentage

child exact’’) for each Atlantic African (‘‘Imputed principal region

of slave purchase lang en exact’’) and American region (‘‘Imputed

principal port slave dis lang en exact;’’ ‘‘Imputed principal region

slave dis lang en exact’’), by voyage year (‘‘Imputed arrival at port

of dis exact’’). For disembarkation estimates of enslaved Africans

into the Americas, we mapped the principal port of disembarka-

tion and/or principal region of disembarkation to American re-

gion and grouped by Atlantic African region. We estimated ship-

ment sex bias using the ‘‘Voyage - percent males on’’ field and

shipment age bias using the ‘‘Voyage - percent children on’’ field.

We similarly utilized the intra-American slave trade database,

which contains records of voyages within regions of the Americas

that occurred in tandem with the transatlantic slave trade.5,46 We

aggregated estimates of the number of enslaved people forcefully

deported between regions of the Americas using the ‘‘Imputed to-

tal disembarked,’’ ‘‘Imputed principal place of purchase,’’ and

‘‘Imputed principal place of slave landing’’ fields.5,46
Ancestry Inference
We used 23andMe’s Ancestry Composition pipeline to identify

the ancestral origins of chromosomal segments in individuals us-

ing all available genotype data.41,47 Thus, the number of SNPs

used to predict ancestry varied between 560,000 and 950,000

based on the platform an individual was genotyped on. Ancestry

Composition uses support vector machine classifiers to assign

ancestry labels to locally phased 300-SNP windows, whose �1
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Mb size increases the power for detecting ancestry origins within

a window while still accurately predicting fine-scale local

ancestry.48 These initial labels are then processed with an autore-

gressive pair hidden Markov model to smooth and correct

phasing errors. The resulting posterior probabilities are recali-

brated with an isotonic regression model. Ancestry Composition

assigns 33 local populations, four of which correspond to Atlantic

African countries directly impacted by the slave trade, and four of

which correspond to western European countries that conducted

the slave trade.3 The limited number of populations Ancestry

Composition predicts reflects the inherent difficulty to distin-

guish populations with complex histories, and thus is a balance

between accurate assignment of genetic segments and the num-

ber of unique populations. In Africa, potential local populations

are as follows: Nigerian (Nigeria), Senegambian (The Gambia,

Guinea, Guinea Bissau, Senegal), Coastal West African (Sierra

Leone, Ghana, Côte d’Ivoire, Liberia), and Congolese (Angola,

the Democratic Republic of the Congo). Local European popula-

tions are as follows: British and Irish (the United Kingdom and

the Republic of Ireland), French and German (Austria, Belgium,

France, Germany, the Netherlands, Luxembourg, Switzerland),

Iberian (Spain and Portugal), and Scandinavian (Denmark, Ice-

land, Norway, and Sweden).
Identity by Descent
We estimated identity by descent (IBD) within and between peo-

ple representing regions in the Americas, Atlantic Africa, and west-

ern Europe using the software package refinedIBD.42 We first

removed all missing positions and subset markers to the intersec-

tion between all platforms, resulting in 87,847 unique positions

used in all IBD analyses. While lowering SNP density may reduce

the ability to detect smaller segments, removing missing positions

minimizes the detection of false-positive segments.49 With the

preference of reducing false-positive calls, we additionally speci-

fied a minimum LOD score of 3.3 and a minimum reported length

of 3 cM. All other parameters were set to default. We used mean

pairwise IBD (msIBD) to assess the overall IBD being shared be-

tween (or within) regions whereby msIBD is the sum of IBD shared

between populations divided by the total pairwise comparisons of

individuals in populations. We used this metric because it ac-

counts for imbalances in sample sizes—although other metrics

such as the proportion of individuals with IBD match, skewness

of IBD segments, and number of IBD segments shared yield iden-

tical patterns (Table S4). We also determined the mean number of

regions within Europe or Africa with which individuals from the

Americas share aR5 cM segment (mcIBD region). That is, an individ-

ual from a region in the Americas must share at least 5 cM with a

single individual from a region in Europe or Africa to be consid-

ered to have an IBD connection to that region.
Time to Most Recent Common Ancestor
To compare the timing of genetic connections between African

populations and individuals from the Americas with historical re-

cords of the transatlantic shipping of enslaved Africans, we esti-

mated the age of IBD segments using a Bayesian method.50 The

length of an IBD segment shared between two individuals given

the time to their most recent common ancestor (MRCA) is Er-

lang-2 distributed with l ¼ g=50, where g is the number of gener-

ations back in time to the MRCA.50 If we let l represent an IBD

segment length observed in cM, and we allow the discrete number

of generations g to be continuous t, this distribution is:
0
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However, in practice, we only observe IBD segments larger than

some length predetermined by our method to estimate IBD. Thus,

we must condition the distribution of IBD segment lengths

observed given the TMRCA on the minimum possible segment size
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where lmin is the predetermined minimum IBD segment length in

cM.

From the set of all IBD segments observed between sampled indi-

viduals in two populations we are interested in estimating the time

of a MRCA that may have occurred during the transatlantic slave

trade. However, not all of the MRCAs between each pair of individ-

uals in the two populations lived during this time period. Some of

the IBD segments may come from recent, post-slave trade immigra-

tion, and some of the IBD segments may be from more distant

shared ancestors that predate the slave trade.Wemodeled the prob-

ability that an observed IBD segment comes from each of the three

time periods post-slave trade, slave trade, and pre-slave trade as u1,

u2, and u3. Given the possibility of ancestors from each of those

time periods, the distribution of IBD segment lengths becomes:

T ðL j t1; t2; t3;u1;u2;u3; lminÞ¼
Yn
i¼1

½u1T ðli j t1; lminÞ

þu2T ðli j t2; lminÞ þ u3T ðli j t3; lminÞ�;

where t1, t2, and t3 are the TMRCA for post-slave trade, slave trade,

and pre-slave trade, respectively, and L ¼ fl1; l2;.; lng is the set of

all IBD segment lengths observed in cM.

We placed uniform prior distributions on t1, t2, and t3. These dis-

tributions assume we know the time (in generations) of the start

and end of the transatlantic slave trade. Assuming a generation

time of 20 to 27 years, the transatlantic slave trade began roughly

14 to 20 generations ago.9,22 We set our priors accordingly:

t1 � Uniformð0; 4:5Þ, t2 � Uniformð4:5; 20Þ, t3 � Uniformð20;
100Þ, and u1;u2;u3 � Dirichletð1;1;1Þ. We found that the relative

timings estimated by our results were robust to a range of different

priors, for example assigning the slave trade start and end times as

25 and 4 generations ago. In order to estimate posterior distribu-

tions of t_1, t_2, t_3, w_1, w_2, and w_3, we ran an MCMC anal-

ysis for 200,000 iterations, sampling parameter values every 40 it-

erations, and discarding the first 25% of samples as burnin. We

assessed convergence of the MCMC by checking that trace plots

exhibited apparent stationarity and ensuring that the effective

sample size for each estimated parameter was more than 600.
Ancestral Sex Bias
QAWe determined unequal sex contributions to the gene pool us-

ing an admixture model with X chromosome ancestry estimates,

autosome ancestry estimates,22,51 and haplogroup imbalance be-

tween Y and mitochondrial haplogroups.52 We estimated sex-spe-

cific contributions, wherebymultiple source populations contribute

to an admixed population, assuming a single admixture event (for

generations 1 to 15).51 We used this mechanistic admixture model

to explicitly compare autosome toX chromosome ancestry to deter-

mine female (sf) and male contributions (sm) to the gene pools of

populations with African ancestry. This discrete-time model specif-

ically derives the moment of the distribution of the autosomal
The
admixture fraction from a specific source population and allows un-

even sex-specific contribution from each source population at each

generation.51 We determined mitochondrial haplogroups using

HaploGrep2 with Phylotree 1753 and Y-haplogroups using yHa-

plo,54 which uses phylogenetically informative SNPs to associate in-

dividuals with specific branches of the Y chromosome tree.55We as-

signed the origin of haplogroups based on previous studies

associating haplogroups with either African, European, or indige-

nous American ancestry.24,52,56
Results

Genetic Connections Compared to Historical

Documents

The overall correlation between embarkation counts from

Africa and mean proportion of identity by descent

shared42 (msIBD) between regions of Atlantic Africa and

all of the Americas (Figure 2A) is highly significant (Spear-

man’s coefficient permutation; p< 0.001). However, when

we subset shipping records to specific disembarkation re-

gions of the Americas, msIBD and enslaved disembarkation

were not significantly correlated across all regions of the

Americas (Figures 2B and S10). For example, the study co-

horts representing the United States (p ¼ 0.66) and north-

ern South America (p ¼ 0.09) have very little msIBD with

Senegambia, compared to the proportion of captives

from Senegambia disembarking in those two regions

(Figure 2B). Many regions also demonstrate over-represen-

tation of msIBD with the Bights of Biafra and Benin

compared to historical documents.

The mean number of IBD connections (mcIBDreg1-reg2; the

mean number of regions an individual shares a R5 cM IBD

segment with) an individual in each region of the Americas

has to the seven primary slave trading regions of Africa

shows representative individuals from the United States

match more slave trading regions (mcIBDUS-Africa ¼ 5.5 5

2.2) than representative individuals from Central America

and Mexico who tend to have IBD connections with fewer

regions (mcIBDCentral America - Africa ¼ 2.15 1.7, Figure 2B; Ta-

ble S5). Of note, there is a particularly strong discordance

between disembarkations and mcIBD in Central America

and northern South America. There is also a stark difference

between mcIBD in the British Caribbean (mcIBD British Carib-

bean - Africa ¼ 5.8 5 1.8) versus Latin Caribbean (mcIBD Latin

Caribbean - Africa ¼ 3.2 5 2.1), even though these regions are

geographically proximate. These results correspond with

comparisons between eight regions of western Europe and

regions of the Americas, which indicated that Latin Ameri-

cans tend to have higher mcIBDLatin America -Europe (x¼ 4.95

0.76; primarily from Spanish Portuguese) than British occu-

pied regions (x ¼ 3.52 5 1.1; Figures S11,S12; Table S6).

Our Bayesian MCMC approach to estimate time to most

recent common ancestor living during the slave trade

(TMRCA) from IBD segment lengths predicted that West

Central Africa shares more recent common ancestors

with individuals in the Americas, whereas Senegambia, Si-

erra Leone, the Windward Coast, and the Bight of Biafra
American Journal of Human Genetics 107, 1–13, August 6, 2020 5
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Figure 2. IBD Sharing between the Amer-
icas and Atlantic Africa versus Documented
Counts of Deportation
(A) Comparison between the number of
enslaved people embarking out of each re-
gion of Atlantic Africa to the mean shared
IBD (msIBD; cM) between each Atlantic
Africa region and all individuals in the
Americas.
(B) msIBD between regions of Africa and of
the Americas (top) and the estimated pro-
portions of enslaved disembarkation into
each region of the Americas (bottom). p
values indicate significant correlations be-
tween msIBD and disembarkation based on
a permutation test using Spearman’s coeffi-
cient of correlation. Numbers right of the re-
gion labels indicate the mean number
(5STD) of mcIBD connections (R5 cM) an
individual representing that region of the
Americas has to the seven primary slave
trading regions.
(C) Posterior distributions of the estimated
TMRCA of IBD segments during the transat-
lantic slave trade between each Africa region
and all of the Americas.
(D) The proportion of disembarkation of
each Atlantic Africa region into the Ameri-

cas over time, according to historical documents. All Atlantic Africa regions correspond to the colors in key in (A). msIBD is the total,
cumulative IBD shared between two populations (cM), divided by the total pairwise comparisons between two populations.
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share earlier common ancestors (Figure 2C). This trend

mirrors the majority of embarkation counts out of Africa

from temporal historical documents (Figure 2D).
Variation in African Ancestry across the Americas

OurestimationsofAfricanancestrywith23andMe’s ancestry

inference algorithm indicated that mean sub-Saharan Afri-

can ancestry in Americans with R 5% African ancestry was

highest in the British Caribbean (76%5 20.3%), the United

States (71.3% 5 22%), the Guianas (59.7% 5 32.6%), and

Cape Verde (45.5% 5 12.6% ; Figure 3). Mean sub-Saharan

African ancestry was lowest in Latin America: Latin Carib-

bean (19.9% 5 12.9%), central South America (13.7% 5

10.5%), northern South America (11.9%5 8.1%), and Cen-

tral America plusMexico (8.9%5 8.7%). These proportions

also correspondwith the proportion of African haplogroups

in each region (Tables S7 and S8).

Within 23andMe’s Ancestry Composition hierarchy,

there are four local ancestries corresponding to regions in

Atlantic Africa: Nigerian (Nigeria), Senegambian (Gambia,

Guinea, Guinea-Bissau, Senegal), Coastal West African (Si-

erra Leone, Ghana, Côte d’Ivoire, Liberia), and Congolese

(Angola, Democratic Republic of the Congo). Ancestry

inference in the Americas reveals that the majority of indi-

viduals within the United States (93%) as well as from the

British and French Caribbean (82%) tend to have ancestry

from all four of these Atlantic African populations, with

Nigerian being the most common of the four. A high pro-

portion of individuals from the Guianas (64%) and the

Latin Caribbean (44%) also have ancestry from all four

populations, with Coastal West African ancestry in the

Guianas being most common relative to other Atlantic Af-
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rican ancestries, and Senegambian being most common in

the Latin Caribbean. The plurality (47%) of Mexican and

Central American individuals have only Senegambian

ancestry, whereas 32% of individuals from northern South

America have both Senegambian and Nigerian ancestry. In

central South America, the plurality (31%) of individuals

have only Congolese ancestry (Figure 3; Table S7).

Biases in Contributions of Males and Females to Current

Gene Pools

We identified a bias toward European male and African fe-

male genetic contributions across regions of the Americas

using the sex-specific model for admixture,22 which as-

sumes admixture events during the transatlantic slave trade.

We observed an African female bias (African sf/sm > 1) in

every region of the Americas with highest levels in northern

South America (17.17; Table 1; Tables S9 and S10). We also

observed a European male sex bias (European sm/sf > 1) in

all explored regions except the Latin Caribbean and Central

America. Additionally, haplogroup assignments in males

indicated that Y chromosome haplogroups tend to be of Eu-

ropean origin whereas mitochondrial haplogroups tend to

be of African origin across all regions of the Americas (Table

S8). Historical documents indicate the overall proportion of

enslaved people on voyages weremale (Mp> 0.60) across all

regions5 (Table 1).
Discussion

Overall Concordance with Historical Documents

We found that, overall, genetic evidence of Atlantic African

ancestry across the Americas is consistent with historical
0



Figure 3. Estimated Proportions of African Ancestry across Atlantic Africa, the Americas, and Europe
Fill: Mean proportion of continent-level African Ancestry in each region. Bars: Mean local ancestry proportions of the four Atlantic Af-
rican populations 23andMe identifies. Proportions are derived from local ancestry inference, which employs support vector machines
(SVM) to assign one of 33 ancestries to each window along the genome and an autoregressive pair hidden Markov model to combine
information across window-level SVM calls. Anchor symbols indicate major shipping port locations used during the slave trade.

Please cite this article in press as: Micheletti et al., Genetic Consequences of the Transatlantic Slave Trade in the Americas, The American
Journal of Human Genetics (2020), https://doi.org/10.1016/j.ajhg.2020.06.012
documents of the transatlantic shipping of enslaved Afri-

cans.3,5,9 The expectation that more embarkation out of

Africa corresponds with more ancestral connections to

the Americas is borne out by the comparison between msIB-

DAfrica-Americas and the number of captives deported from

each African region (Figure 2A). For example, the highest

proportion of msIBD is found between West Central Africa

and the Americas, consistent with the highest proportion

of enslaved embarkation from this slave-trading region

(5.7 million people5). West Central Africa also experienced

the largest proportion of deportations in the mid-1800s5

(Figure 2D), consistent with our finding that people of Af-

rican descent in the Americas share the most recent com-

mon ancestors with people from West Central Africa

(Figure 2C). The mean number of IBD connections (mcIBD)

between regions of the Americas and Africa also support

embarkation estimates from voyage records. The majority
The
of enslaved people arriving in Latin America (Latin Carib-

bean, Central America, N. South America, and C. South

America) were generally deported from one or two slave

trading regions, whereas enslaved people arriving in the

United States and British Caribbean were taken from all re-

gions of Atlantic Africa (Figure 2B).5,9,10 Consequently, in-

dividuals from Latin America tend to have mcIBD with two

or three Atlantic African regions, whereas individuals from

the United States and the Caribbean tend to have genetic

connections to five or six regions (Figure 2B).

Potential Inconsistencies with Historical Documents

While genetic connections between African populations

and individuals from the Americas are strongly correlated

with historical documents (Figure 2A), a granular break-

down of disembarkation in discrete regions of the Ameri-

cas identifies discordance. For example, msIBD with the
American Journal of Human Genetics 107, 1–13, August 6, 2020 7



Table 1. Inferred Ancestry Sex Bias versus Documented Sex Bias

America Region

African European Native American

Mpsf/sm X A sm/sf X A sf/sm X A

Guianas 1.73 0.65 0.59 4.60 0.12 0.15 – 0.01 0.01 0.64

United States 1.47 0.76 0.71 3.03 0.21 0.25 – 0.02 0.01 0.69

British Caribbean 1.88 0.82 0.75 25.53 0.12 0.18 – <0.01 <0.01 0.62

Latin Caribbean 13.31 0.24 0.19 0.90 0.53 0.52 3.78 0.12 0.06 0.66

C. South America 4.62 0.18 0.12 1.09 0.63 0.64 2.26 0.09 0.04 0.67

N. South America 17.17 0.14 0.11 2.27 0.43 0.49 3.38 0.30 0.17 0.63

Central America 15.60 0.11 0.08 0.89 0.32 0.31 28.04 0.44 0.27 0.68

Cape Verde 22.56 0.59 0.44 71.00 0.35 0.50 – <0.01 <0.01 –

Female to male (sf/sm) and male to female (sm/sf) genetic contribution bias based on ancestry inference of the X chromosome and autosomes, assuming a single
admixture event during the transatlantic slave trade (15 generations ago). For example, sf/sm ¼ 2 for African ancestry means �2 African women for every African
man. Mean Ancestry Composition based solely on the X chromosome (X) and solely on the autosomes (A) for each ancestry category. Mp is the proportion of
enslaved males on voyages to each region of the Americas based on historical documents. sf/sm is not calculated for regions with less than 2% mean ancestry
in either the X chromosome or autosomes. Assuming more recent admixture generations yielded near-identical results (Table S9).
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Bights of Benin and Biafra, as well as Nigerian ancestry, is

overrepresented in the United States and Latin America

considering the recorded number of enslaved people that

embarked from ports along the coast of present-day

Nigeria into these regions of the Americas (Figures 2B

and 3). However, this discordance is explained by records

from the intra-American slave trade, an intercolonial trade

that occurred primarily between 1619 and 1807 whose

impact has recently been understood through collections

of port records, newspapers, and merchant accounts from

disparate parts of the Americas.5,46 Documented intra-

American voyages indicate that the vast majority of en-

slaved people were transported from the British Caribbean

to other parts of the Americas, presumably to maintain the

slave economy as transatlantic slave trading was increas-

ingly prohibited (Figure S13).46 These voyages would

spread African ancestry common in the British Caribbean

to other regions of the Americas that were not in direct

trade with specific regions of Africa. In Latin America,

transatlantic slave trading voyages virtually ceased be-

tween 1660 and 1780, yet a large proportion of all docu-

mented captives continued to be transported throughout

the early 1800s to Latin America primarily from the British

Caribbean.10 In the United States, nearly 10% of the total

enslaved population arrived via intra-America trading

with the British Caribbean and consequently msIBD be-

tween the United States and the British Caribbean (primar-

ily the Bahamas, BritishWindward, and Leeward Islands) is

high (Figure S14). Therefore, embarkation out of Africa and

msIBD between Africa and all of the Americas is correlated

(Figure 2A), whereas disembarkation in specific regions of

the Americas and msIBD with Africa are not consistently

correlated (Figure 2B) because of the asymmetric transpor-

tation of enslaved people within the Americas.

Another apparent discordance between historical docu-

ments and genetic data is seen in msIBD between most re-

gions of the Americas and Senegambia. Senegambia is un-

derrepresented given the overall proportion of enslaved
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people who were deported from this region to the Ameri-

cas (Figure 2B). This is likely because Senegambia was

one of the first African regions from which large numbers

of people were enslaved.5,9,57 Historical documents and

TMRCA estimates from IBD segments support this expla-

nation as well, indicating that Senegambia’s connection

to the Americas is older (and less well documented) than

that of other regions (Figures 2C and 2D). Having distant

ancestors from Senegambia would increase the likelihood

of people in the Americas sharing very short IBD segments

with Senegambians, which, in turn, may be undetected by

estimating IBD segments with reduced SNP densities.49

This pattern of reduced msIBD and older TMRCA estimates

is most evident in the disembarkation regions of northern

South America and Central America where, according to

records, nearly half of the enslaved people who disem-

barked at ports in these regions came from Senegambia,

but less than 10% of msIBD between these regions and Af-

rica is with Senegambia (Figure 2B). However, almost no

captives from Senegambia disembarked directly in either

northern South America or Central America after 1650,5,9

,10 consistent with our finding of an older TMRCA between

Senegambia and these two regions, and the likelihood that

earlier African disembarkation resulted in smaller IBD seg-

ments between Africans and Americans of the present day.

The underrepresentation of ancestral connections to

Senegambia also occurs in regions of the Americas with

more recent (1700–1865) disembarkation from Senegam-

bia, such as the United States and Latin Caribbean. This

pattern, in part, may result from the increasing rates of

deportation of children from Senegambia over time

(Figure S15). Enslavement of children and unsanitary con-

ditions in the holds of ships led to high rates of malnour-

ishment and illness, which in turn led to lower survival

rates in later decades of the slave trade.58,59 It is also

possible that Senegambians experienced higher mortality

due to dangerous plantation conditions. A large propor-

tion of enslaved Senegambians were rice cultivators who
0
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worked on rice plantations in the Americas, which were

generally rampant withmalaria.57,60,61 Clearing of swamp-

lands was also generally performed by men, which could

explain higher male mortality.59 While detailed records

exist for very few plantations, reduced genetic representa-

tion from Senegambia in parts of the Americas is likely

correlated with Senegambians being forced to work under

life-threatening conditions.

Ancestry Proportions Discordance

Continental African ancestry estimates are unexpected

given the number of enslaved people disembarking in

the Americas. Nearly 70% of the 10.5million enslaved peo-

ple who survived the Middle Passage disembarked in Latin

America, yet regions of Latin America have the lowest over-

all proportion of African ancestry (Figure 3). On the con-

trary, individuals in this study from the United States

and British Caribbean have the highest African ancestry

proportion on average. Together, these results indicate

that practices and treatment of enslaved people likely

varied across the Americas. For instance, literature

suggests higher overall mortality and smaller effective pop-

ulation sizes in enslaved populations brought to Latin

America,62,63 which would have reduced the contribution

of African ancestry to the gene pool. In addition, enslaved

indigenous people often admixed with enslaved Africans

in Latin America,59 which is evident in the Native Amer-

ican ancestry and haplogroups common in individuals

from Latin America (Tables S7 and S8). Other investiga-

tions of genetic ancestry have identified comparable esti-

mates of African ancestry across the United States;11–15

however, other studies have found that African ancestry

is higher in admixed populations in Latin America

compared to our study.13,64 This is likely due to the non-

random representation of global populations in our study

cohort, which consists primarily of US customers and does

not target specific admixed populations in Latin America.

Although our estimates are lower (about 5%–10% on

average), the trend of lower African ancestry in Latin Amer-

ica is still supported by other research.64

Sex-Bias Discordance

Despitemore than 60% of enslaved people brought to each

region of the Americas being men,5 comparisons of

ancestry estimates for the X chromosome and autosomes,

as well as the comparison of mitochondrial (maternal) and

Y (paternal) haplogroups, revealed a bias toward African fe-

male contributions to gene pools across all of the Ameri-

cas.64,65 However, this African female sex bias is more

extreme in Latin America (between 4 and 17 African

women for every African man contributing to the gene

pool) than in British-colonized Americas (between 1.5

and 2 African women for every African man contributing

to the gene pool; Table 1). An Americas-wide African fe-

male sex-bias can be attributed to known accounts of

rape of enslaved African women by slave owners and other

sexual exploitation.19,26,62,66 Regional differences may be
The
due to higher mortality in enslaved males in Latin America

as well as a common practice called branqueamento, or

racial whitening, which involved women marrying ligh-

ter-skinned men with the intention of producing lighter-

skinned children.1,25,27,62,67 National branqueamento pol-

icies were implemented in multiple Latin American coun-

tries, funding and subsidizing European immigrant travels

with the intention to dilute African Ancestry through

reproduction with light-skinned Europeans.68 Conversely,

the smaller African female sex-bias seen in former British

colonies could be due to the practice of coercing enslaved

people to have children as a means of maintaining en-

slaved workforces nearing the abolition of the transatlantic

slave trade.69 In some areas, such as the United States, en-

slaved women were incentivized to reproduce with the

promise of freedom following the birth of many chil-

dren.20 Furthermore, racist ideologies in the United States

led to the segregation of people of African descent as

opposed to promotion of European admixture.70 Overall,

the inhumane practices associated with institutionalized

slavery, though differing across the Americas, all resulted

in an African-female sex bias despite the preponderance

of males among those enslaved.

Discordance in Timing

Our Bayesian method of dating IBD segments estimates

the number of generations to a shared common ancestor

between individuals in the Americas and Africa and is

generally consistent with counts of enslaved disembarka-

tion over time, with some exceptions (Figures 2C and

2D). One clear discordance is early genetic connections be-

tween the Americas and the Windward Coast relative to

historical documents, which indicate a more recent

connection. This discordance may be due to ethnolinguis-

tic representation of theWindward Coast in this study. Par-

ticipants representing the Windward Coast indicated pri-

mary ethnolinguistic associations with the Grebo, Kpelle,

and Mano peoples, none of whom were known to be

significantly impacted by the transatlantic slave trade.4

Therefore, the detected IBD connections with this region

may be with more distant common ancestors from the

Windward Coast. Other African regions are represented

in this study by ethnolinguistic groups more directly

impacted by the slave trade (approximately half of the

significantly impacted tribes;4 Table S1). In general, our Af-

rican cohort appears to be a suitable proxy of historical

populations impacted by the slave trade given population

structure (Figures S1–S3). IBD shared within regions of Af-

rica also highlights general stationarity of African popula-

tions (Figure S17) yet signifies some impact of interconti-

nental migration. For instance, some mixing is apparent

between the Bight of Biafra, the Bight of Benin, and West

Central Africa. High shared IBD between certain regions

may be due to ancient movement, such as the Bantu

Migration,71 or the more recent transportation of enslaved

people within Africa (8 million people were enslaved and

retained in Africa).72
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Other discordances highlight differences in mortality

following the transatlantic voyage among enslaved people

who originated from different regions of Africa. For

instance, the earlier-than-expected TMRCA for the Bight

of Biafra may be due to the high suicide rates documented

in enslaved Igbo people.73,74 Most documented suicides,

such as the Igbo Landing mass suicide of 1803 in the

United States, were recorded later in the slave trade. If sui-

cide by means of revolt became more common in enslaved

people from the Bight of Biafra as the slave trade

continued, that TMRCA estimate would appear older

than expected given recorded shipping of enslaved people

from the Bight of Biafra.

Regional Discordance

Our results indicate that African ancestry and msIBD do not

vary much within broad regions of the Americas despite

enslaved people disembarking at different rates in different

ports. This observation is expected, given that slavers

transported enslaved people regionally, and extensive local

migration followed the transatlantic slave trade.75 For

instance, the domestic slave trade in the United States be-

tween 1790 and 1860 would see the transportation of one

million enslaved people across the southeastern United

States.20 Similarly, ‘‘The Trail of Tears’’ would force Native

Americans and the enslaved people they owned west to-

ward Oklahoma.76 Also, the ‘‘Great Migrations’’ that

occurred between 1916 and 1970 to escape segregation

and poor economic conditions would bring former slaves

and their descendants to all parts of the Northeast and

Midwest United States18 (Figure S16). Similar movements

occurred elsewhere such as migrations from northeastern

Brazil (Bahia and Pernambuco) to southern and central

Brazil (Rio de Janeiro and Minas Gerais-Goiás).1,2 These

large migrations could easily obscure pre-existing local

population structure in African-descendant communities

as a result of admixture. Because the majority of individ-

uals in this study have connections to multiple popula-

tions in Atlantic Africa, it is unlikely that members of

distinct African communities remained isolated from one

another after they reached the Americas. However, based

on limited marriage records of enslaved people,21,77,78 it

is likely that communities from distinct Atlantic African re-

gions initially remained isolated, but interbred later, which

would lead to genetic evidence of post-transport mixing of

African populations over generations.

Despite extensive genetic evidence of internal or local

migrations, we found no evidence for long-distance migra-

tions between broad regions in the Americas after disem-

barkation except between the United States and the British

Caribbean (Figures S5, S6, and S15). Representative indi-

viduals in the United States and British Caribbean share lit-

tle IBD with those in Latin America, and very little IBD

sharing is found between regions within Latin America.

This is striking when comparing the British Caribbean to

the Latin Caribbean: although some countries are

geographically proximate (e.g., Haiti and the Dominican
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Republic), ancestry estimates and IBD connections within

the Americas and to Atlantic Africa differ substantially.

Discordance between IBD and Ancestry Composition

Local ancestry estimates across the Americas (except for

central South America) indicate a lower mean proportion

of Congolese (West Central African) ancestry than ex-

pected (Figure 3), considering West Central Africa shares

more msIBD with the Americas than does any other region

in Atlantic Africa (Figure 2A). This pattern likely reflects the

fact that 23andMe’s local ancestry analysis differentiates

only four regions along the Atlantic African coast and

can detect genetic connections at a deeper timescale than

IBD analysis. Specifically, local ancestry inference iden-

tifies the reference population with haplotypes most

similar to those of a test sample for small genomic regions,

rather than identifying identical-by-descent segments, so

the ancestry it detects is likely more distant in time than

that of IBD-based methods.47

Conclusions

We present a broad-scale investigation into the transatlantic

slave trade, advancing the understanding of its conse-

quences by comparing genetic connections with historical

records. While the current genetic landscape of African

ancestry in the Americas largely agrees with transatlantic

voyage records, additional historical accounts shed light on

discordances. For example, overrepresentation of Nigerian

ancestry in parts of the Americas is explained by the intra-

American trade of enslaved people from the British Carib-

bean, and underrepresentation of Senegambian ancestry

across the Americas is supported by accounts of early trading

and high mortality from this region. Patterns of variation

across the Americas, such as lower African ancestry and a

higher African female sex bias can be attributed to socioeco-

nomic factors, non-African male admixture, and inhumane

treatment of enslaved people. While transatlantic records

have told us a large part of the story, insights from this study

in combination with other historical accounts shed light on

details of the genetic impact of the transatlantic slave trade

on present-day populations in the Americas.
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