
UC Irvine
UC Irvine Previously Published Works

Title
Multiple independent introductions of Plasmodium falciparum in South America

Permalink
https://escholarship.org/uc/item/2cg4r1g4

Journal
Proceedings of the National Academy of Sciences of the United States of America, 
109(2)

ISSN
0027-8424

Authors
Yalcindag, Erhan
Elguero, Eric
Arnathau, Céline
et al.

Publication Date
2012-01-10

DOI
10.1073/pnas.1119058109

Supplemental Material
https://escholarship.org/uc/item/2cg4r1g4#supplemental

Copyright Information
This work is made available under the terms of a Creative Commons Attribution 
License, availalbe at https://creativecommons.org/licenses/by/4.0/
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/2cg4r1g4
https://escholarship.org/uc/item/2cg4r1g4#author
https://escholarship.org/uc/item/2cg4r1g4#supplemental
https://creativecommons.org/licenses/by/4.0/
https://escholarship.org
http://www.cdlib.org/


Multiple independent introductions of Plasmodium
falciparum in South America
Erhan Yalcindaga,1,2, Eric Elgueroa,1,2, Céline Arnathaua, Patrick Duranda, Jean Akianab, Timothy J. Andersonc,
Agnes Aubouyd, François Ballouxe, Patrick Besnardf, Hervé Bogreaug, Pierre Carnevaleh, Umberto D’Alessandroi,
Didier Fontenillea, Dionicia Gamboaj, Thibaut Jombarte, Jacques Le Miref, Eric Leroya,k, Amanda Maestrel,
Mayfong Mayxaym, Didier Ménardn, Lise Musseto, Paul N. Newtonm, Dieudonné Nkoghék, Oscar Noyap,
Benjamin Ollomok, Christophe Rogierg, Vincent Veronq, Albina Widep, Sedigheh Zakerir, Bernard Carmeq,
Eric Legrando, Christine Chevillona, Francisco J. Ayalas,2, François Renauda,2,3, and Franck Prugnollea,2,3

aLaboratoire Maladies Infectieuses et Vecteurs, Ecologie, Génétique, Evolution et Contrôle, Unité Mixte de Recherche 5290-224, Centre National de la
Recherche Scientifique-Institut de Recherche pour le Développement-Université de Montpellier I-Université de Montpellier II, 34394 Montpellier Cedex 5,
France; bService Epidémiologie Moléculaire et Parasitaire, Département de la Médecine Préventive et des Essais Cliniques, Laboratoire National de Santé
Publique, Brazzaville, 1 Kinshasa, Republic of the Congo; cDepartment of Genetics, Texas Biomedical Research Institute, San Antonio, TX 78245; dInstitut de
Recherche pour le Développement–Unité Mixte de Recherche 152, Université Paul Sabatier, 31062 Toulouse, France; eMedical Research Council Centre for
Outbreak Analysis and Modelling, Department of Infectious Disease Epidemiology, Faculty of Medicine, Imperial College, London W2 1PG, United Kingdom;
fMalaria Control Program, Société Nationale de Métallurgie (Sonamet), Lobito, Angola; gInstitute for Biomedical Research of the French Army and Unité de
Recherche sur les Maladies Infectieuses et Tropicales Émergentes–Unité Mixte de Recherche 6236, Allée du Médecin Colonel Jamot, Marseille, Cedex 07,
France; hInstitut de Recherche pour le Développement, 34394 Montpellier, France; iDepartment of Parasitology, Institute of Tropical Medicine, 2000 Antwerp,
Belgium; jInstituto de Medicina Tropical Alexander Von Humboldt, Universidad Peruana Cayetano Heredia, AP 4314, Lima 100, Peru; kUnité Emergence des
Pathologies Virales, Unité Mixte de Recherche 190, Institut de Recherche pour le Développement, Université de la Méditerranée, Centre International de
Recherche médicale de Franceville BP 769 Franceville, Gabon; lGrupo Salud y Comunidad, Facultad de Medicina, Universidad de Antioquía, Medellín,
Colombia; mWellcome Trust–Mahosot Hospital–Oxford Tropical Medicine Research Collaboration, Microbiology Laboratory, Mahosot Hospital, Vientiane, Lao
People’s Democratic Republic; nMolecular Epidemiology Unit, Pasteur Institute of Cambodia, 12152 Phnom Penh, Cambodia; oParasitology Unit, Institut
Pasteur de Guyane, BP6010, 97306 Cayenne Cedex, French Guiana; pCentro para Estudios Sobre Malaria, Instituto de Altos Estudios en Salud “Dr. Arnoldo
Gabaldón”, Ministerio del Poder Popular para la Salud and Instituto de Medicina Tropical, Universidad Central de Venezuela, 2101 Maracay, Caracas,
Venezuela; qCentre d’Investigation Clinique Epidémiologie Clinique Antilles, Guyane 802, Cayenne General Hospital, 97306 Cayenne, French Guiana; rMalaria
and Vector Research Group, Biotechnology Research Center, Pasteur Institute of Iran, 13164 Tehran, Iran; and sDepartment of Ecology and Evolutionary
Biology, University of California, Irvine, CA 92697

Contributed by Francisco J. Ayala, November 23, 2011 (sent for review June 23, 2011)

The origin of Plasmodium falciparum in South America is contro-
versial. Some studies suggest a recent introduction during the
European colonizations and the transatlantic slave trade. Other
evidence—archeological and genetic—suggests a much older ori-
gin. We collected and analyzed P. falciparum isolates from differ-
ent regions of the world, encompassing the distribution range of
the parasite, including populations from sub-Saharan Africa, the
Middle East, Southeast Asia, and South America. Analyses of
microsatellite and SNP polymorphisms show that the populations
of P. falciparum in South America are subdivided in two main
genetic clusters (northern and southern). Phylogenetic analyses,
as well as Approximate Bayesian Computation methods suggest
independent introductions of the two clusters from African sour-
ces. Our estimates of divergence time between the South Ameri-
can populations and their likely sources favor a likely introduction
from Africa during the transatlantic slave trade.

malaria origin | New World | human migrations | genetic diversity

Malaria is an important human parasitic disease, responsible
for 500 million clinical cases each year within its wide cir-

cumtropical range (1). This vector-borne disease is caused by a
protozoan of the genus Plasmodium, with five species now known
to infect humans, of which Plasmodium falciparum, widespread in
tropical and subtropical regions, is the most malignant, account-
ing for the death of more than one million people every year (1).
An African origin of P. falciparum seems likely (2, 3), but the

routes and times by which this pathogen dispersed out of Africa
and colonized other parts of the world remain controversial (4).
Regarding its expansion toward Asia, it has been proposed that
African P. falciparum expanded rapidly about 6,000 y ago in asso-
ciation with the emergence of agricultural societies and increased
mosquito transmission (5). An alternative hypothesis suggests that
P. falciparum spread with humans as Homo sapiens populations
migrated out of Africa, starting about 60,000 y ago (6, 7).
Concerning South America, the conventional hypothesis is

that P. falciparum was introduced into the Americas by

European immigrants and the transatlantic slave trade, a hy-
pothesis supported by genetic (8–12) and archeological (13) ev-
idence, although not quite conclusive. Mitochondrial DNA
shows a clear link between South American and African hap-
lotypes (11), consistent with a recent introduction of the path-
ogen through the slave trade. However, some time to the most-
recent common ancestor estimates suggest a much more ancient
origin (11). Some archaeological and historical studies are in-
consistent with a recent introduction, and instead suggest that
P. falciparum malaria was present in South America long before
the European colonizations and the slave trade (13).
In this article, we seek to unravel the events surrounding the

origin of P. falciparum in South America. We address the fol-
lowing questions: Where did the South American P. falciparum
come from? Were there one or several events of invasion? Does
the transatlantic slave trade from Africa account for the origin of
this parasite in South America, or was it present there before the
European colonizations?

Results
We obtained P. falciparum-infected human blood samples from
24 localities in 17 countries: nine from Africa, four from South
America, one from the Middle East, and three from Asia (Fig.
1). The African localities were intended to represent the places
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of origin of the African slaves during the transatlantic slave
trade. (See SI Appendix, Table S1 for study sites and sampling
procedures.) We PCR-amplified 12 polymorphic microsatellites
located on 8 of P. falciparum’s 14 chromosomes (SI Appendix,
Table S2). We thus obtained 577 monoinfected isolates from all
24 localities in 17 countries, which we designate as the “MS”
dataset. In some analyses we combined our data with the data
from ref. 8, using nine microsatellite markers common to both
studies, resulting in a total of 1,047 isolates from 33 localities in
23 countries (hereafter referred to as the “MS+” dataset) (Fig.
1). In addition, we obtained the genotypes of 210 isolates at 272
SNPs (SI Appendix, Table S3) from 17 populations in 13 coun-
tries, which we designate as the “SNP” dataset (SI Appendix,
Table S1). See Materials and Methods for additional details.

FST-Based Test of Selection. For microsatellites, the analysis of
genetic differentiation over all populations is suggestive of pos-
itive selection at two loci: Pfg377 and TA109 (SI Appendix, Fig.
S1 A and B). For the SNPs, the test of selection identified 46
SNPs that lie above the upper 95% boundary and 26 SNPs that
are less genetically differentiated than expected by chance (SI
Appendix, Fig. S1C). See SI Appendix, Table S4 for the SNPs
identified as being under selection. In what follows, we only
present the results obtained for datasets that exclude the loci
under selection. (If the excluded loci are included in the analyses,
the results obtained are similar to those presented below, except
in the case when all microsatellite markers are included. These
alternative results are presented in SI Appendix, Figs. S9–S12.)

Genetic Diversity. SI Appendix, Table S5 displays the expected
heterozygozities (Hs) for the separate populations, as well as the
averages for each continent. A consistent pattern is apparent for
both microsatellite and SNP markers. Asian populations exhibit
slightly lower genetic diversity than African ones, but the differ-
ence is not statistically significant for SNPs. For South American
populations, genetic diversity is significantly lower than in the Old
World populations for all datasets (Student t test on logarithms)
(SI Appendix, Table S5).

Geographic Differentiation. There are striking differences in ge-
netic differentiation among continents (SI Appendix, Fig. S2). In
Asia and South America, there is a clear pattern of isolation by
distance, with genetic differentiation increasing with geographic
distance between populations, whereas there is little genetic
differentiation between populations in Africa, with no significant
correlation with geographic distance.

Worldwide Structure and Origin of the South American Populations of
P. falciparum. The principal component analysis (PCA) on SNP
data (SI Appendix, Figs. S3C and S7C) shows clear differentia-
tion between the three continents, with the African samples lying
in the middle. The separation between African and Asian sam-
ples is far less marked for the PCA of microsatellite data (SI
Appendix, Fig. S3C). Regarding the South American pop-
ulations, the following distinctive features emerge from micro-
satellite and SNP data: (i) the French Guianan populations form
a tight cluster (SI Appendix, Fig. S3C, all datasets); (ii) Brazilian
and Bolivian populations form a tight cluster close to the French
Guianan populations (SI Appendix, Fig. S3C, MS+ dataset); (iii)
Colombian samples are close to one another, much closer to the
Old World populations than are the previously mentioned pop-
ulations (SI Appendix, Fig. S3C, all datasets); and (iv) the
Peruvian and Venezuelan populations are (a) at an intermediate
position between the group of populations that includes French
Guiana, Brazil and Bolivia, and the Colombian populations; and
(b) much more dispersed than the other South American pop-
ulations (SI Appendix, Fig. S3C, all datasets). The dispersion of
the Peruvian and Venezuelan populations suggests a recent
history of admixture for these two populations.
Bayesian Clustering is consistent with the PCA analyses, in

which the separation between Asia and Africa is far clearer in
the SNP than in the microsatellite analysis (SI Appendix, Figs.
S3B and S7B). In South America, the first and most significant
split is between Colombia and the other populations. Under
a model with K = 2 clusters, Colombia is assigned to the same
group as the Old World populations (SI Appendix, Fig. S3B, all
datasets). As the number of clusters increases, Peru and Ven-
ezuela separate from the set of the Brazilian, Bolivian (SI Ap-
pendix, Fig. S3B, MS+ dataset), and the three Guianan
populations (SI Appendix, Fig. S3B, all datasets), which remain
together in all analyses. Peru, and to a lesser extent Venezuela,
seem to be a mixture between African or Colombian populations
on the one side and the set of French Guiana, Brazil, and Bolivia
on the other side. The optimal number of clusters as determined
by the method proposed in ref. 14 is K = 2 for both the world-
wide analysis and the one restricted to South American isolates
(SI Appendix, Fig. S3B).
Phylogenetic trees reconstructed from the genetic distances

between populations show that populations cluster according to
their geographic origin when all American populations are in-
cluded (SI Appendix, Figs. S3A and S7A). When South American
populations are included one at a time in the tree, they all branch

Fig. 1. Sampling sites, main routes of the transatlantic slave trade, and major European Empires between the 16th and the 19th centuries in South America.
Circles represent populations sampled for this study: the MS dataset. Squares represent populations sampled in ref. 8. The MS+ dataset includes all pop-
ulations. Detailed information is in SI Appendix, Table S1.
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off the African cluster for the microsatellite data and closer to
the African than to the Asian cluster for the SNP data (SI Ap-
pendix, Figs. S4–S6).
Fig. 2A shows the neighbor-joining tree built from shared al-

lelic distances between pairs of isolates computed using SNPs.
Again, the Peruvian and Venezuelan populations display a mixed
composition, with some isolates being closer to the Colombian
population and others closer to the French Guianan populations.
The Colombian and the French Guianan populations branch off
independently from the African clade, thus suggesting indepen-
dent introductions from Africa of the Colombian and the French
Guianan populations (Fig. 2A and SI Appendix, Fig. S8B).

Test of Multiple Introductions Based on Genetic Trees. Based on all
of the previous analyses, the South American populations are
clearly subdivided in at least two main genetic clusters: a northern
cluster that includes the populations from Colombia and a
southern cluster comprising the populations from Brazil, Bolivia,
and French Guiana. The individual-based SNP tree further sug-
gests an independent introduction of these two clusters from
Africa (Fig. 2A). In the following, we evaluate how strong the
evidence is in favor of a scenario of independent introduction.
Two populations independently introduced from the same

source would be expected to be genetically less closely related to
each other than to the source population, and they should not
cluster together in a population neighbor-joining tree (15). Such
a scenario of independent introduction is congruent with the
comparison of the genetic distances computed between the
South American and the African populations (Table 1) but is at
odds with the apparent monophyly of the South American
populations observed in the population-based trees (SI Appendix,
Fig. S3A). However, there are good reasons to believe that the
grouping of the introduced populations in the neighbor-joining
tree is an artifact inherent to the approach (see ref. 15 for an
explanation of this phenomenon).
The paraphyly of the South American populations becomes

clearly apparent in the individual-based SNP tree when the iso-
lates from Peru and Venezuela (that are admixed) are excluded
from the analysis: the populations from the northern and the

southern clusters clearly branch off from the African lineage
independently (Fig. 2B). The analysis of the alternative trees
obtained after bootstrapping of the loci shows that this paraphyly
of the two South American clusters is very robust: 96% of 50
bootstrapped trees show a clear paraphyly of the South American
populations.

Test of Multiple Introductions Based on Approximate Bayesian
Computation Analyses. To further confirm the hypothesis of an
independent introduction of the two genetic clusters in South
America, we also used a Bayesian framework (Approximate
Bayesian Computation or ABC methods) using the micro-
satellite datasets (MS and MS+). We considered three possible
colonization scenarios (SI Appendix, Fig. S13): (i) “Independent
Introduction” (SI Appendix, Fig. S13A); (ii) “Serial In-
troduction,” so that there was one introduction from Africa, with
other South American populations derived from the first (SI
Appendix, Fig. S13B); and (iii) “unsampled population scenario,”
which assumes that all American populations derive from an
unsampled population, which would have been the only one
originating from Africa (SI Appendix, Fig. S13C). The results
presented in SI Appendix, Table S6 consistently show that the
“Independent Introduction Scenario (A)” is supported with the
highest probabilities, with South American populations (including
the Colombian populations) corresponding to one introduction
event (northern cluster) and the French Guianan, Brazilian, and
Bolivian populations reflecting a different introduction (southern
cluster). The 95% confidence intervals for the probabilities as-
sociated with this scenario rarely overlap with those from alter-
native scenarios. The unsampled population scenario is supported
with high probability in only a few cases. The only instance in
which a “Serial Introduction Scenario (B)” is supported with the
highest probability is the case in which the South American pop-
ulations belong to the same cluster (northern or southern).We did
not include in these analyses the Peruvian and the Venezuelan
populations because they show a clear pattern of recent admixture.
Divergence time estimates based on these analyses are pre-

sented in SI Appendix, Table S6. Time estimates can be expressed
in years by considering that P. falciparum experiences either 6
(8) or 12 (16) generations per year. Restricting ourselves to the
scenarios of independent introductions, including populations
from the two clusters, we estimate that, on average, P. falciparum
reached South America 434–990 y ago (at 6 generations per year)
or 217–495 y ago (at 12 generations per year). These dates are
congruent with the transatlantic slave trade that occurred be-
tween the 16th and the mid-19th centuries.

Discussion
To ascertain the origin of P. falciparum in South America, we
collected and analyzed 577 P. falciparum isolates from 24 pop-
ulations encompassing the entire distribution range of the par-
asite: sub-Saharan Africa, Middle East, Southeast Asia, Oceania,
and South America. In Africa, attention was given to collect
samples from the localities of origin of the African slaves during
the transatlantic slave trade. We have used an expanded dataset
that includes data from ref. 8 (making a total of 1,047 isolates
from 33 locations in 23 different countries), as well as an SNP
dataset comprising 210 isolates from 17 locations in 13 different
countries. Analyses of our data and of the combined datasets
give very similar results.

Worldwide Population Structure. The patterns of P. falciparum
genetic structure observed at a worldwide scale are consistent
with previous published results (7, 8, 12, 17). The African pop-
ulations are the most genetically diverse (with the exception of
a population from Djibouti), followed by the Asian populations
and last, the South American populations. Genetic differentiation
among populations is low in Africa, intermediate in Asia, and

Table 1. Comparison of the genetic distances computed
between the northern cluster, the southern cluster and the
African cluster for each dataset (MS, MS+, and SNP)

Dataset Mean genetic distance between clusters P value

MS Northern Africa Northern–Southern
0.574 vs. 0.669 0.005

Southern Africa Northern–Southern
0.629 vs. 0.669 0.038

MS+ Northern Africa Northern–Southern
0.615 vs. 0.681 0.005

Southern Africa Northern–Southern
0.649 vs. 0.681 0.044

SNP Northern Africa Northern–Southern
0.142 vs. 0.215 0.036

Southern Africa Northern–Southern
0.134 vs. 0.215 0.036

For all datasets: The northern cluster includes the two populations from
Colombia. The African cluster comprises the populations from Africa. For the
MS and SNP datasets, the southern cluster includes the populations from
French Guiana. For the MS+ dataset, the southern cluster comprises the
populations from Brazil, Bolivia, and French Guiana. For all tests: Peru
(Per) and Venezuela (Ven) were excluded because of clear genetic admix-
ture. The genetic distances for the MS and MS+ datasets were Cavalli-Sforza
and Edward’s chord distances. For the SNP dataset, the genetic distances
were shared allelic distances. For each pairwise comparison between pairs
of clusters a P value was computed from a Wilcoxon test.
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high in South America. In these two latter continents, genetic
distance is largely explained by geography, with the closest pop-
ulations displaying the lowest pairwise differentiation (SI Ap-
pendix, Fig. S2). The high levels of genetic differentiation ob-
served among populations in South America could be due in part
to the very low within-population genetic diversity, which is
known to bias upward genetic distance estimates (18), but are also
impacted by the epidemic nature and low effective population
size of South American P. falciparum (8). Large genetic differ-
entiation among the South American populations may also be
attributed to independent introduction events of P. falciparum, as
discussed below.

P. falciparum in South America: Several Introductions from Africa.
The most widely accepted scenario for the origin of P. falciparum
in the Americas postulates introductions from Africa during the
slave trade that took place within the 300 y following the early
European colonizations (5). Several genetic studies support this
scenario, although on the basis of limited evidence: either a lim-
ited number of isolates, or few sampled geographic areas in South
America, or a small number of genetic markers (8–12).
Our study confirms an African origin of P. falciparum in the

New World. In addition, because our study now encompasses
much of the distribution range of P. falciparum in South America,
it provides a far more detailed picture of the genetic structure of
the parasite in this continent, and hence of its colonization his-
tory.We show that P. falciparum is subdivided in South America in
at least two main genetic clusters: a northern cluster that notably
includes the Colombian populations, and a southern cluster that
includes populations from French Guiana, Brazil, and Bolivia.
Note that despite the fact that two populations of the northern
cluster came from the same country, namely Colombia, they
nevertheless were sampled independently in space and time and
are genetically differentiated (FST = 0.0893, P value = 0.006).
Hence, the genetic peculiarity of Colombia cannot be attributed to
any sampling or genotyping artifacts. A transition zone between
the two clusters is represented by populations from Venezuela
and Peru, which exhibit typical genetic patterns of admixed pop-
ulations (i.e., elevated genetic diversity, overdispersed isolates on

PCA, as well as throughout the individual-based neighbor-joining
tree). ABC analyses, individual-based phylogenetic trees (Fig. 2
and SI Appendix, Fig. S8B), as well as the comparison of genetic
distances between introduced populations and their sources
(Table 1), strongly suggest that the northern and southern clusters
were introduced separately into South America (Fig. 3).
Our estimates of divergence times between the South Amer-

ican and the African populations obtained using ABC methods
suggest that the northern and southern clusters were both in-
troduced during the transatlantic slave trade.
The European colonization history of South America and the

characteristics of the transatlantic slave trade are central to un-
derstanding the origin of these independent introduction events of
P. falciparum in SouthAmerica. From the 16th to the 19th century,
South America was largely divided into two main Empires. The
Spanish Empire included much of the Caribbean and Central
America, but in Continental South America it was mostly re-
stricted to the north and west coast, stretching from present-day
Venezuela to present-day Argentina and Chile. The Portuguese
Empire was restricted to the east coast, from just north of the
Amazon river to the south of present-day Brazil (Fig. 1) (19).
For three centuries, between 1560 and 1852, the Portuguese

Empire was the principal destination for African slaves in South
America (20). Over this period, almost five million African slaves
were brought to Brazil and disembarked in two main ports: Rio
de Janeiro and Bahia. Around 40% of all Africans forced into
the slave trade ended their lives in Brazil.
The Spanish Empire ferried most slaves to the West Indies

colonies (Jamaica, Cuba, and other islands), but some were also
disembarked in Central and South America. The Spanish impor-
ted most enslaved Africans into Central America via Veracruz
(Mexico) and in South America via Cartagena (Colombia) (20).
From these ports of disembarkation, slaves were then dispatched
into the other regions of the Central and South American
Spanish Empire.
This subdivision of the Americas into two main empires and

the fact that the two empires imported African slaves into dif-
ferent regions (using different ports of disembarkation) is very
likely at the origin of the two independent introductions of

Fig. 2. Neighbor-joining trees of isolates obtained using: (A) the SNP dataset including all American populations; (B) the SNP dataset excluding the Peruvian
and the Venezuelan populations. Genetic distances were computed without the loci suspected to be under selection. Ang, Angola; Ben, Benin; Cmp, Camopi
(French Guiana); Col, Colombia; Con, Republic of the Congo; Gab, Gabon; Ira, Iran; Lao, Laos; Mad, Madagascar; Mar, Maripassoula (French Guiana); Mya,
Myanmar; Per, Peru; Tai, Thailand; Trs, Trois Sauts (French Guiana); Ven, Venezuela.

514 | www.pnas.org/cgi/doi/10.1073/pnas.1119058109 Yalcindag et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1119058109/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1119058109/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1119058109/-/DCSupplemental/sapp.pdf
www.pnas.org/cgi/doi/10.1073/pnas.1119058109


P. falciparum shown by our genetic data (Fig. 3). It is further
likely that the introduction of P. falciparum into South America
was a recurrent process, lasting as long as African slaves were
deported onto the continent by both the Spanish and Portuguese
Empires. These recurrent introductions certainly played an im-
portant role in shaping the genetic diversity currently observed in
the two South American clusters. The Andes, which form a nat-
ural geographic barrier separating Central and western South
America from the rest of South America, may have played a role
in preventing these two clusters to homogenize over the course
of history. A recent human immigration history of people coming
from north of the Andes and from the southern part of the
continent into the region of Loreto in Peru, as well as into the
regions of Bolivar and Amazonas in Venezuela (where our
samples originate from), could account for the origin of the
admixture of P. falciparum populations in these two regions.
Indeed, in the Loreto region of Peru, malaria was almost elim-
inated by the end of the 1960s (21), but in the early 1990s it rose
again, simultaneously with a strong immigration from the
Andean region (22, 23). Concerning Venezuela, most of the
samples collected from the provinces of Bolivar and Amazonas
came from people infected in the gold mining regions, close to
the border with Brazil, where many people from Colombia and
other neighboring countries are known to have come to work as
(largely illegal) miners.

Selection and Population History. The basic premise behind the use
of genetic markers to infer connectivity among populations or to
reconstruct their demographic history is that the spatial distri-
bution of allele frequencies within and between populations is
a consequence of “neutral processes” alone (such as migration,
genetic drift, and mutation), so that the distribution of the ge-
netic markers deployed has not been shaped by natural selection.
This assumption is rarely questioned, especially for micro-
satellites, which are generally assumed to be evolving neutrally.
The 12 microsatellites markers used in this study are no ex-

ception to this trend. The markers were described for the first
time in 1999 (24) and were used multiple times without their
neutrality being questioned since then (e.g., refs. 8 and 25–27).
We have shown that two microsatellites (Pfg377 and TA109)
have likely evolved under divergent selection. We accordingly
excluded these two loci from further analyses. As shown in SI

Appendix, Figs. S9–S12, including these loci could have led to
spurious conclusions. Indeed, some analyses based on the whole
set of loci suggest that some populations (French Guiana, Brazil,
Bolivia, Venezuela) are mainly of African descent, and others
(Peru and Colombia) would appear as primarily of Asian de-
scent. A possible explanation for this misleading pattern could
stem from the fact that the two microsatellite markers under
apparent divergent selection are located within two genes
(PFsXLX: gametocyte specific antigen, and PFF0930W: unknown
function), which may be subject to similar selective pressures in
the western part of South America and in Asia.

Conclusion
We present evidence for multiple introductions of P. falciparum
fromAfrica into South America during the slave trade. Our results
highlight the importance of human migrations on the current cir-
cum-tropical distribution of P. falciparum, be they natural migra-
tions, such as theexpansionoutofAfrica (7), or coerced, such as the
transatlantic slave trade. Given the importance of human migra-
tions in the dispersal of P. falciparum, this finding raises the ques-
tion whether immigration during the colonial period from other
P. falciparum endemic regions [e.g., southern Europe and Asia
(19, 28)]might also have contributed to the current geneticmakeup
of South American P. falciparum populations.

Materials and Methods
Study Sites and Plasmodium falciparum Isolates. We have studied P. falcipa-
rum-infected human blood samples from 24 localities in 17 countries: nine
from Africa (Ang1 and Ang2: Angola; Ben1 and Ben2: Benin; Cam: Came-
roon; Con1: Republic of the Congo; Dji: Djibouti; Gab: Gabon; Mad: Mada-
gascar; Nig: Niger; and Sen: Senegal), four from South America (Col1:
Colombia; Cmp, Trs, and Mar: French Guiana; Per: Peru; and Ven: Ven-
ezuela), one from the Middle East (Ira: Iran), and three from Asia (Lao: Laos;
Mya: Myanmar; and Tai1–Tai4: Thailand) (Fig. 1). African sampling localities
were selected to represent the places of origin of the African slaves during
the transatlantic slave trade. Infected blood samples were collected either by
venous puncture (∼500 μL) or by finger-prick (∼50 μL). All blood samples were
collected after informed consent. Ethical clearance was obtained from local
ethics committees in each country sampled. Additional information about the
study sites and sampling procedures are given in SI Appendix, Table S1.

Microsatellite and SNP Genotyping. Details regarding the genotyping of the
12 microsatellite markers and the 384 SNPs are given in SI Appendix, SI
Materials and Methods.

Fig. 3. Proposed introduction and migration pathways of
P. falciparum in South America. Boxes represent the assign-
ment proportions to two clusters (K = 2), the optimal number
of South American clusters inferred from STRUCTURE simu-
lations, obtained using the MS+ dataset, excluding loci sus-
pected to be under selection. Red circles: samples collected and
genotyped in this study. Red squares: samples collected and
genotyped in ref. 8.
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Multiplicity of Infections. Blood samples are frequently infected with two or
more haploid clones of P. falciparum, resulting in the detection of two ormore
alleles at polymorphic loci. Isolates with more than one allele at any of the 12
microsatellite loci were removed from the analyses (SI Appendix, Table S1).

Analyzed Datasets. Three datasets were analyzed. The first dataset corre-
sponds to the microsatellite dataset (577 newly collected isolates from 24
locations in 17 countries, called MS). A second microsatellite dataset, called
MS+, includes our data pooled with those from ref. 8 (Con2: Democratic
Republic of the Congo; Uga: Uganda; Zim: Zimbabwe; Tai5: Thailand; PNG1
and PNG2: Papua New Guinea; Bol: Bolivia; Bra: Brazil; and Col2: Colombia).
The number of loci in this second dataset is reduced to the nine markers in
common between the two studies, but this increases the number of samples to
1,047 isolates from 33 localities in 23 countries (see Fig. 1). Third is the SNP
dataset (210 isolates from17 locations in 13 countries:Ang:Angola; Ben: Benin;
Con1: Republic of the Congo; Gab: Gabon; Mad: Madagascar; Ira: Iran; Tai1:
Thailand;Mya:Myanmar; Lao: Laos; Col1: Colombia; Cmp, Trs, andMar: French
Guiana; Per: Peru; and Ven: Venezuela). For this dataset, we pooled the two
populations from Angola (Ang1 and Ang2), as well as the two populations
from Benin (Ben1 and Ben2), to keep sample size large enough for genetic
analyses.

Markers Under Natural Selection. Natural selection, either divergent or con-
vergent, may impact genetic frequencies differently in different populations.
We searched for loci (microsatellites and SNPs) that could be under positive or
balancing selection, using the method developed in ref. 29 and implemented
in the program LOSITAN (30). A detailed description of the method is pro-
vided in SI Appendix, SI Materials and Methods.

Genetic Diversity and Genetic Differentiation. We computed genetic diversity
within each population using Nei’s unbiased estimate of heterozygosity Hs
(31). Weir and Cockerham’s FST estimates (32) between pairs of populations
were computed with the Genepop software (33). To explain patterns of
isolation by distance within each continent, we studied the correlation be-
tween genetic differentiation (FST) and geographical distance between pairs
ofpopulations. Pairwisegeographicdistanceswere computedusingMAPINFO

(34). The significance of the relationshipwas assessedwith aMantel test using
10,000 permutations.

Statistical, Population Genetic, and Phylogenetic Data Analyses. Worldwide
population genetic structure and the origin of P. falciparum in South America
were determined using: (i) population and individual-based genetic trees,
(ii) multivariate analyses (PCA), (iii) clustering methods (STRUCTURE analy-
ses), and (iv) model-based Bayesian methods (ABC). A detailed description of
these methods is given in the SI Appendix, SI Materials and Methods.
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