
Daron et al., Sci. Adv. 2021; 7 : eabc3713     28 April 2021

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

1 of 14

G E N E T I C S

Population genomic evidence of Plasmodium vivax 
Southeast Asian origin
Josquin Daron1*, Anne Boissière1,2, Larson Boundenga3, Barthelemy Ngoubangoye3, 
Sandrine Houze4, Celine Arnathau1,2, Christine Sidobre1, Jean-François Trape1, Patrick Durand1,2, 
François Renaud1,2, Michael C. Fontaine1,2,5†, Franck Prugnolle1,2†, Virginie Rougeron1,2*†

Plasmodium vivax is the most common and widespread human malaria parasite. It was recently proposed that  
P. vivax originates from sub-Saharan Africa based on the circulation of its closest genetic relatives (P. vivax-like) 
among African great apes. However, the limited number of genetic markers and samples investigated questions 
the robustness of this hypothesis. Here, we extensively characterized the genomic variations of 447 human P. vivax 
strains and 19 ape P. vivax-like strains collected worldwide. Phylogenetic relationships between human and ape 
Plasmodium strains revealed that P. vivax is a sister clade of P. vivax-like, not included within the radiation of 
P. vivax-like. By investigating various aspects of P. vivax genetic variation, we identified several notable geographical 
patterns in summary statistics in function of the increasing geographic distance from Southeast Asia, suggesting 
that P. vivax may have derived from a single area in Asia through serial founder effects.

INTRODUCTION
Plasmodium vivax is the most common human malarial parasite re-
sponsible for 12 million to 22 million clinical cases per year (1). It is 
widespread in the tropical belt where almost 3 billion people are at 
risk of infection. It is the most frequent cause of human malaria (2), 
particularly in Central and Southeast Asia. Conversely, populations 
living in sub-Saharan Africa are protected from P. vivax transmis-
sion due to the absence of the Duffy antigen (i.e., Duffy negativity) 
at the surface of their red blood cells (3, 4). Historically, P. vivax 
remained understudied compared with Plasmodium falciparum 
because of the lower mortality rate of malaria caused by P. vivax. 
However, the recent emergence of new therapeutic resistance and the 
discovery of fatal cases due to P. vivax have questioned the benign 
status of P. vivax malaria (5). Moreover, the identification of P. vivax 
strains that can invade Duffy-negative red blood cells has been raising 
concerns over the potential spread of malaria in regions that are as-
sumed to be protected (6). Today, P. vivax is considered a major public 
health threat (7). To put in place effective strategies for malaria con-
trol and elimination, we need to accumulate knowledge on the genetic 
structure of isolates from infected individuals, because this helps to 
understand the local patterns of malaria transmission and the dy-
namics of genetic recombination in natural P. vivax populations.

Early work on the patterns of genetic variation in P. vivax popu-
lations worldwide was limited to a small set of samples and genetic 
markers (mainly mitochondrial and autosomal markers) (8–16). 
Consequently, these genetic analyses yielded an incomplete picture of 
P. vivax evolutionary history. Recent technological breakthroughs 
allowed sequencing the whole P. vivax genome after parasite DNA 

enrichment from clinical blood samples (17, 18). In few years, several 
projects characterized P. vivax genetic variation at the whole-genome 
scale (19–22) and highlighted strong signals of recent evolutionary 
selection, partly due to known drug resistance genes. These studies 
released hundreds of complete genome sequences, but they restricted 
their investigation to a very small fraction of the worldwide P. vivax 
diversity. Consequently, a comprehensive picture of the worldwide 
genetic diversity and structure of P. vivax populations is still miss-
ing, and its evolutionary history and how it spread in the world are 
still poorly understood. Moreover, despite growing evidence sug-
gesting an underlying widespread presence of P. vivax in all African 
malaria-endemic regions (23), too few complete genome sequences 
have been released for this area. Thus, a key challenge is to provide 
a worldwide understanding of P. vivax genetic variability genome 
wide with the ultimate aim of better understanding its past demo-
graphic history and origin.

The origin of the current P. vivax in humans has stimulated pas-
sionate and exciting debates for years. Some studies placed the origin 
of human P. vivax in Southeast Asia (“out-of-Asia” hypothesis) based 
on its phylogenetic position in a clade of malaria parasites that in-
fect Asian monkeys (10, 13, 24–28). This scenario is also supported 
by genotyping data at 11 microsatellite markers collected in four 
continents, showing the highest microsatellite diversity in Southeast 
Asia (29). However, the Asian origin has been challenged by an 
“out-of-Africa” scenario after the recent discovery of a closely related 
Plasmodium species that circulates in wild-living African great apes 
(chimpanzees and gorillas) (28, 30–34). It has been suggested that 
this new lineage, hereafter referred to as P. vivax-like, gave rise to 
P. vivax in humans following a parasite transfer from African apes 
(33, 35). This new finding brought to the limelight a 70-year-old 
hypothesis according to which the high prevalence of Duffy nega-
tivity in sub-Saharan African human populations is the consequence 
of the long interaction between humans and malaria parasites, thus 
supporting an African origin of P. vivax (36). Yet, despite a century 
of research, the debate has not been settled yet. Although privileged, 
the out-of-Africa hypothesis remains debatable because the exact 
series of events linking the current human P. vivax populations and 
African great ape P. vivax-like remains unclear (37).
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Here, to provide novel insights into the worldwide historical de-
mography of P. vivax populations, we analyzed the genomic variations 
of 447 human P. vivax strains from 21 different countries. We also 
included 19 P. vivax-like strains from great apes to explore P. vivax 
evolutionary history from its origins to contemporary time and to 
specifically assess whether the parasite origin is consistent with the 
out-of-Africa or out-of-Asia hypothesis. To our knowledge, this data-
set provides the most comprehensive characterization of P. vivax and 
P. vivax-like population genetic structure and diversity worldwide, 
with the identification of two distinct non-recombining P. vivax-like 
clades that circulate in sympatry among great apes. Our results demon-
strate that P. vivax is a sister clade of P. vivax-like and is not included 
within the radiation of P. vivax-like, as previously suggested (33, 35). 
Last, several lines of evidence from summary statistics on geographic 
trends in P. vivax worldwide genetic variation support the hypothesis 
of a serial founder effect from a single origin in Southeast Asia.

RESULTS AND DISCUSSION
P. vivax and P. vivax-like genomic data and diversity
We processed and analyzed genome-wide data from 1154 P. vivax 
isolates sampled from all around the world. This dataset included 
20 newly sequenced African isolates (Mauritania, n = 14; Ethiopia, 
n = 3; and Sudan, n = 3) because the worldwide sampling lacked 

P. vivax isolates from Africa [only 3 isolates from Madagascar (20) 
and 24 from Ethiopia (21)]. P. vivax samples were from 21 countries 
(769 from Asia, 338 from America, and 47 from Africa) (table S1). 
To trace P. vivax genetic ancestry, we also included 27 genome 
sequences of P. vivax-like isolated from African great apes (n = 10 
newly sequenced in our laboratory and n = 17 from public databases: 
Gabon, n = 11; Cameroon, n = 5; and Ivory Coast, n = 1) (35, 37).

Because of the heterogeneity of DNA enrichment methods and se-
quencing technologies used to obtain the sequences in these datasets, 
our genome-wide data exhibited a broad range of sequencing depth 
coverage (fig. S1A). Therefore, to obtain reliable results, we retained 
only full-genome sequences with a minimum average sequencing 
depth of at least 5×. This reduced the P. vivax isolates from 1154 to 
473 and the P. vivax-like isolates from 27 to 20. Then, we discarded 
isolates and variants with a fraction of missing call rate of >50% (fig. 
S1B). The final dataset included 466 full-genome sequences (447 for 
P. vivax and 19 for P. vivax-like isolates; Fig. 1A) in which we identi-
fied 2,005,455 high-quality single-nucleotide polymorphisms (SNPs).

The P. vivax genome has a heterogeneous genetic structure
Population structuration and demographic fluctuations have a global 
impact on genomic variations in natural populations. Conversely, 
local heterogeneity can be observed in genomic regions due to non-
random factors, including structural chromosomal features, such as 
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Fig. 1. Geographical origin of Plasmodium isolates and patterns of genomic variation. (A) Country of origin of the 447 P. vivax and 19 P. vivax-like isolates used in this 
study. Within each country, isolates were collected at different locations. The chimpanzee pictogram represents African P. vivax-like isolates. (B) Local variation of genetic 
relatedness along the genome of P. vivax isolates visualized by multidimensional scaling (MDS) based on the local PCA approach (39). Each point represents a non-overlapping 
genomic window of 100 SNPs. On the basis of the variation of the MDS-1 coordinate, each window was classified in two groups: subtelomeric hypervariable region (orange) 
and core region (purple). (C) Genome scan of the SNPs on chromosome 5 (left y axis) identified for both P. vivax and P. vivax-like. The gray area in the background shows the 
total number of SNPs identified (left y axis), and the black line represents the number of SNPs shared by the two species. The right y axis represents the MDS-1 coordinates 
against the middle point of each window. Windows were classified in the subtelomeric hypervariable region (orange) or the core region (purple).
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chromosomal inversions and heterochromatin, or due to selective 
forces that affect the local genetic diversity and recombination (38). 
These factors can lead to local genome variations in the genetic 
ancestry and in the relatedness of individual strains, confounding 
global patterns of genetic diversity and population structure. We 
identified potential local variations in individual relatedness along 
the genome using a local principal components analysis (PCA) (39). 
We detected contrasted patterns of individual relatedness along the 
P. vivax genome that defined two main genomic partitions: a small 
partition localized mainly at the subtelomeric ends of each chromo-
some (in orange in Fig. 1, B and C) and a larger partition at the 
center of each chromosome that encompassed 80% of the total SNP 
set (hereafter called the “core region,” in purple in Fig. 1, B and C). 
The subtelomeric regions that we identified as having distinct 
ancestry from the rest of the genome also coincided with hypervari-
able genomic regions (in orange in Fig. 1C and fig. S2). These 
regions are known to include hypervariable repetitive regions that 
often cause genotyping errors. Their exact coordinates have only been 
reported on a former version of the P. vivax genome assembly (19). 
The differences in genetic ancestry and strain relatedness provided 
by the two partitions were evident when looking at the local PCA 
(fig. S3). While the population structure recovered from the core 
regions displayed interpretable genetic patterns that were consistent 
with previous studies (19, 20), the genetic picture obtained from the 
SNPs in the subtelomeric hypervariable regions was much harder to 
interpret. Therefore, we excluded these regions from the subsequent 
analyses that focused only on the core regions on the central chromo-
somal region (table S2). This region represented ~21 Mb of the genome 
and included 1,610,445 high-quality SNPs (~1 SNP every 13 bp).

Last, we evaluated in each sample the within-sample parasite in-
fection complexity by calculating the within-sample Fws metric (40). 
Monoclonal infections occurred in approximately 71% of samples, 
with the highest proportion of mixed infections observed in Thai 
and Cambodian isolates (fig. S4). The proportion of monoclonal 
infections was higher in the newly sequenced P. vivax individuals 
from Mauritania (92%, 11 of 12) but was not significantly different 
from the percentage found in Ethiopian isolates (61%, 14 of 23; 
Pearson’s 2 test, P = 0.13), although it was skewed toward higher 
Fws scores, suggesting less frequent superinfection and/or cotrans-
mission in this area. To avoid further possible bias due to multiple 
infections by several strains, we designed an SNP calling procedure 
to select within each sample the variant with the highest frequency. 
Therefore, for each site, one single variant was called per sample. In 
addition, we estimated the genome fraction that exhibited identity 
by descent (IBD) among pairs of samples from each population and 
selected only samples with low level of relatedness (IBD of >70%) 
for the downstream population genetic analyses (fig. S5). Our results 
provided insights into the parasite recent epidemiology history be-
cause populations with high levels of relatedness were considered as 
coming from regions with lower malaria transmission.

Evolutionary relationships between ape P. vivax-like 
and human P. vivax
First, we analyzed the phylogenetic relationships between P. vivax 
and P. vivax-like infecting great apes, the closest relatives of human 
P. vivax, by building a maximum likelihood (ML) genetic tree based on 
the SNP data for the 19 P. vivax-like and 447 P. vivax full-genome se-
quences. This analysis revealed three distinct clades (Fig. 2A). The first 
bifurcation in the tree splits ape-infecting strains from human-infecting 

strains and represented the strongest axis of genetic variation on the 
PCA (Fig. 2B; explaining 28.92% of the total genetic variance). There-
fore, the whole-genome ML phylogenetic tree showed that the human 
P. vivax strains formed a sister clade of ape P. vivax-like strains, un-
like previous results based on single-gene phylogenies (mitochondrial 
and autosomal markers) (33, 35). Liu et al. (33) and Loy et al. (35) 
suggested that P. vivax diversity was nested within the P. vivax-like 
radiation (33, 35). Incongruences between whole-genome (37) and 
single-gene (33, 35) tree topologies are common (41, 42) and may 
be caused, for instance, by incomplete lineage sorting (ILS) (43), 
introgression, or selection at a specific locus. ILS denotes the per-
sistence of ancestral polymorphisms across multiple successive specia-
tion events, followed by stochastic allele fixation in each descendant 
lineage. This process leads to phylogenetic incongruences among indi-
vidual loci (44, 45). Disagreement between gene tree topologies may 
also be linked to the usage of mitochondrial markers that poorly rep-
resent the population history (46). Loy et al. (35) proposed that the 
shift in tree topologies—from sister clade to a nested relationship—
was due to the incorporation of gorilla-infecting P. vivax-like samples 
and/or the inclusion of a new outgroup, Plasmodium carteri, a very 
rare parasite found in chimpanzees (35). However, the presence of 
two gorilla-infecting P. vivax-like lineages in our phylogeny partly 
contradicts this assertion. We could not build a whole-genome phy-
logeny using P. carteri sequences due to the unavailability of whole-
genome sequencing data on this rare and elusive parasite. Nevertheless, 
our finding that P. vivax is a sister clade of P. vivax-like instead of a 
lineage included within the radiation of P. vivax-like challenges the 
view that P. vivax is included inside P. vivax-like diversity.

The second split in the phylogenomic tree (Fig. 2A) and on the 
PCA along the second PC axis (Fig. 2B; explaining 12.71% of the 
genetic variation) identified two distinct lineages among P. vivax-like 
strains (PVL.grp1 and PVL.grp2 in Fig. 2), composed of 5 and 
14 strains, respectively. As P. vivax-like infects chimpanzees and 
gorillas, these two lineages might have been associated with host 
specialization. However, we found both lineages in both host spe-
cies. Then, we tested the extent of recombination between these two 
genetically distinct P. vivax-like lineages to assess whether gene flow 
still occurs between them. We used the fastGEAR software (47) and 
the 19 P. vivax-like full-genome sequences to identify recently ex-
changed genomic fragments (i.e., fragments shared between two indi-
viduals) and their clade of origin. The fastGEAR clustering method 
recovered the two major P. vivax-like clades and identified 12,108 
recently imported fragments, with a mean imported fragment length 
of 1775 bp (base pairs) (Fig. 2C). All the donor and recipient indi-
viduals of the recently imported fragments belonged to the same 
lineage, suggesting that no recent interlineage recombination oc-
curred between the P. vivax-like clades. We confirmed this result by 
building a reticulation network for the 19 P. vivax-like individuals 
(fig. S6). The lack of reticulation between individuals belonging to 
different lineages confirmed the absence of recombination between 
the two P. vivax-like clades. Thus, our results demonstrate that al-
though circulating in sympatry within the same host populations of 
great apes (i.e., the La Lékédi Park in Gabon), the two P. vivax-like 
lineages do not recombine, which suggests that they may represent 
distinct species. A similar subdivision was found in Plasmodium 
praefalciparum, the closest parasite to P. falciparum, but the status of 
these two clades was never investigated, as done here for P. vivax-like (48).

The nucleotide diversity () values of the two P. vivax-like 
lineages were approximately nine times higher than the value for 
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P. vivax (Fig. 2D), in agreement with previous reports (35, 37). As it is 
unlikely that the mutation rates radically differ between P. vivax-like 
and P. vivax (49), this difference may reflect a higher effective size 
for P. vivax-like than for P. vivax. The lower nucleotide diversity 
observed in P. vivax could result from a bottleneck effect that oc-
curred during the host shift, when the pathogen colonized humans 
(35). Similar differences were observed between African apes and 
humans (50). Genetic diversity is much lower in humans than in 
African apes due to the bottleneck effect linked to the modern human 
populations’ expansion out of Africa from a small number of founders 
who replaced the archaic forms of humans (e.g., Neanderthals). This 
could suggest a similar history for P. vivax in humans, and Africa as 
the point of origin of human P. vivax, as recently proposed (33). 
However, within the P. vivax-like samples, genetic diversity was higher 
in the PVL.grp1 than PVL.grp2 lineage. This may reflect sampling 
differences because PVL.grp1 isolates were collected in three African 
countries, whereas PVL.grp2 isolates came from a single location 
in the Park of La Lékédi in Gabon. The identification of two new 

Plasmodium lineages in African great apes, in such a limited geo-
graphic range, highlights the putative underestimated current and 
ancestral diversity of this genus in the African continent.

Last, we inferred historical fluctuations in the effective population 
size (Ne) for the two P. vivax-like lineages using a multiple sequen-
tially Markovian coalescent (MSMC) approach. The analysis of 
genome variations indicated an ancient major expansion in genetic 
diversity for both clades, followed by a recent important decline 
(Fig. 2E). Unexpectedly, Ne increase was much higher for the PVL.
grp2 lineage than for the PVL.grp1 lineage. The diverging trends in 
Ne values observed in each lineage (about 50 thousand years ago) 
suggest a putative ancient split of the two P. vivax-like lineages. This 
is consistent with the lack of recombination between these lineages 
and further supports their reproductive isolation.

Genetic structure of human P. vivax isolates collected worldwide
To gain insight into the genetic relationships among P. vivax popu-
lations around the world, we investigated the genetic structure of 
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the 447 P. vivax isolates collected from 21 countries. We analyzed 
biallelic SNPs from the core region of the genome of unrelated samples 
(IBD of ≤0.7) using complementary population genomic approaches: 
a PCA that does not rely on any model assumptions (51), a model-
based individual ancestry analysis implemented in the ADMIXTURE 
software (52), an ML phylogenetic tree of individual strains, and an 
analysis of the amount of genetic differentiation among population 
pairs using the FST index.

All analyses revealed consistent patterns that split the genetic 
variation primarily by continent (Fig. 3). The first principal compo-
nent (PC) of the genetic variation (EV1) split Southeast Asian from 
African and American P. vivax populations, while the second axis 
(EV2) split African populations from the rest of the world (Fig. 3A 
and fig. S7). These three major geographical clusters were also identified 

on the ML tree (Fig. 3B) and displayed clearly distinct genetic an-
cestries, as estimated by simulating three ancestral clusters (K = 3) 
with the ADMIXTURE analysis (fig. S8). Within each cluster/continent, 
we observed additional subdivisions. The ADMIXTURE analysis 
(figs. S8 and S9) detected six main distinct genetic pools (three dis-
tinct ancestral populations in Asia, one in Africa, and two in America) 
(Fig. 3, C and D).

Strains from India and Sri Lanka were genetically closer to Afri-
can P. vivax populations than to other neighboring Asiatic groups 
(Fig. 3, A, B, and D). Such genetic exchange may result from the 
different trades that took place between the Indian subcontinent 
and Africa over the last two millennia. Moreover, movements of 
populations, and of diseases, occurred from India to East Africa and 
vice versa (8). The most recent exchange has been the migration of 
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among populations. Pairwise estimates of FST/1 − FST were plotted against the corresponding geographical distances between countries. The Spearman correlation coef-
ficient (R2) and the P value estimated using a Mantel test with 1000 permutations are shown.

 on June 26, 2021
http://advances.sciencem

ag.org/
D

ow
nloaded from

 

http://advances.sciencemag.org/


Daron et al., Sci. Adv. 2021; 7 : eabc3713     28 April 2021

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

6 of 14

the human Karana population from the northwest of India to 
Madagascar at the end of the 17th century (53).

Across the Americas, P. vivax strains were structured in two dis-
tinct ancestral populations (Fig. 3, B to D). This is consistent with 
two putative evolutionary scenarios of the parasite in America. The 
first scenario hypothesizes that both ancestral populations originated 
from the isolation between Amazonian and non-Amazonian popu-
lations, after a single introduction during the European coloniza-
tion in the 15th century (54). In the second scenario, two distinct 
waves of introduction occurred from the same or from different 
sources (15). Disentangling these two hypotheses will require more 
samples and statistical population genetic modeling (55).

P. vivax individuals collected in the Southeast Asia/Pacific re-
gion were structured in three distinct ancestral populations. In each 
ancestral population, the genetic differentiation between countries, 
estimated with the FST index, was weak (fig. S10), consistent with a 
relatively unrestricted gene flow between countries. Among these 
three ancestral populations, one was shared by P. vivax populations 
located in Indonesia and Papua New Guinea and was explained by their 
insular isolation. The other two ancestral populations may reflect the 
effect of the malaria-free corridor previously established through 
central Thailand, consistent with observations in P. falciparum (56). 
The Malaysian population was an admixture between two ancestral 
populations, at a contact zone in which admixture proportions pro-
gressively changed from one cluster to the other.

Last, at the global scale, we observed a very significant relation-
ship between the genetic differentiation among populations [esti-
mated using FST/(1 − FST)] and the logarithm of the geographic 
distance (Mantel test r2 = 0.56, P < 10−4; Fig. 3E). This is consistent 
with an isolation by distance in a two-dimensional habitat and sug-
gests limited P. vivax dispersal across space (57).

Genetic evidences in favor of an Asian origin 
of human P. vivax
If P. vivax originated in Africa (33, 35), the phylogeny of Plasmodium 
individuals should have displayed a topology where the P. vivax-like 
root was located within or near the monophyletic clade of African 

P. vivax individuals. However, our ML tree based on whole-genome 
SNP data did not display such topology (Fig. 3B). On the contrary, 
the branching of P. vivax-like lineages splits P. vivax populations 
from Asia on one side and from India, Africa, and America on the 
other side. The most common ancestor to all P. vivax populations 
was closely related to populations from Indonesia and Papua New 
Guinea (Fig. 3B and fig. S11). Although P. vivax-like is the closest 
outgroup to all P. vivax populations, the exact branching position of 
P. vivax-like into P. vivax populations could be affected by various 
caveats: (i) the relatively large genetic divergence between P. vivax 
and P. vivax-like (net average genetic divergence da = 0.43 ± 0.051) 
compared with the divergence among P. vivax populations (average 
da = 0.015 ± 0.0025) could make P. vivax-like branching position 
uncertain; (ii) at the recent evolutionary scale, ILS and gene flow 
among populations could also influence the tree topology of P. vivax 
populations, making it more reticulated than a simple model of bi-
furcating populations.

Therefore, we estimated the historical relationships among 
P. vivax populations by modeling shared and population-specific 
genetic drifts among populations along a reticulated evolutionary 
tree using TreeMix (58). This allowed us to model how the sampled 
populations were related to their common ancestor through a graph 
of ancestral populations that included split and migration edges. 
The ML population tree topology rooted with P. vivax-like without 
migrations (fig. S12) displayed a similar topology as the individual-
based ML phylogenetic tree (Fig. 3B). The addition of sequential 
migration events increased significantly the model likelihood with 
an optimum found with four migration edges (fig. S13). In this 
model, the TreeMix graph suggested that gene flow or admixture 
events might have occurred between neighboring territories (i.e., 
between Myanmar and India) (Fig. 4, A and B). Unlike the model 
without migration events, the four migration edges changed slightly 
the branching of the tree root and placed the most recent common 
ancestor to all P. vivax populations within populations from Southeast 
Asia. Despite the low node support (≤50% of the bootstrap replicates) 
on the branching of the ancestral group leading to China, Thailand, 
Vietnam, and Cambodia, these results are still consistent with the 
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ML trees showing that the outgroup branch was closer to Southeast 
Asian populations than to African or American populations. This 
suggests that P. vivax Asian populations have kept a higher proportion 
of ancestral alleles compared with the African and American popu-
lations, which appeared more derived. However, similar to the ML 
phylogenetic analysis, the large genetic distances of the P. vivax-like 
outgroup call for caution in the placement of the root in P. vivax 
population tree built by TreeMix.

To further explore P. vivax origin, we analyzed the distribution 
of genetic variability among populations in a spatial context. In a 
model of population range expansion and progressive colonization 
of new areas from a unique origin with serial founder events, several 
genetic trends are expected as a function of the increasing geo-
graphical distance from the origin (59–62): (i) The population ge-
netic diversity should decline; (ii) the linkage disequilibrium (LD) 
should increase; (iii) the ancestral allele frequency (AAF) spectrum 
should flatten, indicating that derived alleles tend to be more fre-
quent in populations at a greater distance; and (iv) the time to the 
most recent common ancestor (TMRCA) estimates within each 
population should decrease with the distance from the origin.

First, analysis of the geographical distribution of nucleotide di-
versity () showed that most P. vivax populations from Southeast 
Asia exhibited the highest genetic diversities, while African popula-
tions and American populations displayed intermediate and low 
values, respectively (figs. S14 and S15). Moreover, we observed the 
highest decrease in genetic diversity with increasing geographic dis-
tance when we considered Southeast Asia as the putative origin of 
P. vivax (Fig. 5, A and B). However, this geographic trend in genetic 
diversity could also be related to variations in the local population 
size or to very recent population dynamics (e.g., malaria eradication 
treatments, such as artemisinin). As the reported cases of P. vivax 
infections are higher in Asia than in the rest of the world [World 
Health Organization 2010 report (63)], we used the estimated num-
ber of cases as a covariate in our model. Nevertheless, the correla-
tion between genetic diversity and geographic distance from Asia 
remained highly significant after controlling for the number of in-
fections [generalized linear models (GLM), P < 2.37 × 10−5].

Next, analysis of LD variations among P. vivax populations 
showed a very strong positive correlation between LD at 100 bp 
within each population and the geographic distance to the previously 
identified putative Asian origin (Fig. 5C and fig. S15). This pattern 
remained significant when controlling for variations in the number 
of cases per country (GLM, P = 0.0396).

The patterns of AAF distributions can also inform on P. vivax 
origin and its worldwide colonization routes (60). Using P. vivax-like 
and Plasmodium cynomolgi as outgroups, we could polarize the allele 
frequency spectrum and identify the ancestral and derived allelic 
states for ~94,000 SNPs. Figure 5D shows the corresponding AAF 
spectrum when considering an increasing sample size (5, 7, 10, and 
20 genomes) in each population to compare our heterogeneously 
sized populations. Regardless of the number of full-genome sequences 
considered, populations located in Southeast Asia (red-orange shades) 
always displayed more SNPs with high AAFs and fewer SNPs with 
low AAFs. Conversely, in non-Asian populations, AAF distributions 
progressively flattened. This is consistent with the phylogenetic and 
population tree analyses done with TreeMix (Figs. 3B and 4A).

Last, we used the MSMC approach and five individuals from 14 
P. vivax populations to obtain estimates of the historical population 
size changes and of the TMRCA. The MSMC curves revealed that 

P. vivax populations displayed two effective population size dynamics 
(Fig. 6A). The effective population sizes (Ne) of Southeast Asian 
populations were relatively stable, and some experienced a steady 
increase in a more distant past, followed by a quick decline. Con-
versely, in African and American populations, Ne have mainly 
steadily decreased since the TMRCA. The MSMC analysis showed 
that most populations from Southeast Asia exhibited much older 
TMRCA values than the African and American populations (Fig. 6B 
and fig. S16).

Together, these results indicate that P. vivax populations display 
a decrease in genetic diversity and an increase in LD with the in-
creasing geographic distance from Southeast Asia, and are consistent 
with a historical model of colonization with serial founder events 
from an origin located in Southeast Asia. The higher proportion of 
ancestral alleles and older TMRCA found in the Southeast Asian 
populations are additional evidences supporting this scenario. 
These four different analyses constitute only two independent lines 
of evidence because our genetic trends based on , LD, and TMRCA 
are interrelated and rely on genetic diversity. On the basis of P. vivax and 
P. vivax-like phylogenetic position within a radiation of Plasmodium 
parasites infecting Asian monkeys, we hypothesize that these two 
parasite lineages resulted from two independent waves of coloniza-
tion from Asia. The first wave gave rise to P. vivax-like in African 
apes (with some unknown host species bridging Africa to Asia), and 
the second wave gave rise to the current P. vivax populations.

However, our conclusions need to be considered with caution 
for the following reasons. Although population genetic theories offer 
testable hypotheses to investigate P. vivax origin, the recent epide-
miological history of each population might have influenced the 
local patterns of genetic variation. For instance, malaria eradication 
campaigns, such as the programs carried out in the 1950s and 1960s 
to stop malaria transmission (64), could have generated strong bottle-
necks that affected local populations, thus preventing us from accu-
rately inferring the evolutionary history of the affected populations 
based on their summary statistics. Populations from Mexico, 
Mauritania, and Papua New Guinea may be examples of popula-
tions in which the high level of recent common ancestry is associated 
with low genetic diversity and high LD. To take this issue into ac-
count, we corrected all our genetic trends for the current demographical 
variations between populations. As all correlations remained signif-
icant, it is unlikely that the local epidemiology might have affected 
the full global patterns at the world scale (i.e., local epidemiology is 
different for each P. vivax population). Furthermore, we used the 
powerful MCMC2 method to trace the evolutionary history of the 
entire population back to the most recent common ancestor, without 
being negatively influenced by very recent demographic changes.

An additional limitation of our study was the heterogeneity in 
sample sizes and sample collection schemes that prevented us to 
compute summary statistics with the same resolution for all popu-
lations. Concerning sample sizes, we calculated nucleotide diversity 
and LD for populations with at least five individuals, as a trade-off 
between including the highest possible number of populations and 
minimizing the bias in nucleotide diversity and LD estimation. 
Consequently, as presented in our rarefaction analysis, small-size 
populations exhibited high variation around their expectation. We 
think that this issue is not a major limitation because the large num-
ber of used genetic markers should offset the small sample sizes 
(65, 66). Nevertheless, increasing the size of the small populations 
and collecting new populations, especially those lying between the 

 on June 26, 2021
http://advances.sciencem

ag.org/
D

ow
nloaded from

 

http://advances.sciencemag.org/


Daron et al., Sci. Adv. 2021; 7 : eabc3713     28 April 2021

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

8 of 14

supposed source populations in Asia and in Africa (e.g., populations 
from the Middle East), would be particularly useful to better char-
acterize the patterns of P. vivax genetic variation worldwide and to 
refine the question of the origin of P. vivax range expansion. In ad-
dition, collecting samples using the same method, at the same time 
and during the same period, and in similar geographic areas 
would be the best sampling approach to study the evolutionary ori-
gin and history of a pathogen. Unfortunately, such ideal sampling is 
currently unavailable and extremely complex to put in place. Therefore, 
this study presents results obtained using up-to-date population 

genomic tools that can efficiently identify the origin of organisms 
(e.g., P. falciparum) (61). Last, to determine the impact of closely 
related isolates on nucleotide diversity, LD, and TMRCA estima-
tions, we analyzed our dataset using a stringent IBD cutoff of 0.25 
(instead of 0.7). This new analysis gave similar patterns as before, 
with a stronger coefficient of regression (figs. S17 and S18).

Loy et al. (35) proposed an alternative hypothesis according to 
which P. vivax spread from Africa to Asia, was then eliminated 
from Africa due to the evolution of Duffy negativity, and was rein-
troduced in Africa by more recent migration waves from Asia. 

A

1000

50

0

50

−0.5

0.0

0.5

R

Mexico
Peru
Colombia
Brazil
Mauritania
Ethiopia
India
Myanmar
China
Thailand
Cambodia
Vietnam
Malaysia
Indonesia
PNG

Allele frequency

N = 5 N = 7

N = 10 N = 20

B

D

C

12e−4

10e−4

8e−4

6e−4

N
uc

le
ot

id
e 

di
ve

rs
ity

 (π
)

Distance (log10) Distance (log10)
6.0 6.5 7.0

rho = −0.78
P < 1 × 10−3

rho = 0.8
P < 9 × 10−4

0.4

0.5

0.6

6.0 6.5 7.0

Li
nk

ag
e 

di
se

qu
ili

br
iu

m
 (L

D
)

1 2 3 4 5 6 7 8 9 5 10 15

1 2 3 4 1 2 3 4 5 6
0.00

0.02

0.04

0.00

0.02

0.04

P
ro

po
rti

on
 o

f A
A

F

Fig. 5. The Southeast Asian origin of P. vivax is supported by patterns of nucleotide diversity, LD, and AAF. (A) Genetic diversity of P. vivax regressed on the great 
circle distance across the world. The value at each pixel of the map corresponds to the Spearman correlation coefficient (R) between the expected genetic diversity in each 
population and the geographic distance between this population and the pixel. Black dots represent the sampling sites used in the regression analysis (where n ≥ 5 indi-
viduals). The landmark on the map represents the most negative correlation coefficient indicative of the most probable source of the range expansion. (B) Correlation 
between nucleotide diversity () and geographic distance, measured as the distance between the milestone indicated in (A) and each population. (C) Correlation between 
LD at 100 bp (measured as the normalized R2) and the geographic distance. (D) Histograms of AAF proportions in P. vivax populations with an increasing sample size 
(N = 5, 7, 10, and 20).

 on June 26, 2021
http://advances.sciencem

ag.org/
D

ow
nloaded from

 

http://advances.sciencemag.org/


Daron et al., Sci. Adv. 2021; 7 : eabc3713     28 April 2021

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

9 of 14

Although this scenario provides a potential explanation of Duffy 
negativity appearance in Africa, unfortunately it does not fit with 
the genetic variability patterns of P. vivax populations. According 
to the scenario by Loy et al. (35), populations from the Middle 
East and India (located on the migratory route between Africa and 
Southeast Asia) should display traces of admixture from both mi-
gration waves and higher genetic diversity. Our current results on 
the genetic variation of populations from India (Figs. 3C and 4B) 
and from the Middle East (29) do not support this scenario. Never-
theless, this hypothesis remains possible if all ancient populations 
disappeared from the world, except the Southeast Asian popula-
tions. However, testing this scenario can be very difficult in the ab-
sence of ancient P. vivax strains to study.

This study provides one of the most detailed views of the worldwide 
distribution of P. vivax population genetic diversity and demo-
graphic history. Our work investigated not only the phylogenetic 
relationship between P. vivax infecting human and apes but also 
different features of P. vivax genetic variation worldwide to test dif-
ferent hypotheses of an African or Asian origin. We showed that 
P. vivax is a sister group and not a sublineage of P. vivax-like. Ge-
netic diversity in P. vivax-like is richer than in P. vivax, consistent 
with a strong bottleneck in this lineage that gave rise to P. vivax. 
Our results based on whole-genome sequencing data support an 
out-of-Asia origin, rather than an African origin, for the world pop-
ulations of P. vivax, with a signal of stepping-stone colonization 
events accompanied by serial founder effects. Efforts should now be 
focused on precisely describing P. vivax demographic and selective 

history in specific regions (e.g., South America, Africa, and Europe) 
and on estimating when and how these different regions were colo-
nized. The question of the host of origin still remains open.

MATERIALS AND METHODS
African P. vivax sample collection and ethical statements
Twenty P. vivax isolates from Mauritania (N = 14), Ethiopia (N = 3), 
and Sudan (N = 3) were sequenced. P. vivax infection was detected 
by microscopy analysis, polymerase chain reaction amplification of 
the cytochrome b gene, and/or rapid diagnostic test. Samples were 
collected from P. vivax–infected patients after informed consent 
and ethical approval by the local institutional review board of each 
country. The informed consent procedure for the study consisted in 
the presentation of the study aims to the community followed by 
inviting adults for enrollment. At the time of sample collection, the 
study purpose and design were explained to each individual and a 
study information sheet was provided before collection of the oral 
informed consent. Only oral consent was required because the 
study did not present any harm for the subjects and did not involve 
procedures that needed a written consent. The oral consent process 
was consistent with the ethical expectations for each country at the 
time of enrollment and was approved by each country, and these 
procedures were approved by local ethics committees. The privacy 
and confidentiality of the collected data were ensured by the sample 
anonymization before the study start. For samples from Mauritania, 
the study was approved by the pediatric services of the National 
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Hospital, the Cheikh Zayed Hospital, and the Direction régionale à 
l’Action Sanitaire de Nouakchott (DRAS)/Ministry of Health in 
Mauritania. No ethics approval number was given. For samples 
from Sudan, no specific consent was required; the human clinical, 
epidemiological, and biological data were collected in the Centre 
National de Réferénce du Paludisme (CNRP) database and ana-
lyzed in accordance with the common public health mission of all French 
National Reference Centers (www.legifrance.gouv.fr/affichTexte.do?​
cidTexte=JORFTEXT000000810056&dateTexte=​&categorieLien=id). 
The study of biological samples obtained in the framework of medi-
cal care was considered as noninterventional research (article 
L1221-1.1 of the French public health code) and only required the 
patient’s non-opposition during sampling (article L1211-2 of the 
French public health code). All data collected were anonymized 
before analyses. For samples from Ethiopia, this study was approved 
by the Ethical Clearance Committee of the Haramaya University—
College of Health and Medical Sciences, and from the Harari and 
Oromia Regional State Health Bureau in Ethiopia.

P. vivax-like sample collection and ethical statements
P. vivax-like samples were obtained during a continuous survey of 
great ape Plasmodium infections carried out in the Park of La Lékédi, 
in Gabon, in collaboration with the Centre International de Recherches 
Médicales de Franceville (CIRMF). The La Lékédi Park is a sanctuary 
for ape orphans in Gabon. During sanitary controls, blood samples 
were collected and leukocyte depletion was carried by CF11 cellulose 
column filtration (67) in the field, before storage at −20°C at the 
CIRMF. The animal well-being was guaranteed by the veterinarians 
of the “Park of La Lékédi” and the CIRMF who were responsible for 
all sanitary procedures (including blood collection). All animal work 
was performed according to the relevant national and international 
guidelines. These investigations were approved by the government 
of the Republic of Gabon and by the Animal Life Administration of 
Libreville, Gabon (no. CITES 00956). Our study did not involve 
randomization or blinding.

P. vivax-like samples were also obtained from sylvatic anopheles 
mosquitoes collected with Centers for Disease Control (CDC) light 
traps in the forest of the Park of La Lékédi during a longitudinal study 
(34). Anopheles mosquitoes were morphologically identified using 
standard keys (68), stored in liquid nitrogen, and then kept at −80°C 
at the CIRMF until analysis.

Genomic DNA was extracted from each sample using the DNeasy 
Blood and Tissue Kit (Qiagen, France) according to the manufac-
turer’s recommendations. P. vivax-like samples were identified by 
amplifying and sequencing the Plasmodium cytochrome b (Cytb) or 
cytochrome oxidase 1 (Cox1) gene, as described elsewhere (24, 69). 
In total, 10 P. vivax-like samples were selected: 3 from gorillas, 4 from 
chimpanzees, and 3 from anopheles mosquitoes.

African P. vivax and P. vivax-like genome sequencing
To avoid host DNA contamination, selective whole-genome ampli-
fication (sWGA) was used to enrich submicroscopic DNA levels, as 
already described elsewhere (70). This technique preferentially 
amplifies P. vivax and P. vivax-like genomes from a set of target 
DNAs. For each sample, DNA amplification was carried out using 
the strand-displacing phi29 DNA polymerase and two sets of P. vivax–
specific primers that target short (6 to 12 nucleotides) motifs com-
monly found in the P. vivax genome (set1920 and PvSet1) (69, 70). 
For each set of primers, 30 ng of input DNA was added to a 50-l 

reaction mixture containing 3.5 M of each sWGA primer, 30 U of phi29 
DNA polymerase enzyme (New England Biolabs), 1× phi29 buffer 
(New England Biolabs), 4 mM deoxynucleoside triphosphates (Invitrogen), 
1% bovine serum albumin, and sterile water. DNA amplifications were 
carried out in a thermal cycler with the following program: a ramp down 
from 35° to 30°C (10 min per degree), 16 hours at 30°C, 10 min at 65°C, 
and hold at 4°C. For each sample, the products of the two amplifications 
(one per primer set) were purified with AMPure XP beads (Beckman 
Coulter) at a 1:1 ratio according to the manufacturer’s recommenda-
tions and pooled at equimolar concentrations. Last, each sWGA library 
was prepared using the two pooled amplification products and a 
Nextera XT DNA kit (Illumina) according to the manufacturer’s protocol. 
Samples were then pooled and clustered on a HiSeq 2500 sequencer 
in Rapid Run mode with 2 × 250-bp paired end reads.

Genomic data from public and/or published data archives
For the worldwide comparative study of P. vivax genetic diversity, 
population structure, and evolution, a large literature search was 
carried out to identify previously published genomic datasets. This 
allowed the identification and extraction of the fastq files of 1134 
P. vivax isolates from the following 12 projects: PRJEB10888 (21), 
PRJEB2140 (19), PRJNA175266 (71), PRJNA240356 (20), PRJNA240452, 
PRJNA240531, PRJNA271480 (20), PRJNA284437 (72), PRJNA350554 
(73), PRJNA420510 (74), PRJNA432819 (75), and PRJNA65119 (76). 
In addition, 17 P. vivax-like sequenced genomes from Cameroon, 
Ivory Coast, and Gabon were from two other projects (PRJNA474492 
and PRJEB2579) (35, 37). Published genomes were downloaded from 
the National Center for Biotechnology Information (NCBI) Sequence 
Read Archive (SRA) (77) and converted into fastq files using the 
NCBI SRA Toolkit (fastq-dump –split-3). Details about the genomic 
samples are provided in table S1.

P. vivax and P. vivax-like read mapping and variant calling
Newly generated and previously published sequencing reads were 
trimmed to remove adapters and preprocessed to eliminate low-
quality reads (--quality-cutoff=30) using the program cutadapt 
(78). Reads shorter than 50 bp and containing “N” were discarded 
(--minimum-length=50 --max-n=0). Sequenced reads were aligned 
to the PVP01 (79) P. vivax reference genome using bwa-mem (80). 
Here, a first filter was applied to exclude isolates with an average 
genome coverage depth lower than 5×. The Genome Analysis Toolkit 
(GATK, version 3.8.0) (81) was used to identify SNPs in each isolate 
following the GATK best practices. Duplicate reads were marked 
using the MarkDuplicates tool from the Picard tools (82) with de-
fault options. Local realignment around indels was performed using 
the IndelRealigner tool from GATK. Variant calling was carried out 
using the HaplotypeCaller module in GATK on reads mapped with 
a “reads minimum mapping quality” of 30 (-mmq 30) and a mini-
mum base quality of >20 (--min_base_quality_score 20). Low-quality 
SNPs were eliminated according to GATK best-practice recommen-
dations, and SNPs at sites covered by at least five reads were kept. 
Last, the VCF (variant call format) files for the different isolates 
were merged using the GATK module GenotypeGVCFs. Because of 
our tolerant genome coverage depth cutoff (5×), a second round of 
data filtering was carried out to exclude variants and isolates with a 
missing call rate higher than 50%. The within-host infection com-
plexity was assessed by calculating the FWS (40) with the R package 
moimix (http://bahlolab.github.io/moimix/). An FWS threshold of 
>0.95 was used as a proxy of monoclonal infection.
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Heterogenous patterns of relatedness among 
Plasmodium genomes
Highly related samples and clones can generate spurious population 
structure signals, bias estimators of population genetic variation, 
and violate the assumptions of the model-based population genetic 
approaches used in this study (e.g., ADMIXTURE, TreeMix, and 
MSMC2) (83). Therefore, the relatedness between haploid genotype 
pairs was measured by estimating the pairwise IBD between strains 
within populations using the hmmIBD program, with the default 
parameters for recombination rate, and genotyping error rate, and 
using the allele frequencies estimated by the program (84). Isolate 
pairs that shared >70% of IBD were considered highly related. Only 
one strain of each related pair was kept for the downstream analyses.

To identify heterogenous patterns of relatedness among Plasmodium 
genomes, a local PCA was performed, as described by Li and Ralph 
(39). Briefly, the P. vivax genome was divided in 1439 contiguous 
and nonoverlapping windows of 100 SNPs. On each window, the 
PCA was applied and the individual isolate scores for the first two 
PC were stored. To measure the similarity among windows, a Eu-
clidian distance matrix was computed among windows based on 
the PC scores. Last, multidimensional scaling (MDS) was used to 
visualize the relationships among windows. A set of three coordi-
nates was used to visualize the patterns of relatedness shared by 
windows. Because the local PCA was sensitive to missing data, the 
top 304 P. vivax genomes with an SNP missing discovery rate lower 
than 25% were selected for this analysis.

Analysis of genetic recombination among 
P. vivax-like genomes
Recombination among P. vivax-like strains was inferred using the 
fastGEAR software (47). From the SNPs present in the core region of 
the genomes, a multi-fasta file was created and used as input for 
fastGEAR that was launched with the iteration number set to 15 (de-
fault). Recent recombination events were detected with the Bayesian 
factor (BF) > 1 (default) and referred to as interlineage recombina-
tion for which the donor-recipient relation can be inferred. A phylo-
genetic network was generated using the SplitsTree 4 software (85) 
and the polymorphic sites present in the core region of the genome.

Phylogenetic analysis
ML phylogenetic trees were inferred with IQ-TREE (86) using the gen-
eral time reversible (GTR) model with ascertainment bias correction. 
The amount of missing data present in the genome alignment was min-
imized by selecting 85 P. vivax individuals with the lowest missing call 
rate (up to 5 individuals per population). For P. vivax-like, all 19 isolates 
were used in the phylogenetic analysis presented in Fig. 2A, but only the 
12 isolates with a missing call rate lower than 5% were used for the phy-
logeny presented in Fig. 3B. Consequently, the results presented in 
Fig. 2A were inferred on the basis of 28,000 SNPs, and the results in 
Fig. 3B were inferred on the basis of 87,000 SNPs. Phylogenies were 
plotted with FigTree v.1.4.3 (87), and the node reliability was assessed 
by performing 100 bootstrap replicates. P. cynomolgi [strain M (88)] 
was used as outgroup, and P. cynomolgi genomic coordinates were con-
verted to P. vivax coordinates using the liftOver genome tool (89).

Population structure analysis and population 
evolutionary history
PCA and ADMIXTURE analyses were performed after selecting only 
biallelic SNPs present in the P. vivax core region of the genome and 

excluding singletons from the dataset. The variants were LD-pruned to 
obtain a set of unlinked variants using the option --indep-pairwise 
50 5 0.7 in PLINK (90). PCA was performed using PLINK and plotted 
in R. The population structure and the estimation of individual ge-
netic ancestry to various numbers (K) of ancestral populations were 
performed using ADMIXTURE (52). Each ADMIXTURE analysis was 
repeated 100 times using a subset of 100,000 SNPs randomly selected 
throughout the core region of the genome. Each run was launched 
with a random seed, with a K value ranging from 2 to 20. The most 
likely number of ancestral populations (K) was determined using the 
cross-validation error rate (52). Then, CLUMPAK (91) was used to 
analyze ADMIXTURE outputs and compute ancestry proportions.

Genetic differentiation among populations was estimated with the 
Weir and Cockerham’s estimator of the FST index using VCFtools (92). 
This metric accounts for sample size differences among populations.

Demographic history analysis and range expansion
TreeMix was used to investigate the historical population relation-
ships by estimating an ML population tree, the amount of genetic 
drift in each population, and the number of migration events that 
best fitted the data (58). The number of migration events (m) that 
best fitted the data was calculated by running TreeMix 15 times for 
each m value, with m ranging from 1 to 12. LD among SNPs was 
taken into account by grouping SNPs by blocks of 500 (-k 500). The 
optimal m value (m = 4) was estimated using the OptM R package 
(https://cran.r-project.org/web/packages/OptM/index.html). 
Then, a consensus ML tree including bootstrap node support was 
obtained by running TreeMix 100 times (m = 4 -k 500) and post-
processing using the BITE R package (93).

To determine which model (out-of-Asia or out-of-Africa) of 
population range expansion best described the demographic history 
of P. vivax, summary statistics were computed to capture different 
features of genetic variation within populations. Each analysis was 
computed for each of the populations defined by their country of 
origin using the SNPs present in the reference core region of the 
genome. To minimize the impact of missing calls in our analyses, 
only individuals with <5% of missing data were included in the follow-
ing analysis. The genome-wide nucleotide diversity () was calculated 
per site using VCFtools and divided by the number of nucleotides 
in the core region of the genome (20,844,131 bp) to derive an ap-
proximation of the genome-wide average nucleotide diversity () 
for each population, as described in (21, 22). To take into account 
the sample size heterogeneity effect on  estimation, the rarefaction 
approach was used with five genomes resampled in each population 
to estimate and compare values among populations. This number 
provided a trade-off between minimizing the  value estimation 
variance due to sample size heterogeneity and keeping as many 
populations as possible in the analysis (fig. S14).

The nucleotide diversity regression in function of the geographic 
distance was calculated by dividing the world map into a 400 pixel × 
500 pixel two-dimensional lattice and by considering each pixel as a 
potential source of P. vivax geographic range expansion. The geographic 
distances between populations and the focal pixel were determined 
using the R package geosphere to calculate the Spearman correla-
tion coefficient between nucleotide diversity and geographic dis-
tance. The pixel with the lowest negative correlation coefficient was 
considered as indicative of the origin of the expansion range (94, 95).

LD decay was estimated by randomly sampling five individuals 
from each population using the PopLDdecay tool (96) that calculates 
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the genotype correlation coefficient R2 for pairs of SNPs at a maximum 
distance range of 10 kb. Regression between LD at 100 bp and the 
geographic distance to the potential source was calculated using the 
R package geosphere. Last, the biallelic SNPs of each P. vivax population 
were polarized using the shared alleles identified between P. vivax-like 
individuals and P. cynomolgi (custom scripts). The final unfolded site 
frequency spectrum (SFS) was computed for a total of 93,652 SNPs.

Estimates of historical variation in effective population size
The MSMC2 program (97) and the core region of the genome of all 
chromosomes were used to infer historical changes in Ne and to 
estimate the TMRCA in the P. vivax and P. vivax-like populations. 
Using the mutation rate () per generation (g) previously estimated 
for P. falciparum (49), the estimates were scaled to years and Ne, 
assuming ·g  =  1.158 × 10−9 and a generation time of g  =  0.18. 
MSMC2 was run for 20 iterations with a fixed recombination rate. 
The MSMC2 method was applied by randomly selecting five indi-
viduals with a missing call rate lower than 5% from each popula-
tion. The error around the parameter estimates was estimated using 
50 bootstrapped replicates by randomly resampling the segregating 
sites used in the analysis.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/18/eabc3713/DC1

View/request a protocol for this paper from Bio-protocol.
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