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Abstract

Plasmodium simium, a parasite of platyrrhine monkeys, is known to cause human malaria out-
breaks in Southeast Brazil. It has been hypothesized that, upon the introduction of Plasmodium
vivax into the Americas at the time of the European colonization, the human parasite adapted
to neotropical anophelines of the Kerteszia subgenus and to local monkeys, along the Atlantic
coast of Brazil, to give rise to a sister species, P. simium. Here, to obtain new insights into the
origins and adaptation of P. simium to new hosts, we analysed whole-genome sequence (WGS)
data from 31 P. simium isolates together with a global sequence dataset of 1086 P. vivax isolates.
Population genomic analyses revealed that P. simium comprises a discrete parasite lineage with
greatest genetic similarity to P. vivax populations from Latin America - especially those from
the Amazon Basin of Brazil — and to ancient European P, vivax isolates, consistent with Brazil
as the most likely birthplace of the species. We show that P. simium displays half the amount
of nucleotide diversity of P. vivax from Latin America, as expected from its recent origin. We
identified pairs of sympatric P. simium isolates from monkeys and from humans as closely
related as meiotic half-siblings, revealing ongoing zoonotic transmission of P. simium. Most
critically, we show that P, simium currently causes most, and possibly all, malarial infections
usually attributed to P. vivax along the Serra do Mar Mountain Range of Southeast Brazil.

Introduction

Despite the progress toward malaria elimination from Latin America over the past 2 decades
(Ferreira and Castro, 2019), there were 548 000 clinical cases recorded across the region in
2023, with an estimated 139 million people currently at the risk of infection (World Health
Organization, 2024). Three-fourths of malaria cases in the Americas are due to Plasmodium
vivax and the remainder to Plasmodium falciparum; only 0.1% of the cases are caused by
Plasmodium malariae. The Amazon Basin accounts for nearly 90% of the regional malaria bur-
den, and Brazil contributed 29.8% of the laboratory-confirmed cases recorded on this continent
in 2024 (World Health Organization, 2024).

Modern humans were already settled in the Americas 21 000 years ago (Pigati et al. 2023), but
human malaria parasites are thought to have arrived much later (Bruce-Chwatt, 1965; Carter,
2003). Current evidence suggests that human malaria was introduced in the Americas by set-
tlers from southern Europe — mainly Portugal and Spain, where the disease was endemic at the
time of the European colonization of the American continent (Bruce-Chwatt and de Zulueta,
1980) - concurrently with the forced displacement of millions of enslaved people from West
and Central Africa into South, Central and North America between the mid-1500s and mid-
1800s (Bruce-Chwatt, 1965; Michel et al. 2024). The arrival of human malaria parasites in the
Americas offers a remarkable example of relatively recent host-parasite-vector co-evolution
(Rougeron et al. 2022). Parasites encountered new anopheline vector species in the New World
- e.g. Anopheles darlingi across most of South America, but mainly in the Amazonian lowlands,
and Anopheles albimanus along the Pacific Coast of South America and in Central America,
both members of the subgenus Nyssorhynchus. These mosquito species are evolutionarily very
distant from the dominant vectors in Africa (Anopheles gambiae complex, subgenus Celia) and
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southern Europe (Anopheles atroparvus, subgenus Anopheles) to
which they had been previously exposed (Molina-Cruz et al. 2016).

Once in the Americas, P. vivax also adapted to anophelines of
the Kerteszia subgenus (Anopheles cruzii, Anopheles bellator and
Anopheles homunculus) (de Azevedo et al. 2020) and to new ver-
tebrate hosts along the Atlantic coast of Brazil - namely, local
platyrrhine primates such as howler monkeys, woolly spider mon-
keys, capuchin monkeys, uakaris and titis (Duarte et al. 2021;
de Oliveira et al. 2021a). It has been proposed that 1 or more
spillover or host-shift events gave rise to the P. vivax sister species
Plasmodium simium, comprising P. vivax-related parasites that
infect monkeys and are also associated with clusters of human
malaria cases in the outskirts of major cities in Southeast Brazil,
including the metropolitan areas of Rio de Janeiro and Sao Paulo
(e.g., Brasil et al. 2017; Duarte et al. 2021). Limited genome
sequence data show that P. simium remains nearly identical to P
vivax (Mourier et al. 2021; de Oliveira et al. 2021b), consistent
with a sympatric speciation event at its incipience, likely facili-
tated by a host switch (de Oliveira et al. 2021a). The process(es)
that enable this switch to a new vertebrate host remain unknown.
Importantly, while the high genetic similarity between P, vivax and
P. simium may lead to misidentification of the causative agent of
malaria infections, the rate of such misclassifications is unknown.

Here, an expanded dataset of WGSs of P. simium is explored,
including isolates from human malaria cases from Southeast Brazil
originally attributed to P. vivax, and from global P. vivax isolates, to
further investigate the origins of P. simium and genetic signatures
of its adaptation to new hosts.

Materials and methods
Plasmodium simium sequence data

WGS data from 31 P simium isolates (Mourier et al. 2021; de
Oliveira et al. 2021b; Ibrahim et al. 2023) were downloaded
from the Short Read Archive (SRA) of the National Center
for Biotechnology Information of USA (Supplementary Table 1,
Supplementary Materials). The data set comprises 6 isolates from
nonhuman primates - 4 from the brown howler monkey Allouata
clamitans (3 from the Cantareira Park, Sdo Paulo State and 1 from
Guapimirim, Rio de Janeiro State), 1 from a black-fronted titi
Callicebus nigrifrons from the Ecological Park of Tieté, Sdo Paulo
State, and 1 from a black uakari Cacajao melanocephalus from
Guapimirim, Rio de Janeiro State. There were 25 samples of human
origin, from Santa Maria de Jequitib4, Espirito Santo State (n = 7),
various locations in Rio de Janeiro State (n = 6) and various loca-
tions in Sdo Paulo State (n = 12). All sampling sites map to areas
that are currently, or were formerly, covered by the Atlantic Forest
in Southeastern Brazil (Supplementary Figure 1). The 12 human-
derived isolates from Sao Paulo State were originally described as
part of a ‘highly clonal, potential P. simium cluster’ (Ibrahim et al.
2023); all harboured 1 or both single-nucleotide polymorphisms
(SNPs) at the positions 3535 (T > C) and 3869 (A > G) of the mito-
chondrial genome that allows for the differentiation of P. simium
from P, vivax (de Alvarenga et al. 2018).

Publicly available P. vivax sequence data

We analysed publicly available high-quality WGS data from 1050
P. vivax isolates originating from 4 continents. To this end, we
first downloaded sequences from 779 P. vivax isolates from the
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MalariaGEN Community Pv4 dataset (Adam et al. 2022 and refer-
ences therein; Supplementary Table 2). Next, sequence data from
271 P, vivax isolates from the Americas were added to the dataset:
Brazil (Hupalo et al. 2016; de Oliveira et al. 2017, 2020; Benavente
etal. 2021; Mourier et al. 2021; De Meulenaere et al. 2023; Ibrahim
et al. 2023; Kattenberg et al. 2024), Panama (Buyon et al. 2020)
and Peru (Kattenberg et al. 2022, 2024; De Meulenaere et al.
2023) (Supplementary Table 3, Supplementary Materials). WGS
data from 3 European P. vivax strains, the isolate Ebro1944 from
Spain (van Dorp et al. 2020) and the isolates STR105 and STR185
from medieval/early modern Belgium (Michel et al. 2024), were
also used for specific analyses.

Plasmodium vivax WGS data generation

We additionally generated WGS data from 36 new clinical isolates
of P. vivax (Supplementary Table 3). One isolate was obtained in
2004 from a patient with imported P. vivax malaria diagnosed in
the USA after a travel to India (Rodrigues et al. 2014). DNA was iso-
lated from 200 uL of unprocessed whole blood, using the QIAamp
blood DNA kit (Qiagen, Hilden, Germany). Strand displacement
amplification technology, with the primer set pvset1 (Cowell et al.
2017) and phi29 DNA polymerase (New England Biolabs, Ipswich,
MA, USA), was used to enrich the sample for target parasite DNA
prior to sequencing. The remaining 35 isolates were derived from
patients with microscopy-confirmed P. vivax infection presenting
between 2018 and 2019 in malaria clinics in the town of Mancio
Lima (Rodrigues et al. 2024) and the periurban settlement of Vila
Assis Brasil (Fontoura et al. 2024), approximately 15 km apart,
in the Jurua Valley region of Acre State. This region, next to the
border with Peru, was the main malaria transmission hotspot of
Brazil in the early 2000s (Ferreira and Castro, 2016). QlAamp DNA
investigator kits (Qiagen, Hilden, Germany) were used to isolate
template DNA from 50 mL of venous blood that had previously
been leukocyte-depleted, as described (de Oliveira et al. 2017). The
presence of a single-species infection was confirmed by a species-
specific TagMan assay as described (Rodrigues et al. 2024). No
genome amplification step prior to sequencing was applied to these
samples. Illumina UDI libraries (Ilumina, San Diego, CA) were
prepared to generate paired-end 150 base pair-long sequence reads,
on an [llumina NovaSeq 6000 platform, at the Institute for Genome
Sciences, University of Maryland School of Medicine, Baltimore,
USA. Raw fastq files were filtered for quality and those with mean
quality scores < 30 (expected base call accuracy < 99.9%) were
excluded. Reads of new WGS data described in this article have
been deposited into the NCBI Sequence Read Archive (accession
numbers in Supplementary Table 3).

WGS data processing and variant calling

Newly generated sequence data (from 36 P. vivax isolates) and
those downloaded from SRA (from 1051 P. vivax and 31 P, simium
isolates) were processed similarly. Quality-filtered fastq files
were mapped onto the 20.8-megabase (Mb) core PvP01 genome
(Auburn et al. 2016), defined as in Table S2 of Daron et al. (2021),
with the Burrows—Wheeler aligner (Li, 2013). Use of the PvP01
reference genome allows for comparisons with a large body of
published genome data (Adam et al. 2022). Alignments with an
average genome sequence depth < 5 x were excluded. The remain-
ing alignments were merged into Binary Alignment/Map (BAM)
files and processed following the Genome Analysis Toolkit (GATK
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Figure 1. Global P. vivax and P. simium population structure revealed by standard PCA. Data analysed corresponds to linkage disequilibrium-pruned biallelic SNPs. We show
the first 2 PCs, which together account for 35.9% of the overall variance. Each symbol - circles for P. simium and triangles for P. vivax - represents a single isolate and was

coloured according to the country of origin of the sample.

version 4.4.0) best practices (https://software.broadinstitute.org/
gatk/best-practices/; McKenna et al. 2010). We used the GATK
tool Mark Duplicates to identify and remove duplicated reads
and base recalibrator and apply BQSR tools to detect and correct
errors in base quality scores. Variant calling was carried out using
the HaplotypeCaller module of GATK in the GVCF mode for
joint genotyping of multiple samples. Variants were removed
according to the following GATK variant filtration criteria: read
depth (DP) < 5, variant confidence/quality by depth (QD) < 2.0,
strand bias (FS) > 60.0, root mean square of the mapping quality
(MQ) < 40.0, mapping quality rank sum (MQRankSum) < -12.5,
read position rank sum (ReadPosRankSum) < -8.0, qual-
ity (QUAL) < 30.0. Non-biallelic SNPs and those with
a minor allele frequency <0.001 (singletons) were also
removed.

Complexity of infection and genetic diversity

We used the within-host diversity statistic Fyys, calculated with the
R package moimix (https://github.com/bahlolab/moimix), to dis-
tinguish between single- and multiple-clone infections. Multiple-
clone infections, defined by Fys < 0.95 (Manske et al. 2012),
were deconvoluted with DEploid (https://github.com/DEploid-
dev/DEploid). Haploid genome data from single-clone infec-
tions and phased data from dominant clones within multiple-
clone infections were used in all downstream analyses. VCFtools
(Danecek et al. 2011) was used to estimate 7, defined as the aver-
age number of pairwise differences per site between pairs of DNA
sequences, as a measure of genome-wide nucleotide diversity in P
simium and P, vivax populations. The ratio of 7z values in P. simium
to P, vivax was calculated for 3615 orthologous gene pairs to iden-
tify genes with highest or lowest diversity in P. simium relative to P
vivax.
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Clustering and differentiation among P. simium and P. vivax
genomes

Principal component analysis (PCA), as implemented in PLINK
version 1.90 (Purcell et al. 2007), was used to determine clustering
patterns among P. simium and P. vivax isolates based on genome-
wide genotypes. Missing genotypes were imputed using Beagle
version 5.4 (Browning et al. 2018). Variant sites in linkage disequi-
librium (LD) (r? value > 0.2) within 50-kb windows (step size of
10 base pairs, bp) were pruned to obtain a set of unlinked SNPs.
Additional analyses run with the smartPCA software (Patterson
etal. 2006) included low-coverage genomes from European P, vivax
isolates. We used eigenvectors computed for high-quality WGS
data and projected low-coverage data from European isolates onto
the axes of variation, as described elsewhere (Michel et al. 2024).
ADMIXTURE version 1.3.0 (Alexander and Lange, 2011) was
used to investigate the genetic ancestry of P. simium and Latin
American P, vivax isolates. An unsupervised ADMIXTURE anal-
ysis was run to assign isolates to K putative ancestral popula-
tions according to SNP frequencies. The LD-pruned data set with
imputed missing genotypes was used in the analysis. We calculated
cross-validation error rates to determine the most likely number
of ancestral populations, with K between 1 and 15 (Alexander
et al. 2009). Wright's Fixation Index, Fgr (Weir and Cockerham
implementation in VCFtools), was used to determine differentia-
tion between P. simium and Latin American populations of P. vivax.
To further explore the genetic relationships between P. simium and
present-day P. vivax populations from Latin America, we used the
R package admixr (Petr, 2024) to compute the f4 statistic, f4 (W,
X; Y, Z) (Patterson et al. 2012). We compared the proportion of
derived alleles shared between P. simium (Y) and pairs of P. vivax
populations (W and X), using P. cynomolgi strain B (RefSeq assem-
bly: GCF_000321355.1; Tachibana et al. 2012) as the outgroup (Z).
The P, vivax population from Mexico (X), the genetically most dis-
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tant population from P. simium samples in PCA and Fgy analysis,
was used in all pairwise comparisons.

Genetic relatedness and positive selection among P. simium
isolates

We used identity-by-descent (IBD) analysis as implemented in
hmmIBD (Schaffner et al. 2018) to measure the genetic related-
ness between pairs of P. simium samples from monkeys and from
humans, and between P. simium isolates from different states (Sdo
Paulo, Rio de Janeiro and Espirito Santo). hmmIBD implements a
hidden Markov model-based approach that accounts for recom-
bination to systematically search for genomic segments that are
inferred to have descended from a common ancestor without inter-
vening recombination and to estimate the proportion of shared
ancestry between genomes. A recombination rate of 13.5 kilobases
(kb) per centiMorgan was assumed (Miles et al. 2016) and the -n
option was set to 25, to call IBD segments from common ancestors
within the last 25 generations (approximately 12.5 years, assum-
ing 2 generations per year). Genetic relatedness networks were
drawn to connect sample pairs with at least 25% (equivalent to half-
siblings), 50% (equivalent to meiotic siblings) or 90% of genomes
IBD. We estimated the distribution of IBD coverage (i.e., the num-
ber of IBD segments overlapping each position) and identified IBD
peaks (i.e., chromosome regions with IBD sharing > 2 standard
deviations above the mean) across the P. simium genome using the
ibdutils command line tool (Guo et al. 2024; https://github.com/
bguo068/ishare).

Demographic history of P. simium and P. vivax populations
from Brazil

We used pairwise sequentially Markovian coalescent (PSMC) anal-
ysis (Li and Durbin, 2011; Mather et al. 2019) to infer the historical
effective population size (N,) of P. simium and P. vivax populations
from Latin America. We ran PSMC analysis (https://github.com/
1h3/psmc) assuming a mutation rate (i) of 1 x 107 and a genera-
tion time (g) of 0.18 (Daron et al. 2021), with the 5 samples with
the highest sequence coverage for each species. We performed 100
bootstrap replicates by randomly resampling the variants used in
the analysis.

Results
WGS data for P. simium and P. vivax

We analysed WGS data from 31 P, simium isolates, with an average
of 1.1 x 10° sequence reads per sample, for an average depth of cov-
erage of 49.7 x (range between 3.4 x and 233.0 x among samples).
We identified 55 682 high-confidence SNPs (Supplementary Table
4, Supplementary Materials). Only 3 (9.7%) samples contained 2
or more clones; those sequence data sets were deconvoluted, with
the dominant genotype retained for further analysis. Although P
simium sequences had been generated from unprocessed blood
(i.e. leukocytes had not been removed prior to DNA extraction),
most (50.7%) reads mapped to the reference P. vivax genome. On
average, 73.9% (range: 29.4-93.6%) of the PvP01 core genome was
covered with a read depth > 5 x .

A total of 35 new P. vivax WGS data sets from Brazil were gen-
erated in this study. We obtained an average of 10.6 x 10° reads
per sample, resulting in an average read depth of 32.4 x (range:
5.5 x to 55.6 x), and a total of 60 568 high-confidence SNPs were
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identified after filtering (Supplementary Table 5, Supplementary
Materials). Eight (22.8%) clinical samples contained 2 or more
clones (F,,, < 0.95) and the sequence data were deconvoluted. On
average, 81.4% of the reads obtained from these leukocyte-depleted
samples mapped to the reference PvP01 core genome, with an aver-
age breadth of coverage of 95.9% (range, 80.0% to 98.2%) of the
reference genome mapped with a read depth >5 x .

Plsmodium simium originated in South America and is closest
to the P. vivax population from Brazil

As in previous studies (Adam et al. 2022; Kattenberg et al. 2024;
Michel et al. 2024), PCA revealed the distinct geographic structure
of P. vivax populations from around the globe. The first 2 prin-
cipal components (PCs) captured one-third of the overall genetic
variation and defined 3 main clusters: 1 with samples from Latin
America, clearly separated from samples from Africa, South and
West Asia and from a third cluster with samples from East and
Southeast Asia and Oceania (Figure 1). Importantly, all P. simium
samples clustered close to Latin American P. vivax populations
in the PCA space. Historical P. vivax samples from Europe that
were suitable for population genetic analysis — Ebro1944 from
Spain (van Dorp et al. 2020) and STR105 and STR185 from
Belgium (Michel et al. 2024) - clustered with Latin American
P vivax, to which they are more similar than to P simium
(Supplementary Figure 2). These findings are consistent with the
origin of P. simium in Latin America.

A regional PCA was done to further investigate the origin of
P. simium. All P. simium isolates clustered together in the regional
PCA, regardless of their state of origin in Brazil (Figure 2). The
P simium cluster includes 12 human-derived samples from Sao
Paulo that were originally labelled as P. vivax (Ibrahim et al. 2023).
PCA also revealed a closer affinity of P. simium to lineages of P
vivax from the Amazon Basin of Brazil (states of Acre, Amapa,
Amazonas, Pard and Rondonia), compared to P. vivax popula-
tions from Peru and Colombia and those from Central America
(Panama, Nicaragua and El Salvador) and Mexico. Moreover, P
vivax isolates from Europe clustered together with the P. vivax pop-
ulations from Brazil and all other Latin American countries, but
not with P. simium (Supplementary Figure 3), reflecting the extent
of divergence between present-day P. simium and the founding
European lineages of P. vivax introduced in Brazil.

Unsupervised ADMIXTURE analysis was used to examine
shared ancestry patterns of P. simium and P. vivax at the regional
and country level. Cross-validation error decreased with increas-
ing K until K = 15 (Supplementary Figure 4). We chose to
display results of the analyses with the smallest K value that cap-
tures most of the geographic structure in the data (K = 4), the
K-value that maximizes clustering on a country level (K = 10)
and the K-value associated with the lowest cross-validation error
(K = 15) (Figure 3). At K = 4, 3 regional P. vivax clusters
can be seen: Brazil (apple green); Peru, Panama and Nicaragua
(light sea green); and Colombia, El Salvador and Mexico (pur-
ple). At K = 10, most P. vivax isolates were assigned to country-
specific populations but some samples from Brazil, Panama and
Peru appear to be admixed. Indeed, samples from Brazil appear
to have ancestry in 1 of 2 different ancestral populations (blue
and green), or both (admixed samples), while some samples
from Peru appear to share ancestry with the green population
from Brazil. At K = 15, the P. simium population appeared to
comprise 2 distinct subpopulations, 1 from Sio Paulo and the
other comprising isolates from Rio de Janeiro and Espirito Santo.
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Figure 2. Plasmodium simium and P. vivax population structure in Latin

America revealed by PCA). Analysis included a total of 495 isolates (P.
simium: n = 31; P. vivax: n = 464). We display the first 3 PCs, which
together account for 45.9% of the overall variance. Each symbol - cir-
cles for P. simium and squares for P. vivax - represents a single isolate
and was coloured according to the country or state (within Brazil) of
origin of the sample. Locations of each state in Brazil are shown in
Supplementary Figure 1.
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Importantly, at all K values, P. simium isolates were assigned to
separate population(s), with negligible admixture with regional
or country-specific P. vivax populations (Figure 3). Moreover, the
elevated estimates of population differentiation in pairwise com-
parisons of P. simium with P. vivax populations from Mexico
(Fgr = 0.29), Panama (Fgp = 0.22), Colombia (Fgp = 0.20), Peru
(Fsp =0.20) and Brazil (Fgr = 0.16) indicate limited historical gene
flow between species (Supplementary Figure 5, Supplementary
Materials).

Previous analyses had suggested that P simium was most
closely related to present-day P. vivax samples from Mexico, com-
pared to other locations in Latin America (Mourier et al. 2021;
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de Oliveira et al. 2021b). However, f4 statistics with the
expanded data set comprising 31 P simium samples from 3
states in southwest Brazil indicated that this species shares
significantly more derived alleles with P vivax samples from
the Amazon Basin of Brazil, followed by Peru, Colombia
and Panama, compared to P vivax samples from Mexico
(Supplementary Figure 6A). These findings, consistent with our
regional PCA (Figure 2) and Fgy results (Supplementary Figure 5),
point to Brazil as the most likely birthplace of the novel para-
site lineage that resulted from parasite jumps from humans to

platyrrhine monkeys (de Oliveira et al. 2021b; Mourier et al
2021).
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the highest sequence coverage for each species.
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Figure 5. Nucleotide diversity in P simium and P. vivax. Empirical density distribution of the log ratios of nucleotide diversity () estimates for P simium and P. vivax ortholog
genes (bars). Red line shows the null distribution centred on 0 as expected under identical nucleotide diversity between species. Data correspond to a total of 3615 orthologous

gene pairs between P, vivax and P. simium.

Plasmodium simium has a decreasing effective population
size, smaller than P. vivax in Latin America

PSMC analysis revealed distinct historical trends for N, estimates
of P. simium and P. vivax populations (Figure 4). First, looking
backwards in time, P. vivax has a much deeper genealogy than P
simium, consistent with the hypothesis that P. simium has a much
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more recent origin. Second, P. vivax shows a substantial decrease
over time, followed by a recent sharp increase in N, suggestive of
a sharp population expansion following a bottleneck. In contrast,
the P. simium population shows a stable decrease in N, over the
entire period (Figure 4; see Supplementary Figure 7, for bootstrap
replicates), consistent with a fairly small effective population size
after the split from its common ancestor with P. vivax.
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Figure 6. Relatedness network of Plasmodium simium samples. Samples were col-
lected from humans and platyrrhine monkeys from the states of Sdo Paulo, Rio
de Janeiro and Espirito Santo, Southeastern Brazil (n = 31). Nodes represent indi-
vidual samples that are coloured according to the state of origin; edges connect
samples with mean pairwise ancestry sharing > 0.25 (equivalent to half-siblings).
Unconnected nodes indicate isolates that do not share at least 25% of their genome-
wide ancestry with other isolates from the same or different states.

We next compared the overall nucleotide diversity of present-
day P, simium (n = 31) with that of Latin American populations
of P vivax (n = 465). In line with previous studies (Mourier et al.
2021; de Oliveira et al. 2021b), we found a low diversity in the core
genome of P, simium (mean 7 = 2.5 x 107%), approximately 2 times
lower than that of P. vivax populations from Latin America (mean
7 =15.0 x 1074, across loci) and 1.5-2.4 times lower than the diver-
sity calculated for P. vivax populations from Brazil (mean 7 = 5.0
x 107%), Colombia (mean 7 = 5.9 x 107#), Mexico (mean 7 = 5.8
0 x 107*) and Peru (mean 7 = 3.8 x 107*). The average r across loci
among isolates from Panama (7 = 2.4 x 107*) was similar to that for
P, simium. Interestingly, nucleotide diversity estimates were nearly
identical for P. simium samples from humans (mean 7 = 2.94 x 10%;
n = 25 samples) and platyrrhine monkeys (mean 7 = 2.90 x 10%
n = 6 samples), as would be expected from repeat sampling from
the same panmictic population.

Compared to a null distribution centred on 0, expected from
identical nucleotide diversity per locus for both species, the
density distribution of log ratios of 7 estimates is shifted to
the left (Figure 5). This indicates less diversity in P simium
genes compared to their orthologs in P vivax, with an aver-
age log ratio of —0.24 (standard deviation = 0.5). Interestingly,
the right-hand tail of the distribution in Figure 5, which com-
prises genes with higher diversity in P. simium, includes loci that
encode proteins involved in host-parasite interactions in P. vivax
(Supplementary Table 6, Supplementary Materials). Among them
are those encoding: the vacuolar protein sorting-associated pro-
tein 46 (PVP01_0704600), which may be linked to the production
of extracellular vesicles in parasitized red blood cells, with a role in
intercellular communication (Toda et al. 2020; Avalos-Padilla et al.
2021); the ookinete maturation gene OMG1 (PVP01_0609300),
crucial for the invasive stage in the mosquito midgut in P. berghei
(Nishi et al. 2022); the oocyst capsule protein Cap380, essential for
oocyst development, sporozoite differentiation and malaria trans-
mission in P. berghei (Srinivasan et al. 2008; Nakayama et al. 2021);
the liver merozoite formation protein (PVP01_1146600), vital for
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the maturation of liver merozoites in P. berghei (Haussig et al.
2011), which in P, falciparum appears to be essential for sporo-
zoite formation within the oocyst (Franke-Fayard et al. 2022); and
the AP2 domain transcription factor AP2-G5 (PVP01_0940100),
crucial for gametocyte maturation in P. falciparum (Shang et al.
2021).

Contemporary P. simium infects both monkeys and humans

Plasmodium simium samples from humans from Sao Paulo, which
were originally labelled as P. vivax (Ibrahim et al. 2023), were found
to share more derived alleles with P. simium from humans and from
monkeys from Espirito Santo and Rio de Janeiro than with any
of the P vivax populations from Latin America (Supplementary
Figure 6B). These findings further confirm that the samples of P
vivax-related parasites infecting humans from Sao Paulo belong to
the P. simium clade.

Parasite relatedness networks revealed some recent gene flow
between P. simium populations across states. Although no sam-
ple pair from different states displayed >50% of the genome IBD
(Supplementary Figure 8), examples of >25% IBD between pairs
of isolates were found in a single cluster comprising 6 samples
from Sao Paulo and 3 from Rio de Janeiro (Figure 6). We found
only a very low proportion of IBD sharing between pairs of P. sim-
ium isolates originating from sites >450 km apart (Supplementary
Figure 9). However, we found a pair of very closely related isolates,
with >90% of the genome IBD, circulating within the state of Sao
Paulo (Supplementary Figure 10), while there were no clonal lin-
eages of P. simium in which isolates shared >99% of the genome
IBD.

Notably, we found 2 clusters of parasites sharing >25% of the
genome IBD that were derived from different mammalian hosts
(Supplementary Figure 11). The larger cluster comprised 5 sam-
ples from monkeys (4 from Sio Paulo and 1 from Rio de Janeiro)
and 4 samples from humans (2 from Sio Paulo and 2 from Rio
de Janeiro), while the smaller cluster comprised 1 sample from a
monkey and 4 from humans, all from Rio de Janeiro. These find-
ings are consistent with recent gene flow between parasites from
human and nonhuman hosts.

Positive selection in P. simium reveals signals of adaptation to
new vertebrate host and mosquito vectors

We next searched for signatures of positive selection across the
P. simium genome. Positive selection is expected to increase IBD
sharing at the target locus and neighbouring sites, generating
peaks of within-population IBD sharing (Guo et al. 2024). A
genome-wide scan identified 7 validated IBD peaks, possibly asso-
ciated with selective sweeps during the parasite’s adaptation to
new hosts (Figure 7). IBD peaks mapped to chromosomes 3,
9, 12 and 14 and comprise several annotated genes of poten-
tial interest (Supplementary Table 7, Supplementary Materials),
including some transcription factors encoding an AP2 domain
(DNA-binding) that may be involved in red blood cell invasion,
gametocytogenesis, oocyst formation and sporozoite formation
(reviewed by Singhal et al. 2024). For example, the chromosome
3 peak comprises genes that encode the AP2 domain transcrip-
tion factor AP2-SP2 (PVP01_0303400), which is crucial for oocyst
maturation in the vector (Modrzynska et al. 2017), and the 6-
cysteine protein P36 (PVP01_0303700), required by sporozoites
for invasion and establishment of the parasitophorous vacuole
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Figure 7. Genomic regions in P. simium under positive selection. Domains putatively under strong positive selection revealed by identity-by-descent (IBD) analysis of the P
simium genome. We display peaks of IBD coverage and proportion of shared ancestry along the 14 chromosomes. Red shading indicates validated peaks likely associated

with selective sweeps (Guo et al. 2024).

within hepatocytes (Arredondo et al. 2018), while one of the chro-
mosome 9 peaks contains the gene for the red blood cell ligand
apical membrane antigen 1 (PVP01_0934200), a major vaccine
candidate antigen (Drew et al. 2023).

Discussion

Plasmodium simium offers a compelling example of zoonotic
malaria parasite originating from recent host-shift speciation
events. Two main scenarios have been suggested for the origin of
P simium: (1) human-to-monkey shifts took place after P. vivax
lineages were introduced in Brazil, mostly by European settlers
but perhaps also by enslaved populations displaced from Africa
(de Oliveira et al. 2021a), and (2) P. vivax stocks from different
source populations from Europe, Africa and/or Asia were intro-
duced in the New World. While ‘generalist’ lineages were able
to infect local platyrrhine monkeys in addition to humans, giv-
ing rise to P. simium, more ‘specialist’ lineages are expected to
remain limited to humans (Rougeron et al. 2022). Our findings
support the first scenario. First, it was found low within-species
nucleotide diversity among present-day lineages of P. simium cir-
culating in both humans and monkeys, consistent with its recent
origin from the same source population. Separate host-shift events
may have occurred elsewhere in South America - e.g., in Colombia,
where P. vivax-related parasites appear to infect wild nonhuman
primates (Rondon et al. 2019), but monkey-derived P. vivax sam-
ples outside Southeast Brazil have not been characterized at the
genome level. Second, our global population structure analysis
shows that all P simium and Latin American P. vivax isolates
cluster together (Figure 1) and both display genetic similarity to
now-extinct European lines of P. vivax (Supplementary Figure 2,
Supplementary Materials). The seemly common geographic origin
of P simium and Latin American P. vivax isolates argues against
the hypothesis that separate introductions of parasites, from dif-
ferent regions or continents, originated monkey-adapted vs. exclu-
sively human parasites found nowadays in Brazil. Plasmodium
simium challenges current malaria control and elimination efforts.
About 0.05% of the malaria cases recorded each year in Brazil are
acquired outside the Amazon Basin (Ferreira and Castro, 2016),
especially in forest fringes, where nonhuman primates serve as
parasite reservoirs for spillback events (Abreu et al. 2019; Duarte
et al. 2021) and human-vector contact is favoured by environ-
mental change (Medeiros-Sousa et al. 2021). The vast majority
of autochthonous human malaria cases in the Brazilian Atlantic
Forest biome are reportedly caused by P. vivax (Garcia et al. 2022),
but available molecular evidence suggests that most, if not all, cases
attributed to P. vivax in these settings are indeed caused by the

https://doi.org/10.1017/5S0031182025100310 Published online by Cambridge University Press

zoonotic parasite P. simium (Brasil et al. 2017; Buery et al. 2017;
de Oliveira et al. 2021b). Here, further support to this hypothesis
is provided by showing that the genome sequences of 12 para-
sites originally labelled as P. vivax circulating among humans in
Sado Paulo (Ibrahim et al. 2023) cluster together with P. simium
lineages of human and nonhuman origin and can be clearly differ-
entiated from P, vivax populations from the Amazon (Figure 2 and
Supplementary Figure 6B). Importantly, zoonotic malaria trans-
mission to humans occurs in the vicinity of Rio de Janeiro, Sdo
Paulo and other major cities in Southeast Brazil and can undermine
the country’s elimination efforts (Fornace et al. 2023a; Fornace
et al. 2023b).

Previous analyses of substantially smaller P. simium sequence
datasets had suggested that this parasite was most closely related to
present-day P. vivax samples from Mexico, a relatively inbred pop-
ulation that has experienced a steady decline in recent years, com-
pared to those from Brazil and other locations in Latin America
(Mourier et al. 2021; de Oliveira et al. 2021b). However, these find-
ings must not be over-interpreted, since P. vivax sequence data
from Mexico originated from relatively isolated foci of residual
malaria transmission in the southern part of the country (Hupalo
et al. 2016). The present analysis combines additional P. simium
sequences and a wide range of P. vivax sequence data from Latin
America to show that P. simium is clearly more closely related to P
vivax from Brazil (Supplementary Figure 6A). However, evidence
from PCA (Figure 2), ADMIXTURE (Figure 3) and Fg analyses
(Supplementary Figure 5) shows a clear divergence between P. sim-
ium and P. vivax from Brazil and other Latin American countries.
At the species level, population differentiation follows an isolation-
by-distance model, with little, if any, IBD sharing between P. sim-
ium samples from sites >450 km apart (Supplementary Figure 8)
and across states (Figure 6). These results are consistent with focal
parasite transmission among nonhuman primates, and occasion-
ally humans, within discontinuous forest fragments intermingled
with malaria-free areas in Southeast Brazil (Ferreira and Castro,
2016; Duarte et al. 2021). However, the substantial IBD sharing
(>25%) found between parasites from humans and platyrrhine
monkeys (Supplementary Figure 11, Supplementary Materials)
suggests occasional cross-species transmission events (Su and Wu,
2021).

Mutations, insertions and deletions in key erythrocyte invasion
ligands of malaria parasites are commonly seen in host-shift spe-
ciation events (de Oliveira et al. 2021a). Accordingly, all P. simium
isolates analysed so far display a deletion of >40% of the coding
sequence of the locus encoding the reticulocyte binding protein
2a, rbp2a (Mourier et al. 2021; de Oliveira et al. 2021b), which
encodes a reticulocyte-specific parasite ligand (Malleret et al. 2021)
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and may be involved in the adaptation to binding to and/or
entrance into red blood cells of platyrrhine monkeys. Our search
also revealed additional putative genomic signatures of parasite—
host-vector adaptation in P. simium: (1) an elevated nucleotide
polymorphism in genes putatively involved in gametocytogene-
sis and ookinete and oocyst development (Supplementary Table 6)
and (2) an IBD peak suggestive of a selective sweep in a genomic
domain containing the gene encoding an AP2 domain transcrip-
tion factor family member, AP2-SP2, which appears to modulate
oocyst maturation in the vector (Figure 7). In addition, it has been
suggested that adaptive changes in the gamete surface protein (P47)
— the P, vivax ortholog of Pfs47, a surface protein that allows P. falci-
parum to evade the mosquito immune system (Molina-Cruz et al.
2016) - could have enhanced the compatibility between P. vivax
and P, simium and New World vectors. However, no IBD peak was
found around the p47 gene and relatively few additional sequences
are currently available for testing this hypothesis (de Oliveira et al.
2021b). Somewhat surprisingly, both P. simium and P. vivax from
the Amazon appear to infect efficiently anophelines from across
the globe, in addition to mosquitoes found in the Amazon and
along the Atlantic Coast of South America (Collins et al. 2005;
Shaw-Saliba et al. 2016).

The present study has some limitations. First, it was analysed
genome sequence data from only 31 P, simium isolates from 3 states
in Southeast Brazil. No WGS data were available from the south-
ernmost range of the current distribution of P. simium (states of
Santa Catarina and Rio Grande do Sul). Second, no WGS data
was available from parasites labelled as P. vivax that were found
to infect wild (Rondon et al. 2019) or captive platyrrhine monkeys
(Silva et al. 2019) outside the currently known geographic range
of P. simium. Whether these parasites share recent ancestry with P
simium lineages from Southeast Brazil remains to be investigated.
Third, PCA and ADMIXTURE analyses of the genetic relatedness
between P. simium and global or regional populations of P. vivax are
largely exploratory and may be affected by geographic biases in par-
asite sampling. For example, no P. vivax sequence data from West
and Central Africa, where P. vivax is rare but not absent (Baird,
2022), were available for analysis. Importantly, P. vivax infections
acquired in Angola - the origin of nearly two-thirds of the more
than 4 million enslaved Africans displaced to Brazil over 3 cen-
turies — have been occasionally described in migrants and travellers
(e.g., Haiyambo et al. 2019; Martins et al. 2020). Consequently,
whether African lineages of P. vivax have contributed to the ances-
try of P. vivax and P. simium lineages circulating nowadays in the
New World, remains undetermined. In addition, isolates from the
Western Amazonian state of Acre were overrepresented in our
dataset of P. vivax sequences from Brazil (143 of 203, or 70.4% of
the sequences analysed), which included data from only 23 isolates
from the Eastern Amazonian states of Amapa and Par4.

Supplementary material. The supplementary material for this article can
be found at https://doi.org/10.1017/50031182025100310.
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been deposited into the NCBI Sequence Read Archive and are publicly available
under BioProject accession code PRJNA1242290.
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