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Abstract: Plasmodium falciparum, the most virulent agent of human malaria, shares a recent common 
ancestor with the gorilla parasite P. praefalciparum. Although there are further gorilla and chimpanzee-
infecting species in the same (Laverania) subgenus as P. falciparum, none are known to be able to 
establish repeated infection and transmission in humans. To elucidate underlying mechanisms and the 
evolutionary history of this subgenus, we have analysed multiple genomes from all known Laverania 
species. Here we estimate the timings of Laverania speciation events, placing P. falciparum speciation 
40,000-60,000 years ago followed by a recent population bottleneck. We show that interspecific gene 
transfers as well as convergent evolution were important in the evolution of these species. Striking 
copy number and structural variations were observed within gene families and for the first time, 
features in P. falciparum are revealed that made it the only member of the Laverania able to infect and 
spread in humans.  
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Introduction 
The evolutionary history of Plasmodium falciparum, the most common and deadliest human malaria 

parasite, has been the subject of much uncertainty and debate (1, 2). Recently it has become clear that 

P. falciparum is derived from a group of parasites infecting African Great Apes and known as the 

Laverania subgenus (2). Until 2009, the only other species known in this subgenus was a parasite of 

chimpanzees known as P. reichenowi and for which only one isolate was available (3). It is now clear 

that there are a total of at least seven species in Great Apes that naturally infect chimpanzees (P. 

gaboni, P. billcollinsi and P. reichenowi), gorillas (P. praefalciparum, P. blacklocki and P. adleri (4, 

5), or humans (P. falciparum only) (Fig. 1A). Within this group, P. falciparum is the only parasite that 

has successfully adapted to humans after a transfer from gorillas and subsequently spread all over the 

world (2).  

 Since the discovery of the Laverania a number of studies have provided incremental data on the 

evolution of this subgenus but the mechanisms underlying host specificity and the reasons why only 

one productive transfer into humans has taken place are still unclear. Comparisons of the P. falciparum 

genome first to that of P. reichenowi (6) and more recently to that of P. gaboni (7), have attempted to 

identify genes that displayed rapid or specific evolution. However, the lack of whole genome 

information for the whole subgenus (particularly P. praefalciparum, the closest sister species to P. 

falciparum) limited the power of these comparisons. In addition, the studies involving P. gaboni, 

lacked the subtelomeric regions that harbour many gene families involved in host-parasite interactions 

and antigenic variation (8). Only a subset of these multigene families has been studied by PCR-based 

approaches (9) (e.g. the DBLα domain of var genes), preventing a complete reconstruction of the paths 

that led to the evolution of P. falciparum.   

 To investigate the evolutionary history of the entire Laverania subgenus and to unravel the 

genomic evolutionary paths that allowed humans to be colonised, we have sequenced multiple 

genotypes of all known Laverania species. 
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Figure 1: Overview of the Laverania genomes analysed. (A) Maximum likelihood tree of the Laverania based on the “Lav12sp” set 
of orthologues (see Methods). Bootstrap values are provided at nodes. (B) The number of isolates per species sequenced is 
indicated using the symbol of their host species, together with the values of polymorphism within species, as estimated using the 
nucleotide diversity π (“Lav15st” set of orthologues; see Supplementary Materials). (C) The quality of the genome assemblies is 
indicated through the number of scaffolds and the pairwise BLAST scores within the core chromosome 4 and its subtelomeric 
regions (shaded boxes).   

 
Genome sequencing from six Laverania species 

 Blood samples were taken during successive routine sanitary controls, from four gorillas and seven 

chimpanzees living in a sanctuary or quarantine facility prior to release (see Supplementary Material 

and Methods). A total of 15 blood samples were positive for ape malaria parasites by PCR. Despite low 

parasitemia in most animals, a combination of host DNA depletion, parasite cell sorting and 

amplification methods enabled sufficient parasite DNA templates to be obtained for short-read 

(Illumina) and long read (Pacific Bioscience) sequencing (Fig 1B, Table 1). Mixed infections, which 

were frequent, were resolved by utilising sequence data from single infections, resulting in 19 

genotypes (Table S1), and the dominant genotype in each sample was assembled de novo into a 

reference genome (see Supplementary Material and Methods). Each reference genome was assembled 

into 44-97 scaffolds (Table 1), with large contigs containing the subtelomeric regions or internal var 

gene clusters comprising multigene families (Fig. 1C) that are known in P. falciparum and P. 

reichenowi to be involved in virulence and host-pathogen interactions. In total, genomes were produced 

for six malaria parasite species: P. praefalciparum, P. blacklocki, P. adleri, P. billcollinsi, P. gaboni 

and P. reichenowi. The high quality of the assemblies can be seen in the large number of one-to-one 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted December 20, 2016. ; https://doi.org/10.1101/095679doi: bioRxiv preprint 

https://doi.org/10.1101/095679


 

 4 

orthologues obtained between the different reference genomes (4,324 among the seven species and 

4,818 between P. falciparum, P. praefalciparum and P. reichenowi). Two to four additional genomes 

were obtained for each species except for P. blacklocki (Table 1). 
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Primary co-infection b 

P. praefalciparum 
PprfG01 Chimp 104 26 142 73 6,476 P. adleri 
PprfG02 Gorilla 1269 - - - - none 
PprfG04 Multiple infection, see PadlG03   P. adleri 

P. praefalciparum II PprfG03 Gorilla 668 - - - - none 
P. reichenowi PrG01 Chimp 106 24.5 66 48 5,941 none 
 PrCDC a Chimp 296 24.1 374 2,465 5,895 none 
 PrG02 Chimp 123 - - - - none 
 PrG03 Chimp 112 - - - - none 
P. billcollinsi PbilcG01 Multiple inf. PgabG02 23.1 306 89 5,637 P. gaboni 
 

PbilcG03 Multiple infection, see PgabG04 

  

P. gaboni 

 PbilcG04 Multiple infection, see PgabG05   P. gaboni 
P. blacklocki PblacG01 Gorilla 221 22 311 97 5,346 none 
P. gaboni PGAB01 Chimp 367 21.8 121 96 5,421 P. vivax 
 PgabG02 Chimp 341 20.9 76 44 5,249 P. billcollinsi 
 PgabG03 Chimp 669 - - - - P. vivax 
 PgabG04 Chimp 679 - - - - P. billcollinsi 
 PgabG05 Chimp 530 - - - - P. reichenowi 
P. adleri PadlG01 Gorilla 372 22.2 102 82 5,515 none 

 PadlG02 Gorilla 2262 - - - - none 

  PadlG03 Gorilla 445 - - -  -  P. praefalciparum 

a Data from Otto et al(6)b Based on percentage of reads mapping to the reference for each Laverania species (see Table S1)  

Table 1:  Overview of all Laverania samples used in study. All samples generated for this study, except PrCDC were sequenced using 
Illumina technology with a range of read lengths from 100–250 bp.  For isolates (bold) where assemblies were produced using long-reads 
from Single-Molecule Real-Time sequencing (Pacific Biosciences), the total assembled size, number of contigs, scaffolds and predicted 
genes are shown. For those we report the assembly. Fold coverage is reported based on mapping reads to the P. falciparum 3D7 reference 
genome (v3.1). P. billcollinsi sequences were obtained from P. gaboni co-infections, of which some also harboured P. 
reichenowi species. 
 

 

Phylogenetic relationships and the emergence of P. falciparum 

 Conservation of gene content and synteny is striking between these complete genomes, enabling us 

to reconstruct with confidence the relationships between different Laverania species, to compare their 

relative genetic diversity (Supplementary Text, Fig. S1) and to estimate the age of the different 

speciation events that led to the extant species. Because of uncertainty regarding exact generation time 

and in vivo mutation rates (both of which have a linear influence on time estimates), the values that we 

quote should be regarded as approximate (Supplementary Materials, Table S2). From our Bayesian 

whole-genome estimates, the ancestor of all current day parasites of this subgenus existed 0.7–1.2 

million years ago, a time at which the subgenus divided into two main clades (A and B): Clade A that 
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comprises P. adleri and P. gaboni and Clade B that includes the remaining species (Fig. 2A). Our 

range of values is far more recent than previous estimates (3, 10). Ancestral state reconstruction did not 

allow us to solve the nature of the host (gorilla or chimpanzee) in which the ancestor lived. Following 

the group A/B subdivision, several speciation events occurred leading either to new chimpanzee or 

gorilla parasites. Interestingly, the divergence between P. adleri and P. gaboni in one lineage and P. 

reichenowi and the ancestor of P. praefalciparum/P. falciparum in the other lineage occurred at 

approximately the same time (140–230 thousand years ago; Fig. 2A, Table S2), suggesting that the 

same phenomena may have favoured these host switches. Based on our coalescence estimates, P. 

falciparum emerged in humans from P. praefalciparum around 40–60 thousand years ago (Fig. 2A), 

significantly later than the evolution of the first modern humans and their spread throughout Africa 

(11). Our analysis also indicates significant gene flow between these two parasite species after 

speciation (Table S2). 

 It has been suggested that P. falciparum arose from a single transfer of P. praefalciparum into 

humans (7). It has also been proposed (based on the paucity of neutral SNPs within the genome of P. 

falciparum) that P. falciparum emerged from a bottleneck of a single parasite around 10,000 thousand 

years ago, after agriculture was established (Fig. 2B) (7, 12). Clearly neither of these hypotheses are 

correct in light of our results; we estimate that the P. falciparum population declined around 8,000-

14,000 years ago and reached a minimum about 5,000 years ago (Fig. 2C) with an effective population 

size (Ne) of at least 8,000 (Supplementary Text; generally the census number of parasites is higher than 

Ne (13)). Neither are these hypotheses consistent with the observation of several ancient gene 

dimorphisms that have been observed in P. falciparum. A previous analysis using P. reichenowi and 

limited P. gaboni sequence data, provided some evidence that different dimorphic loci diverged at 

different points in the tree (14). Looking at each of these P. falciparum loci across the Laverania, we 

found different patterns of evolution at the msp1, var1csa, and msp3 loci (Fig. S2A). Most strikingly, a 

mutually exclusive dimorphism (described as MAD20/K1 (15)) in the central 70% of the msp1 

sequence, pre-dates the P. falciparum–P. praefalciparum common ancestor, and dimorphism in 

var1csa (an unusual var gene of unknown function that is transcribed late in the asexual cycle) 

occurred before the split with P. reichenowi.  

 The gene eba-175 that encodes a parasite surface ligand contains a dimorphism that arose after the 

emergence of P. falciparum (Fig. S2B). The time to the most recent common ancestor has been 

estimated as 130–140 thousand years in an analysis (16) that assumed P. falciparum and P. reichenowi 

diverged 6 million years ago. However, based on our new estimate for P. falciparum–P. reichenowi 

divergence, we recalibrate their estimate of the most recent common ancestor of the eba-175 alleles to 
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be 4 thousand years ago, which is in good agreement with our divergence time for P. falciparum 

(Supplementary Text). The recent dimorphism cannot however explain the recent observation of an 

ancient dimorphism near the human and ape loci for glycophorin (17) – an EBA-175 binding protein. 

Different balancing selection pressures over time may have shaped the formation and maintenance of 

all of these dimorphic loci. Identifying the interacting host genes (or epistatic interactions with other 

parasite genes) will shed more light on the underlying mechanisms.  

 
Figure 2 Overview of the dating of the evolution of the Laverania. (A) Coalescence based estimates of the split of the species using 
intergenic and genic alignments. Dates are displayed on nodes (average of 402–681 mitotic events per year used; MYA - million 
years ago). The ratios should be robust but the actual dates depend on estimates of generation time and mutation rate (see Table 
S2 for details). (B) Estimated time line of events in the Laverania relative to human evolution. (C) Multiple sequentially 
Markovian coalescent estimates of the bottleneck in the P. falciparum population. Assuming our estimate of the number of mitotic 
events per year, the bottleneck occurred 4,000-6,000 years ago. y-axis is the natural logarithm (Ln). Bootstrapping was performed 
by 50 replicates by randomly resampling from the segregating sites used as input. 

 
Evolution through introgression, gene transfer and convergence 

Frequent mixed infections in apes and mosquitoes (18) provide clear opportunities for 

interspecific gene flow between these parasites. A recent study (7) reported a gene transfer event 

between P. adleri and the ancestor of P. falciparum and P. praefalciparum of a region on chromosome 

4 including key genes involved in erythrocyte invasion (rh5 and cyrpA). We systematically examined 

the evidence for introgression or gene transfer events across the complete subgenus by testing the 

congruence of each gene tree to the species tree. Beyond the region that includes rh5 (Fig. S3A,B), few 

signals of interspecific gene flow were obtained (n =14) suggesting that these events were rare or 

usually strongly deleterious (Supplementary Text, Fig. S4). 
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 The Laverania subgenus evolved to infect chimpanzees and gorillas several times independently 

but, on a genome-wide scale, the convergent evolution of host-specific traits has not left a signature 

(Supplementary Text, Fig. S5). We therefore examined each CDS independently and were able to 

identify genes with differences fixed within specific hosts, falling into three categories: 53 in 

chimpanzee-infective parasites, 49 in gorilla-infective and 12 with fixed traits in both host species (Fig. 

3; Table S3A). For at least 66 genes, these differences were unlikely to have arisen by chance (p <0.05) 

and GO term enrichment analysis revealed that several of these genes are involved in erythrocyte 

invasion (Table S3B) including rh5 (which has a signal for convergent evolution even when the 

introgressed tree topology is taken into consideration; Fig. S3C). Rh5 is the only gene identified in P. 

falciparum that is essential for erythrocyte recognition during invasion, via binding to Basigin. P. 

falciparum rh5 cannot bind to gorilla Basigin and binds poorly to the chimpanzee protein (19). We 

notice that one of the convergent sites is known to be a binding site for the host receptor Basigin (20) 

(Fig. S3C).   

 The gene eba-165 encodes a member of the erythrocyte binding like (EBL) super family of 

proteins that are involved in erythrocyte invasion. Although eba-165 is a pseudogene in P. falciparum 

(21), it is not in the other Laverania species (Fig. 4) and may therefore be involved in erythrocyte 

invasion, like other EBL members. The protein has three convergent sites in gorillas, one falls inside 

the F2 region, a Duffy Binding-Like (DBL) domain involved in the interactions with erythrocyte 

receptors. The role of this protein and of these convergent sites in the invasion of gorilla red cells, 

remains to be determined. Finally, genes involved in gamete fertility (the 6-cysteine protein P230) or 

previously considered as potential candidate vaccines (doc2) also displayed signals of convergent 

evolution. Interestingly, among the 12 coding sequences with fixed differences in both great ape 

parasite species, P230 was the only one found with a position that was different and fixed within the 

three host species (gorillas, chimpanzees and humans). P230 is involved in gamete development and 

trans-specific reproductive barriers (22), possibly through enabling male gametes to bind to 

erythrocytes prior to exflagellation (23). Host-specific residues observed in P230 might affect the 

efficiency of the binding to the erythrocyte receptors and result from co-evolution between the parasite 

molecule and the host receptor. 
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Figure 3: Convergent evolution analyses: fixed differences between great ape-infecting species. Analysis 
was performed using the “Lav7sp” set of orthologues but filled circles are for the differences that are 
fixed within all the isolates available (“Lav15st” set) and for which we could reject neutral evolution (For 
the gene list see Table S3) 
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Subtelomeric gene families 

To date, the only in depth data on the subtelomeres of the Laverania have come from P. 

reichenowi and P. falciparum. We provide for the first time a complete picture of the evolution of these 

important families (Fig. 4) inside the subgenus.  

Gene content and copy number is summarized in Fig. 4 and Table S4A. The first important 

observation is that most gene families were likely present in the ancestor of all the Laverania, 

suggesting an ancient origin. In addition, most families displayed the same gene composition 

throughout the subgenus and only a subset of them displayed species-specific contraction or expansion 

(Fig. 4 and Table S4). For these latter families, two groups of parasites clearly differ in their 

composition: Clade A on one side (with P. adleri and P. gaboni) and some species of Clade B on the 

other side (P. billcollinsi, P. reichenowi and P. praefalciparum and P. falciparum). P. blacklocki 

(Clade B) is intermediate in its composition. Such subdivision concerns for instance the largest gene 

family that is likely common to all other malaria species: the Plasmodium interspersed repeat family 

(pir, which includes the rif and 

stevor families in P. falciparum) 

(Fig. 4). This family has been 

proposed to be involved in 

important functions such as 

antigenic variation, immune 

evasion, signalling, trafficking, 

red cell rigidity and adhesion (24) 

and yet has expanded only in 

Clade B, after the P. blacklocki 

split. For other gene families, like 

the group of exported proteins 

hyp4, hyp5, mc-2tm and EPF1, 

they seem to have expanded only 

in P. praefalciparum and P. 

falciparum (and even more in P. falciparum for hyp4 and hyp5). Since the latter three are components 

of Maurer’s clefts, an organelle involved in protein export(25), some evolution of function in this 

organelle may have been an important precursor to human infection.  

Figure 4 Gene families in the Laverania. Distribution of genes encoding erythrocyte 
invasion ligands (RH and EBA genes) and other major multigene families. 
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Because Laverania are known to have varying host tropism and highly specific preferences for 

their host species, we looked at variations in gene number and relatedness between gorilla and 

chimpanzee specific parasites. Some stevor sequence types are differentially associated with 

chimpanzee or gorilla infecting parasites (Fig. S6). Interaction with host-factors could be a major role 

of the stevor family; expression on the infected erythrocyte surface and stevor binding to host 

glycophorin C in P. falciparum(26) have been reported.  

The family of acyl-CoA synthetase genes, reported to be expanded and diversified in P. 

falciparum (27) (Fig. S7A) are in fact expanded across in Laverania and have four fewer copies in P. 

falciparum. Three other gene families with significant differences within the Laverania, are namely 

DBLmsp, glycophorin binding protein and CLAG (Fig. S8). Focusing on protein domains within the 

subtelomeric families, the Plasmodium RESA N-terminal domain has clear host-specific differences in 

copy number variation in gorilla parasites compared to chimpanzee ones (Fig. S7B, Table S4B).  

 
Figure 5  species. A BLAST cut-off of 50% global identity was used. More connected domains are more similar. Maximum 
likelihood trees were generated for DBLα (B), and the conserved C terminal domain termed Acidic Terminal Sequence (ATS), 
(C). P. falciparum domains clustering with Clade A are indicated (*). The heatmap (D) shows the amount of var genes longer than 
2500bp and the frequency of domains per species 
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Preichenowi! 92! 77! 85! 60! 1! 27! 87! 49! 78! 18! 42! 0! 8! 1! 1! 2! 1! 1! 62!
Ppraefalciparum!112! 65! 85! 47! 7! 29! 92! 79! 70! 96! 81! 1! 29! 5! 5! 6! 5! 5! 94!
Pfalciparum! 67! 56! 56! 37! 2! 17! 59! 17! 52! 15! 15! 0! 6! 1! 1! 2! 1! 1! 59!

*!

*!

*!

pam 

pam 
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Evolution of var genes  

The var genes, crucial mediators of pathogenesis and virulence through cytoadherence and 

immune evasion, are the most studied and the best known P. falciparum gene family. These genes 

show striking difference between them in Clades A and B (Fig. 5). This gene family is unique to the 

Laverania and encodes proteins with variable numbers of highly polymorphic Duffy Binding Like 

(DBL) domains and cysteine rich interdomain regions (CIDR) involved in the interaction with specific 

host cell surface proteins, and a more conserved intracellular domain (8). DBL and CIDR domains 

have a number of subtypes identified in P. falciparum denoted by Greek letters. Our previous analysis 

of the P. reichenowi genome (6), and other recent studies on partial var genes from a subset of the 

Laverania (9), established the ancient origin of these sequences, their relationship to the current var 

repertoire of P. falciparum and the existence of unusual domains in P. gaboni. Here we show that the 

total domain composition and genomic organisation is conserved in Clade B parasites, with the 

exception of P. blacklocki (Fig. 5a; Fig. S9A). 

In contrast, the evolution of these genes in Clade A parasites (P. adleri and P. gaboni) and in P. 

blacklocki has followed a different course. They almost completely lack CIDR domains, have fewer 

DBLα domains but contain an excess of other DBL types and untypeable domains named x1 and x2 by 

Larremore et al. (9). Analysis of full length sequences however puts these latter domains within the 

DBLε subtype (Fig. S10). A tree of all of the DBLα domains highlights the fact that those of Clade A 

parasites are unusual (Fig. 5B). Moreover, clustering within the DBLα of Clade A is a DBLα 

pseudogene on chromosome 4 of both P. falciparum and P. praefalciparum that is isolated in these two 

species but is part of an additional internal var gene cluster in the other species. Furthermore, its 

sequence is highly conserved across all species suggesting that the pseudogene may still be functional.  

A further difference on chromosome 4 between Clade A and B parasites relates to the orientation 

of the internal var gene clusters (Fig. S9A). In all of the Clade B parasites they are transcribed from the 

reverse strand whereas in Clade A they are located on the forward strand. The orientations of these 

clusters could have implications on their relative capacities to recombine with other family members 

and create further diversity.  

If we compare sequence relatedness between each individual domain across all species then it is 

apparent that they have diverged widely. This is particularly evident in the CIDR and intracellular 

domains, suggesting that polymorphism in host receptors, the use of different receptors or changes in 

signalling may be driving the divergence (Fig. S10).  
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The number of DBL domains currently associated in P. falciparum with var2csa (DBLpam) has 

also increased in Clade A. This gene is involved in cytoadhesion to the placenta in placental malaria 

but is also a central intermediary in the process of switching between expressed var genes during 

antigenic variation (28). The DBLpam domains clearly have a different architecture in Clade A 

parasites and are absent from P. billcollinsi and amplified in P. praefalciparum implying that 

historically they may have had a different function (Fig. 5 and Fig. S10). In addition, though the overall 

similarity between P. falciparum var2csa genes is around 80%, we find in two P. praefalciparum 

parasites, var2csa genes that shares a 6kb region of 99.61% identity to a set of current P. falciparum 

field isolates (Fig. S9B) suggesting either introgression or long term functional conservation and strong 

purifying selection.  

 

P. falciparum-specific evolution 

To infer P. falciparum specific adaptive changes, we considered the P. falciparum / P. 

praefalciparum and P. reichenowi genome trios and then applied a branch-site test and calculated 

McDonald Kreitman (MK) ratios to detect events of positive selection that occurred in the P. 

falciparum lineage. The two tests identified 171 genes (out of 4,818) with signatures of positive 

selection in the human parasite species only (Table S5). Of these, 138 genes had a significant dN/dS 

ratio and 35 genes had an MK ratio significantly higher than 1. Two genes (rop14 and 

PF3D7_0609900) were significant in both tests. Among those 171 genes, almost half (n=83) encoded 

proteins of unknown function. Analysis of those with functional annotation indicated that genes 

involved in pathogenesis and/or the entry into host, in actin movement and organization and in drug 

response were significantly over-represented. Other genes, expressed in different stages of the P. 

falciparum life cycle (e.g. sera4 or emp3 involved during the erythrocytic stages, P230 involved in 

gametocytes, trsp or lisp1 involved in the hepatic stages or plp4, CelTOS or Cap380 involved in the 

mosquito stages) also showed a significant signal of adaptive evolution (Table S5).  

 

Discussion 

How did P. falciparum arise? We have shown that the successful infection of humans occurred 

quite recently, around 40,000-60,000 years ago, and involved numerous parasites rather than a single 

one as previously proposed. After the establishment in its new host, the parasite population went 

through a bottleneck around 5,000 years ago during the period of rapid human population expansion 

due to farming (Fig. 2C). Irrespective of the analytical approach used, across the subgenus, we found 
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entry into host, particularly red cells, to be crucial in determining host specificity. A key historic event 

in the eventual colonisation of humans is likely to have been the horizontal transfer of a region of 

chromosome 4 from P. adleri to the ancestor of P. falciparum / P. praefalciparum that contained both 

the rh5 and the cyrpA genes, the latter forming an essential complex with ripr/rh5 in the invasion 

process. Comparison of P. falciparum lines capable of infecting Aotus monkeys to those that cannot, 

suggests that rh5 is necessary but not sufficient for host transfer (29). We have identified in this gene 

sites that are host-specific, species-specific and praefalciparum/falciparum specific which taken 

together suggest that it is crucial to a host switch. To investigate what other changes must have been 

involved, we looked for genetic signatures shared by parasite species that infect the same primate host 

and identified some host specific signals within the core genomes. We have identified genes involved 

in sexual and mosquito stages together with a number of genes of unknown function expressed across 

the life cycle, the latter of which clearly require further investigation.  

Due to the completeness of the genomes, we were able to analyse subtelomeric gene families in 

detail. Because these families are intimately involved in host-parasite interactions we were surprised to 

discover that only one of them (stevor) showed evidence of host specific evolution. One feature of 

malaria parasites is their ability to continuously reinfect the same host throughout its life. This ability is 

due, at least in part, to the size and polymorphism of the var repertoire(30). It is likely that early in the 

evolution of this parasite, when host population sizes were relatively small, that this characteristic was 

essential to continue transmission and overcome herd immunity of a limited host population. We show 

that the var genes must have been present in the common ancestor of the Laverania but have evolved 

differently in the two major branches. However, the differences between the repertoires of Clade A and 

B parasites are not host specific, despite showing clear signs of species-specific evolution.  

The direct comparison of P. falciparum with P. praefalciparum identified differences in 

reticulocyte binding proteins (duplication of rh2 and pseudogenization of rh3), in gene dimorphism 

(msp1, msp3 and eba-175) and in adaptive evolution of genes expressed in the sexual stages. We also 

observe a reduced number of pir genes, a loss of four acyl-coA synthetases as well as a set of genes 

showing lineage specific signals of adaptive evolution at all stages of the life cycle.  

As a result of our analyses we propose the following series of events for the emergence of P. 

falciparum as a major human pathogen. First, facilitatory mutations are likely to have occurred in rh5 

that in the first instance allowed invasion of both gorilla and human red cells. Modern humans emerged 

more than 200,000 years ago (31) and existed as small isolated populations (11). Our evidence suggests 

that P. falciparum and P. praefalciparum started to diverge around 40,000-60,000 years ago. In the 

following 40,000 years with low population densities in humans and gorillas there would have not been 
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high selection pressure to optimise infectivity in either the hosts or vectors implying parasites would 

need to move between hosts but inefficiently. We find evidence for gene flow between lineages 

throughout this period. The expansion of the human population with the advent of farming likely led to 

strong evolutionary pressure for mosquito species (specifically Anopheles gambiae) to feed primarily 

on humans (32). Therefore, the existing human infective (P. falciparum) genotypes would be selected 

for human and appropriate vector success and the fittest would rapidly expand. Subsequent rapid 

accumulation of mutations that favoured growth in humans are likely to have occurred to increase 

human specific reproductive success that both produced a specific parasite genotype expansion (that 

would also appear as an emergence from a bottleneck) and also resulted in the much lower probability 

of a direct transfer of P. falciparum back to apes. Our estimate of the rapid expansion of P.falciparum 

within the last 5000 years is also consistent with the proposed timing of the population expansion of 

Anopheles(33) and with estimates of the age of haemoglobinopathies known to be protective against 

malaria(34). With experiments on gorillas and chimpanzees not possible it will be difficult directly to 

prove the precise combination of different alleles that allowed the emergence of P. falciparum. 

Nevertheless, the data and analyses presented here will be invaluable in future studies of host 

specificity in Plasmodium. 
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Fig. S1. (A) Maximum Likelihood tree and nucleotide diversity of Laverania isolates. Tree was 
obtained using the sequences of 424 genes (“Lav25st” set of orthologues). The results of the test of 
comparison of the polymorphism between and within host species are given on the right: 
polymorphism in P. falciparum “a” < polymorphism in the chimpanzee-infecting species “b” < 
polymorphism in the gorilla-infecting species “c”; within the chimpanzee-infecting species, 
polymorphism is lower in P. billcollinsi “d” and higher in P. gaboni “f”; within the gorilla-infecting 
species, polymorphism is lower in P. adleri “g” and higher in P. praefalciparum “h” (see 
Supplementary Text). (B) Identification of two P. praefalciparum lineages. (1) Extended majority rule 
tree, built using RAxMLv8.1.20(61) and the “Lav25st” set of 424 orthologues. The consensus tree, 
reveals two divergent praefalciparum lineages that seems however to recombine. Two examples of the 
observed single-gene tree topologies are shown. The first (2) is consistent with the consensus tree but 
the second (3) indicates that recombination has occurred between the two P. praefalciparum lineages. 
For readability we excluded the G0 in the names of the genotypes. 
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Fig. S2. Dimorphisms in the Laverania. (A) Examples of ancient dimorphisms based on maximum 
likelihood phylogenetic trees. Dimorphism in msp1 arose in the P. falciparum–P. 
praefalciparum ancestor, after the divergence of P. reichenowi and dimorphism in var1csa evolved in 
the P. reichenowi–P. praefalciparum–P. falciparum ancestor after the divergence of P. 
billcollinsi.   There is also evidence of a bi-allelic distribution of msp3 in P. falciparum, P. 
praefalciparum and P. reichenowi. (B) Dimorphism in eba-175 is more recent. The alignment 
shown two mutually exclusive indels (arrow) in the P. falciparum sequences, not present in 
other Laverania species. The colours represent different nucleotides. For the P. falciparum sequences, 
we used full sequences from the Pf3K dataset (Supplementary Materials).  
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Fig. S3. Interspecific gene transfer and convergent evolution in the 3’ end of the chromosome 4. (A) Support for interspecific gene 
transfer between the gorilla-infecting species P. adleri and the common ancestor of P. praefalciparum and P. falciparum. The topologies 
observed in the coding and intergenic regions of the end of chromosome 4 are given. (B) The analysis of relative genetic distances in the rh5 
region and in the other regions of the genome also support the interspecies transfer. (C) Convergent evolution in the rh5 gene. Amino acid 
alignment of the rh5 region that carries the significant fixed difference between parasites infecting the chimpanzees and those infecting 
gorillas (red stars). The positions in the alignment of the 19 strains with rh5 sequence available is given at the top, while the positions at the 
bottom of the alignments correspond to the position in the P. falciparum 3D7 sequence. Green circles indicate positions that are known to be 
involved in the interaction with the human receptor Basigin.

A

PF3D7_0423600 ETRAMP4 RH5

EBA-165
Topology:

A A A

B

CDS:

Intergenic regions:

3 No P. blacklocki , P. billcollinsi & P. adleri sequence data available

PF3D7_0424000

RH4PF3D7_0423900

CyRPA

1 No P. blacklocki sequence data available

A

A A

BB1B

B1,2B1 B NA3

2 Short alignment (77 nt)

D(P.adlerLí3�falci/P.adlerLí3�JDERQL)

D
e
n
s
it
y

4
2 3 1

1. CyRPA
2. PF3D7_0423900
3. PF3D7_0424000
4. RH5

4
3

1
2

D(3�UHLFKHQRZLí3�JDERQL�3�DGOHrLí3�JDERQL)

4 1 32

D(3�EODFNORFNLí3�JDERQL�3�DGOHrLí3�JDERQL)D(P.adlerLí3�prae/P.adlerLí3�JDERQL)

24 1

B

0.0

0.1

0.2

0.3

0 10 20 0 10 20 0 10 20

0.0

0.1

0.2

0.3

0.4

0 10 20

P��ELOOFROOLQVL

P��UHLFKHQRZL

P��JDERQL

P. adleri

P. praefalciparum

P. falciparum

P��EODFNORFNL

Species tree Topology A

P��ELOOFROOLQVL

P��UHLFKHQRZL

P��JDERQL

P. adleri

P. praefalciparum

P. falciparum

P��EODFNORFNL

P��ELOOFROOLQVL

P��UHLFKHQRZL

P. adleri

P��EODFNORFNL

P. praefalciparum

P. falciparum

P��JDERQL

Topology B

C

*

5’ 3’

3’ 5’

B

P��ELOOFROOLQVL

P��UHLFKHQRZL

P��JDERQL

P. adleri

P. praefalciparum

P. falciparum

P��EODFNORFNL

1 262

----------------MNLSKCFSLQNAIKKTKYQENNLTLLPIKSTEEEKYGIKRKDIE--NANDIKNDIDNDKKNVKINNVKDHSTYIKSYLNTNVNDGLKYLFMPSHDSYIKKYSLFNKKNDSILLNEKNDVNNN----NKVDYKNVNFLQYDFKGLSNYNIADSIDIVQEKEGHLDFIIIPHYSYIEYCKHLSLISVLHRLSTYEKYKDVIAFFNDINKRYDKVKDKCNEIKNDLITTIKKLEHPYDVNNKNEDSYIYDTFEGIDA--
----------------MNLSKCLSFENAKKKTKNQENNLTLLPIKSSEEEKSNIKHKDIGNVNKDDINNDIDNDKKDVKINNVKDHSTYIKSYLNKNVNDGLKYLFMPSHNAYIKKYSLFNKMNDDMLLNEKKDVNNNKEDDKNINHKNVNFLQNDFKGLPKNNIADSIDIVQEKEGHLDFIIIPYYSHVEYCKHLSIISVFHRLSTYGEYKDVIAFVKNINEKYDKVKDKCNEIKNDLITTIKKLENPHDVNNKNEDSNIYNTFEDIDDI-
----------------MNLSKCLSFENAKKKTKNQENNLTLLPIKSSEEEKSNIKHKDIGNVNKDDINNDIDNDKKDVKINNVKDHSTYIKSYLNKNVNDGLKYLFMPSHNAYIKKYSLFNKMNDDMLLNEKKDVNNNKEDDKNINHKNVNFLQNDFKGLPKNNIADSIDIVQEKEGHLDFIIIPYYSHVEYCKHLSIISVFHRLSTYGEYKDVIAFVKNINEKYDKVKDKCNEIKNDLITTIKKLENPHDVNNKNEDSNIYNTFEDIDDI-
----------------MNLSKCLSFENAKKKTKNQENNLTLLPIKSSEEEKSNIKHKDIGNVNKDDINNDIDNDKKDVKINNVKDHSTYIKSYLNKNVNDGLKYLFMPSHNAYIKKYSLFNKMNDDMLLNEKKDVNNNKEDDKNINHKNVNFLQNDFKGLPKNNIADSIDIVQEREGHLDFIIIPYYSHVEYCKHLSIISVFHRLSTYGEYKDVIAFVKNINEKYDKVKDKCNEIKNDLITTIKKLENPHDVNNKNEDSNIYNTFEDIDDI-
MIRIKKKIILSILYIHLFILNSLSFENAKKKTKNQENNLTLLPIKSSEEEKSNIKHKDIGNVNKDDINNDIDNDKKDVKISNVKDHSTYIKSYLNKNVNDGLKYLFMPSHNAYIKKYSLFNKMNNDMLLNEKKDVNNNKEDDKNINHKNVNFLQNDFKGLPKNNIADSIDIVQDKEGHLDFIIIPYYSHVEYCKHLSIISVFHRLSTYGEYKDVIAFVKNINEKYDKVKDKCNEIKNDLITTIKKLENPHDVNNKNEDSNIYNTFEDIDDI-
MIRIKKKLILTILYIHLFILNRLSFENAIKKTKNQENNLTLLPIKSTEEEKSDIK-------NKKDIKKEIDNDKENIKRNNATDHSTYIKSYLNINVNDGLKYLFMPSHNSFIKKYSVLNQINDGMLENKKNDVKNN-EDHNNVDYKNVNFLQYDFKELSNYNIADSIDIIQEKEGHLDFIIIPYYIYIDYHKHISYNSIYHKLSTFWKYKDVDAFIKNINEKYDQVKSKCNDINNDLIATIKKLEHPYDINNKNEDSYRYDISEEIDD--
MIRIKKKLILTILYIHLFILNRLSFENAIKKTKNQENNLTLLPIKSTEEEKSDIK-------NKKDIKKEIDNDKENIKRNNATDHSTYIKSYLNINVNDGLKYLFMPSHNSFIKKYSVLNQINDGMLENKKNDVKNN-EDHNNVDYKNVNFLQYDFKELSNYNIADSIDIIQEKEGHLDFIIIPYYIYIDYHKHISYNSIYHKLSTFWKYKDVDAFIKNINEKYDQVKSKCNDINNDLIATIKKLEHPYDINNKNEDSYRYDISEEIDD--
MIRIKKKLILTILYIHLFILNRLSFENAIKKTKNQENNLTLLPIKSTEEEKSDIK-------NKKDIKKEIDNDKENIKRNNATDHSTYIKSYLNINVNDGLKYLFMPSHNSFIKKYSVLNQINDGMLENKKNDVKNN-EDHNNVDYKNVNFLQYDFKELSNYNIADSIDIIQEKEGHLDFIIIPYYIYIDYHKHISYNSIYHKLSTFWKYKDVDAFIKNINEKYDQVKSKCNDINNDLIATIKKLEHPYDINNKNEDSYRYDISEEIDD--
MIRIKKKLILTILYIHLFILNRLSFENAIKKTKNQENNLTLLPIKSTEEEKNDIK-------NTKDIKKEIDNDKENIKRNNATDHSTYIKSYLNTNVNDGLKYLFMPSHNSFIKKYSVLNQINDGMLENKKNDVKNN-EDHKNVDYKNVNFLQYDFKELSNYNIADSIDIIQEKEGHLDFIIIPYYIYIDYHKHISYNSIYHKLSTFWKYKDVDAFIKNINEKYDQVKSKCNDINNDLIATIKKLEHPYDINNKNEDSYRYDISEEIDD--
MRRIKKKIIFTILYIHLFILNSLSFENAVKKTKNQENNLALLPIKSTEEEKYGIKQKDIENSNENDIKKDRDNDKKNVKINNVTDHSTYIKSYLNRNVNDGLKFLFIPSHNAYVKKYSLFNKMNDDILLNEKNDVNNNKEDNKNINNKNVNFLQYDFKGLSKYSTADSIDIVQEKEGHLDFIIIPFYSYVDYCKHISINSVFHRLSTYIKYKDVLAFFKNINERYEKVKDKCNEIKNDLITTINKIEHPYDINNKNEDSYIYETIEDIDD--
MIRIKKKLILTIIYIHLFILNRLSFENAIKKTKNQENNLTLLPIKSTEEEKNDIK-------NGKDIKKEIDNDKENIKTNNIKDHSTYIKSYLNTNVNDGLKYLFIPSHNSFIKKYSVFNQINDGMLLNEKNDVKNN-EDYKNVDYKNVNFLQYVFKELSNYNIADSIDIFQEKEGHLDFVIIPHYTFLDYYKHLSYNSIYHKYSTHGMYIGVDAFIKKINERYDQVKSKCNDIKNDLIGTIKKLEHPYDINNKNDDSYRYDISEEIDD--
MIRIKKKLILTIIYIHLFILNRLSFENAIKKTKNQENNLTLLPIKSTEEEKNDIK-------NGKDIKKEIDNDKENIKTNNIKDHSTYIKSYLNTNVNDGLKYLFIPSHNSFIKKYSVFNQINDGMLLNEKNDVKNN-EDYKNVDYKNVNFLQYVFKELSNYNIADSIDIFQEKEGHLDFVIIPHYTFLDYYKHLSYNSIYHKYSTHGMYIGVDAFIKKINERYDQVKSKCNDIKNDLIGTIKKLEHPYDINNKNDDSYRYDISEEIDD--
MIRIKKKLILTIIYIHLFILNRLSFENAIKKTKNQENNLTLLPIKSTEEEKDDIK-------NGKDIKKEIDNDKENIKTNNAKDHSTYIKSYLNTNVNDGLKYLFIPSHNSFIKKYSVFNQINDGMLLNEKNDVKNN-EDYKNVDYKNVNFLQYDFKELSNYNIANSIDILQEKEGHLDFVIIPHYTFLDYYKHLSYNSIYHKYSTHGKYIAVDAFIKKINERYDQVKSKCNDIKNDLIATIKKLEHPYDINNKNDDSYRYDISEEIDDKS
MIRIKKKLILTIIYIHLFILNRLSFENAIKKTKNQENNLTLLPIKSTEEEKDDIK-------NGKDIKKEIDNDKENIKTNNAKDHSTYIKSYLNTNVNDGLKYLFIPSHNSFIKKYSVFNQINDGMLLNEKNDVKNN-EDYKNVDYKNVNFLQYDFKELSNYNIANSIDILQEKEGHLDFVIIPHYTFLDYYKHLSYNSIYHKYSTHGKYIAVDAFIKKINERYDQVKSKCNDIKNDLIATIKKLEHPYDINNKNDDSYRYDISEEIDDKS
MIRIKKKLILTIIYIHLFILNRLSFENAIKKTKNQENNLTLLPIKSTEEEKDDIK-------NGKDIKKEIDNDKENIKTNNAKDHSTYIKSYLNTNVNDGLKYLFIPSHNSFIKKYSVFNQINDGMLLNEKNDVKNN-EDYKNVDYKNVNFLQYHFKELSNYNIANSIDILQEKEGHLDFVIIPHYTFLDYYKHLSYNSIYHKYSTYGKYIAVDAFIKKINETYDKVKSKCNDIKNDLIATIKKLEHPYDINNKNDDSYRYDISEEIDD--
MIRIKKKLILTIIYIHLFILNRLSFENAIKKTKNQENNLTLLPIKSTEEEKDDIK-------NGKDIKKEIDNDKENIKTNNAKDHSTYIKSYLNTNVNDGLKYLFIPSHNSFIKKYSVFNQINDGMLLNEKNDVKNN-EDYKNVDYKNVNFLQYHFKELSNYNIANSIDILQEKEGHLDFVIIPHYTFLDYYKHLSYNSIYHKSSTYGKYIAVDAFIKKINETYDKVKSKCNDIKNDLIATIKKLEHPYDINNKNDDSYRYDISEEIDD--
MIRIKKKLILTIIYIHLFILNRLSFENAIKKTKNQENNLTLLPIKSTEEEKDDIK-------NGKDIKKEIDNDKENIKTNNAKDHSTYIKSYLNTNVNDGLKYLFIPSHNSFIKKYSVFNQINDGMLLNEKNDVKNN-EDYKNVDYKNVNFLQYHFKELSNYNIANSIDILQEKEGHLDFVIIPHYTFLDYYKHLSYNSIYHKSSTYGKYIAVDAFIKKINETYDKVKSKCNDIKNDLIATIKKLEHPYDINNKNDDSYRYDISEEIDD--
MIRIKKKLILTIIYIHLFILNRLSFENAIKKTKNQENNLTLLPIKSTEEEKDDIK-------NGKDIKKEIDNDKENIKTNNAKDHSTYIKSYLNTNVNDGLKYLFIPSHNSFIKKYSVFNQINDGMLLNEKNDVKNN-EDYKNVDYKNVNFLQYHFKELSNYNIANSIDILQEKEGHLDFVIIPHYTFLDYYKHLSYNSIYHKSSTYGKCIAVDAFIKKINETYDKVKSKCNDIKNDLIATIKKLEHPYDINNKNDDSYRYDISEEIDD--
MIRIKKKLILTIIYIHLFILNRLSFENAIKKTKNQENNLTLLPIKSTEEEKDDIK-------NGKDIKKEIDNDKENIKTNNAKDHSTYIKSYLNTNVNDGLKYLFIPSHNSFIKKYSVFNQINDGMLLNEKNDVKNN-EDYKNVDYKNVNFLQYHFKELSNYNIANSIDILQEKEGHLDFVIIPHYTFLDYYKHLSYNSIYHKSSTYGKCIAVDAFIKKINETYDKVKSKCNDIKNDLIATIKKLEHPYDINNKNDDSYRYDISEEIDD--

263 526

-----KSKDIEDQTEDVDDTMEDIESDNTSPNKKKYHFMNKTYKKMMEEYNKKKNKLVQCIKNNENDFNNICMDMKKYGTNLFEQISCDNNNFCNTNGIKNNYIYYIREGILSTKSKNLNKDILDMTaNILEQSELLLINLNKKMSSHIYIDTIKFIHEEMKYIFKKIQHHTNIIIDKIKIIEDKIKLNTNRTFPKDILLQTILDLPNEYALFITSDLLRKMLYNTFYSKEKHLHSLFHHLIYVLQIKFNDVPLNKEYFQLYKNNKSLIQ-
-----YEDDVQDQLEYVYDTIEDADSDNTHPNKKKYHLINRTYKKMMDEYNLKKNKLIQCIKNNEPDFNNIYMDIKNYSTNRFENISCDNINFCNTNGIKNHYIYYIEKEMLAIKSKDLNKDIKDMTSILQQSELLLINLNKKMGSYIYIDTIKFIHKEMKYIFKRIEHHTNIIIDKIKIIDDKYKISINKTFPKNILLPKILDLSNEYALFITSSTLRQMLYNTFYTKEKHLHNLFHHLIYVLQIKFNDVPVHMEYFPLYKKKKILTQ-
-----YEDDVQDQLEYVYDTIEDADSDNTHPNKKKYHLINRTYKKMMDEYNLKKNKLIQCIKNNEPDFNNIYMDIKNYSTNRFENISCDNINFCNTNGIKNHYIYYIEKEMLAIKSKDLNKDIKDMTSILQQSELLLINLNKKMGSYIYIDTIKFIHKEMKYIFKRIEHHTNIIIDKIKIIDDKYKISINKTFPKNILLPKILDLSNEYALFITSSTLRQMLYNTFYTKEKHLHNLFHHLIYVLQIKFNDVPVHMEYFPLYKKKKILTQ-
-----YEDDMQDQLEYVYDTIEDADSDNTHPNKKKYHLINRTYKKMMDEYNLKKNKLIQCIKNNEPDFNNIYMDIKNYSTNRFENISCDNINFCNTNGIKNHYIYYIEKEMLAIKSKDLNKDIKDMTNILQQSELLLINLNKKMGSYIYIDTIKFIHKEMKYIFKRIEHHTNIIIDKIKIIDDKYKISINKTFPKNILLPKILDLSNEYALFITSSTLRQMLYNTFYTKEKHLHNLFHHLIYVLQIKFNDVPVHMEYFPLYKKKKILTQ-
-----YEDDMQDQLEYVYDTIEDADSDNTHPNKKKYHLINRTYKKMMDEYNLKKNKLIQCIKNNEPDFNNIYMDIKNYSTNRFENISCDNINFCNTNGIKNHYIYYIEKEMLAIKSKDLNKDIKDMTSILQQSELLLINLNKKMGSYIYIDTIKFIHKEMKYIFKRIEHHTNIIIDKIKIIDDKYKISINKTFPKNILLPKILDLSNEYALFITSSTLRQMLYNTFYTKEKHLHNLFHHLIYVLQIKFNDVPVHMEYFPLYKKKKILTQ-
-----RSEETDEEIEEVEDNIQDTDSSNTPSNNKKNDLMNRTFKKMMDEYNTKKNKLIQCIKNHENDFNKICMDMKNFSTNLFQQISCDNINFCDTNGIKYHYDEYINKRILSIKSINLNKDISDMTNILQQSELLLTNLNKKMGSYIYIDTIKFIHKEMKHILKRIQYHTNIINDKTKIIQDKIKLNTWRTFQKDELLKRILDLSNEYSLFITSDDLRQMLYKTFYSKEKYLHNIFHHLIYVLQMKFNDVPIKMEYFQTYKNKKPLTQ-
-----RSEETDEEIEEVEDNIQDTDSSNTPSNNKKNDLMNRTFKKMMDEYNTKKNKLIQCIKNHENDFNKICMDMKNFSTNLFQQISCDNINFCDTNGIKYHYDEYINKRILSIKSINLNKDISDMTNILQQSELLLTNLNKKMGSYIYIDTIKFIHKEMKHILKRIQYHTNIINDKTKIIQDKIKLNTWRTFQKDELLKRILDLSNEYSLFITSDDLRQMLYKTFYSKEKYLHNIFHHLIYVLQMKFNDVPIKMEYFQTYKNKKPLTQ-
-----RSEETDEEIEEVEDNIQDTDSSNTPSNNKKNDLMNRTFKKMMDEYNTKKNKLIQCIKNHENDFNKICMDMKNFSTNLFQQISCDNINFCDTNGIKYHYDEYINKRILSIKSINLNKDISDMTNILQQSELLLTNLNKKMGSYIYIDTIKFIHKEMKHILKRIQYHTNIINDKTKIIQDKIKLNTWRTFQKDELLKRILDLSNEYSLFITSDDLRQMLYKTFYSKEKYLHNIFHHLIYVLQMKFNDVPIKMEYFQTYKNKKPLTQ-
-----RSEETDEEIEEVEDNIQDTDSSNTPSNNKKNDLMNRTFKKMMDEYNTKKNKLIQCIKNHENDFNKICMDMKNFSTNLFQQISCDNINFCDTNGIKYHYDEYINKRILSIKSINLNKDISDMTNILQQSELLLTNLNKKMGSYIYIDTIKFIHKEMKHILKRIEYHTNIINDKTKIIQDKIKLNTWRTFQKDELLKRILDLSNEYSLFITSDDLRQMLYKTFYSKEKYLHNIFHHLIYVLQMKFNDVPIKMEYFQTYKKKKPLTQ-
-----RSEDMDDEIEDVDDTIEDTDSDNTPPNKKKYHFMNRTYKKMMEEYNTKKNKLIQCIKNNENDFNNIYTDVKKYSTNLFEQISCDNIKFCNSNGIRMHYEDYVHKKIISIKSKNLNKDILEMTNIIQQSELLLINLNKKMCSYIYINTIKFIHNEMKYILTRIQHHTNIIINKTKIIEDKIKLYLNRTFPKDILLQNISYISNEYALFITSDVVRQMLYNTFYSKEKHLHKIFNHLIYVLQIKFDDVPIKMEYFQVNKKNKPLSQ-
-----KSEETDDETEEVEDSIQDTDSNHTPSNKKKNDLMNRTFKKMMNEYNTKKNKLIKCIKNHENDFNKICMDMKNYGTKLFQQISCYNNNFCNTNGIRYHYDEYILKIILSVKSKNLNKDLSDMTNILQQSELLLTNLNKKMSSHIYIDTIKFIHKEMKHILKRIEYHTKIINDKNKIIQDKIKLNIWRTFQKDELLKRILDMSNEYSLFITSDHLRQMLYNTFYSKEKHLNNIFHHLIYVLQMKFNDVPIKMEYFQTYKKNKPLTQ-
-----KSEETDDETEEVEDSIQDTDSNHTPSNKKKNDLMNRTFKKMMNEYNTKKNKLIKCIKNHENDFNKICMDMKNYGTKLFQQISCYNNNFCNTNGIRYHYDEYILKIILSVKSKNLNKDLSDMTNILQQSELLLTNLNKKMSSHIYIDTIKFIHKEMKHILKRIEYHTKIINDKNKIIQDKIKLNIWRTFQKDELLKRILDMSNEYSLFITSDHLRQMLYNTFYSKEKHLNNIFHHLIYVLQMKFNDVPIKMEYFQTYKKNKPLTQ-
EEIDDKSEETDDETEEVEDSIQDTDSNHTPSKKKKNDLMNRTFKKMMDEYNTKKKKLIKCIKNHENDFNKICMDMKNYGTNLFEQLSCYNNNFCNTNGIRYHYDEYIHKLILSIKSKNLNKDLSDMTNILQQSELLLTNLNKKMGSYIYIDTIKFIHKEMKHIFNRIEYHTKIINDKTKIIQDKIKLNIWRTFQKDELLKRILDMSNEYSLFITSDHLRQMLYNTFYSKEKHLNNIFHHLIYVLQMKFNDVPIKMEYFQTYKKNKPLTQ-
EEIDDKSEETDDETEEVEDSIQDTDSNHTPSKKKKNDLMNRTFKKMMDEYNTKKKKLIKCIKNHENDFNKICMDMKNYGTNLFEQLSCYNNNFCNTNGIRYHYDEYIHKLILSIKSKNLNKDLSDMTNILQQSELLLTNLNKKMGSYIYIDTIKFIHKEMKHIFNRIEYHTKIINDKTKIIQDKIKLNIWRTFQKDELLKRILDMSNEYSLFITSDHLRQMLYNTFYSKEKHLNNIFHHLIYVLQMKFNDVPIKMEYFQTYKKNKPL???
-----KSEETDDETEEVEDSIQDTDSNHTPSNKKKNDLMNRTFKKMMDEYNTKKKKLIKCIKNHENDFNKICMDMKNYGTNLFEQLSCYNNNFCNTNGIRFHYDEYIHKLILSVKSKNLNKDLSDMTNILQQSELLLTNLNKKMGSYIYIDTIKFIHKEMKHIFNRIEYHTKIINDKTKIIQDKIKLNIWRTFQKDELLKRILDMSNEYSLFITSDHLRQMLYNTFYSKEKHLNNIFHHLIYVLQMKFNDVPIKMEYFQTYKKNKPLTQ-
-----KSEETDDETEEVEDSIQDTDSNHTPSNKKKNDLMNRTFKKMMDEYNTKKKKLIKCIKNHENDFNKICMDMKNYGTNLFEQLSCYNNNFCNTNGIRYHYDEYIHKLILSVKSKNLNKDLSDMTNILQQSELLLTNLNKKMGSYIYIDTIKFIHKEMKHIFNRIEYHTKIINDKTKIIQDKIKLNIWRTFQKDELLKRILDMSNEYSLFITSDHLRQMLYNTFYSKEKHLNNIFHHLIYVLQMKFNDVPIKMEYFQTYKKNKPLTQ-
-----KSEETDDETEEVEDSIQDTDSNHTPSNKKKNDLMNRTFKKMMDEYNTKKKKLIKCIKNHENDFNKICMDMKNYGTNLFEQLSCYNNNFCNTNGIRYHYDEYIHKLILSVKSKNLNKDLSDMTNILQQSELLLTNLNKKMGSYIYIDTIKFIHKEMKHIFNRIEYHTKIINDKTKIIQDKIKLNIWRTFQKDELLKRILDMSNEYSLFITSDHLRQMLYNTFYSKEKHLNNIFHHLIYVLQMKFNDVPIKMEYFQTYKKNKPLTQ-
-----KSEETDDETEEVEDSIQDTDSNHTPSNKKKNDLMNRTFKKMMDEYNTKKKKLIKCIKNHENDFNKICMDMKNYGTNLFEQLSCYNNNFCNTNGIRYHYDEYIHKLILSVKSKNLNKDLSDMTNILQQSELLLTNLNKKMGSYIYIDTMKFIHKEMKHIFNRIEYHTKIINDKTKIIQDKIKLNIWRTFQKDELLKRILDMSNEYSLFITSDHLRQMLYNTFYSKEKHLNNIFHHLIYVLQMKFNDVPIKMEYFQTYKKNKPLTQ-
-----KSEETDDETEEVEDSIQDTDSNHTPSNKKKNDLMNRTFKKMMDEYNTKKKKLIKCIKNHENDFNKICMDMKNYGTNLFEQLSCYNNNFCNTNGIRYHYDEYIHKLILSVKSKNLNKDLSDMTNILQQSELLLTNLNKKMGSYIYIDTIKFIHKEMKHIFNRIEYHTKIINDKTKIIQDKIKLNIWRTFQKDELLKRILDMSNEYSLFITSDHLRQMLYNTFYSKEKHLNNIFHHLIYVLQMKFNDVPIKMEYFQTYKKNKPLTQ-

*P��ELOOFROOLQVL

P��UHLFKHQRZL

P��JDERQL

P. adleri

P. praefalciparum

P. falciparum

P��EODFNORFNL



  

 
 

 

 

 

 

 

 

 

 

 

Fig.S4. Tree topology tests. The species tree (topology A) and the topologies that differ 

significantly from the species tree topology – when sufficient phylogenic information was 

available – are given. 
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Fig. S5. Relationships between number of divergent and convergent substitutions for each 

branch pair of the Laverania species tree. Relationships are provided for each chromosome (1-

14). See Material and Methods for details.  
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Fig. S6. Similarity between stevor genes. (A). Similarity matrix of the stevor genes. The 
similarity matrix was generated through a BLASTp (expect-val ≤1e-6) and then clustered 
through the ward2 algorithm in R. Every row and column represents a gene. (B) The dendrogram 
on the left hand side shows the clustering and similarity between the genes. The binary blue 
barcode shows in which species each gene copy is present. Different groups can be seen. One 
cluster has is no present in chimpanzee parasites (black dotted box). Pf - P. falciparum, Pprf P. 
praefalciparum, Pr - P. reichenowi, Pbilc - P. billcollinsi, Pblac - P. blacklocki, Pgab - P. 
gaboni and Padl - P. adleri. b. Maximum likelihood tree of the same data. 
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Fig. S7. Acyl-CoA Synthetase expansion on Chromosome 9 and Resa domains. (A) ACT 
view of five genomes, at the right hand side of chromosome 9. The grey areas indicate co-
linearity. P. falciparum has lost this region with four Acyl-coA synthase genes, as this locus is 
conserved in the other species. (B) Similarity matrix of all genes containing the Resa Pfam 
domain. The similarity matrix was generated through a BLASTp (expect-val ≤1e-6) and then 
clustered through the ward2 algorithm in R. Every row and column represents a gene. The 
dendrogram on the left hand side shows the clustering and similarity between the genes. The 

A!

B!

Syntenic in all!
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binary blue barcode indicates species and gene annotation. Most of the genes are well distributed 
between the species, the genes annotated as exported proteins (red dotted box), cluster by species 
and do not occur in Clade A. Some of the PhistA genes seem also to cluster by species (red 
dotted box). Pf - P. falciparum, Pprf P. praefalciparum, Pr - P. reichenowi, Pbilc - P. 
billcollinsi, Pblac - P. blacklocki, Pgab - P. gaboni and Padl - P. adleri  
 

 
 
Fig. S8. Phylogenetic analysis of gene families. Example of three families that show 
differences within the Laverania. (A) The putative glycophorin binding proteins form four 
distinct groups. One group contains sequence from all species. The remaining groups are clade, 
host or species sub-group specific. (B) Differences in the DBLmsp that are expanded in Clade A. 
The DBLmsp2 is a pseudo gene (*) in Pr. (c) Expansion of clag genes in Clade A. 
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Fig. 
S9. Composition, structure and evolution of var genes within Laverania. (A) Schematic of 2nd 
internal var genes cluster of chromosome 4 in the seven Laverania species. In the Clade A & P. 
blacklocki, the orientation of the var genes is different compared to that of the other species. 
Also the high GC ruf (RNA of Unknown function) elements, in circles, do not occur in those 
genomes. Last it can be also seen that the size of the var genes between the species is different.  
(B) shows a conserved var2csa between P. falciparum and P. praefalciparum where 6kb is 
shared between species with over 99% identity. Total length of the alignment is longer than 
12kb. 
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Fig. S10. Diversity of var genes domains. Annotated similarity matrix between all the domains 
of the Laverania of Fig. 5, including their species attribution and their cluster attribution. The 
similarity matrix shows the score of the BLASTp between the domains. It was clustered with the 
ward2 algorithm in R. The dendrogram is on the left hand side. Each row (column) presents 
therefore one domain and shows its score of similarity to the other 2,547 domains and itself. To 
each row is associated on the left the domain type and on the right the species it comes from. (A) 
Similarity matrix based on the 2548 domains. This figures shows that the ATS (acidic terminal 
sequence) and NTS (N-terminal sequence) are very distinct. The DBL domains on the other side have 
more similarity between themselves. Importantly, the genes on the top are similar to each other, 
but they are annotated as different domains. The DBLn domain is a domain where the duffy 
binding like Pfam domain had a higher score than the other domains from the vardom server 
(http://www.cbs.dtu.dk/services/VarDom/). (B) To understand the diversity of DBLε and DBLn and to 
compare it to the newly described DBLx, a similarity matrix of all domains annotated as DBLε, 
DBLn, DBLpam1 and DBLx labeled sequences, see Supplemental Information C. It can be seen 
that have domains are similar to each other and that the DBLx labeled sequences as defined by 
Larremore et al(9)  cluster within the DBLε domains. Pf - P. falciparum, Pprf P. praefalciparum, 
Pr - P. reichenowi, Pbilc - P. billcollinsi, Pblac - P. blacklocki, Pgab - P. gaboni and Padl - P. 
adleri. 
 

 

 

 



  

 
Table S1. Multiple infections in Laverania samples 
Further information on the primates. Samples were analysed for the presence of multiple-species infections by mapping reads to 
reference datasets, assembled de novo from Pacific Biosciences reads. Host contamination was identified by mapping against the 
human genome and removed prior to analysis.  
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Table S2. Estimated dates of speciation (time to coalescence), effective population size (Ne) and migration rates for present and 
ancestral Laverania populations.  Values inferred using GPhoCS coalescence model. The results are presented from 
sequence alignments of coding (genic) regions as well as intergenic regions with and without UTR sequences. The coalescence 
model parameters have been scaled based on an assumption of 402–681 mitotic events per year. The number in the brackets is 
the range based on the prediction (95% confidence interval). Values with (*) are linear obtained estimates, as we were not able 

Intergenic, 
no UTR

1.9 - 3.2 0.4 - 0.7 0.4 - 0.7
(1.8 - 3.4) (0 - 2.1) (0 - 2.1)

P. praefalciparum Present NA NA NA 8.8 - 14.8 12.2 - 20.7 10 - 17 Pf 0.02 0.14 0.16
(8.1 - 16) (11.6 - 21.8) (9.2 - 18.4)  (0.0 - 0.03)  (0.09- 0.19) (0.08- 0.27)

NA NA NA 11.3 - 19.2 15.9 - 26.9 12.3 - 20.7 NA 0 0 0
(3.7 - 19.9) (15.4 - 27.7) (11.7 - 21.8)

P. billcollinsi Present NA NA NA 9.3 - 15.8 - - NA 0 - -
(8.9 - 16.5)

P. gaboni Present NA NA NA 18.1 - 30.6 - - NA 0 - -
(17.6 - 31.6)

P. adleri Present NA NA NA 17.7 - 29.9 - - NA 0 - -
(16.9 - 31.2)

0.2 - 0.3 0.5 - 0.8 0.4 - 0.6 6.5 - 11.1 16.5 - 27.9 12.4 - 21 NA 0 0 0
(0.1 - 0.3) (0.4 - 0.8) (0.3 - 0.7) (6 - 11.9) (15.4 - 29.7) (11.1 - 23.2)
0.9 - 1.5 1.6 - 2.7 1.4 - 2.3 29.7 - 50.3 68.6 - 116.2 42.3 - 71.5 NA 0 0 0

(0.8 - 1.5) (1.5 - 2.7) (1.3 - 2.4) (27.7 - 53.7) (65.4 - 121.6) (39.1 - 77.1)
2.3 - 4 4.2 - 7.1* 3.7 - 6.2* 65.8 - 111.3 - - Pgab - Padl 0.61 - -

(2.3 - 4) (62 - 118.5) (0.45 - 0.77)
0.9 - 1.4 1.5 - 2.6* 1.3 - 2.2* 28.3 - 47.9 - - NA 0 - -

(0.8 - 1.5) (26.7 - 50.7)
4.5 - 7.6 8.1 - 13.6* 7 - 11.8* 98.9 - 167.4 - - NA 0 - -
(4.2 - 8) (93.2 - 178.4)

P. reichenowi Present

AncestralPf - Pprf - Pr

Pf - Pprf - Pr - 
Pbilc Ancestral

AncestralPgab - Padl

Pf - Pprf - Pr - 
Pbilc - Pgab - Padl Ancestral

Population Status

Pf - Pprf Ancestral

0 0 0

Coalescence, years (x 105) Effective Population size, Ne (x 105) Migration 
target

Probably of Parasite Migration 

Genic Intergenic Intergenic, 
no UTR Genic Intergenic Genic Intergenic Intergenic, 

no UTR

P. falciparum Present NA NA NA NA
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to obtain good alignments between those species due to the low GC content. The migration rate refers to the probability of a 
parasite from the source lineage migrating into the target over the time period. The data from these estimates are presented 
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