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Abstract

The genus Plasmodium is a diversified group of parasites with more than 200 known species that 

includes those causing malaria in humans. These parasites use numerous proteins in a complex 

process that allows them to invade the red blood cells of their vertebrate hosts. Many of those 

proteins are part of multi-gene families; one of which is the merozoite surface protein-3 (msp3) 

family. The msp3 multi-gene family is considered important in the two main human parasites, 

Plasmodium vivax and Plasmodium falciparum, as its paralogs are simultaneously expressed in the 

blood stage (merozoite) and are immunogenic. There are large differences among Plasmodium 

species in the number of paralogs in this family. Such differences have been previously explained, 

in part, as adaptations that allow the different Plasmodium species to invade their hosts. To 

investigate this, we characterized the array containing msp3 genes among several Plasmodium 

species, including P. falciparum and P. vivax. We first found no evidence indicating that the msp3 

family of P. falciparum was homologous to that of P. vivax. Subsequently, by focusing on the 

diverse clade of nonhuman primate parasites to which P. vivax is closely related, where homology 

was evident, we found no evidence indicating that the interspecies variation in the number of 
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paralogs was an adaptation related to changes in host range or host switches. Overall, we 

hypothesize that the evolution of the msp3 family in P. vivax is consistent with a model of multi-

allelic diversifying selection where the paralogs may have functionally redundant roles in terms of 

increasing antigenic diversity. Thus, we suggest that the expressed MSP3 proteins could serve as 

“decoys”, via antigenic diversity, during the critical process of invading the host red blood cells.
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1. Introduction

Malaria parasites, of the genus Plasmodium, invade the red blood cells (RBCs) of a diverse 

range of vertebrate species, including humans. Due to the importance that this process has in 

disease and the completion of the parasite life cycle, the proteins involved have been the 

focus of research efforts aimed at developing an anti-malarial vaccine (Conway 2007). 

Many of those proteins belong to multi-gene families.

Previous comparative genomic studies (Cai et al., 2010; Liew et al., 2010; Neafsey et al., 

2012; Tachibana et al., 2012) have shown that multi-gene families, especially those 

expressed by the parasite during RBC invasion, can be highly variable among Plasmodium 

lineages. Some antigen families are restricted to certain Plasmodium lineages, such as the 

SICAvar and kir families of Plasmodium knowlesi (Pain et al., 2008), the var genes of 

Plasmodium falciparum (Zilversmit et al., 2013), and the vir family of Plasmodium vivax 

(Bernabeu et al., 2012). These lineage-specific families have been associated with virulence 

and antigenic variation; however, they are not necessarily functionally equivalent as much 

remains to be known about their roles in invasion (Wasmuth et al., 2009; Frech and Chen, 

2013). Others antigen families appear to have orthologs across many Plasmodium species, 

but exhibit wide variation in their numbers of paralogs among lineages; these include the 

serine-repeat antigen (SERA) (Arisue et al., 2011), reticulocyte binding protein (RBP) 

(Gunalan et al., 2013), merozoite surface protein-7 (MSP7) (Garzón-Ospina et al., 2010), 

and merozoite surface protein-3 (MSP3) families (Carlton et al., 2008). This variation in the 

number of paralogs has increasingly received attention since it is thought to be associated 

with the parasite’s host range (Arisue et al., 2011; Tachibana et al., 2012), although such 

studies have often been made using few or distantly related species and without reference to 

variation within species. Finer scale comparative studies could thus provide new insight 

about the evolution of these blood-stage antigen families of Plasmodium parasites. Here we 

sought to apply such an approach to the msp3 gene family.

The first protein termed “merozoite surface protein-3” (MSP3) was identified in P. 

falciparum (McColl et al., 1994; Oeuvray et al., 1994). Five years later, a new merozoite 

surface protein was discovered in P. vivax and likewise named MSP3 due to putative 

similarities to the one identified previously in P. falciparum (Galinski et al., 1999). Soon 

after, possible paralogs were identified in P. vivax and P. knowlesi (Galinski et al., 2001) 

that shared several protein characteristics such as the large, alanine-rich central domain 
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predicted to form coiled-coil tertiary structure motifs. The MSP3 proteins were therefore 

grouped into a multi-gene family with putative orthologs in several Plasmodium species 

(Jiang et al., 2013). Subsequent sequencing of the first P. vivax genome (strain Salvador I) 

revealed a total of 12 msp3 paralogs clustered on P. vivax chromosome 10 (Carlton et al., 

2008). These showed weak similarity to four msp3 gene family members on P. falciparum 

chromosome 10 and to two P. knowlesi msp3 genes located on different chromosomes. The 

authors speculated that there had been a significant expansion of the msp3 gene family in P. 

vivax, perhaps as a means to enhance immune evasion, as P. falciparum and P. vivax msp3 

gene family members had been shown to be antigenic (Carlton et al., 2008). However, no 

further analyses supporting this finding were carried out at the time.

Extensive polymorphism in two P. vivax paralogs, msp3 “alpha” (PVX_097720) and “beta” 

(PVX_097680), was known and used in molecular epidemiologic applications (Bruce et al., 

1999; Rayner et al., 2004; Rice et al., 2013), but with the availability of additional P. vivax 

genomes, extensive polymorphism was documented throughout the family (Neafsey et al., 

2012). Such initial observations of polymorphism, together with the fact that these proteins 

are immunogenic (Bitencourt et al., 2013; Lima-Junior et al., 2011, 2012; Mourão et al., 

2012), are thought to indicate that the msp3 family has an important function in the RBC 

invasion process, possibly through a role in immune evasion (Jiang et al. 2013).

Recent and ongoing genomic sequencing efforts for P. vivax, and the diverse clade of 

closely related parasites found in Southeast Asian cercopithecine hosts, allow for 

evolutionary genetic investigations such as the one carried out here (Carlton et al., 2013; 

Escalante et al., 2005). Thought to have originated 6.5–10.3 million years ago (Mya) 

(Pacheco et al., 2011; Pacheco et al., 2012b), this monophyletic group of parasites exhibits 

different host ranges and diversity in their RBC infection cycle phenotypes, such as 

periodicity (Coatney et al., 1971; Escalante et al., 1998, 2005). Thus, this clade offers an 

extraordinary model to better understand the complex invasion biology of malarial parasites 

and to better explore the role of the gene families involved.

In this investigation, we sought to evaluate two hypotheses: (1) that the msp3 gene family is 

orthologous among Plasmodium lineages, and (2) that expansion of the msp3 family is 

related to the species’ adaptation to the human host. Then, we proceeded to explore other 

factors that may have contributed to the evolution of this family by studying patterns of 

intraspecific and intergenic variation for these loci.

2. Materials and Methods

2.1. Synteny and homology

P. vivax msp3 family gene members lie clustered in an approximately 60 kilobase (kb) array 

on chromosome 10. Their encoded proteins were previously described to share several 

features: (1) a distinctively high alanine content; (2) a large central domain predicted to form 

coiled-coil tertiary motifs; and (3) a small peptide near the N-terminal that is considered 

characteristic of this gene family and has been termed a ‘signature’ peptide (Galinski et al., 

2001; Jiang et al., 2013). We use a combination of criteria to identify putative orthologs and 
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paralogs to these proteins that includes sequence similarity, synteny (relative genomic 

position), and the three protein characteristics mentioned above.

Following PlasmoDB version 8.2 (Aurrecoechea et al., 2009), the 12 genes in the P. vivax 

Salvador-1 strain reference genome annotated as putative msp3 paralogs were retrieved. In 

addition, the six open reading frames (ORFs) located in a cluster with P. falciparum 

merozoite surface protein 3 (PF3D7_1035400, also known as “SPAM”) were also retrieved; 

Singh et al. (2009) grouped these into a putative P. falciparum msp3 gene family previously. 

For the ease of reference of specific genes and their putative orthologs in species without an 

annotated genome, we will denote the 12 P. vivax Salvador-1 msp3 genes by giving them a 

letter from A to I following a 5’ to 3’ order in the array (Fig. 1). For example, msp3A in 

Plasmodium inui is an ortholog to msp3A of P. vivax. Paralogs found in one or few genomes 

that are likely the result of recent duplication events are indicated by adding numbers, for 

example, msp3E1 and E2 are paralogous copies of msp3E. This labeling is used since the 

names and genes included in the P. vivax msp3 family have changed previously (Galinski et 

al. 2001; Carlton et al. 2008; Jiang et al. 2013). All the different names used for the msp3 

genes, along with their corresponding PlasmoDB gene IDs are also shown in Figure 1. 

Names for P. falciparum MSP3 proteins follow Singh et al. (2009).

To find putative msp3 genes in additional species with complete genomes, conserved genes 

flanking the msp3 arrays were used as genomic landmarks. Both the P. vivax and P. 

falciparum msp3 arrays were flanked by genes with orthologs clearly identifiable throughout 

all Plasmodium species, allowing identification of the syntenic chromosomal regions in 

other Plasmodium species by BLAST (Altschul et al., 1997) and FASTA (Pearson and 

Lipman 1988) searches. For more details about these conserved flanking genes see 

Supplementary Material 1. All annotated genes in the region between the flanking marker 

genes were retrieved from the reference genomes of P. knowlesi, P. berghei, and P. 

chabaudi.

Specifically, we characterized the syntenic cluster in three closely related Asian macaque 

parasites, Plasmodium cynomolgi, P. inui and P. knowlesi, which together with P. vivax are 

within what we will refer to as the Asian primate Plasmodium clade (Escalante et al., 2005). 

Plasmodium vivax, P. cynomolgi, P. knowlesi have annotated genomes available, while 

preliminary genomic data from P. inui (Carlton et al., 2013) allowed us to perform targeted 

Sanger sequencing of its msp3 array (see below). We also extracted putative msp3 orthologs 

from locally assembled 454 (Roche, Applied Science, Basel, Switzerland) reads for 

Plasmodium gonderi, a parasite of Cercocebus and Mandrillus hosts in Africa (Coatney et 

al., 1971). Studying P. gonderi allowed us to infer ancestral states (Carlton et al., 2013) as 

this parasite is basal to the Asian Plasmodium clade (Escalante et al., 1998, 2005). Finally, 

from PlasmoDB, the syntenic arrays in two rodent malaria parasites, Plasmodium berghei 

(ANKA) and Plasmodium chabaudi chabaudi (AS), and the human parasite P. falciparum 

(3D7) were characterized for comparison.

The sets of flanking genes and msp3 paralogs from reference genomes were then used to 

search recently completed genomes of four additional P. vivax strains (Neafsey et al., 2012) 

and two P. cynomolgi strains (Tachibana et al., 2012). Putative ORFs homologous to the 
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flanking genes or genes (paralogs and orthologs) within the msp3 arrays were identified by 

reciprocal BLAST and FASTA searches and the NCBI ORF Finder tool (available at 

ncbi.nlm.nih.gov/gorf/).

2.2. Sampling, amplification, cloning, and Sanger sequencing

To determine polymorphism and potential copy number variation within a species, 

sequences for each msp3 gene were also obtained from three to nine P. vivax isolates (in 

addition to the five strains with genomic data: India VII, Brazil I, Mauritania I, and North 

Korea), and from five to nine P. cynomolgi isolates (in addition to the two strains with 

whole genome data). Isolates for these two species were well characterized laboratory 

isolates from geographically diverse locations (Supplementary Material 1). Complete NCBI 

sequences from additional isolates were available for two of the P. vivax genes (msp3H 

“alpha” and msp3C “beta”) and were included in the analysis. In addition, between 10 and 

17 clinical isolates from Thailand and Venezuela were also sampled to augment the sample 

size for three of the P. vivax genes (msp3H “alpha”, msp3E1, and E2). The number of P. 

vivax and P. cynomolgi samples for each gene are shown in Table 1 and Table 2. 

Supplementary Figure 1 shows the isolates sequenced for each gene in the msp3 arrays.

In some instances, we cloned and sequenced genes from the four P. vivax strains with 

genomic sequencing data available; thus, we were able to confirm by Sanger sequencing 

some of the polymorphism observed from genomic data. We re-sequenced all putative msp3 

ORFs from the genomic data for one P. cynomolgi strain (Berok), using overlapping clones 

of up to 6,000 base pairs (bp) to cover regions with breaks in genomic sequencing coverage 

(see Supplementary Figure 2). For P. inui strain OS, the entire 14,000 bp MSP3 array was 

also confirmed by amplifying it in four overlapping fragments that were cloned and 

sequenced (Supplementary Fig. 2). Using the preliminary P. inui strain OS genomic data, we 

were able to sequence the ORFs matching msp3 genes for the Leaf Monkey II and 

Leucophyrus strains (both from Peninsular Malaysia) as well. A total of eight isolates (OS, 

Leucophyrus, Perak, Celebes I, Celebes II, N-34, Taiwan I and Hawking) were also 

amplified, cloned and sequenced for the P. inui chimeric pseudogene (see results). Multiple 

clones (from two to nine) of each sample of a gene were sequenced for nearly all samples 

for all species. Reproducible clones from the same isolate that differed by more than 1% 

(e.g. 25 or more substitutions for a 2,500 bp gene) were considered outside the range of PCR 

and sequencing error and included in the analysis as possible paralogs or distinct alleles 

from mixed infections. In the case of P. gonderi, the putative msp3 ORFs identified from 

locally assembled 454 data were not confirmed by re-sequencing.

Amplification of complete or nearly complete coding sequences was performed by the 

polymerase chain reaction (PCR) using TaKaRa LA Taq (TaKaRa Mirus Bio Inc, Shiga, 

Japan) or AmpliTaq Gold (Applied Biosytems, Roche, USA) polymerase, depending on 

gene length. For more details about the PCR protocols see Supplementary Material 1 and 

Supplementary Table 1. PCR products were purified using the QIAquick DNA gel 

extraction kit (QIAgen, Hilden, Germany) and cloned using the pGEM-T Easy Vector 

System (Promega, WI, USA). Clones were sequenced using an Applied Biosystems 3730 

capillary sequencer. Sequences reported in this study were deposited in GenBank under the 
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accession numbers: KC907427 to KC907623. The accession codes and all the sequences 

analyzed here are listed in Supplementary Table 2.

2.3. Protein domain analysis

To determine if the distinctively high alanine content of the msp3 family was maintained 

among putative orthologs, amino acid composition was recorded for each msp3 gene in P. 

vivax, P. cynomolgi, P. knowlesi, P. inui, and P. gonderi. Tertiary protein structure motifs 

were predicted using the Paircoil2 (McDonnell et al., 2006) program and the locations of 

indels and unalignable sites were plotted using DnaSP v5.10.01 (Librado and Rozas 2009) 

and an Excel macro (available upon request). A multispecies alignment of 100 amino acids 

in the N-terminal among putative msp3 genes was used to identify the MSP3 ‘signature’ 

NLRNG.

2.4. Evolutionary genetic analyses

Msp3 interspecies family and individual gene alignments for each species were constructed 

using the MUSCLE algorithm (Edgar 2004) as implemented in SeaView4 (Gouy 2010), 

with manual editing. MSP3 proteins have a large central domain predicted to form coiled-

coil tertiary motifs and many msp3 genes have multiple indels within that domain with high 

divergence among paralogs. Thus, three different sets of alignments were constructed using 

the alignable sites from the N and C terminals: (1) an alignment that included all the 

paralogs from Asian non-human primate malarias, as well as, P. vivax and P. gonderi; (2) a 

set of P. vivax and P. cynomolgi species-specific alignments for each paralog; and (3) 

interspecies alignment of both P. vivax and P. cynomolgi for different paralogs. The number 

of sites used in each analysis is reported in the results section. Phylogenetic analyses were 

performed using Maximum Likelihood (ML) methods as implemented in PhyML v3.0 

(Guindon and Gascuel 2003) and Bayesian inference methods using MrBayes v3.1.2 

(Ronquist and Huelsenbeck 2003). Both methods used a general time reversible+gamma 

model (GTR+-Γ) because it best fit the data as estimated by MEGA v5. (Tamura et al. 

2011). Bayesian support for nodes was inferred in MrBayes using between 30 and 55 × 106 

Markov Chain Monte Carlo (MCMC) steps, depending on the alignment, with sampling 

every 100 generations. We discarded 50% of the samples as burn-in (Ronquist and 

Huelsenbeck 2003).

Genetic diversity among isolates for each P. vivax and P. cynomolgi paralog was estimated 

using the overall mean distance, d (the average number of pairwise nucleotide differences 

per site) in MEGA5. Since the loci are highly divergent within this multi-gene family, 

genetic diversity was estimated solely on the alignable sites for each locus. The Jukes-

Cantor model of nucleotide substitution was used to correct estimates of pairwise distance. 

To investigate possible signatures of selection, the diversity at synonymous (dS) and 

nonsynonymous (dN) sites was also calculated, using the Nei and Gojobori (1986) method 

with the Jukes-Cantor correction. The standard errors of dS and dN estimates were 

calculated with 1000 bootstrap replicates and the significance of the difference dS-dN was 

tested using a two-tailed Z test (Nei and Kumar 2000), an evolutionary genetic test used 

repeatedly for malaria antigens (e.g.: Escalante et al., 2004; Pacheco et al., 2012a; Weedall 

and Conway 2010). The null hypothesis was that synonymous and nonsynonymous 
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positions would have similar substitution rates under neutrality (dS = dN); a significant 

deviation from our null hypothesis was thus interpreted as possible evidence of natural 

selection. Divergence between paralogs and orthologs was estimated using net between 

group mean divergences (Tamura et al., 2011).

The RDP3 program (Martin et al., 2010) was used to screen for recombination and gene 

conversion events, using the RDP (Martin and Rybicki 2000) algorithm. Events where the 

recombination donor and recipient sequences could be identified were recorded, using 

default parameters and a significance cut-off of 0.05.

3. Results and Discussion

3.1. No evidence that Pfmsp3 and Pvmsp3 are homologous

Comparisons, along with references to their suggested relatedness, have been made 

repeatedly between the msp3 genes of P. vivax and those of P. falciparum (Bitencourt et al., 

2013; Jiang et al., 2013; Mourão et al., 2012). However, explicit investigation of their 

homology has not been performed. Accordingly, we used a combination of synteny, 

sequence similarity (see Supplementary Table 3), and protein characteristics to address this 

question of homology. The use of multiple criteria provides a standard for ortholog 

discovery (Maguire et al., 2013).

Figure 2 shows the characterized arrays with their chromosomal positions and the 

homologous chromosomal regions coded by color. Interestingly, the region in the genomes 

of P. berghei, P. chabaudi, and P. falciparum that was syntenic to the P. vivax msp3 

(Pvmsp3) array (shown in blue) did not contain any genes (Fig. 2). Furthermore, the msp3 

family in P. falciparum (PfMSP3) is not syntenic to that of P. vivax either, instead lying in 

an array syntenic to a region on chromosome 6 (shown in orange) in P. vivax and the Asian 

primate Plasmodium clade. This contrasts with other erythrocyte stage antigens such as 

MSP1, MSP4/5, MSP8, MSP9, MSP10, and AMA1 that are present and readily identified 

using synteny across the species studied (Carlton et al., 2008). Other tandemly clustered 

antigen families not found in the hyper-variable sub-telomeric regions, such as SERA, are 

arranged in synteny across Plasmodium as well. Indeed, upon completion of the first P. 

vivax genome it was found that 99% of the 3,000 plus orthologs identified, including 29 out 

of the 30 GPI-anchored surface proteins, were positioned syntenically among P. vivax, P. 

knowlesi, the rodent malaria parasites, and P. falciparum (Carlton et al., 2008). This 

provides an initial indication that the respective msp3 families of P. vivax and P. falciparum 

are not homologous.

The clustering of these P. falciparum antigens in an array with no homologous counterpart 

in the P. vivax genome is worth noting. As discussed before (Frech and Chen 2011), the P. 

vivax array on chromosome 6 (shown in orange in Figure 2) syntenic to the P. falciparum 

msp3 array does not contain apparent orthologs to Pfmsp3. Evidence of homology between 

protein coding sequences in Pvmsp3 and Pfmsp3 arrays was also missing as reciprocal 

BLAST searches failed to identify significant similarity (data not shown).
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After being unable to find Pvmsp3 homologs outside the Asian primate Plasmodium clade 

using synteny and sequence similarity, we examined the domain architecture of the PvMPS3 

family and made comparisons to that of PfMSP3. Domain architecture for the P. falciparum 

msp3 family has been explored previously (Gondeau et al., 2009; Imam et al., 2011). 

Although one P. falciparum MSP3 protein (PfMSP3.1) shares a region of heptad repeats 

resulting in predicted coiled-coil tertiary motifs with P. vivax MSP3, the other PfMSP3 

proteins lacked the coiled-coil motifs (Jiang et al., 2013). Additionally, all the PfMSP3 

proteins have a leucine zipper motif at the extreme C-terminal end of the protein (Jiang et 

al., 2013), two of the genes (Pfmsp3.3 and Pfmsp3.4) contain a central Duffy-binding like 

domain, and others have proline rich regions (Singh et al., 2009).

Characterizing the MSP3 proteins of P. vivax using amino acid composition, coiled-coil 

motif prediction and the so-called ‘signature’ peptide revealed that the msp3 family in P. 

vivax again markedly differed from that of P. falciparum. The first three members of the 

MSP3 family known in P. vivax were initially characterized by the presence of a large, 

hallmark, alanine rich (>20%) central domain predicted to form coiled-coil tertiary protein 

structure motifs (Galinski et al., 1999, 2001). We find here that, with two exceptions 

(MSP3G and MSP3I), this high alanine content (Supplementary Figure 3) and coiled-coil 

(Fig. 3) domain was maintained across proteins in the Pvmsp3 family and across their 

orthologs in the species of the Asian primate Plasmodium clade. Large coiled-coil motifs 

were also predicted for the P. gonderi ORFs identified from draft genomic sequencing data 

(Fig. 3). The first predicted coiled-coil motif began most often within the first 100 amino 

acids of a PvMSP3 and, though with small breaks in between, the motifs continued to until 

within 100 to 150 amino acids of the C-terminus (of the approximately 600–1300 amino 

acid proteins). This large coiled-coil motif-containing domain located in the center of the 

protein predicted for the P. vivax msp3 genes and their putative orthologs in P. cynomolgi, 

P. inui, P. knowlesi and P. gonderi contrasts that regions of coiled-coils were small or absent 

for P. falciparum. Any Duffy-binding like domains or leucine zipper motifs were also absent 

in PvMSP3 (Jiang et al., 2013).

For P. vivax and the other members of the Asian primate Plasmodium clade, the size of the 

individual predicted coiled-coil motifs and the positions of breaks were not always 

consistent between isolates and orthologs from other species (Fig. 3), though it is unclear if 

this is due to the high levels of amino acid polymorphism observed (discussed later) or to 

noise introduced by the automated prediction. The gene encoding MSP3G was the first 

exception to this pattern in PvMSP3, as although it had an alanine rich central domain in P. 

vivax, alanine richness was due to the presence of simple repetition of 8–17 units of 

AN(N/K)A that was unique to this gene, and did not result in the prediction of coiled-coil 

motifs (Fig. 3). The second exception, MSP3I, was also alanine rich in P. vivax, but the 

entire central domain was missing in its putative P. cynomolgi, P. inui, and P. knowlesi 

msp3I orthologs. Despite these two exceptions in P. vivax, which may indicate that the two 

putative msp3 genes msp3G and msp3I are not functionally related to the rest of the family, 

it is clear that the protein domain organization of PvMSP3 is not similar to that of PfMSP3.

Although a majority of PvMSP3 proteins shared a similar predicted structure and a highly 

biased amino acid composition in the central domain (alanine, lysine, and glutamic acid 

Rice et al. Page 8

Mol Phylogenet Evol. Author manuscript; available in PMC 2015 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



together constituted approximately 60% of residues, Supplementary Fig. 3), low levels of 

sequence similarity (less than 30% protein identity) were observed between the central 

regions of those proteins containing the domain. Sequence complexity was clearly reduced 

due to the compositional bias in the region, but simple repeats and homopolymers were 

absent. P. falciparum MSP3 proteins, on the other hand, lacked the alanine rich central 

domain and did not share this bias towards alanine, lysine, and glutamic acid.

Given this divergence among Pvmsp3 genes, the maintenance of a specific, short protein 

motif near the N-terminus (NLRNG) that has been termed an MSP3 ‘signature’ motif has 

received some attention (Jiang et al., 2013). Despite the general conservation among 

paralogs at this short peptide, we observed population polymorphism and fixed divergence 

in some putative msp3 genes. Sequences of MSP3G (PVX_097715, which was excluded 

from the family by Jiang et al. (2013) for this reason) had a motif of N(I/M)RN(E/D) 

instead. P. gonderi MSP3G diverged even further in having the sequence GARNN. MSP3I 

had the NLRNG consensus sequence in P. vivax, but a sequence of NLR(I/N)E fixed in P. 

cynomolgi. As discussed above, MSP3G and MSP3I also lacked the central domain 

containing coiled-coil motifs; this divergence from the conserved peptide sequence seems to 

yield further support to questioning their relatedness to the rest of the family. However, 

several PvMSP3 proteins that shared the other characteristic MSP3 protein features diverged 

from this NLRNG sequence as well; MSP3H, the MSP3 “alpha” of Galinski et al. (2001), 

had a histidine residue fixed at the first position of this NRLNG peptide for all P. vivax and 

P. cynomolgi sequences, while MSP3B, C, and E had at least one isolate with a mutation in 

this region.

Interestingly, the P. falciparum msp3 family, despite not being syntenic with Pvmsp3, 

differing in domain architecture, and lacking sequence similarity elsewhere in the gene, 

shares a similar peptide near the N-terminal (Singh et al., 2009). Of further interest, the 

NLR(N/K)(A/G) peptide shared by the six ORFs of P. falciparum is situated within a highly 

active binding peptide (Rodriguez et al., 2008), thought to interact with a glycoprotein-like 

receptor on the erythrocyte surface. Regardless of this intriguing similarity, it is unlikely that 

these five amino acids are sufficient evidence for a common evolutionary origin for all 

MSP3 proteins. Indeed, it is found in more than 40 other proteins in P. falciparum (data not 

shown). The presence of this peptide in both the P. vivax - P. gonderi clade and P. 

falciparum msp3 arrays could be explained by parallel evolution and warrants further 

investigation of the binding activity of this region in Pvmsp3. Therefore, considering that 

both MSP3 families (in the P. falciparum and P. vivax clades) are expressed and 

immunogenic, as well as taking into account that there is no evidence for homology, we 

hypothesize that these families represent a case of convergent evolution in the proteins 

involved in the RBC invasion process.

3.2. No evidence that the number of paralogs in P. vivax is an adaptation to the human 
host or correlates with host range

We then focused on the Asian primate Plasmodium clade, which includes P. vivax, where 

the homology of the msp3 family was evident (see Supplementary Table 3). First, we tested 

the hypothesis that the increased number of msp3 genes in P. vivax represented a lineage 
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specific expansion. To do so, we identified putative msp3 homologs in an increased set of 

Plasmodium species. Figure 4 shows the number of genes recovered, hosts, and a well-

known RBC cycle phenotype, eruption periodicity, for the eight species studied. If an 

increased number of msp3 genes in P. vivax reflected an expansion specific to that parasite 

lineage, we would expect the closely related species that infect Southeast Asian macaques 

(Escalante et al., 1998, 2005) to have a reduced msp3 family. However, a similar number of 

genes was found in both P. vivax (12 genes) (Carlton et al., 2008) and P. cynomolgi (12–14 

genes) (Tachibana et al., 2013). By analysis of genomic assemblies and targeted re-

sequencing of the msp3 array where assembly had failed, we were able to identify and 

confirm ORFs homologous to all 12 P. vivax genes in P. cynomolgi. In addition to the two 

P. cynomolgi strains with whole genome sequence data (Berok and B strains), we amplified 

and sequenced ORFs showing sequence similarity to each of the P. vivax msp3 genes in an 

additional three to seven P. cynomolgi isolates (Fig. S2 and Supplementary Table 3). This 

provides strong evidence that the high number of msp3 paralogs observed in P. vivax is also 

present among multiple P. cynomolgi strains. Thus, the so-called expansion of the msp3 

family at least predates the P. vivax-P. cynomolgi split (estimated at 2.36–5.27 Mya, 

Pacheco et al., 2012b) and predates the P. vivax lineage’s adaptation to the human host.

Whereas P. vivax and P. cynomolgi had a comparable number of paralogs overall, their 

similar numbers were reached by differential expansions in the number of highly similar 

(65–82% protein identity) paralogs within four out of seven msp3 paralog lineages. Indeed, 

msp3 copy number variants are segregating in both P. vivax and P. cynomolgi populations 

(Fig. 2). Specifically, we were unable to recover 12 complete ORFs corresponding to the 12 

P. vivax Salvador I paralogs in all four of the recently sequenced P. vivax strains (Neafsey et 

al., 2005), even after targeted Sanger re-sequencing (Fig. 2). Likewise, we identified 

multiple ORFs (msp3B3, B4, and F3) in the Berok strain of P. cynomolgi, but failed to find 

them in the B strain. PCR amplification, cloning and sequencing of the regions containing 

these three Berok ORFs produced sequences identical to that seen in the draft assembly and 

two of these three additional ORFs, msp3B4 and F3, were also successfully amplified, 

cloned and sequenced in the Gombak strain. This yields confidence that these additional P. 

cynomolgi paralogs were not assembly or PCR artifacts in just the Berok strain. As a 

consequence, a simple count of the number of msp3 coding genes in P. cynomolgi and P. 

vivax was not sufficient to compare these two species. With evidence of differential 

retention and expansion of msp3 lineages among and between species, inferring adaptation 

based simply on differences in the number of copies between species seems an 

oversimplification; a finding likely to apply in general for the comparative study of gene 

families in Plasmodium and other organisms.

Next, we characterized this family in two species that have similar host ranges to P. 

cynomolgi: P. inui and P. knowlesi. Both are largely sympatric with P. cynomolgi and all 

three species have been isolated multiple times from the same host species (Macaca 

fascicularis, M. nemestrina, M. mulatta, and M. hecki) (Coatney et al., 1971). Figure 4 

shows the number of msp3 genes that we were able to identify in these parasites. 

Amplifying, cloning and re-sequencing of the P. inui array and re-analysis of the P. knowlesi 

Strain H reference genome revealed that these two species had substantially reduced MSP3 
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families, with three and four genes, respectively. As seen in Figure 3, the P. inui msp3A and 

P. knowlesi msp3B putative orthologs exhibited the large, central stretch of coiled-coil 

motifs characteristic of the msp3 family in P. vivax.

For P. knowlesi, one gene, PKH_145630 “merozoite surface protein”, on chromosome 14 

and not within the syntenic msp3 array showed strong sequence similarity (e-value = 0, 

Supplementary Table 3) to a putative P. knowlesi msp3 gene (MSP3B1, PKH_103020) 

within the syntenic msp3 array and was included for later analysis. In addition to these two 

genes showing strong sequence similarity to P. vivax and P. cynomolgi msp3B, we identified 

putative orthologs to msp3G and msp3I in P. knowlesi as well.

In the case of P. inui, we found an msp3 pseudogene, a 1,064 bp region in the center of the 

P. inui OS strain msp3 array that appeared to be a “chimera”, with its N and C terminal 

halves showing strong sequence similarity (e-value < e-140) to the respective N and C 

termini of two different P. vivax and P. cynomolgi msp3 genes (msp3C and H respectively, 

Fig. 2). Targeted amplification and Sanger sequencing of the locus and 300–500 base pairs 

of the upstream and downstream noncoding sequence from eight P. inui isolates confirmed 

the msp3 pseudogene found in the local assembly. Additionally, among all these eight 

isolates sampled from a broad geographic distribution, stop codons were fixed at position 90 

and 211, along with a fixed frame shift mutation at codon 166 that broke the reading frame 

in all three frames. This leaves P. inui with only two intact msp3 reading frames (msp3A and 

msp3I), and the msp3C–H pseudogene (Fig. 2).

The presence of msp3C and H fragments in the pseudogene suggests that the ancestor of the 

P. inui lineage previously contained complete msp3C and H genes and a larger msp3 family. 

Indeed, an unequal crossing over event in the P. inui lineage that deleted the segment of 

genes between msp3C and H (msp3D, E, F, and G) and interrupted the reading frame when 

joining the C and H fragments could explain the presence of the chimeric pseudogene and 

the msp3 family size in P. inui.

Likewise, the presence of msp3G in P. knowlesi, as well as P. vivax and P. cynomolgi, 

indicates that their common ancestor (Fig. 4) had msp3G. Moreover, despite being absent in 

the P. inui msp3 array, the presence of two genes in P. knowlesi for which their reciprocal 

best BLAST hit was to msp3B in P. vivax and P. cynomolgi is evidence that msp3B 

orthologs predate the divergence of P. inui from the P. vivax - P. cynomolgi lineage. These 

data indicate that msp3B and msp3G were lost independently in the P. inui lineage, while 

retained in P. knowlesi. Thus, the reduced MSP3 families of P. inui and P. knowlesi are most 

parsimoniously explained by separate, independent deletions from a larger msp3 family.

It is worth noting that the observed gene turnover in these arrays for P. knowlesi and P. inui 

contrasts with the relative conservation observed in the large syntenic blocks across the 

genomes of the Plasmodium genus (Frech and Chen 2011). We were able to identify 

orthologs to all but 18 of the other 308 intratelomeric P. vivax genes on chromosome 10 in 

P. cynomolgi and P. knowlesi, making the intrasyntenic contraction/expansion seen for msp3 

substantial in comparison (from 3 to 12–14 genes for these species). The rate of gene death 
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in the msp3 arrays for P. knowlesi and P. inui appears to be exceptionally fast in comparison 

to the hundreds of other Plasmodium genes on the same region of chromosome 10.

3.3. An earlier origin for an expanded msp3 family in P. vivax and related species

As stated above, the independent losses of msp3 paralogs in P. inui and P. knowlesi are 

better explained by an ancient higher number of paralogs in the msp3 array in the Asian 

primate Plasmodium clade. However, in order to further test this hypothesis, we analyzed 

the gene family in the African monkey parasite P. gonderi. This parasite is at the base of the 

Southeast Asian primate malaria clade (Escalante et al., 1998; Escalante et al., 2005; 

Pacheco et al., 2011, 2012b). Figure 4 also shows the six complete and three partial P. 

gonderi ORFs with significant similarity to P. vivax msp3 genes that were identified from 

draft genomic data using BLAST and by considering the domain architecture 

(supplementary Table 3 and Fig. 3). The ability to identify putative homologs for many of 

the Pvmsp3 lineages in the African monkey parasite P. gonderi, provide additional evidence 

for an ancient origin for a relative high number of msp3 paralogs. Specifically, we recovered 

four putative genes (msp3C, 2 mspD-F, and mspE) in P. gonderi that were absent in P. inui 

and P. knowlesi (supplementary Table 3 and Fig.3), thus providing additional support that 

these paralogs were present in the common ancestor of P. vivax, P. cynomolgi, P. inui and P. 

knowlesi (Fig. 4). It also indicates that P. vivax and P. cynomolgi actually conserved a high 

number of paralogs from the ancestral state, rather than had a recent expansion. This is 

evident in the phylogeny depicted in Figure 5 using the msp3 sequences identified in P. 

vivax, P. cynomolgi, P. inui, P. knowlesi and the basal species P. gonderi. Unfortunately, 

sequence similarity between genes in the msp3 family varied from 88% to 18% due to their 

highly divergent central region, leaving us with few of alignable sites (234 of 5940 bp). To 

improve the alignment the two genes, msp3I and G, that were substantially shorter (382 and 

450 amino acids, respectively in P. vivax Salvador I) and lacked the characteristic coiled-

coil motif domain (Fig. 3), were excluded from the phylogenetic analysis. However, 

bootstrap and posterior probability support at many nodes remained low after their 

exclusion, despite the number of alignable sites increasing to 947 bp. This could be 

explained, at least in part, by recombination-gene conversion.

Nevertheless, as seen in Figure 5, msp3 homologs from the five species analyzed grouped 

into seven clades, corresponding to msp3A, B, C, D, E, F, and H. There was subgrouping 

among these seven clades such that msp3E and H were sister clades, and msp3F emerged 

from a paraphyletic clade shared with msp3D (msp3E and H, and msp3D and F, are colored 

similarly in the gene array to reflect this). A separate tree of just msp3F and msp3D 

sequences resolved the paraphyly (Supplementary Figure 4), with msp3F and msp3D 

sequences being sister clades. Plasmodium inui (branches shown in red in Fig. 5) and P. 

knowlesi (green) lacked all but one of the seven msp3 lineages. The two P. knowlesi genes, 

msp3B1 on chromosome 10 (PKH_103020) and msp3B2 on chromosome 14 

(PKH_145630), seems to share a common ancestor with the P. vivax and P. cynomolgi 

msp3B lineage, reaffirming the homology of the non-syntenic P. knowlesi gene. Putative P. 

gonderi genes (brown) seem to share a common ancestor with the P. vivax (blue) and P. 

cynomolgi (yellow) genes.
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3.4. Variation and recombination among and between genes in P. vivax and related 
species

We next explored intraspecies genetic diversity as it also reflects the processes driving the 

evolution of the msp3 family. To this end, we described the genetic polymorphism among P. 

vivax (Table 1), P. cynomolgi (Table 2), and P. inui isolates. This analysis was limited to the 

set of sites that could be confidently aligned. Nevertheless, substantial diversity at the 

nucleotide level was found among P. vivax (Table 1) and P. cynomolgi (Table 2) isolates. 

However, for several msp3 genes, and especially for P. cynomolgi, this diversity was biased 

toward synonymous sites. This may suggest that those aligned sites have been evolving 

under selective constraint in msp3 paralogs, an observation that has been made for other 

antigens (Pacheco et al., 2007; 2010; 2012a). This pattern, however, should be taken with 

caution since alignable sites may misrepresent the total polymorphism.

Indeed, the high frequency of indel events showed that changes to the protein coding 

sequence have occurred repeatedly (Table 1–Table 2). For example, 28 unique indel 

haplotypes were recovered from 48 isolates of Pvmsp3H. Moreover, the size of indels varied 

from single codons (e.g. a single serine insertion at amino acid position 20 in gene 

Pvmsp3D1) to events approaching 1,000 bp in length (e.g. isolates Indonesia I and North 

Korean lacked an 864 bp insert seen in 6 other isolates of Pvmsp3B). The range of allele 

sizes observed for several paralogs was wide as a result (Table 1). Small indels in regions of 

reduced sequence complexity are thought to be caused by polymerase slippage during 

replication, while large indel events are thought to be due to unequal crossing over during 

intragenic recombination events (Zilversmit et al., 2010). The frequency of indel events and 

their variance in size indicates that both mechanisms are commonly contributing to diversity 

among the MSP3 antigens.

We plotted the positions of indels and conserved sites within alignments onto the domain 

architecture of the msp3 family (using an Excel macro, available upon request, see Fig. 3). 

Indel and sequence diversity was high in the central domain, and mutations were observed at 

all positions within the heptad repeats described previously by Galinski et al. 2001. 

Haplotypes with large deletions in the N-terminal half of the central coiled-coil motif 

domain had been observed for msp3H (“alpha”) (Rayner et al., 2002) and msp3C (“beta”) 

(Rayner et al., 2004). We show here that this pattern extends to the majority of the rest of the 

msp3 family in P. vivax, especially genes msp3A, B, D, and F (Fig. 3). The sites conserved 

among isolates, under significant selective constraint for several paralogs, were largely 

restricted to the N and C termini, with indels and unalignable sites mostly mapping to the 

central domain (Fig. 3). Sites conserved between P. vivax and P. cynomolgi also mostly 

mapped to the N and C termini. Such functionally constrained segments may facilitate 

recombination. It is worth noting that, again, msp3G and msp3I differed from the other 

members of the family in having substantially less indel and nucleotide diversity among P. 

vivax isolates.

It is also worth noting that msp3H (“alpha”), the gene used for molecular genotyping in P. 

vivax due to its high polymorphism, was the least diverse (d = 0.027 ± 0.003) among those 

sharing the characteristic central domain (Table 1). Whereas other paralogs, such as msp3A 
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(PVX_097670) or msp3B (PVX_097675), may provide additional options to those looking 

for highly polymorphic genetic markers to be used in epidemiologic investigations, their 

complex evolution limits their use in such studies (Rice et al., 2013).

Recombination seems to have taken place during the evolutionary history of this family as 

evidenced by the identification of multiple “chimeric” or recombinant ORFs. An example is 

the P. inui pseudogene that appeared to be a truncated chimera of msp3C and H. Evidence of 

intergenic recombination was also seen in P. gonderi msp3D–F2 and P. cynomolgi msp3F2 

and F3. In each case, 125 to 150 amino acid segments at the N-terminal of these msp3F 

genes showed significant similarity, by alignment and BLAST searches (e-value < e-70) to 

the msp3D genes of P. vivax and P. cynomolgi. Furthermore, despite clearly seeing the gene 

turnover and paralog divergence characteristic of the birth and death model of gene family 

evolution (Garzón-Ospina et al., 2010), we also observed several cases where multiple 

paralogs within a species were more similar to each other than to their putative homologs in 

related species (Fig. 5). This would seem to indicate the action of gene conversion on pre-

existing duplicates (Eirín-López et al., 2012), or repeated, recent duplications.

Assuming that the divergence between paralogs would be informative with regard to the 

time since their origin by duplication, we calculated the net group mean divergence (dA) 

between the P. vivax paralogs Pvmsp3D1-D2, Pvmsp3E1-E2, and Pvmsp3F1-F2, which 

were more closely related to a paralog in the P. vivax genome than to their putative ortholog 

in P. cynomolgi. An example of within species paralogs being more similar, P. vivax 

Salvador-1 genes Pvmsp3E1 and E2 were in the same terminal clade that was sister to their 

P. cynomolgi msp3E ortholog (Fig. 5). Table 3 shows that there was nearly equivalent 

divergence between each of these Pvmsp3 genes and their ortholog in P. cynomolgi. 

However, divergence between P. vivax paralogs was variable; with the two genes Pvmsp3E1 

and E2 showing the least divergence between the two paralogs (Table 3). Indeed, during 

alignment of putative Pvmsp3E1 and E2 alleles, it was often unclear to which Salvador-1 

reference gene (E1 or E2) an isolate’s allele was more similar. For the divergence 

calculations shown in Table 3, a pairwise distance matrix was used to assign Pvmsp3E 

sequences to the Salvador-1 gene they had minimal distance to. Moreover, as mentioned 

above, we were unable to recover two distinct Pvmsp3E copies in some of the strains of P. 

vivax with genomic sequencing available. This indicates a recent and independent gene 

duplication event in the Pvmsp3E lineage, or more frequent recombination/gene conversion 

between Pvmsp3E paralogs. The available evidence, however, favors that this pattern in 

Pvmsp3E is due to differential rates of gene conversion. First, an independent, more recent 

duplication of Pvmsp3E cannot properly account for the gene order observed in the Pvmsp3 

array (see Figure 4). We would expect two independent, tandem duplications of msp3E1 and 

F2 to be more likely to produce an order of msp3E1-E2-F1-F2 with the duplicated genes 

each landing adjacent to their progenitor. A single, tandem duplication of the segment 

containing msp3E1 and F1, where the whole duplicated segment is inserted adjacently, 

seems a more parsimonious explanation for the msp3E1-F1-E2-F2 order seen. This supports 

that the paralogous copies of msp3E and F in P. vivax originated simultaneously and thus 

their different levels of divergence cannot be explained by different dates of duplication. 

Second, when we constructed a Bayesian phylogeny of all Pvmsp3E isolates and paralogs 
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(Supplementary Figure 5), we failed to observe distinct clades that would correspond to 

diverged, distinct gene lineages. Rather, sequences of Pvmsp3E obtained from the same P. 

vivax isolate, and thus putative paralogs within the same genome (connected by red-dashed 

lines) were distributed throughout the phylogeny (Supplementary Figure 5). A potential 

source of error would be incorrectly assuming paralogy when distinct Pvmsp3E sequences 

were obtained from the same isolate. Clinical isolates could be of polyclonal infections; 

indeed, in one instance, five distinct msp3E sequences were obtained from a single Thailand 

isolate, likely evidence of a mixed infection. To alleviate this potential error, we performed 

the divergence analysis with only the three P. vivax strains that had been maintained in 

laboratory animals. In this smaller sample, where mixed infection could be ruled out, dA was 

even less (-0.006 ± 0.001), indicating more variation shared among sequences of Pvmsp3 

than between supposed groups. This is consistent with the action of repeated inter-paralog 

recombination acting among Pvmsp3E paralogs, and indeed, recombination between 

Pvmsp3E sequences, as detected by the RDP algorithm, was observed throughout the 

phylogeny (recombination pairs connected by gray lines, Supplementary Figure 5). The 

observation of frequent recombination events and differing divergence between closely 

related paralog pairs for Pvmsp3 (Pvmsp3E versus F or D) is indicative that a simple model 

of the evolution of the msp3 family as a whole, such as a neutral birth and death process, 

may be inadequate. Work to better characterize the family’s function and the specific drivers 

of its evolution will have to account for this complexity. Here, we only have data from four 

species from a much-diversified clade (Pacheco et al 2011; 2012).

Several models have been developed to explain gene duplication events that lead to multi-

gene families. We evaluated these models (reviewed by Innan and Kondrashov (2010)) for 

their coherence with the observed pattern of variation and recombination among and 

between genes. Many of the models apply to gene families where paralogous genes differ 

with respect to specific amino acid substitutions that confer changes in function between the 

members that can lead to neofunctionalization or subfunctionalization. Additionally, some 

duplication events may serve to increase the amount of a circulating product such as an 

enzyme. However, here we find that variation between paralogs is constrained to the highly 

repetitive, low complexity region of the proteins, whose evolution is predominated by gene 

conversion events giving rise to several indel events. A suitable, flexible model that seems 

to fit the data and can accommodate putative gene conversion events is one of multi-allelic 

diversifying selection (Innan and Kondrashov 2010), where duplication increases the 

maximum level of heterozygosity possible in the population. This would be consistent with 

several patterns observed in terms of the number of indels and recent paralogs (e.g. 

Pvmsp3E1 and E2 alleles). Furthermore, it is compatible with the nature of the immune 

responses reported in some msp3 paralogs. Specifically, the central low complexity regions, 

precisely where the indels and highly level of divergence among paralogs occur, are highly 

immunogenic when compared with the more conserved N-C terminals (Lima-Junior et al. 

2011). Thus, one could expect that variation will be maintained by selection in these low 

complexity regions since gene conversion and recombination between and among genes is 

beneficial as it creates new allelic combinations that are then are selected by diversifying or 

balancing selection, as expected by the host immune system. However, a formal test of this 
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hypothesis will require an extended data set that includes a more detailed account of gene 

conversion and recombination events than the one reported here.

4. Conclusion

A role in immune evasion via antigenic diversity for the msp3 gene family could explain the 

complex patterns of variation observed among Plasmodium populations, in which its 

members are functionally (or at least structurally) redundant, yet present a highly diverse set 

of protein sequences with low complexity (Mendes et al., 2013; Schofield 1991) to the 

immune system. This pattern is consistent with the observation that low complexity regions 

seem to be more immunogenic in msp3 (Lima-Junior et al. 2011; 2012). Selection would be 

expected to place limits on the accumulation of variation in order to maintain functional 

redundancy, and we observed evidence of purifying selection primarily in codons at the N 

and C-termini of these proteins. We therefore suggest that the N and C-termini regions may 

be important to maintaining the family’s function in P. vivax and its related species. 

Nevertheless, we also observed redundancy in the diverse central domain, where despite 

high levels of intraspecific variation, they were still predicted to form large regions of 

coiled-coil tertiary protein structure motifs. Such a role in immune evasion could be 

particularly important and may explain the independent origin of an analogous group of 

proteins such as PfMSP3.

In summary, we find no evidence that Pfmsp3 and Pvmsp3 are actually homologous and 

hypothesize that they may be analogous, highlighting their functional importance in these 

two parasites. We find no evidence indicating that the number of genes in this gene family 

was either affected by the host switch to humans in the case of Pvmsp3 or that the number of 

paralogs is explained by host range. Finally, we hypothesize that a model of multi-allelic 

diversifying selection may fit the evolution of Pvmsp3, a model that is consistent with 

functional redundancy in terms of increasing antigenic diversity. However, population based 

investigations are still needed in order to test this hypothesis. Whereas msp3 paralogs are 

immunogenic, at least in P. vivax (Lima-Junior et al. 2011; 2012), there is no information 

indicating that they are associated with actual clinical protection. Thus, some of these 

paralogs could indeed act as “decoys” during the critical process of RBC invasion in tertian 

malarial parasites.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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AbbreviationsGlossary

RBC Red blood cell

MSP3 merozoite surface protein-3

Mya millions of years ago

dS diversity at synonymous sites

dN diversity at non synonymous sites

dA net between group mean genetic divergence

Merozoite the asexual, red blood cell infecting life stage of Plasmodium parasites

synteny shared relative genomic position

host range the set of host species that a parasitic organism colonizes

periodicity for malaria parasites, the length of the interval between fevers caused by 

synchronous release of merozoites in the bloodstream
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Appendix A. Supplementary material

Supplementary Methods 1. Material and methods details (Microsoft Word File).

Supplementary Table 1. Primers, reaction conditions, and thermocycle programs for the P. 

vivax, P. cynomolgi, and P. inui msp3 genes or genome segments (Microsoft Excel file).

Supplementary Table 2. MSP3 isolates, sequences and accession numbers used for analysis 

(Microsoft Excel File).

Supplementary Table 3. BLASTn e-values from pairwise comparisons of MSP3 nucleotide 

sequences (Microsoft Excel File). Expected value of 10 used as a cut-off, comparisons in 

which no significant homology was found (the e-value score was 10 or above) are recorded 

as 10 in this table.

Supplementary Figure 1. Msp3 gene arrays sequenced for P. vivax, P. cynomolgi, P. inui and 

P. knowlesi. Gene arrays connected by a line represent isolates for which genomic 

sequencing was available and thus order on a chromosome or scaffold could be determined. 

Also, for those isolates with genomic sequencing data, rectangles represent incomplete or 

truncated ORFs, while genes filled in with color are those for which the genomic sequence 

was amplified, cloned and re-sequenced. Genes not filled in with color were not re-

sequenced. The diagonal stripes of the msp3H-C ‘gene’ for P. inui signify it as a 

pseudogene. Gene length in amino acids (aa) and PlasmoDB gene ID codes are shown.
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Supplementary Figure 2. P. cynomolgi strain Berok and P. inui strain OS sequencing 

schemes. Drawn to scale, with scale bars in kilobases (KB) and gene or cloned segment 

lengths in base pairs (bp) shown. Putative genes are labeled by the P. vivax gene to which 

they have most sequence similarity, either msp3 (see Figure 1) or noted as “O-” followed by 

the PlasmoDB code of the corresponding P. vivax gene. A.) The 17 P. cynomolgi segments 

cloned are shown in red. B.) The four overlapping fragments (P1-P4) for P. inui are shown 

with gray arrows.

Supplementary Figure 3. High alanine content in the msp3 family of P. vivax is maintained 

in orthologs. Amino acid composition for P. vivax (Pv) Salvador-1 genes (array shown 

below) and their respective orthologs in P. cynomolgi Berok strain (Pc), P. inui OS strain 

(Pi), P. knowlesi H strain (Pk), and P. gonderi (Pg), when present. Percentage alanine 

content is shown

Supplementary Figure 4. Additional Bayesian phylogenies of (A) the interspecies msp3 

family and (B) msp3D and msp3E paralogs. Nodes with greater than 50% posterior 

probability support from 55 × 106 (A) or 31 × 106 (B) MCMC generations are shown. 

Branches are colored by species and clades are labeled by the gene from the Pvmsp3 array 

(shown below the phylogeny) they contain. Two P. cynomolgi genes, msp3F2 and msp3F3, 

which appeared to be recombinants of msp3F and msp3D (see results), were excluded from 

the phylogeny in Figure 5, but are included here in this figure.

Supplementary Figure 5. Phylogenetic relationships and recombination among P. vivax 

msp3E1 and msp3E2 paralogs. Nodes with greater than 50% bootstrap support are shown in 

the Bayesian tree of P. vivax (Pv) and P. cynomolgi (Pc) isolates. Alleles from the same 

isolate (putative paralogs) are connected with red-dotted lines. The recombination events 

detected by the RDP algorithm are connected with grey lines.
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Highlights

• The array containing MSP3 genes was characterized among Plasmodium 

species.

• The P. falciparum MSP3 proteins are analogous to those found in P. vivax.

• The high number of paralogs has an earlier origin in the P. vivax clade.

• Host range cannot explain the variation in the number of paralogs among 

species.

• The MSP3 evolution is consistent with a multi-allelic diversifying selection 

model.
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Figure 1. 
The 12 putative members of the P. vivax msp3 family. The twelve putative P. vivax msp3 

genes in the PlasmoDB annotation of the Salvador I reference genome are shown with their 

gene IDs and the naming used here. Amino acid (AA) lengths and other aliases for the genes 

are shown below the genes. *See Galinski et al. (2001) for a description of α, β, and γ, the 

first 3 genes in the family identified, and Jiang et al. (2013) for their use of 3.1 through 

3.11‡. Colors correspond to phylogenetic relationships, see Figure 5.
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Figure 2. 
The PvMSP3 and PfMSP3 families are not syntenic among Plasmodium species. 

Chromosomes and position of the gene arrays are drawn approximately to scale; 

centromeres are arbitrarily placed in the middle of chromosomes. Homologous synteny 

blocks are colored the same on the chromosomes, such that for example, the region syntenic 

to P. vivax chromosome 14 (purple) in the P. falciparum genome (in this case, on P. 

falciparum chromosome 12) is colored similarly (see Frech and Chen (2011) for more about 

synteny blocks). P. falciparum surface proteins clustering with PfMSP3 (PfMSP3.1) in the 

PfMSP3 array (orange) include MSP6 (PfMSP3.2), MSP-H101 (PfMSP3.3), Duffy Binding-

Like MSP (PfMSP3.4), MSP11 (PfMSP3.7), and MSP/PF10_0355 (PfMSP3.8). Additional 

P. falciparum antigens not originally considered part of the Pf msp3 family are also present 

within the array, nluding S-antigen (PF3D7_1036400), liver stage antigen 1 

(PF3D7_1036400), and GLURP (PF3D7_1036400).
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Figure 3. 
Domain architecture of the Pvmsp3 family and its orthologs in related species. Vertical gray 

bars represent putative MSP3 proteins, with their amino acid lengths drawn to scale. The 

positions of coiled-coil tertiary motifs as predicted by PairCoil2 are shown in blue. Positions 

of sites within indels from intraspecies alignments of P. vivax and P. cynomolgi isolates are 

plotted onto the proteins in white along with the positions of sites conserved and alignable 

between P. vivax and P. cynomolgi (in black). The P. vivax Salvador-1 gene array is shown 

for reference along with the abbreviations used for the nonhuman primate malaria species 

analyzed.
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Figure 4. 
The msp3 gene family size in Plasmodium species. Msp3 gene family size recovered for the 

species studied along with their host (human, cercopithecine, or rodent) and merozoite 

eruption periodicities. 24, 48, and 72 hour cycles are referred to as quotidian, tertian, and 

quartan, respectively. The species phylogeny and time axis in millions of years ago (Mya) 

are from Pacheco et al. (2012b). The P. gonderi array was not fully assembled or re-

sequenced and therefore gene order is not known; rectangles not filled in with color 

represent partial gene fragments. Putative msp3 genes are outlined in color and larger than 

non-msp3 genes (gray) and the conserved flanking genes used as markers.
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Figure 5. 
Bayesian phylogeny of the msp3 gene family of P. vivax and its closely related species. 

Nodes with greater than 50% posterior probability support from 55 × 106 MCMC 

generations are shown. Nodes with ML support based on a bootstrap with 100 

pseudoreplications are indicated as * for 95–100%, nodes with less than 80% are not 

indicated. Branches are colored by species and clades are labeled by the gene from the 

Pvmsp3 array (shown below the phylogeny) they contain. A reduced set of 4 P. vivax, 4 P. 

cynomolgi, and 3 P. inui isolates for each gene was used for the unrooted phylogeny. Two P. 
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cynomolgi genes, msp3F2 and msp3F3, which appeared to be recombinants of msp3F and 

msp3D (see results), were excluded in this tree. A Bayesian tree including these two genes is 

shown in the supplementary information (Supplementary Figure 4).
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