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ABSTRACT

The complex life cycle and widespread range of infection of Plasmodium parasites, the
causal agent of malaria in humans, makes them the perfect organism for the study of
various evolutionary mechanisms. In particular, multigene families are considered one of
the main sources for genome adaptability and innovation. Within Plasmodium, numerous
species- and clade-specific multigene families have major functions in the development
and maintenance of infection. Nonetheless, while the evolutionary mechanisms
predominant on many species- and clade-specific multigene families have been
previously studied, there are far less studies dedicated to analyzing genus common
multigene families (GCMFs). | studied the patterns of natural selection and
recombination in 90 GCMFs with diverse numbers of gene gain/loss events. | found that
the majority of GCMFs are formed by duplications events that predate speciation of
mammal Plasmodium species, with many paralogs being neutrally maintained thereafter.
In general, multigene families involved in immune evasion and host cell invasion
commonly showed signs of positive selection and species-specific gain/loss events;
particularly, on Plasmodium species is the simian and rodent clades. A particular
multigene family: the merozoite surface protein-7 (msp7) family, is found in all
Plasmodium species and has functions related to the erythrocyte invasion. Within
Plasmodium vivax, differences in the number of paralogs in this multigene family has
been previously explained, at least in part, as potential adaptations to the human host. To
investigate this I studied msp7 orthologs in closely related non-human primate parasites

where homology was evident. | also estimated paralogs’ evolutionary history and genetic



polymorphism. The emerging patterns where compared with those of Plasmodium
falciparum. | found that the evolution of the msp7 multigene family is consistent with a
Birth-and-Death model where duplications, pseudogenization and gene lost events are
common. In order to study additional aspects in the evolution of Plasmodium, | evaluated
the trends of long term and short term evolution and the putative effects of vertebrate-
host’s immune pressure of gametocytes across various Plasmodium species.
Gametocytes, represent the only sexual stage within the Plasmodium life cycle, and are
also the transition stages from the vertebrate to the mosquito vector. | found that, while
male and female gametocytes showed different levels of immunogenicity, signs of
positive selection were not entirely related to the location and presence of immune
epitope regions. Overall, these studies further highlight the complex evolutionary patterns

observed in Plasmodium.
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CHAPTER 1. INTRODUCTION

This work focuses on understanding evolutionary mechanisms affecting the
evolution of multigene families using Plasmodium spp., the causal agent of malaria in
humans, as a model organism. The putative selective role of host-parasite interactions
from a complex life cycle is evaluated. In addition, both short and long term evolutionary

trends of transmissible Plasmodium spp. stages are explored.

1.1 Plasmodium life cycle

The Plasmodium life cycle begins when sporozoites are injected into the
vertebrate host after an Anopheles mosquito feeds from an infected vertebrate host.
Sporozoites travel to the host liver and within minutes invade the host’s hepatocytes and
replicate as hepatic schizonts. Eventually, merozoites are produced and released into the
blood stream completing the exo-erythrocytic cycle. In certain Plasmodium species (P.
vivax, P. ovale and P. cynomolgi), some of the liver parasites remain quiescent only to
resume replication after several weeks or months. This life cycle stage, which is known
as the hypnozoite (Dembélé et al., 2014; Siciliano and Alano, 2015), is thought to cause

malaria relapses (Markus, 2015).

After entering the blood stream, parasites invade the host red blood cells and
undergo several rounds of asexual replication (the erythrocytic cycle). Invasion of new
red blood cells occurs when already infected ones are ruptured by the formation of
mature schizonts and the release of new merozoites (Siciliano and Alano, 2015).
Symptoms associated with malaria infection are caused by the cycle of parasite

replication, red blood cell invasion, rupture and release of merozoites. Variation in the
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periodicity of this cycle, as well as in the type of red blood cells infected by the parasite,
are commonly observed among Plasmodium species (Carlton et al., 2008). A small
proportion of parasites commit to the sexual pathway and differentiate into male and
female gametocytes (Kuehn et al., 2010). This differentiation is highly flexible and is
thought to be mediated by a variety of biological and environmental stressors (Alano,
2007; Talman et al., 2004). When ingested during the mosquito blood meal, various
changes in parasite environment (drop of body temperature, presence of xanthurenic acid
and increase of pH) result in gametocyte activation and the formation of gametes (Sinden,

2015).

Finally, gametes fuse in the Anopheles mosquito midgut and produce a zygote,
which later develops into a motile ookinete capable of traversing the midgut epithelium
and transforming into an oocyst. The thousands of sporozoites produced by the oocyst
proceed to navigate towards the mosquito’s salivary glands where they can be injected
into another vertebrate host and complete the sporogonic cycle (Siciliano and Alano,

2015).

1.2 Plasmodium and host interaction

Parasites of the Plasmodium genus are capable of infecting a wide range of
vertebrate hosts; however, each Plasmodium species can only infect certain host types
(e.g., reptiles, birds, rodents and primates). Several studies have shown that parasite
adaptation can occur as a response to interaction with different types of vertebrates (e.g.,
primates vs. rodents), and variable selective constraints (Assefa et al., 2015; Frech and

Chen, 2011; Prugnolle et al., 2008). It is possible for host-switch events to occur when



closely related vertebrates share a common environment (Krief et al., 2010; Mu, 2005).
The causal agents of major human malarias, P. vivax and P. falciparum, are thought to
have originated from two independent host-switch events between humans, Southeast
Asian macaques (Carlton et al., 2013; Escalante et al., 2005) and African gorillas (Liu et
al., 2010), respectively. Thus, host-switch events are fundamental in the evolutionary

history of Plasmodium (Duval and Ariey, 2012).

Plasmodium parasites also spend part of their life cycle in an Anopheles mosquito
vector. Parasite-vector associations are thought to be species-specific to a certain extent,
with some mosquito species having higher vectorial capacity than others (Kamali et al.,
2012; Tainchum et al., 2015). Furthermore, numerous studies have found evidence that
both P. falciparum and P. vivax are adapted to different Anopheles mosquito species
worldwide (Sinka et al., 2012), and that selection leading to parasite adaptation to

different vector species can occur locally (Joy et al., 2008; Molina-Cruz et al., 2012).

1.3 Origins of Plasmodium spp. - host associations

Vectorial capacity seems to have been gained independently after the divergence
of various mosquito lineages (Kamali et al., 2012). Primary P. falciparum vectors,
Anopheles gambiae and An. funestus diverged between 30-40 Mya, while the main Asian
and South American vectors of P. vivax (An. stephensi and An. darlingi, respectively) are
thought to have diverged approximately 100 Mya (Kamali et al., 2014; Neafsey et al.,
2015). In contrast, when measured using protein-coding nuclear genes and the rate of
pairwise amino acid sequence divergence, Plasmodium parasite associations with their

respective vertebrate hosts are thought to be more recent. Specifically, the split of P.
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falciparum and P. reichenowi is thought to have occurred about 3.0-5.5 Mya, a time that
overlaps with the estimated divergence between humans and chimpanzees (4.9-6.8 Mya)
(Kumar et al., 2005; Schrago and Voloch, 2013). On the other hand, parasites of the
rodent clade are estimated to have diverged around 13-25 Mya, coinciding with the
diversification of the family Muridae (Silva et al., 2015). Overall, mammal malarias are
thought to have radiated approximately in the late Mesozoic (around 64 Mya),
establishing an overlap with the divergence between the primate and rodent lineages

(Silva et al., 2015).

1.4 Immune response to Plasmodium spp. infection and parasite’s evasion

Innate immune mechanisms, thought to be triggered by conserved molecules
among Plasmodium species, limit the initial density of blood-stage parasites irrespective
of the Plasmodium species or strain (Stevenson and Riley, 2004). Immune mechanisms
directed at blood-stage parasites involve inflammatory processes and antibody responses.
Inflammation is triggered by pattern recognition receptors (PRRs) expressed by immune
cells in response to P. falciparum infection (Crompton et al., 2014). In addition,
immunoregulatory cytokines (IL-10 and TGF-R), which contribute to the regulation of
innate responses, are produced by the innate (macrophages) and adaptive (T cells)
immune systems. Production of these cytokines activates the dendritic cells (DC),
enhances the effect of parasite-derived maturation stimuli, and facilitates clonal
expansion of antigen-specific CD4+T cells (Pouniotis et al., 2004; Stevenson and Riley,
2004). Furthermore, high antibody levels, CD4+ and CD8+ T cell responses have also

been found against proteins expressed in the infective sporozoite stage (CSP, LSA-1 and



TRAP), where they are thought to reduce severity of disease in recently infected

individuals (Offeddu et al., 2012).

Also, mechanisms such as cytoadherence, rosetting, antigenic variation and
antigenic diversity, are used by the parasite to evade anti-malarial immunity within the
vertebrate host (Deroost et al., 2016). Cytoadherence in P. falciparum allows infected
erythrocytes to sequester in the microvasculature of multiple organs and evade host’s
immune responses by passage through the spleen (splenic entrapment). In certain species
(P. vivax and P. yoelii), infection can be maintained in reticulocyte-rich environments
such as the bone marrow (Malleret et al., 2015), or by creating reticulocyte-rich
environment that enhances cell invasion (Deroost et al., 2016). Rosetting is thought to
shield infected erythrocytes from opsonization and facilitate invasion of new erythrocytes
by decreasing the distance between infected and non-infected cells (Lee et al., 2014;
Niang et al., 2014). In addition, antigenic variation permits the evasion of vertebrate
immune responses by altering the expression of surface proteins. Specifically, only one
antigen type is expressed at a time during infections, while other loci are not transcribed
(Scherf et al., 2008). This helps the parasite to evade the host immune response and also

extends the parasite’s survival within a single host (Abdi et al., 2016).

While the immune response of the vertebrate host involves adaptive and innate
immune mechanisms, Anopheles mosquitoes combat Plasmodium infection via physical
barriers (the peritrophic matrix and endothelium) and innate immune mechanisms
(Crompton et al., 2014). Large bottlenecks are caused by parasite transversal of mosquito

physical barriers (Saraiva et al., 2016). On the other hand, the innate immune response



consists of: 1) hemocytes becoming capable of phagocytosis in regions of high
hemolymph flow, and 2) production of humoral factors leading to lysis and melanization

of Plasmodium parasites (King and Hillyer, 2012).

1.5 Plasmodium spp. multigene families

Multigene families have a fundamental role as sources of adaptation and
diversification among Plasmodium species (DeBarry and Kissinger, 2011; Kooij et al.,
2005; Kuo and Kissinger, 2008; Weir et al., 2009). Furthermore, the largest differences
among species’ genomes have been found within their multigene families (Tachibana et
al., 2012). Comparative studies performed within three of the major malaria clades have
found common trends regarding clade-specific multigene family evolution. Repeated
lineage-specific gene duplication and/or deletion events, evidenced by variation in the
number of paralogs and paralog composition, have been described in the simian clade
(Tachibana et al., 2012). A similar trend has been observed in the Laveranian subgenus,
where certain multigene families (Rifin and Stevor) have variable size and composition,
while others (Phist, Fikk and var) maintain a common family organization and share
some easily identifiable orthologs (Otto et al., 2014b). Lineage-specific duplication
and/or loss events have also been observed in multigene families unique to the rodent
malaria clade (Otto et al., 2014a). Important functions, many of them related to parasite-
host interaction and cell invasion, are known to be performed by subsets of species- or

clade-specific multigene families (Frech and Chen, 2011).

Specifically within Plasmodium, clade- and species-specific multigene families

have functions associated with cytoadherence and antigenic variation (var, SICAvar,
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Stevor, Rifin, fikk, pir), recognition and invasion of erythrocytes (msp7, msp3) and
organelle formation (ETRAMP, Phist) (Reid, 2015; Tachibana et al., 2012). For the most
part, clade- and species-specific multigene families have a tendency to show large
numbers of paralogs and variable paralog composition among Plasmodium species, or
even among strains of the same species, in comparison to multigene families shared by
largely divergent Plasmodium species (Cheeseman et al., 2009; lyer et al., 2006; Reid,
2015; Rice et al., 2014). Many of these multigene families are located in the highly
recombinant sub-telomeric chromosome regions, or in internal regions with sub-
telomeric-like repeats, a fact that is thought to contribute to facilitating recombination
and generating variability (Taco W. A. Kooij et al., 2005; Kuo and Kissinger, 2008; Pain

et al., 2008).

While many important clade- and species-specific multigene families are
associated with sub-telomeric chromosome regions, subsets of species- and clade-specific
genes potentially linked to virulence and transmission have also been found in internal
regions of chromosomes (Frech and Chen, 2011; Taco W. A. Kooij et al., 2005). Internal
chromosome regions tend to be highly syntenic among Plasmodium species, particularly
those that are closely related (DeBarry and Kissinger, 2011). However, changes in
synteny are usually associated with clade- and species-specific expansions and

contractions of genus common multigene families (Tachibana et al., 2012).

The variation of the number of paralogs among Plasmodium species is thought to
be related to host-specific adaptations (Bethke et al., 2006; Martens et al., 2008). This is a

possibility since, in addition to the other functions seen in clade- and species-specific



multigene families (e.g., immune evasion, cytoadherence, and mediation of cell
invasion), genus-common multigene families tend to have functions related to
metabolism (Ponsuwanna et al., 2016), development and maintenance of parasite
structures (Taco W.A. Kooij et al., 2005), chaperones (Kilzer et al., 2012), and life cycle

regulation (Dorin-Semblat et al., 2011).

1.6 Multigene family evolutionary models

For decades, the prevalence and importance of gene duplication as a source of
genomic innovation and diversification has been widely recognized (Ohno, 1970). Gene
duplicates arise via two main mechanisms: unequal crossing over and retroposition, each
can result in different patterns of organization and relationship among multigene family
members (Walsh and Stephan, 2001; Zhang, 2003). The fixation and loss of multigene
family members can be categorized under several evolutionary models depending on the
predominant selective forces in action, divergence dynamics, and the potential effects
that gene function has on these dynamics (Dittmar and Liberles, 2010; Innan and
Kondrashov, 2010). These models have been categorized in the following groups: 1)
models that consider the fixation of duplicated genes to be a neutral process (sub-
functionalization and duplication—degeneration—complementation), 2) models in which
the duplication itself is positively selected (increase dosage and neo-functionalization),
and 3) models where duplication occurs in genes with genetic variation in the population

(adaptive radiation and permanent heterozygote).

Alternatively, the evolution of multigene families can also be characterized in

terms of the changes in the number, composition, and phylogenetic relationship among



paralogs. Specifically, under the Birth-and-Death model paralogs evolve separately and
putative gain/loss and loss of function events occur independently. On the other hand,
under the Concerted Evolution model, multigene family members evolve as a unit and
tend to be highly homogeneous (Eirin-Lopez et al., 2012; Nei et al., 1997; Nei and
Rooney, 2005; Sz6llI\Hosi and Daubin, 2011). Within the Plasmodium genus,
evolutionary patterns of several multigene families are thought to better reconcile with
the Birth-and-Death model (Arisue et al., 2011, Garzén-Ospina et al., 2010; Nishimoto et

al., 2008).
1.7 This study

Plasmodium parasites are characterized by a complex life cycle, and a capacity to
infect a wide range of vertebrate hosts and Anopheles mosquitoes. Considering the
importance of gene duplication in the development of organismal novelty and
adaptability, multigene families represent a prime example to study genus-specific
evolutionary patterns across Plasmodium species. Important roles in cell invasion,
immune evasion, and other essential aspects of parasite’s life have been attributed to
many species and clade-specific multigene families. Nonetheless, while the study of
multigene families found in a reduced number of Plasmodium species is primordial for
understanding parasite-host interactions, the study of genus common multigene families
(GCMFs) could aid in gaining insight into the evolutionary trends within the genus. |
studied gain/loss events and the mechanism (recombination events and long term
selective forces) shaping multigene family evolution among Plasmodium species with

variable life history traits, geographic distributions, and host interactions with the



objective of gaining a better understanding of the capacity of GCMFs to shape

organism’s genomes.

| am particularly interested in evaluating genus-specific evolutionary patterns in
the merozoite surface protein 7 multigene family (msp7). While many proteins are
involved in the delicate processes which allow the interaction between merozoite and the
erythrocyte, msp7 is the only multigene family with members across largely divergent
Plasmodium species involved is this process. By studying the evolutionary trends this
multigene family, is possible to can gain a better understanding of the relationship
between the development of functional divergence in critical points of the Plasmodium

life cycle, and gain/loss events in multigene family evolution.

Finally, I have also focused on a specific Plasmodium life stage of potential
interest in the development of malaria transmission blocking strategies. The reduced
effectiveness of numerous policies intended for the treatment and eradication of malaria,
and the complexity of Plasmodium parasite’s immune evasion strategies, furthers the
need to develop new treatment and eradication protocols. In this regard, besides their
relevance in understanding genus common evolutionary trends, conserved genes shared
across largely divergent Plasmodium species are of enormous significance in the
development of universal malaria treatment and control strategies, especially in regions
where more than one Plasmodium species co-occur and where transmission is low. |
characterized the diversity and divergence of genes with gametocyte-biased expression in
known human malarias and closely related Plasmodium species, and also evaluated the

putative association between sex-biased expression and immunogenicity.
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Overall, this dissertation covers a range of critical aspects in the evolution of the
Plasmodium genome, highlights the importance of these elements in parasite-hosts

interactions, and in the development of strategies of universal clinical interest for malaria.
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CHAPTER 2. Evolution of the merozoite surface protein 7 (MSP7) in Plasmodium vivax

and P. falciparum: a comparative approach.

2.1 Introduction

Malaria is a vector borne disease caused by protozoa of the genus Plasmodium.
These parasites are found associated with a broad range of vertebrate hosts including
primates (Garnham 1966). Among the numerous Plasmodium species, there are four that
typically infect humans. Two of those, Plasmodium falciparum and P. vivax, account for
most of the malaria morbidity and mortality worldwide (WHO, 2015). These two species
differ in many epidemiological and biological characteristics including divergent features
in their genomes. In particular, they markedly differ in terms of their exonic G+C
content, frequency of low complexity regions, and some distinctive multigene families
(Battistuzzi et al. 2016; Carlton et al. 2008; Frech and Chen 2011).

Multigene families are found in all known genomes of Plasmodium species,
however, some are shared only by species within particular clades (Wasmuth et al. 2009).
They are involved in vital functions such as cytoadherence, host cell recognition and
binding, antigenic variation, and antigenic diversity (Frech and Chen 2011). Out of the
multigene families found in all known primate malarias, there are two (msp3 and msp7)
that are expressed on the surface of the asexual stage as part of a group commonly known
as the Merozoite Surface Proteins (MSPs). These MSPs are involved in the invasion of
the host red blood cell (Boyle et al. 2014).

Putative orthologs of msp3 were originally described in many Plasmodium
species, including P. falciparum (Pfmsp3) and P. vivax (Pvmsp3). However, recent

studies have found that the msp3 genes are not homologs among Plasmodium species
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(Rice et al 2014). In particular, Pvmsp3 genes and their orthologs from related species
parasitizing non-human primates have evolved independently from those identified as the
Pfmsp3 family in P. falciparum and its related species (Rice et al. 2014). This leaves
msp7 genes as the only MSP family found across the known primate malarial parasites
and one of the few that seems to be shared across all known Plasmodium lineages
parasitic to mammals with a role in erythrocyte invasion (Boyle et al. 2014).

Indeed, evidence from the msp7 family in P. falciparum (Pfmsp7) indicates that
some paralogs encode proteins that may play an important role in the invasion of the host
erythrocyte. Specifically, Pfmsp7 paralogs (e.g., PF3D7_1335100) are known to
participate in one of many “complexes” with Pfmspl (Kadekoppala and Holder 2010; Lin
et al. 2016; Mello et al. 2002) that bind with the erythrocyte and that appear to be
fundamental during the erythrocyte invasion (Lin et al. 2016). In addition, the available
evidence indicates that msp7 paralogous genes may play redundant roles during this
process (Kadekoppala et al. 2010). Knock-out experiments have shown that the correct
processing of Pfmsp1l is not affected by the deletion of some of the Pfmsp7 multigene
family members (Kauth et al. 2006), which is likely due to the fact that there are multiple
complexes involving Pfmspl (Lin et al. 2016). In particular, the disruption of
PF3D7_1335100, the Pfmsp7 paralog described in the mspl complex, resulted in a
reduction of only 20% of the parasite’s ability to invade erythrocytes. Nonetheless, the
disruption of five of the P. falciparum msp7 paralogs resulted in a null phenotype
(Kadekoppala et al. 2008).

Msp1 also interacts with some msp7 paralogs in other Plasmodium species.
Experimental evidence from P. yoelii showed that at least one Pymsp7 paralog

13



(PY17X_1354000) definitively interacts with Pymsp1, while the other members of the
family are expressed independently. This suggests that, as in P. falciparum, msp7
paralogs are interacting with mspl during the invasion of the red blood cell. However, not
all msp7 paralogs might have an essential role (Mello et al. 2002; Mello et al. 2004).
Indeed, recent investigations suggest that some of the Pfmsp7 paralogs may actually play
an immunomodulatory role leading to disease severity (Perrin et al. 2015). Furthermore,
msp7 paralogs may affect the parasite tropism as suggested by experiments with P.
berghei where knock-out experiments showed an apparent increase in the parasite’s use
of reticulocytes (Tewari et al. 2005).

How the divergence observed among the msp7 paralogs across Plasmodium spp.
relates to their functional diversity remains unknown. A first step, however, is to improve
our understanding of the evolutionary history and genetic diversity of the paralogous
genes belonging to this multigene family. Previous studies have shown that there is a
large variation in the number of paralogs and composition of the msp7 family among
Plasmodium species (Kadekoppala and Holder et al. 2010). In particular, an expansion of
the msp7 multigene family was suggested in P. vivax and its closest relative found in
Southeast Asian macaques, Plasmodium cynomolgi (Mongui et al. 2006, Tachibana et al.
2012). However, the limited information on other species within that clade did not allow
further exploration of this pattern. Here, | characterized msp7 multigene family members
in simian and Laveranian Plasmodium species with the intention to determine if the
evolutionary mechanisms affecting the proposed expansion of the msp7 multigene family
in P. vivax, were different to those of P. falciparum and related species. In addition, |
evaluate the hypothesis that complex selection patterns are related to ancient events
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leading to the introduction of this parasite lineage into Hominines. Furthermore, given the
proposed functional redundancy across P. falciparum msp7 paralogs; | hypothesize that
those motifs important for protein binding to the erythrocyte (Garcia et al., 2007) could
be conserved among msp7 paralogs found in P. falciparum and P. reichenowi (Prmsp7).
2.2 Material and methods

2.2.1 Sequence data

In this investigation, | will define the size of the msp7 multigene family in each
Plasmodium species to be the number of paralogs of that family in that species’ genome.
Furthermore, a specific msp7 paralog in species “A” may have an ortholog in species
“B”, thus, msp7 paralogs may have orthologs whenever two species are compared. | will
use the PlasmoDB Gene IDs (nomenclature) assigned to P. vivax (Salvador I)
(Aurrecoechea et al. 2009) to refer to specific paralogs.

First, I investigated the genetic diversity of each of the msp7 paralogs within P.
vivax (Pvmsp7) by using all sequences available at PlasmoDB version 26 (Aurrecoechea
et al. 2009). The data consist of clinical isolates from diverse geographic regions and
obtained via whole genome sequencing as part of the Hybrid Selection Initiative
performed by the Broad Institute, where representative samples include NIAID-funded
International Centers of Excellence for Malaria Research (ICEMRs), as well as non-
ICEMR locations. In addition, the PlasmoDB database included the five sequenced P.
vivax reference strains (Salvador I, North Korean, India VI, Mauritania | and Brazil I)
publically available (Neafsey et al. 2012). As a comparison, | also analyzed the genetic
polymorphism observed in each of the P. falciparum msp7 (Pfmsp7) paralogs. The data
available in PlasmoDB was obtained from the following sources: (1) whole genome
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sequencing of isolates collected from symptomatic malaria patients from Mali, generated
through the 100 Plasmodium Genomes Whitepaper; (2) paired-end short-read sequences
of clinical isolates from an endemic Gambian population from the Greater Banjul Area;
and (3) genome sequences obtained from several Senegal isolates. In addition, I also
included informative Pfmsp7 sequences available in the NCBI database.

Second, | studied the msp7 family from different Plasmodium species with
publicly available genomes found in PlasmoDB and NCBI (Benson et al. 2014)
databases: P. cynomolgi (Pcmsp7, B-strain), P. inui (Pimsp7, San Antonio strain), P.
knowlesi (Pkmsp7, H strain), P. coatneyi (Pcomsp7, Hackeri strain), P. falciparum (3D7),
P. reichenowi (Prmsp7, Dennis strain), and the rodent malarias P. yoelii (Pymsp7, YM
strain), P. berghei (Pbmsp7, ANKA strain), and P. chabaudi chabaudi (Pchmsp7, AS
strain). Additionally, I included sequences obtained from 454 reads (Roche, Applied
Science, Basel, Switzerland) for a parasite from African primates, P. gonderi (Pgmsp7),
in this study.

Finally, I sequenced specific msp7 multigene family paralogs using isolates
provided by the Center for Disease Control (CDC): P. vivax (Indonesia I, Thailand IlI,
Vietnam Palo Alto and Sumatra strains), P. cynomolgi (Berok, Cambodia, PT1, PT2, RO,
ceylonensis, Gombak and Mulligan strains), P. inui (Perlis, Perak, Philippine, Celebes 11,
Leaf Monkey I and |1, Leucosphyrus, OS, Taiwan I, N34 strains), P. knowlesi (Hackeri
and Malayan strains), Plasmodium fieldi (N-3 strain), P. simiovale, and P. hylobati.
Information on these species and strains can be found elsewhere (Coatney 1971).

DNA extraction from blood samples was performed using QlAamp DNA blood
mini kit (Qiagen, Hilden, Germany). | created sets of independent degenerated primers
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for each msp7 paralog using the publicly available genomes of P. vivax, P. cynomolgi and
P. knowlesi (Table S1). Polymerase chain reactions (PCR) for each msp7 ortholog was
performed using AmpliTaq polymerase (Applied Biosystems, Roche, USA), followed by
purification of positive PCR products using QIAquick gel extraction kit (Qiagen, Hilden,
Germany). Purified products were posteriorly cloned using pGEM-T Easy Vector
Systems | (Promega, W1, USA). Two to three clones were sequenced using an Applied
Biosystems 3730 capillary sequencer. The orthology of newly sequenced msp7 multigene
family members was determined by reciprocal BLAST searches for all the species
included here (Altschul et al. 1997). In particular, 1 assessed sequence similarity by
evaluating the e-values with respect to published msp7 sequences. The orthology of each
of the P. gonderi msp7 paralogs with those found in P. vivax was established using
reciprocal BLAST searches. All sequences obtained in this study were deposited in
GenBank (KU307279-KU307446).

In addition to the BLAST e-values, | characterized newly obtained sequences as
members of the msp7 multigene family based on the existence of a signal peptide in the
N-terminal region of the protein (Petersen et al. 2011), their amino acid composition
(Wilkins et al. 1999), and the presence of the C-terminus domain commonly found
conserved in members of this family (Marchler-Bauer et al. 2011). Furthermore, |
identified the location and motifs of repetitive tandem regions using the Statistical
Analysis of Protein Sequences (SAPS) online tool (Brendel et al., 1992).

2.2.2 Phylogenetic Analyses

| performed interspecies alignments independently for the msp7 multigene family

and for individual msp7 paralogs using the CLUSTALW algorithm incorporated into
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MEGA 6.06 (Tamura et al. 2013), followed by manual editing of protein and nucleotide
sequences. For each alignment, the most adequate substitution model was selected using
the Akaike information criterion (AIC) method incorporated in Jmodeltest (Posada 2008).
The most supported nucleotide substitution models were, for the most part, specific
variants of the General Time Reversible (GTR) model. The nucleotide frequencies,
fraction of invariant sites, and the shape parameter of the gamma distribution of
substitution rates across sites were estimated in order to use them in Maximum
Likelihood phylogenetic analysis.

| estimated phylogenies of the msp7 paralogs among related species in order to
explore their origin and diversification. However, many msp7 paralogs do not have
orthologs across all Plasmodium species (Garzon-Ospina et al. 2010). Thus, in the
context of this investigation, | found it to be more informative to estimate phylogenetic
relationships within specific groups. | estimated a phylogeny for the P. vivax clade with
its closely related species using P. gonderi as an out-group, and then a separate
phylogenetic analysis was carried out with the msp7 paralogs found in P. falciparum and
P. reichenowi (Laverania subgenus). Both Maximum Likelihood (ML) and Bayesian
Inference (BI) methods were used to construct an msp7 multigene family phylogenetic
tree for both groups. In the case of the P. vivax clade phylogeny, I excluded paralogs
PVX 082660 (531-567bp) and PV X_082690 (285-315bp) and their respective orthologs
due to their shorter sequence length relative to other members of the msp7 multigene
family (828-1,608bp). Likewise, | excluded the msp7 pseudogene PF3D7_1334900
(1,143bp) and its ortholog gene from the P. falciparum-P. reichenowi comparison.
PhyML v3.0 (Guindon et al. 2010) with 200 bootstrap pseudo-replications was used to
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assess node significance on the ML phylogenetic tree construction. The Bl analyses were
performed using MrBayes v3.1.2 (Ronquist et al. 2012) with 2X10’ Markov Chain Monte
Carlo (MCMC) steps; sampling performed every 1,000 generations and a burn-in fraction
of 50%. Convergence of the Bl analysis was diagnosed by requiring a standard deviation
between 0.01 and 0.05 among runs and a Potential Scale Reduction Factor (PSRF)
between 1.00 and 1.02.
2.2.3 Polymorphism and Evolutionary Analyses

| evaluated evidence of recombination and/or gene conversion events among
closely related paralogs, as estimated by the ML and Bl phylogenetic trees (see Results
and Discussion section), by using Recombination Detection Program (RDP3) (Martin et
al. 2010) with its default parameters and a cut-off value of 0.05. This software combines
numerous methods to detect and characterize recombination events on large sequence
alignments and requires no user input regarding non-recombinant reference sequences.
Nonetheless, the location of recombination breakpoints was also explored with the
GARD tool available in http://www.datamonkey.org/help/Recomb.php#GARD
(Kosakovsky Pond et al. 2006).

| determined the genetic diversity (1) among different isolates and for each msp7
paralog of P. falciparum, P. vivax, P. cynomolgi, P. inui and P. knowlesi using MEGA
6.06 (Tamura et al. 2013). Duplicated genes that are expressed and functional could be
under purifying or positive selection. Patterns consistent with natural selection acting on
the observed polymorphism were assessed by estimating the differences in the average
number of synonymous (dS) and non-synonymous substitutions (dN) between isolates
using the Nei-Gojobori distance method and the Jukes and Cantor correction as
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implemented in MEGA 6.06. The difference between dS and dN and its standard error
was estimated by using bootstrap with 1,000 pseudo-replications, as well as a two tailed
codon based Z-test on the difference between dS and dN (Nei and Kumar 2000). Under
the neutral model, synonymous substitutions accumulate faster than non-synonymous
because they do not affect the parasite fitness and/or purifying selection is expected to act
against non-synonymous substitutions (dS>dN). Conversely, if positive selection is
maintaining polymorphism, a higher incidence of non-synonymous substitutions is
expected (dS<dN). I assumed as a null hypothesis that the observed polymorphism was
not under selection (dS=dN).

Evidence of natural selection acting on the divergence among orthologs for each
msp7 paralog was evaluated in further detail. In particular, in order to evaluate if different
family members showed variable levels of selection, | tested for evidence indicating
episodic selection for each msp7 multigene family members using Hyphy’s random
effects Branch-Site REL model (Kosakovsky Pond et al. 2005; Kosakovsky Pond et al.
2011). This model does not require the a priori partition between positively selected
foreground branches and negatively selected or neutral background branches, and instead,
allows for the independent variation of three selective regimes to the branches in a
phylogeny at any given site reducing the risk of false positives or negatives.

2.2.4 Conservation of Highly Activity Binding Peptides (HABP)

Five peptides with significantly high binding activity against red blood cells have
been identified in one of the P. falciparum msp7 paralogs (PF3D7_1335100) (Garcia et
al. 2007). Three of these high activity binding peptides (HABPs) were identified on the
conserved C-terminus region of the msp7 multigene family, while the other two were
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found in the less conserved N-terminus and central regions of the protein. | attempted to
locate these HABP in P. vivax and related species but there was not clear homology.
Finally, I inferred the putative ancestral sequence for all five peptides using MEGA 6.06
and included in the Pfmsp7 and Prmsp7 paralogs phylogeny.

2.3 Results

2.3.1 Variation on the msp7 multigene family size

In all Plasmodium species, msp7 paralogs are arranged in tandem inside syntenic
blocks. This is the pattern expected when a multigene family is originated via gene
duplication by unequal crossing over (Innan and Kondrashov 2010). In particular, the
msp7 family is found on the antisense strand in the chromosome 13 of P. falciparum, P.
reichenowi, and the rodent Plasmodium species, whereas it is on the sense strand of
chromosome 12 of P. vivax and the simian non-human primate Plasmodium species with
publically available genomes (Fig. 1). The Pvmsp7 syntenic block is delimited by a
flanking conserved hypothetical protein at the 5> end (PVX 082715) and its orthologs are
found in all species in the Southeast Asian primate clade. Likewise, the 3’ end is
delimited by a flanking conserved gene (chaperone binding putative protein,

PV X _082640) with its respective orthologs in all Plasmodium species with complete or
partial genomes (Fig. 1). Orthologs for PVX_082640 and PVX_082715 are also found in
rodent malarias and P. falciparum; but only the orthologs for PV X_082640 are flanking
the syntenic block at the 5’ end of the msp7 block in those species. Additional open
reading frames (ORF) unrelated to the msp7 multigene family is present at the 3° end of
the syntenic block in P. falciparum (e.g. PF3D7_1335200) and in rodent Plasmodium

species (PYYM_1351000).
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Consistent with previous studies (Garzén-Ospina et al. 2010), we observed that
the number of paralogs varied among the three major clades of mammalian parasites
considered in this investigation: Laverania subgenus (P. falciparum - P. reichenowi- P.
gaboni), rodent malarias, and Plasmodium species of Asian primates. All Pvmsp7
paralogs and their orthologs from closely related species share a similar amino acid
composition independent of gene length and the similarity tends to be higher among
orthologs than among paralogs. Amino acids in higher proportions are Lysine (K),
Leucine (L), Glycine (G), Glutamic Acid (E), Asparagine (N) and Alanine (A) (Fig. S1).

Paralog PVVX_082710 and its corresponding P. cynomolgi ortholog
(PCYB_122730) have been previously included as members of the msp7 multigene
family (e.g. Garzon-Ospina et al. 2010). Although both genes share a similar amino acid
composition to that of msp7 family members (Fig. S1), a detailed analysis showed that
neither PVX_082710 nor PCYB_122730 contained either the conserved MSP7 C-
terminus domain found in all other family members nor do they have the N-terminus
signal peptide characteristic of the msp7 multigene family (Kadekoppala and Holder
2010). Furthermore, they did not have sequence similarity with any other msp7 paralogs
when BLAST searches were performed. Therefore, these two orthologs were excluded
from further analyses. Even though PVVX_082660 and its corresponding orthologs in P.
cynomolgi also lacked the conserved MSP7 C-terminus domain, this gene and its
corresponding orthologs showed sequence similarity with the N-terminus regions of other
msp7 multigene family members (e.g. PVX_ 082660 vs. PVX_ 082665 e-value = 5E-20).

Thus, | consider it a member of the MSP7 family.
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It is worth noting that in P. cynomolgi, there is a paralog (PCYB_122760, see Fig.
1) that is likely the result of a recent duplication event; however, it lacks the typical
MSP7 N-terminus regions. | corroborated this finding for the strain Berok. Overall, the
number of confirmed msp7 paralogs shared by P. vivax and P. cynomolgi is 12 (see Fig.
1). Interestingly, 10 of those paralogs were also found in P. fieldi (Fig. 1), a species that
shares a recent common ancestor with P. vivax, P. cynomolgi, and P. inui. (Muehlenbein
et al. 2015; Pacheco et al. 2012). Whether all the paralogs found in P. vivax and P.
cynomolgi are shared by P. fieldi cannot be ascertained due to the lack of genomic
information on this parasite; nevertheless, it is clear that many indeed are (at least 10
paralogs). Likewise, | cannot confirm the actual sizes of the msp7 family in P. simiovale
(minimum six paralogs) and P. hylobati (minimum four paralogs including the
pseudogenization of the PV X_082685 ortholog) due to the absence of publicly available
genomes. P. gonderi, a basal species to the simian clade that is found in Africa (a parasite
of white-eyelid mangabeys and mandrills; Pacheco et al. 2012) shows a larger multigene
family size (nine paralogs) in relation to other Plasmodium species such as P. coatneyi,
P. inui, and P. knowlesi.

As in the case of P. vivax where all paralogs were shared with a non-human
primate parasite (P. cynomolgi and this could be the case with P. fieldi), all eight paralogs
in the human parasite P. falciparum are shared with a chimpanzee parasite, P. reichenowi
(Fig. 1). I found evidence indicating that seven out of the eight paralogs were also
conserved in P. gaboni, a more distant member of the Laverania subgenus (Ollomo et al.
2009; Otto et al. 2014; Pacheco et al. 2013), but the sequences were not of sufficiently
high quality to be included in my analysis. When compared to the two clades that include
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P. falciparum and P. vivax, what seems to be a reduction in the msp7 family size is
observed in the rodent Plasmodium species. The number of msp7 paralogs (three)
remained constant within the rodent clade and no pseudogenes were found. Importantly,
these three rodent msp7 paralogs are the ones with putative orthologs in all the primate
parasites included in this investigation.

| found no evidence indicating that the msp7 family size (number of paralogs)
changes within each species (e.g.: P. vivax, P. cynomolgi, P. inui; see Fig. S2), so in that
regard it differs from Pvmsp3 and its orthologs in non-human primates (Rice et al. 2014).
However, as in Pvmsp3 (Rice et al. 2014), there is sequence length polymorphism in
many msp7 paralogs in the P. vivax clade among different isolates within species (Fig.
S2). This polymorphism is the result of low complexity regions (LCRS) with repetitive
motifs located in the central regions of msp7 multigene family members. While the size
polymorphism and paralog composition suggest rapidly acting processes in the evolution
of the msp7 multigene family in some of the lineages inside the P. vivax clade, both
features show little to no variation among species of the rodent clade and between P.
falciparum and P. reichenowi.

Finally, it is worth noting that | found evidence of ongoing pseudogenization
processes on some msp7 paralogs. In particular, P. cynomolgi has a pseudogene that is
orthologous to PV X_082690, P. inui and P. hylobati have pseudogenes that are
orthologous to PV X_082685, and P. coatneyi has a pseudogene that is orthologous to
PV X _ 082660 (Fig. 1). Furthermore, P. falciparum and P. reichenowi share a pseudogene

(PF3D7_1334900) in addition to their eight paralogs (Fig. 1).
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Table 1 shows the nucleotide polymorphism of the different Pvmsp7 paralogs; all
of which exhibited relatively low levels of genetic polymorphism with 7 below 0.05. This
measure, however, does not account for length polymorphisms in low complexity
regions. Although most P. vivax paralogs seems to have higher average dS than dN
indicative of purifying selection, the null hypothesis of dN=dS was rejected only in five
Pvmsp7 paralogs. In particular, PVX_082695 exhibited more non-synonymous than
synonymous substitutions, a pattern consistent with positive selection. On the other hand,
four paralogs: PVX_082650, PVX_082675, PVX_082680 and PVX_082685 showed
significant dN<dS, a pattern expected when purifying selection is acting on the gene. In
the case of P. falciparum (Table 1), the polymorphism was markedly lower when
compared to those found in P. vivax. Nevertheless, two Pfmsp7 paralogs
(PF3D7_1334500 and PF3D7_1335100) showed significant dN>dS, indicating that
positive selection may be acting at those genes. As in P. vivax, the genetic polymorphism
in orthologous genes from the non-human malarial parasites, P. cynomolgi and P. inui,
showed evidence for purifying selection (Table 2). In particular, most msp7 paralogs in P.
cynomolgi have significantly higher average dS than dN. A similar pattern was observed
in P. inui; however, it was not significant.

2.3.2. Phylogenetic analysis of the msp7 simian clade paralogs

Maximum likelihood (ML) and Bayesian inference (BI) phylogenetic trees were
inferred to evaluate the relationships between msp7 paralogs found in the P. vivax clade
(Fig. 2). I excluded all pseudogenes and short length genes (PVX_082660 and
PV X _ 082690 and their orthologs) from these analyses. | labeled closely related paralogs
that shared comparable amino acid composition (Fig. S1) and presented higher sequence
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similarity with identical or analogous color tones (Fig. 1 and Fig. 2). Orthologous genes
formed well supported independent clades with the exception of PVVX_082680 and
PV X _ 082685, suggesting that most msp7 orthologs tend to be more closely related to
each other than to paralogs.

| subdivided the msp7 paralogs in the P. vivax clade into three major groups (A-
C) based on their phylogenetic relationships. Groups A and C showed the highest
posterior probability and bootstrap support while group B was somewhat less supported
(Fig. 2). Group A includes two of the three msp7 paralogs (PVX_082645 and
PV X _082695) that have orthologs in all the Plasmodium species considered in this study,
including rodents. The phylogenetic relationships within ortholog PV X_082695 inside
Group A paralogs clade are similar to those estimated for Plasmodium species using
other loci and mtDNA (Muehlenbein et al. 2015; Pacheco et al. 2012). Group B, the
largest in my phylogenetic analysis (Fig. 2), has paralogs that apparently originated
during the radiation of the P. vivax clade. Group B also includes the msp7 paralog
PV X _082680 that has orthologs in all Plasmodium with genomic data available. The
robustness of the group B branching pattern was confirmed by performing independent
phylogenetic analyses excluding all msp7 paralogs found outside group B (Fig. S3) and
an additional analysis including only group B msp7 paralogs with the highest sequence
similarity (Fig. S4). In all of these analyses, no major topological changes were observed
inside the group B phylogeny and the corresponding P. gonderi msp7 paralogs formed a
basal monophyletic group with low support. This is consistent with the scenario that
duplication events may have occurred early on msp7 at the origin of the clade that
includes P. vivax. All lineages of paralogs included in group B have P. vivax and P.
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cynomolgi orthologs that are found adjacent in chromosome 12. These P. vivax and P.
cynomolgi paralogs are shared with P. fieldi and less often with P. simiovale. The
PVX_082680 gene, for example, underwent a duplication event that gave rise to

PV X _ 082685 and its orthologs in a monophyletic group that includes P. vivax and its
most closely related species, P. cynomolgi, P. fieldi, and P. simiovale (Muehlenbein et al.
2015; Pacheco et al. 2012). Importantly, PVVX_082685 is undergoing a pseudogenization
process in the lineage that includes P. inui and P. hylobati.

It is worth noting that several paralogs with comparable amino acid composition
and higher sequence similarity in group B did not show potentially adjacent location in
the chromosome. Although the sampling problem (no genomic data from some species)
does not allow me to properly describe all duplication events, this pattern implies that
group B paralogs might have originated from a minimum of two major duplication events
followed by additional gene duplications. Group C on the other hand, was formed by
paralogs putatively originated by duplication events early in the radiation of the simian
clade, but their orthologs are not found in P. knowlesi and P. coatneyi, species with
complete genome information. Furthermore, none of these msp7 paralogs found in group
C has orthologs in the rodent clade and Laverania subgenus.

Based on the phylogeny described above (Fig. 2), | performed a test for episodic
selection. Table 3 shows the results of a phylogenetic-based test of selection used to
detect patterns of episodic selection as implemented in HyPhy. Four paralogs show
evidence of episodic selection. Interestingly, these are the same paralogs where their dS
and dN patterns rejected neutrality (Table 1). All of them showed more synonymous than
non-synonymous substitutions consistent with functional constrains.

27



2.3.3 Recombination and selection patters among group B msp7 paralogs

| evaluated putative recombination events only among group B paralogs (Fig. S3
and S5) based on their close phylogenetic relationship and the absence of distinct
monophyly between PV X_082680 and PVX_082685 and their corresponding orthologs.
An intricate pattern that encompassed all msp7 paralogs of group B was detected between
P. vivax and P. cynomolgi. These recombination events were observed among three
major segments: one found in the N-terminus region of the protein and the other two in
the C-terminus region (Fig. S5). Nonetheless, | also found a large variation in the location
of the putative recombinant break points. It is not clear how different paralog
combinations were involved in each putative event detected, making it impossible to
identify global recombination pattern among the group’s paralogs. The amount of
phylogenetic information found in recombinant segments in the most generalized single
recombination event detected (Fig. S5), which encompassed all group B paralogs, was
lower than those found in non-recombinant and highly conserved segments; therefore, it
was possible to conclude that recombination should not have a significant effect
hampering intended phylogenetic and selection analyses.
2.3.4 Conservation of HABP domains and phylogeny of P. falciparum paralogs

P. falciparum and P. reichenowi share all msp7 paralogous genes so they
originated before these extant species shared a common ancestor (Fig. 1 and Fig. 3).
Although the quality of the P. gaboni data did not allow its inclusion in this analysis,
seven of the Pfmsp7/Prmsp7 out of the eight genes were also found in P. gaboni (Fig. 1).
| evaluated the sequence conservation of the five HABPs described in PF3D7_1335100
(Garcia et al. 2007) among msp7 paralogs in the Laverania subgenus (Fig. S6). No clear
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homology was detected in other species. A visual inspection of the Laverania alignments
indicated that these peptides were relatively conserved across P. falciparum paralogs and
with their orthologous genes in P. reichenowi (Fig. S6). The number of HABPs with
considerable sequence similarity among Pfmsp7 paralogs varied between 1 and 4 (Table
4). Epitopes originally located in the C-terminus regions showed higher sequence
conservation between P. falciparum paralogs. In particular, epitope HA 26114 presented
the fewest amino acid changes among P. falciparum msp7 paralogs (e.g., 12/21, 60%
conserved amino acids respect to PF3D7_1334800 and 15/21, 71% conserved amino
acids respect to PF3D7_1334300; Fig S6). In addition to finding all the HABP domains
in P. falciparum and P. reichenowi (Fig S6), the msp7 paralogs without HABP domains
were also shared between the Pfmsp7 and Prmsp7 families as can be observed in the
phylogeny (Fig. 3). I also inferred the evolution of the HABPs sequences including their
estimated ancestral sequences. The phylogeny shows that the putative HABPS were
independently lost in two duplication events.
2.4 Discussion

There are several multigene families involved in immune evasion and host-
parasite interaction making very difficult the development of effective treatment
strategies against the Plasmodium parasite. These families harbor extraordinary variation
to the extent that it is difficult to identify clear orthologs even in closely related species
(Neasfy et al. 2012; Rice et al. 2014). In the case of msp7, orthologs are identifiable
across species but they have still diverged enough to hamper our ability to describe
evolutionary processes at the generic level in detail. This is worsened by the fact that the
genomic information is biased toward those Plasmodium species of biomedical
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importance. Thus, the existing data has a sampling problem in terms of taxa (Ness et al.
2011). These issues likely will be solved when more Plasmodium genomes become
available. Nevertheless, there are some clear patterns that emerged from my
investigations.

| observed extensive variation in the numbers of paralog genes for msp7, a pattern
that has also been observed in the msp3 (Rice et al. 2014) and SERA (Arisue et al. 2011)
multigene families. However, in other multigene families it is common to find variation
in the actual number of paralogs within species. This is not the case of msp7.
Nevertheless, msp7 exhibits complex patterns of gene gain/loss events that can be
observed even among closely related Plasmodium species. Out of the Plasmodium
species included in this study, P. vivax and P. cynomolgi contained the largest numbers of
msp7 paralogs. This high number of paralogs for msp7 in the P. vivax-P. cynomolgi
lineage follows similar patterns reported for these two species in the SERA and msp3
families. Nevertheless, there is no evidence of a recent expansion in the P. vivax lineage
since the human parasite and P. cynomolgi have a comparable number of paralogs that
are also orthologs between the two species. Thus, the events leading to the high number
of msp7 paralogs in these two species likely occurred before their most recent common
ancestor (2.36-5.27 Mya, Pacheco et al. 2012). Furthermore, some of these paralogs
could be as old as the divergence of these two species with P. fieldi (at least 10 out of 12)
(Muehlenbein et al. 2015; Pacheco et al. 2012), however, | cannot confirm this older
origin for all the extant msp7 paralogs in P. vivax due to the absence of publicly available
P. fieldi genomes. In the case of P. cynomolgi, paralog PCYB_122760, previously
reported for the genome of strain B, was also found in the Berok strain genome
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(Tachibana et al. 2012) but no ortholog gene had been identified in any of the P. vivax
isolates. This suggests that an additional duplication event took place in this species after
its split from its common ancestor with P. vivax.

Evidence of a larger ancestral number of paralogs in the clade that includes P.
vivax can be found in P. gonderi, a basal species to the simian clade that is found in
Africa (a parasite of white-eyelid mangabeys and mandrills) (Pacheco et al. 2012). In
particular, the larger family size in Pgmsp7 (at least 9 paralogs) in relation to others in the
P. vivax clade suggests that numerous paralogs may have an early origin and might have
even been present in the common ancestor of Asian primate malarias. However, lack of
evidence from additional basal species does not allow a proper test this hypothesis. It is
worth noting that the msp7 phylogeny (Fig. 2) showed that many P. gonderi paralogs
may form a monophyletic group. Although this putative monophyletic group has low
support in my analyses, it is still possible that some Pgmsp7 paralogs originated
independently via lineage-specific duplication events in this African, non-human primate
parasite so the actual high number of Pgmsp7 could be due to convergence. Alternatively,
gene conversion/recombination events within Pgmsp7 could also result in an apparent
monophyletic group.

The gaps in the msp7 sampling of paralogous genes likely lead to an incorrect
assessment of the number of duplication/loss events (Ness et al. 2011). However, despite
the obvious limitations in my sampling, gene duplications/losses and pseudogenization
are evident in some clades (Fig. 1). This is a pattern consistent with a Birth-and-Death
type of process where duplication events generate new paralogs with some becoming no
longer functional (Nei et al. 1997; Nei and Rooney 2005). | found that a reduction of the
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multigene family may have taken place among some of the species that share a recent
common ancestor with P. vivax. In particular, the number of paralogous genes found in
the genomes of P. knowlesi (5), P. coatneyi (5), and P. inui (7) is less than in P. vivax
(12) and P. cynomolgi (12 plus a pseudogene) (Fig.1 and 2). A similar pattern has been
observed in families such as msp3 (Rice et al. 2014). If a larger number of paralogs is
ancestral in the group as suggested by the P. gonderi data, the number of gene loss events
found in P. inui, P. knowlesi and P. coatneyi is noteworthy due to the fact that similar
reductions have been observed in the same species in other multigene families expressed
in the parasite’s merozoitic stages (Arisue et al. 2007; Arisue et al. 2011; Rice et al.
2014). These parasites are remarkably different in terms of their life cycle and host range:
P. inui (a quartan malaria), P. knowlesi (quotidian) and P. coatneyi (tertian) are parasites
of macaques and surilis while P. hylobati is found in gibbons (Coatney et al. 1971;
Cormier 2011). Another important element to consider is that these species diverged as
part of a series of complex biogeographic processes involving multiple hosts
(Muehlenbein et al. 2015; Pacheco et al 2012). Thus, many of these events likely took
place in a relatively short period of time accelerated by the interplay of selection and
drift.

A similar pattern to the one found between P. vivax and P. cynomolgi, where all
of the human parasite msp7 paralogs predate the origin of the human parasite, can be
observed in the case of P. falciparum. In particular, the msp7 paralogs are not only
conserved between P. falciparum (9) and P. reichenowi (9) but also many of them
(minimum 7) are found in P. gaboni (another parasite from African Apes). The number
of paralogs found in the primate parasites contrast with Plasmodium species from rodents
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where only three paralogs constitute the msp7 family. It is important to highlight that
these three paralogs are the ones that have orthologs in all the species analyzed here (Fig.
1) a fact that may indicate their functional importance.

Gene duplication can generate redundancy; however, having genes with identical
functions need not always be advantageous. Under this scenario, purifying selection is
expected to relax and genes start to accumulate deleterious mutations that lead to
pseudogenization. Although I did not find evidence of pseudogenization taking place
within P. vivax, | have indications of such a process in P. cynomolgi using Sanger
sequencing (PVX_082690 ortholog). Furthermore, | observed pseudogenization events in
P. coatneyi (corresponding to the PV X_082660 and PKH_121850 orthologs), as well as
in P. hylobati and P. inui (corresponding to the PVVX_082685 ortholog). In the case of
the Laverania subgenus, both P. falciparum and P. reichenowi also have a pseudogene
(PF3D7_1334900 and PRCDC_1333900). It is also worth noticing that pseudogenization
events were not detected in the genomes of rodent malarias.

These differences in family size and composition provide additional evidence for
a Birth-and-Death type of process for the evolution of msp7 in these species (Nei et al.
1997; Nei and Rooney 2005). Under this model, paralogs can be produced via tandem or
block duplications and the degeneration of paralogs via pseudogenization is common. In
addition, multigene families evolving under the Birth-and-Death model are also prone to
show subgroups with higher sequence similarity among divergent groups of genes. This
pattern can be observed in members of the msp7 family (e.g., among paralogs

PVX_082680, PVX_082685 and PVX_082655, Fig. 1).
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The number of recombination events detected among closely related paralogs in
the present study (Fig. S5) suggests that, as in other multigene families (Bethke et al.
2006), recombination might had been a pivotal force in the expansion of the msp7 family
via unequal crossing over or that segmental gene conversion has occurred among
adjacent paralogs; furthermore, the elevated nucleotide diversity observed in recombinant
regions indicates that recombination might also have a role in generating genetic diversity
as described in other Plasmodium multigene families (Nielsen et al. 2003).

Despite the numerous gene duplications and deletions observed in msp7, three
paralogs (PVX_082645, PVX 082680 and PV X_082695) appear to have persisted in the
three major Plasmodium clades evaluated in this study (Fig. 1). This suggests functional
importance. Although the specific function of Pvmsp7 is a matter that needs to be
investigated, it has been reported that the processing proteolytic patterns of msp7
multigene family members identified in P. falciparum and P. vivax showed certain
similarities (Mongui et al. 2006). A hypothesis emerging from all available data is that
some of the Pvmsp7 paralogs will likely be involved in the invasion of the red blood cell
and that they could form complexes with mspl gene as described in both rodent malarias
and P. falciparum (Lin et al. 2016). Consistent with the functional importance of Pvmsp7,
the limited transcriptomic data (Aurrecoechea et al. 2009) together with the evidence for
purifying selection (Table 1), indicate that all Pvmsp7 are expressed and likely still
producing functional proteins. This pattern of strong purifying selection is observed also
in P. cynomolgi. In addition, some Pvmsp7 paralogs also showed evidence of episodic
(positive) selection in their divergence from P. cynomolgi by using phylogenetic methods
(Table 3). These lines of evidence may look contradictory but they are not. A scenario
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consistent with these two observations is that the paralogs diverged, but did not originate,
as an adaptation in an ancient parasite lineage that shifted from an Asian non-human
primate (Cercopithecidae) to hominins. Then such paralogs that underwent adaptive
divergence from their orthologs in the ancestral lineage have been maintained by negative
selection at the population level within the extant P. vivax populations. Interestingly,
there is evidence that two of those genes (PVX_082675 and PVX_082680) are
immunogenic and one in particular (PVX_082680) is recognized by semi-immune
individuals without fever after being challenged with sporozoites indicating that those
antibodies could be associated with protection (Arévalo-Herrera et al. 2016; Hostetler et
al. 2015).

Whereas the overall genetic polymorphism of msp7 paralogs appears to be under
functional constraint (purifying selection), the number and type of repetitive motifs of the
LCRs varied between paralogs and orthologs in some species such as P. inui and P.
cynomolgi (Table S2). For example, large strings of Glutamic Acid were observed in the
PVX_ 082670, PVX_082675 and PVX_082680 orthologs in both P. inui and P.
cynomolgi. This has been observed previously in other genes such as paralogs in the
msp3 multigene family (Rice et al. 2014), and the gene encoding the circumsporozoite
protein (Pacheco et al. 2013). Previous studies have suggested that those LCRs may have
a role in immune evasion (Chenet et al. 2013; Singh et al. 2004). Whether this is the case
in msp7 is a matter that needs to be investigated.

The specific role that Pvmsp7 paralogs play in invasion remains unknown. We
can only speculate that it may have a similar function as in Pfmsp7. In that regard,
experimental evidence suggests that more than one Pfmsp7 paralog have the capacity to
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interact with proteins of the erythrocyte membrane (either band 3 or ~52 kDa MSP1
protein), as observed in PF3D7_1335100 (Garcia et al. 2007). Consistent with this notion,
HABP identified in PF3D7_1335100 originally located in the C-terminus regions were
relatively conserved between Pfmsp7 paralogs (Table 4). These peptides were also
conserved in P. reichenowi and P. gaboni consistent with the observation made in
Pfmsp7 regarding their functional importance (Fig. S6). Interestingly, while it is clear that
HABP epitopes located in the C-terminus region of PIMSP7 have a key role in
erythrocyte interaction and invasion, the most conserved epitope (HA_26114) did not
exhibit the highest peptide binding activity and resulted in the lowest percentages in
invasion inhibited essays (24%) with respect to the other peptides, which displayed
remarkably higher (50% or larger) inhibitory capacity (Garcia et al. 2007). Thus, some of
these motifs could actually be under other forms of functional constraints and it is not
necessarily an indication of their involvement in the invasion of the red blood cell.

In summary, there is extraordinary diversity in msp7 across Plasmodium species
as evidenced by the number of paralogs and ongoing pseudogenization processes; a
pattern consistent with a Birth-and-Death type of dynamic. The msp7 diversity in the
number of paralogs is particularly high in the clade that includes P. vivax and non-human
primate parasites from Southeast Asia; such diversity may have been accelerated by the
interplay of selection and drift (Muehlenbein et al. 2015; Pacheco et al. 2012) as
suggested by the extraordinary phenotypic diversity and the complex biogeographic
processes that affected the parasite hosts in the region. Whether there is comparable
variation in the Laverania subgenus that includes P. falciparum is a matter that cannot be
addressed at this time. However, what is certain is that the number of msp7 paralogs in P.
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vivax and P. falciparum predates their origin as human parasites. In particular, P. vivax
has a conserved number of paralogs when compared to P. cynomolgi, a pattern that is
also found between P. falciparum and P. reichenowi.

Although there is a paucity of functional information for Pvmsp7, | found
evidence indicating that few Pvmsp7 paralogs may have diverged from their orthologs in
non-human primates by episodic selection. Thus, these paralogs may have been affected
by the introduction of the lineage leading to P. vivax into Hominins from an ancestral
host species that likely was a catarrhine. This observation, together with the
conservation of the number of paralogs and the population data showing purifying
selection acting on those paralogs, indicates that Pvmsp7 is functionally important. In
addition, while different paralogs show diverse levels of interaction with the erythrocyte,
variable signs of selection across family members show positively maintained
divergence, suggesting some level of sub-functionalization within the family. Finally, in
the case of Pfmsp7, | observed some level of conservation of the HABP peptides across
Pfmsp7 paralogs and their orthologs in P. reichenowi. This pattern is consistent with
experimental evidence pointing to functional redundancy among some of the Pfmsp7
paralogs. All of these findings in the clades that include the two major malarial parasites
support the evidence emerging from P. falciparum that msp7 likely plays an important
role in the invasion of the red blood cell and that such function may be shared across all
Plasmodium species, including P. vivax. This hypothesis should be further assessed by

performing additional knockout studies in P. vivax and other Plasmodium species.
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Tables

Table 2-1. Polymorphism in msp7 P. vivax and P. falciparum paralogs.

Species Paralog ID N n [SE] ds dN d[NS'Ed]S Z test Neu;ralit
PVX 082645 106  0.001 [0] 0 O'fo 0.001 [0] ((1):38%) dN = ds

PVX 082650 17 [8:832] 0.044 0'??1 [880391] 0(3721)  dN<ds
PVX_082655 24 [8:8(2331 0.032 0'32 ['8'8875] 00'71739115_ dN =ds

PVX 082660 97 [8:881] 0.001 O'fo 0[0.002] 06?184285- dN = ds

PVX 082665 37 [8:8(1)2] 0.02 Ogl [88&5] 01'_221396§' dN = ds

P. PVX 082670 89  0.001[0] 0 O'fo 01[0] (82322) dN = ds
" PVX 082675 31 [8:8(1)2] 0.026 0'391 [8801% 02'%)5415' dN < dS
PVX 082680 17 [8:882] 0.073 ng [(?gff] 0(-4375)  dN<dsS

PVX 082685 53 [8:835] 0.022 o.go [(())5)01;] 02'?7(’6377§' dN < dS
PVX_082690 106 [8:8831 o001 %0 [8:882] (8222% dN = ds

PVX 082695 96 [8:88i] 0 0'390 [8:88% (gzggg) dN > dS

PVX 082700 89  0001[0]  0.002 O'fo [(())ggll] (8:‘7‘2% dN = ds

PF3D7 1335100 154 [8:88% o ¥ [8:88% (2:23‘1‘) dN > dS

PF3D7 1335000 184  0[0] o 0 01[0] (8:233) dN = ds

PF3D7 1334900 198  0.001 [0] 0 O'fo 0[0.001] (%gg) dN = ds

PF3D7 1334800 180  0[0] o 0 01[0] (2:322) dN = ds

falcigérum PF3D7 1334700 175  0[0] 0 0 01[0] (gﬁéﬁ) dN = ds
PF3D7_1334600 194 01[0] 0001 0 ['gggll] 06%73575_ dN =ds

PF3D7 1334500 103  0.001 [0] o 0P [8:88% (gjggg) dN > dS

PF3D7 1334400 184  0.001[0] 0 O'fo 01[0] (81222) dN = ds

PF3D7 1334300 196  0[0] o 0 01[0] (8223)2) dN = ds

38



6€

Table 2-2. Polymorphism in msp7 multigene family simian clade paralogs.

Species N Paralog ID* 7 [SD] ds dN DN-dS [SD] Z test Neutrality
8 PVX_082645 0.088 [0.007] 0.186 0.077 0.109 [0.032] 0.002 (-3.220) dN < dS
9 PVX_082650 0.101 [0.005] 0.189 0.091 0.097 [0.020] 0 (-4.773) dN < dS
8 PVX_082655 0.073 [0.005] 0.121 0.066 0.055 [0.016] 0.001 (-3.548) dN < dS
9 PVX_082660 0.073 [0.008] 0.125 0.069 0.056 [0.028] 0.047 (-2.012) dN < dS
8 PVX_082665 0.083 [0.006] 0.117 0.067 0.111[0.022] 0 (-5.159) dN < dS
. cynomolgi 8 PVX_082670 0.055 [0.004] 0.100 0.048 0.052 [0.014] 0 (-3.634) dN < dS
8 PVX_082675 0.108 [0.006] 0.204 0.098 0.106 [0.024] 0 (-4.628) dN < dS
7 PVX_082680 0.060 [0.005] 0.1 0.054 0.046 [0.016] 0.005 (-2.880) dN < dS
8 PVX_082685 0.079 [0.005] 0.163 0.066 0.096 [0.021] 0 (-4.465) dN < dS
8 PVX_082690 0.053 [0.009] 0.096 0.048 0.049 [0.033] 0.143 (-1.473) dN =dS
8 PVX_082695 0.037 [0.004] 0.067 0.031 0.036 [0.014] 0.010 (-2.628) dN < dS
8 PVX_082700 0.039 [0.003] 0.076 0.031 0.045 [0.012] 0 (-3.729) dN < dS
8 PVX_082645 0.036 [0.003] 0.051 0.033 0.018 [0.008] 0.026 (-2.248) dN < dS
9 PVX_082670 0.020 [0.002] 0.027 0.018 0.009 [0.006] 0.157 (-1.424) dN =dS
10  PVX_082675 0.036 [0.003] 0.032 0.038 -0.006 [0.006] 0.340 (0.958) dN =dS
P. inui 9 PVX_082680 0.036 [0.003] 0.059 0.034 0.016 [0.008] 0.051 (-1.972) dN =dS
6 PVX_082685 0.024 [0.003] 0.027 0.022 0.005 [0.007] 0.472 (-0.722) dN =dS
9 PVX_082695 0.030 [0.004] 0.044 0.027 0.017 [0.010] 0.102 (-1.649) dN =dS
9 PVX_082700 0.023 [0.002] 0.025 0.023 0.002 [0.006] 0.764 (-0.301) dN =dS
3 PVX_082660 0.009 [0.003] 0.029 0.004 0.026 [0.015] 0.081 (-1.758) dN =dS
. 3 PVX_082675 0.045 [0.004] 0.026 0.053 -0.026 [0.010] 0.007 (2.725) dN> dS
P. knowlest 3 PVX_082680 0.053 [0.006] 0.073 0.052 0.021 [0.015] 0.175 (-1.365) dN =dS
3 PVX_082695 0.010 [0.003] 0.013 0.01 0.003 [0.008] 0.683 (-0.410) dN =dS

* P. vivax PlasmoDB nomenclature (Carlton et al. 2008).
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Table 2-3. Branch and episodic selection in simian clade msp7 paralogs.

Paralogs*
Branch PVX_ 08 PVX 08 PVX 08 PVX 08 PVX 08 PVX 08 PVX 08 PVX 08 PVX08 PVX08 PVXO08
2645 2650 2655 2660 2665 2670 2675 2680 2685 2695 2700
P. vivax 0.29 0.5049¢ 0.9424¢ 0.382 0.7166 0 0.7002¢ 0.3562¢ 0.6558¢ 0.3434 0.3261
P.cynomolgi A 0.5686 0.3629 0.4563 1.1777 0.407 0.4941 0.6719 0.6854 0.408 0.5891 0.5792
P. cynomolgi B 0.366 0.4991 0.6414 0.8418 0.4205 0.6893 0.7768 0.5279 0.6437 0.6125 0.4469
P. fieldi 0.689 0.9202 0.449 2.4149 0.9976¢ - 0.9245 0.833 0.7149¢ 0.5441 1.372
P. simiovale 0.3321 0.4205 - - 0.3877 - - 0.6704¢ 0.6179¢ 0.8414 -
P. inui 0.6568 - - - - 0.8482 1.2523 0.6648 - 1.0493 0.8212
P. hylobati 0.939¢ - - - - - - 0.7507 - - 0.8425
P. knowlesi 0.3012 - - 0.1688 - - 0.8071 0.6998 - 1.005 -
P. coatneyi 0.3694¢ - - - - - 1.6571 1.0023 - 0.4085 -
P. gonderi 0.13 0.0206 0.1644 - - 0.4781 0.2704 0.1243 0.1524 0.1558 -

* P.vivax PlasmoDB nomenclature (Carlton et al. 2008).

Positively selected branches (model 2, codeml) are indicated by bolted omega values.

¢ Indicate branches with signature of episodic selection (branch-site model, Hyphy).
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Table 2-4. Detection of HABPs among P. falciparum MSP7 paralogs.

Paralog*
PF3D7_ PF3D7_ PF3D7_ PF3D7_ PF3D7_ PF3D7_ PF3D7_
1335100° 1335000 1334800 1334700 1334500 1334400 1334300

Location Region HABP! Sequences
20 kDa fragment's N- and C- N-terminal 26101 IKNKKLEKLKNIVSGDFVGNY
terminal extremes Central 26107 NLGLFGKNVLSKVKAQSETDY

26114 EKDKEYHEQFKNYIYGVYSYA
19 kDa fragment’s C-terminal C-terminal 26115 KQNSHLSEKKIKPEEEYKKF

26116 EKPEEEYKKFLEYSFNLLNTM

X

X

X

X

X

X

X

X

Paralogs with similar HABP sequences in the corresponding genomic region are indicated by x.

*P. falciparum PlasmoDB nomenclature (Mello et al. 2002).
¢ P. falciparum HABPs (Garcia et al. 2007).

¢ HABP epitopes have been described in PF3D7_1335100 (Garcia et al., 2007).
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Figure 2-1. Msp7 multigene family organization. Data on the chromosome and the
position of the msp7 family is limited to those species with complete annotated genomes.
Syntenic msp7 blocks are found in the P. vivax clade (Chromosome 12), and the rodent
clade and Laverania subgenus (Chromosome 13). Ortholog genes are indicated by
vertical lines connecting across different species, while paralogs are depicted in
horizontal lines for each Plasmodium species with genomic data available. Most paralogs
are represented by diamond shapes; PVX_082660 and PV X_082690 and their respective
orthologs are represented by triangles showing their similarity only to the C-terminus or
N-terminus regions, respectively. Paralogs with the same coloration are more closely
related phylogenetically and share overall similar sequence patterns. Pseudogenes are
indicated by non-continuous lines. Plasmodium species without annotated genomes are
indicated by a red rectangle. Question marks indicate paralogs that were not obtained

experimentally but are present in closely related Plasmodium species.
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Figure2-2. Bayesian inference (Bl) and Maximum Likelihood (ML) multigene family
phylogenetic tree for simian msp7 paralogs. Bl and ML trees showed almost identical
topologies, so only Bl topology is shown with asterisks (*) indicating conflicting
branching patterns. Posterior probabilities (PP) and bootstrap values (BV) are shown next
to the phylogenetic tree nodes (PP/BV). Branch with the same coloration are not only
closely related but share overall similar sequence patterns. The tree was constructed from
233 msp7 paralogs excluding those short sequence length (PVX 082660 and
PVX 082690 and respective orthologs). A total of 858 nucleotide positions were
included in the analysis and the GTR+I+I" nucleotide model (inv. sites = 0.0060;
0=1.6470) was used. Paralogs were divided into three mayor groups (Group A, Group B

and Group C).
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Figure 2-3. Bayesian inference (BI) and Maximum Likelihood (ML) phylogenetic tree of
msp7 multigene family paralogs found in Plasmodium species from the Laverania
subgenus. Bl and ML trees showed similar topologies, so only Bl topology is shown with
asterisks (*) indicating conflicting branching patterns. Posterior probabilities (PP) and
bootstrap values (BV) are shown next to the phylogenetic tree nodes (PP/BV). Branch
which share the same coloration are more closely related and share overall similar
sequence patterns. The tree was constructed from 16 msp7 multigene family members. A
total of 2,157 nucleotide positions were included in the analysis and the GTR+T

nucleotide model (o= 2.9310) was used. Putative ancestral sequences and extant
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sequences of epitope HABP26114 were determined for each paralog. Amino acid

changes are colored with changes between same type amino acid sharing the same color.
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CHAPTER 3. Evolutionary rates in gametocyte expressed genes and transmission

blocking vaccine candidates in Plasmodium spp.

3.1 Introduction

By the end of 2015, an estimated 214 million malaria cases and approximately
438,000 malaria related deaths occurred worldwide with cases developing in the African
(90%), South-East Asian (7%) and Eastern Mediterranean (2%) regions (WHO, 2015).
The implementation of control and eradication strategies has resulted in an 18% decline
of estimated malaria cases and 48% decline in worldwide mortality rates since the year
2000 (WHO, 2015; Zhou et al., 2014). While these policies have had a positive effect in
reducing global malaria prevalence, Plasmodium resistance to antimarial drugs has
become well-established in numerous malaria-endemic countries and is spreading into
others (Fairhurst, 2015; Hastings et al., 2015; Mvumbi et al., 2015; WHO, 2015).
Additional factors such as Anopheles resistance to insecticides (Riveron et al., 2015),
complexity of transmission patterns, and the intricate array of antigens expressed during
the parasite’s life cycle (Kirkman and Deitsch, 2012), have hindered parasite eradication
and negatively impact efforts to inhibit its expansion (Keitany et al., 2014). In order to
address these issues, alternative malaria control and treatment strategies are being

approached and the development of malaria vaccines has gained renewed interest.

Malaria vaccines can be classified into three groups depending on the parasite
stage to which they are targeted: 1) pre-erythrocytic vaccines are aimed at the sporozoitic

stage (e.g., RTS,S currently in Phase 3 trial), they target the parasite when infection is
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still asymptomatic and prevent blood stage infection (Agnandji et al., 2011); 2) blood
stage vaccines are aimed at asexual blood stages, and negatively affect malaria
transmission by preventing and controlling the progress of the disease in the vertebrate
host (Carter, 2001); and 3) transmission blocking vaccines (TBVS), utilize antibodies
produced by the immune response against Plasmodium gametocyte antigens (pre-zygotic)
and antigens found in the mosquito (post-zygotic) to inhibit parasite development after
ingestion via a blood meal (Miura et al., 2013; Nikolaeva et al., 2015). Pre- zygotic
vaccine candidates are known to induce higher and more sustained antibody responses,
which result in more efficient transmission blocking activity. On the other hand, post-
zygotic candidates are not exposed to immune pressure in the vertebrate host, are subject
to a lower antibody response, and tend to have lower polymorphism (Nikolaeva et al.,
2015). Presently, there are approximately 24 suggested proteins described as potential
transmission blocking antigens, the majority of which require further characterization

before being considered as feasible TBV candidates (Sinden et al., 2012).

It has been proposed that high levels of nucleotide diversity may hamper the
development of an effective malaria vaccine (Girard et al., 2007). Among the 6-cysteine
family TBVs, limited levels of polymorphism have been found in Pfs16 and Pfs230,
when compared to erythrocyte-stage antigens (Niederwieser et al., 2001), as well as in
Pfs25, Pfs48/45 and their respective Plasmodium vivax orthologs (Da et al., 2013;
Tachibana et al., 2015). Low levels of polymorphism have also been observed in
PVWARP, among samples from a temperature gradient (Gholizadeh et al., 2009; Miura et

al., 2013).
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In addition to low polymorphism, universal TBVs also require potential
candidates that are conserved among different Plasmodium species, and that are capable
of eliciting an immune response in more than one Plasmodium species (Alonso et al.,
2011; Vaccines and others, 2011). This type of approach would be highly beneficial in
regions where mixed infections by different parasite strains and/or species occur. The
development of a single TBV effective against major human malarias is one of the
proposed objectives of the PATH Malaria Vaccine Initiative and other research groups
(Schwartz et al., 2012). Immunogenicity and effectiveness against both P. falciparum and
P. vivax is of particular importance in locations where these species co-occur and where
transmission is low; hence, evaluating evolutionary trends in these and closely related
Plasmodium species can be vital in the development of vaccines that interrupt malaria
transmission (Vaccines and others, 2011). Most of the preclinical development of sexual
stage vaccines has been performed on Plasmodium falciparum with only two of them
having currently reached Phase 1 trails (Pfs25-EPA/AS01 and Pfs230-EPA/AS01)
(Schwartz et al., 2012). There are comparatively few studies conducted using other
human malarias (Ouattara and Laurens, 2015), particularly P. vivax. So far, transmission-
blocking activity against P. falciparum and P. vivax antibodies has been described for a
single and highly conserved protective epitope of AnAPN1, a midgut molecule critical for
ookinete invasion (Armistead et al., 2014). However, this finding could lead to the

development of a future universal TBVs.

Another issue relevant to the development of TBV candidates is sex-dependent
variation in responses to treatment and to the host’s immune system. It has been

suggested that the Plasmodium parasite’s investment in the production of transmissible
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stages (gametocytes) can be associated with the presence of numerous stressors such as
antimalarial drugs, vaccines or changes of the in-host environment (Josling and Llinas,
2015). Under these circumstances, investment in asexual or sexual stages, or even among
male or female gametocytes, appears to be adapted to maximize the parasite’s fitness and
transmission success (Carter et al., 2014). Specifically, investment in male or female
gametocytes has been associated with sex-specific immune responses mounted during the
course of infection (Bousema and Drakeley, 2011). Furthermore, there is evidence
suggesting that male gametocytes are more vulnerable targets to drug treatment than
female gametocytes (Delves et al., 2013). This collection of factors suggests that sex-
specific responses to numerous stressors may result in divergent evolution of
Plasmodium gametocytes, which in turn, could affect the effectiveness of pre- zygotic

TBV candidates.

Previous studies have also suggested that differences in the number of P.
falciparum immune epitopes in loci with male- or female-biased expression may be
associated with different responses to the host immune system (Khan et al., 2012). In
certain vaccine candidates, highly polymorphic domains, thought to be driven by host
immune recognition, have been found within epitope regions of natural parasite
populations. Also, although known TBV candidates have been described as showing low
levels of polymorphism (Da et al., 2013; Tachibana et al., 2015), some variation in
gamete-specific epitopes has been described in endemic Plasmodium strains (Stone et al.,
2016). For example, significant geographical differentiation related to the presence of
continent- and region-specific mutations has been found in Pfs48/45, even though this

gene shows high sequence conservation worldwide (Feng et al., 2015). Thus, the putative
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location of immune epitope regions could affect the distribution of positively selected
sites in TBV candidate sequences. Furthermore, the association between the presence of
immune epitopes and gametocyte sex could be of relevance in the selection and

development of new TBV candidates.

In the present study, I characterized polymorphism and divergence of genes with
gametocyte-biased expression in known human malarias and closely related non-primate
Plasmodium species. | also evaluated the association between sex-biased expression,

epitope distribution, and evolutionary signals of these genes.

3.2 Materials and Methods

3.2.1 Sequence data.

In a previous study, the male and female gametocyte proteomes of P. berghei
were characterized using the partitioned P. falciparum gametocyte proteome as a baseline
(Khan et al., 2012; Tao et al., 2014). | used the reanalyzed P. berghei proteome to select a
sample of genes with gametocyte biased expression. Genes were selected based on their
expression profile, orthology, and absence of paralogs. | also used the P. falciparum
transcriptome of sexual and asexual life stages (LOpez-Barragan et al., 2011), publicly
available in PlasmoDB version 27.0 (Autorrecochea, 2009), to identify genes with
pronounced gametocyte expression. Genes prominently expressed in other stages of the
Plasmodium life cycle, such as members of the Merozoite Surface Protein family (mspl
and msp9) or circumsporozoite-related antigens, were excluded from the present analysis.
Multigene family members were also excluded regardless of their expression profile (e.g.,

SERA) with the exception of known TBV candidates (P28). Species-specific or clade-
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specific genes were also excluded. These selection criteria lead to the inclusion of 381
orthologs from the original P. berghei gametocyte proteome re-analysis (784 male- and
female-specific proteins). Expression for each gene was identified as male, female, or
male-female common following previous categorization (Tao et al., 2014). In addition, I
categorized genes as putative membrane and non-membrane located following the criteria

used in the P. berghei female and male proteome (Khan et al., 2012).

| identified the 381 orthologs using reciprocal BLAST (Altschul et al., 1997)
searches against 8 of the Plasmodium species with publicly available genomes. The
PlasmoDB version 27.0 (Autorrecochea, 2009) database was used for a sequence search
of all primate malarias included in this study: P. vivax (Salvador I strain), P. cynomolgi
(B strain), P. knowlesi (H strain), P. falciparum (3D7 strain) and P. reichenowi (CDC
strain); and the rodent malarias: P. yoelii (YM strain), P. berghei (ANKA strain) and P.
chabaudi chabaudi (AS strain). Interspecies alignments were performed independently
for each gene using the MUSCLE (Edgar, 2004) algorithm incorporated into SeaView
version 4 (Gouy et al., 2010), followed by manual editing of protein and nucleotide
sequences. | used an unrooted topology constructed using previously published
Plasmodium species phylogenies (Pacheco et al., 2012) to perform each independent

analysis.

3.2.2 Synonymous and non-synonymous substitutions rates and MLEs of synonymous and

non-synonymous branch lengths.

| obtained estimates of synonymous and non-synonymous evolutionary rates over

a specific time frame in order to identify variation of selective pressures among different
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Plasmodium lineages. The absolute rates of synonymous and non-synonymous
substitutions were estimated for each multisequence alignment using CodonRates v1.0
(Seo, 2004). Time constraints were fixed for all of the analyses using previously
published time estimates for the split of Plasmodium species (Pacheco et al., 2012). The
node estimating the split of rodent malarias was fixed to 12-14 Mya, and the P.
reichenowi- P. falciparum split was fixed to 5-6 Mya. Significant differences in the
overall absolute rate of synonymous and non-synonymous substitutions for each analyzed
gene were evaluated with a two way ANOVA using the sex (Tao et al., 2014) and
location categories (Khan et al., 2012) as factors. In addition, the maximum likelihood
estimates (MLEs) of synonymous and non-synonymous branch lengths were also
calculated. Significant differences among the branch MLEs were assessed with a three
way ANOVA which included Plasmodium species, sex, and location as factors. Potential
variation among sex (male, female, and male-female common) and location (membrane
and non-membrane) categories was also assessed using box and whiskers plots. All

statistical analyses were performed using R version 3.2.2.

3.2.3 Evolutionary analyses.

When developing effective elimination and control strategies, it is of interest to
consider variations in the nature and strength of selective pressures acting on different
Plasmodium species, particularly if the intention is for those strategies to be effective in
regions where more than one Plasmodium species co-occurs. In the present study, |
evaluated putative variation amidst the selective signals in different branches of the

Plasmodium topology using Hyphy’s random effects Branch-Site REL model (BSREL)
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(Kosakovsky Pond et al., 2011; Pond and Muse, 2005). This analysis was executed
independently for the 381 multisequence alignments and using the same topology. The
number of classes in each branch was set equal to three and the alpha (o)) and omega (®)
values were allowed to vary among branches and branch-site combinations. Internal and
terminal branches with a corrected p-value <0.05 were considered to be under significant
episodic selection. | recorded the strength of episodic selection and proportion of sites

under this selective regime.

| further analyzed genes that showed significant signs of episodic selection in
internal or terminal branches for signals of gene-wide positive selection using the branch-
site unrestricted statistical test for episodic diversification (BUSTED) (Murrell et al.,
2015). The test was performed using lineages in which signs of significant episodic
selection were previously detected by BSREL as the a priori subset of foreground
branches. This allowed me to test if branches with potential signals of episodic selection
also showed signs of diversification, while also permitting flexible selection elsewhere in

the phylogenetic tree.

3.2.4 Codon selection analyses.

3.2.4.1 Genes with gametocyte biased expression.

Previous studies have suggested that the trends of accelerated evolution observed
in genes expressed in male gametocytes, may be associated with the presence of a
significantly higher percentage of immune epitopes in comparison to genes with female-
biased expression (Khan et al., 2012). In order to further test this hypothesis, | estimated

the site-specific variation in the selective pressures along a multisequence alignment
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using Hyphy’s random effects likelihood analysis (REL) (Pond and Muse, 2005). The
analysis was performed using publicly available P. falciparum (3D7, IT, 303.1, 7G8,
BM-0008, CS2, Dd2, GB4, H209, HB3, M113-A, N0O11-A, RV3600, Santa Lucia,
Senegal, UGK-396, 0314, P164-C, T9-94 and TRIPS) and P. reichenowi (CDC) isolates.
As previously suggested, | focused the analysis of P. falciparum immune epitopes due to
their more detailed characterization (Khan et al., 2012). | obtained information regarding
the location and length of immune epitopes reported in P. falciparum sequences from the
Immune Epitope Database (IEDB) section found in PlasmoDB version 27.0
(Autorrecochea, 2009). The number of available sequences varied among loci due to
differences in sequence quality among P. falciparum isolates, resulting in a minimum of

13 and a maximum of 20 P. falciparum sequences included in each REL test.

| determined the proportion of genes showing at least one significant positively
selected site for the 381 genes. In addition, | determined the proportion of positively
selected sites in relation to alignment length for all genes which showed at least one site
under significant positive selection. In the case of genes with reported immune epitopes, |
also estimated the proportion of these sites inside and outside putative epitope regions. In
addition, I measured these values for each of the previously established sex (male,
female, and male-female common) and location (membrane and non-membrane)
categories, as well as in combinations of these categories (e.g., male non-membrane

genes).
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3.2.4.2 TBV candidates.

| performed additional REL analyses for both P. falciparum and P. vivax for TBV
candidates taking advantage of the large number of available worldwide isolates. P. vivax
isolates were obtained from the database for clinical isolates representing diverse
geographic regions, as part of the Hybrid Selection Initiative performed by the Broad
Institute (Autorrecochea, 2009). In addition, the five sequenced P. vivax reference strains
(Salvador I, North Korean, India V11, Mauritania | and Brazil I) publically available via
the Malaria Research and Reference Reagent Resource Center were included.
Alternatively, P. falciparum isolates were obtained from the following sources: (1) whole
genome sequencing of isolates collected from symptomatic malaria patients from Mali,
generated through the 100 Plasmodium Genomes Whitepaper; (2) paired-end short-read
sequences of clinical isolates from an endemic Gambian population from the Greater
Banjul Area; and (3) genome sequences obtained from several Senegal isolates. In
addition, P. falciparum sequences available in the NCBI database (Benson et al., 2014)

were included.

| assessed genetic diversity () and patterns consistent with natural selection
acting on the observed polymorphism by calculating the differences of the average
number of synonymous (dS) and non-synonymous substitutions (dN) between isolates
using the Nei-Gojobori distance method (Nei and Gojobori, 1986), with the Jukes and
Cantor correction implemented in MEGA 6.06 (Tamura et al., 2013). The difference
between dS and dN and its standard error was estimated by using bootstrap with 500

pseudo-replications, as well as a two-tailed, codon-based Z-test on the difference between
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dS and dN (Nei and Kumar 2000). Under the neutral model, synonymous substitutions
accumulate faster than non-synonymous because they do not affect the parasite fitness
and/or purifying selection is expected to act against non-synonymous substitutions
(dS>dN). Conversely, if positive selection is maintaining polymorphism, a higher
incidence of non-synonymous substitutions is expected (dS<dN). I assumed as a null

hypothesis that the observed polymorphism was not under selection (dS=dN).

3.2 Results

3.3.1 Synonymous and non-synonymous substitution rates and MLEs of synonymous and

non-synonymous branch lengths.

The differences in the overall absolute rates of synonymous substitutions among
sex categories (male, female, and male-female common) were statistically significant (F=
3.20, p-value= 0.04). Also, a significant variation of the non-synonymous branch lengths
MLEs was observed among location (F= 22.42, p-value= 2.342e-06), Plasmodium
species (F= 104.0846, p-value= 2.2e-16) and the interaction of sex and location (F=

8.6625, p-value=0.0001798).

Overall, synonymous branch length MLEs showed larger values than non-
synonymous MLEs (Fig. 1). This trend was observed independently of the sex (male,
female, and male-female common; Fig. 2 and Fig. 3) and location (membrane and non-
membrane; Fig. 4 and Fig. 5) categories. Compared to other Plasmodium clades, species
of the Laveranian subgenus had lower mean synonymous and non-synonymous branch
length MLEs (Fig. 2-5). Notwithstanding, a large standard error and mean were observed

in the Laveranian synonymous MLE branch length of the male-female common and non-
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membrane categories (Fig. 2 and Fig. 4). Larger synonymous and non-synonymous
branch length MLEs were observed in P. vivax and closely related species. Similar to the
aforementioned case, the mean value and standard error of the synonymous MLEs of
genes with male- and female-biased expression were noticeably larger in P. knowlesi
(Fig. 2). Additionally, the means of synonymous and non-synonymous branch length
MLEs were comparable in membrane genes; however, synonymous branch length MLEs
were largely variable (Fig. 4 and Fig. 5). Genes with putative non-membrane expression
showed slightly larger means of synonymous branch MLEs compared to non-

synonymous branch MLEs (Fig. 4 and 5).

3.3.2 Evolutionary analyses.

Purifying selection was the dominant force for the majority of genes regardless of
sex and location categories. Nevertheless, in 14 genes, | detected strong signals of
diversifying selection in a small proportion of sites along certain branches of the
phylogeny (Table S1). The most common annotated functions found were related to
metal and nucleic acid binding activity (PVX_001080 and PVX_099105), as well as
peptidase activity (PVX_082500 and PVVX_098665). With the exception of gene
PV X _ 098665, all sequences which showed signs of episodic selection in the BSREL
analysis also presented evidence of gene-wide positive selection in the same branches of

the Plasmodium topology (Table S2).

Both the P. cynomolgi and P. berghei terminal branches showed significant signs
of episodic selection in the majority of the 14 genes, with P. berghei presenting the

strongest selective signal. Five of these genes had characterized low confidence immune
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epitopes in P. falciparum; nonetheless, no association between the strength of episodic
selection and the presence of immune epitopes was found. Furthermore, no significant
signals of episodic selection were found in P. vivax or P. falciparum, even though they

were observed in closely related species.

3.3.3 Codon selection analyses.

3.3.3.1 Genes with gametocyte biased expression.

The number of genes with reported P. falciparum immune epitopes varied among
the established sex and location categories. A larger proportion of genes with male-biased
expression and genes with non-membrane location had reported immune epitopes.
Furthermore, a significant proportion of male-female common expressed genes also
harbored reported immune epitopes (Table S3). The proportion of genes with at least one
site evolving under significant positive selection was larger in genes with reported
epitopes from the male, male-female common and non-membrane categories.
Alternatively in the female category, the proportion of genes with positively selected sites
was lower in genes with reported epitopes. No variation in the proportion of genes with at
least one site evolving under significant positive selection was observed between

membrane-located genes regardless of the existence of epitopes (Table S3).

With the exception of the male-female common sex and the non-membrane
location categories, the proportion of positively selected sites was marginally larger in
genes with no reported epitopes than in those with epitopes. When the location of
positively selected sites in genes with reported immune epitopes in relation to the

locations of the epitopes was assessed, the proportion of positively selected sites was
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slightly biased to the regions inside the reported immune epitopes in the non-membrane,
male, and female categories. Thus, the presence of epitopes was associated with
accelerated evolution in certain sex and location categories; however, there is little
evidence of enrichment of positively selected sites within epitopes. The majority of the
epitopes found in this study are of low confidence, and hence, sequence variation among
isolates is to be expected. In order to address this, | evaluated the distribution of
positively selected sites in genes where experimental epitopes have been characterized
(high confidence); nonetheless, | found no association between the location of the epitope

and the distribution of positively selected sites in the sequence.

3.3.3.2 TBV candidates.

Polymorphism levels were markedly low in all the evaluated TBV candidates
with only Pvs230, PvsApiAP2 and Pfs47showing significant deviation from neutrality. A
comparable proportion of sites under significant positive selection were found in both P.
falciparum and P. vivax orthologs for some members of the 6-cyteine protein family:
P230, P230p, P47 and P48/45, as well as ApiAP2. Evidence of positive selection was
also detected in a single species in other TBV candidates (Pfs25 and Pvs28), with the

proportion of sites being particularly large in Pfs25 (Table 1).

3.4 Discussion

Only Plasmodium gametocytes can infect the Anopheles mosquito vector and
mediate the onward transmission of the disease. In P. falciparum, approximately 33% of
the proteome is composed of gametocyte unique proteins (Florens et al., 2002; Lasonder

et al., 2002). Furthermore, approximately 250 to 300 genes have shown specific mMRNA
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up-regulation in transcriptome analyses (Silvestrini et al., 2005; Young et al., 2005).
Thus, it is possible that few critical expressed or up regulated genes during the
gametocyte stages could be used to influence parasite transmission. However, although
the gametocyte stage is common to all Plasmodium species, there are species-specific
differences in gametocyte development. To begin with, the length of the sexual stage
varies among Plasmodium species, with the longest cycle observed in P. falciparum (9-
11 days) and the shortest in P. vivax and P. berghei (approximately 2 days). Also, P.
vivax shows earlier onset of gametogenesis and a larger number of gametocytes in blood
than P. falciparum (McKenzie et al., 2006). This type of inter-specific variation hinders
the development of transmission-blocking strategies that can be effectively used in more
than one species, a factor of particular relevance in areas where several Plasmodium

species co-occur.

The effectiveness of transmission-blocking strategies can also be affected by
genetic variation among Plasmodium parasites. Plasmodium species have markedly
different evolutionary histories (Martinsen et al., 2008), and distinct evolutionary trends
(Nikbakht et al., 2014). In some cases, these differences have been observed only in
specific genes of human interest (Nikolaeva et al., 2015) or in the whole genome. Hence,
the study of species-specific patterns is highly significant when making inferences about

the long-term effects of transmission blocking strategies.

When comparing the rodent clade and Laveranian subgenus, previous studies
have found no significant variation in non-synonymous substitutions rates in genes

expressed in a single stage or those expressed in several life stages. Nonetheless, lower
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selective constraints have been reported on gametocyte-expressed genes within the
Laverania subgenus (Prugnolle et al., 2008). Variation of the synonymous and non-
synonymous substitution rates in species from the simian and rodent clade, and the
Laveranian subgenus suggest that genes with gametocyte-biased expression tend to
evolve in a clade dependent manner (Fig. 1). While the mean synonymous substitutions
MLEs are similar between species of the simian clade and Laveranian subgenus, the
mean non-synonymous substitution MLEs is lower in the Laveranian subgenus (Fig. 1).
This indicates that species of the simian clade could be evolving at an accelerated rate
with respect to those of the Laverania subgenus. A possible explanation for this is that
differences in the substitution rate could reflect the distinctive evolutionary history of
Plasmodium species from both groups. The more recent divergence of Plasmodium
species in the simian clade compared with those in the Laveranian subgenus (Pacheco et
al., 2011), and their association with different vertebrate hosts (Mu, 2005; Prugnolle et
al., 2013) may affect the strength of selective constrains. This could result in larger non-

synonymous substitution rates in species of the simian clade as observed here.

Alternatively, the larger number of gametocytes in blood and an earlier onset of
gametogenesis in P. vivax (McKenzie et al., 2006) is likely to result in a larger proportion
of gametocytes exposed to the host immune system, which could also generate a pattern
such as the one described here. Overall, these results suggest that, in the long term,
immune selective pressures and the larger diversity in the P. vivax and P. cynomolgi
genomes when compared to P. falciparum might be influencing a more rapid evolution of
gametocyte expressed genes in certain species. Therefore, potential transmission blocking

strategies could be less effective in P. vivax and closely related species. This is clinically
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important because P. vivax is the most widespread human malaria species, and also
because sporadic human infections caused by species closely related to P. vivax have

been reported: P. knowlesi (White, 2008), and P. cynomolgi (Ta et al., 2014).

On the other hand, the large variation in the synonymous substitution rates
estimated in P. knowlesi, P. falciparum and P. reichenowi indicates that certain genes
with gametocyte-biased expression evolve more rapidly within these Plasmodium species
(Fig. 1). The absence of a similar pattern in the non-synonymous substitution MLES
suggests that this variation might be either the result of relaxation of selective pressures
or higher substitution rates in certain genes (Fig. 1). Overall, these results show that

selective forces act differentially among Plasmodium species.

Parasite exposures to external stressors (e.g., antimalarial drug treatments) or
biological stressors (e.g., high parasitemia) have been associated with increased
commitment to gametogenesis in vitro; however, this association is less pronounced
when gametogenesis is not completely regulated by environmental factors (Josling and
Llinas, 2015) and instead is partially associated with naturally acquired immunity to
asexual parasite stages (Bousema and Drakeley, 2011). It has been suggested that under
stressful conditions, Plasmodium parasites may adjust gametocyte sex ratio in order to
maximize reproduction by favoring a less female biased sex ratio when male parasites are
too numerous (Reece et al., 2008; West et al., 2002), and that different gametocyte sexes
have distinct responses to transmission blocking therapies (Delves et al., 2013). In
addition, higher gametocyte density, particularly that of male gametocytes, positively

affects transmission success, even when the majority of natural infections are female-
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biased (Mitri et al., 2009). Differences between gametocyte sexes are not limited to life
history but can also be traced to protein expression. particularly, a proportion of proteins
expressed exclusively in either male or female gametocytes in P. falciparum and P.
berghei (Khan et al., 2005; Tao et al., 2014). My results show little variation between the
synonymous and non-synonymous substitution rates in genes with male, female, and
male-female common expression among different Plasmodium species (Fig. 2 and Fig. 3)

suggesting that long term evolution is not markedly different between sexes.

The limited variation observed in synonymous substitution rates within each sex
category, with the exception of P. knowlesi (male and female categories; Fig. 2) and P.
falciparum and P. reichenowi (male-female common category; Fig. 2), suggests that
substitution rates are somehow constant within the specified time frame. The greater
variation of synonymous substitution rates previously mentioned in the Laveranian
subgenus, and in P. knowlesi, are restricted to specific sex categories. This could imply
that accelerated evolution might be sex-dependent within certain species, particularly
those with lengthy gametocyte stages such as P. falciparum, or it could be a result of
accelerated evolution of specific genes. Alternatively, the common variation in non-
synonymous substitution rates observed in each sex category for all Plasmodium species
(Fig. 3) suggests that, while certain lineages might show signs of accelerated evolution,
there is generally little variation in the selective pressures affecting genes within each

lineage.

Non-membrane located genes and male-female common expressed genes from

the Laveranian subgenus show a large variation of synonymous substitution rates,
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indicating that both groups contain genes under accelerated evolution. Likewise, the
larger variation of non-synonymous substitution rates observed in membrane-located
genes compared with non-membrane genes (Fig. 5) suggest that certain membrane-
located genes are exposed to higher selective pressures than others. This trend could be
explained by the notion that exposure to the host’s immune system results in accelerated
evolution, which is something more likely to be observed in membrane than non-
membrane located genes (Khan et al., 2012). Previous studies have found that, while non-
membrane genes evolve more slowly than membrane genes with female and asexual
expression, no significant variation is observed among membrane and non-membrane
genes with male-biased expression. Furthermore, male non-membrane genes have been

shown to evolve faster than female non-membrane genes (Khan et al., 2012).

In the present study, a small but significant variation in the non-synonymous
branch lengths MLEs was observed among location categories. Male non-membrane
genes showed signs of accelerated evolution relative to female, and male-female common
non-membrane genes. The accelerated evolution of male, non-membrane genes could be
driven by a parasite’s life history traits. For instance, it has been found that low
gametocyte density, as observed in some species (e.g., P. falciparum) (McKenzie et al.,
2006), favors a less female-biased sex ratio and affects local mate competition and

fertilization success (Neal and Schall, 2014).

Genes showing signs of episodic selection were not found in Plasmodium species
of human interest; however, episodic selection was commonly observed in P. cynomolgi

and P. berghei (Table S1 and Table S2). This suggests that, while certain genes with
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gametocyte biased expression could evolve under long-term diversifying selection, this
trend does not seem to be observed in the main causal agents of human malarias.
Nonetheless, given the cases of human infections by traditionally non-human malaria
parasites (White, 2008; Ta et al., 2014), genes with gametocyte-biased expression should
be evaluated in detail when presenting with this type of pattern, whether is in human
malarias or not. The majority of genes with signs of episodic selection were hypothetical
proteins with an unknown function (Table S1). It is likely that genes involved in
functions related to host-parasite interaction or immune evasion are more prone to be
positively selected (Kuo and Kissinger, 2008). Thus, it is possible that these genes could
perform the aforementioned functions, but remain to be characterized. These results,
however, should be taken with caution since, while efforts were made to include species
representing three of the main malaria clades, there are only a few species representing
each one. Therefore, it is possible that the power to detect significant estimates of
adaptive evolution is reduced in our analyses. While larger power could be obtained by
incorporating other species of the simian clade, no other rodent malaria genomes are

currently available, and the P. gaboni genome, while available, is largely incomplete.

Even when using the reanalyzed P. berghei proteome (Tao et al., 2014), non-
membrane located genes with male biased expression presented a larger proportion of
immune epitopes relative to other categories. This result is in agreement with previous
reports that show the proportion of genes with epitopes in the male, non-membrane
category (0.292) to be larger than in the male membrane (0.107), female membrane
(0.167), and female non-membrane (0.158) categories (Khan et al., 2012). In addition, the

male-female common category, previously not included, also presented a similar level of
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immunogenicity. Among genes where immune epitopes were reported, the proportion of
genes with signs of positive selection was the largest in the male and non-membrane
categories (Table 1). Nonetheless, when the distribution of positively selected sites along
the sequences is taken into account, approximately less than half of the genes with
reported immune epitopes show positively selected sites located inside the immune
epitope region. This suggests that while selection caused by immune pressure does have
an effect on gametocyte-expressed genes, particularly in those of the female-male
common and non-membrane categories, selective forces do not seem to act

disproportionately in the regions where immune epitopes are located.

The higher proportion of positively selected sites in genes with reported immune
epitopes could indicate that evolution in a portion of gametocyte-expressed genes is
indeed driven by the host’s immune system. However, it is possible that alternative
immunogenic regions remain to be described, or that additional forces shaping the
evolution of these genes remain to be explored (e.g., interaction with the mosquito
vector). Furthermore, the distribution of positively selected sites was not significantly
skewed to the putative location of immune epitope regions even when only high
confidence immune epitopes were considered. This shows that the aforementioned trend

can be observed regardless of the low confidence epitopes included in this analysis.

In the case of leading TBV candidates, lower levels of genetic variability have
been observed in comparison to those of asexual and pre-erythrocytic vaccine candidates.
It is possible that these differences are caused, in part, by the variable selective pressures

generated by exposure to the vertebrate host and vector immune systems (Carter, 2001;
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Daet al., 2013). Only a few studies have highlighted the importance of assessing the
effect of long term evolution of known and potential TBV candidates, even when such
studies are key for detecting novel TBV candidates (Sinden et al., 2012). Overall,
leading TBV candidates included in the present study did not show significant signs of

episodic selection with the exception of P28 (Table S1 and Table S2).

When I independently evaluated the presence of positively selected sites and the
effects of natural selection in P. vivax and P. falciparum orthologs, | was found that
positively selected sites were present in P47, P48/45, P230 and P230p in both species,
with Pfs47 and Pvs230 respectively showing significant signs of positive and negative
selection (Table 1). These results are in agreement with previously reported trends
observed in both TBV candidates, where is has been observed that the distribution of
non-synonymous polymorphisms is geographically skewed (Anthony et al., 2007; Doi et
al., 2011). Antibodies that produce effective transmission blocking activity have been
described in P48/45 (Roeffen et al., 2001; Tachibana et al., 2015) and P230 (Tachibana et
al., 2012; Williamson, 2003); however, transmission blocking activity has been described
in Pvs47 but not Pfs47 (van Schaijk et al., 2006). These differences highlight the
complexity of developing effective antimalarial treatments, and further emphasize the
need to explore additional TBV candidates with consistent selective signals and
transmission blocking activity across Plasmodium species. Positively selected sites were
also found in Pvs28 even though there was no deviation from neutrality. This suggests

that P28 might be under diversifying selection in the former (Table 1).
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Overall, my present results indicate that different patterns of accelerated evolution
can be found across Plasmodium species, but are likely limited to a reduced number of
genes. Different sex and location categories showed variable levels of immunogenicity;
however, this variation did not seem to affect long term evolutionary trends among sex or
location. Furthermore, short term evolutionary trends were not uniquely associated with
the putative location of immune epitopes suggesting that immune pressures might not be
the only factor shaping the evolution of gametocyte-expressed genes. Finally, while signs
of episodic selection were not observed in known TBV candidates, with the exception of
P28, Plasmodium species of human interest did show patterns consistent with positive

selection acting on the observed polymorphism.
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Tables

Table 3-1. Polymorphism and positively selected sites (REL) in putative TBV candidates.

Species Name Gene ID* N w [SD] Ds Dn Dn-Ds [SD] Z test Neu;ralit Pr;?és+(;e|?ﬁ;ed
P. vivax p230p PVX_003900 80 0.001 [0] 0.001 0 0.001 [0.001] 0.233(-1.200)  Dn=Ds 0.011410315
p230 PVX_003905 111 0.001 [0] 0.002 0001  -0.001[0.001]  0.040(-2.081)  Dn<Ds 0.010905125
p48/45 PVX_083235 369 0.001 [0] 0.001  0.001 0.001 [0.001] 0.166 (1.392) Dn=Ds 0.029748284
pa7 PVX_083240 166 0.003 [0.001] 0.002  0.003 0.001 [0.002] 0.543 (0.610) Dn=Ds 0.043373494
Hado PVX_084290 101 0 [0] 0 0 0[0] 1(0) Dn=Ds 0
Soap PVX_086220 108 0.001 [0.001] 0.002 0001  -0.001[0.002]  0.761(-0.304)  Dn=Ds 0
Gamer PVX_093500 103 0.001 [0.001] 0.003 0 -0.003[0.003]  0.283(-1.078)  Dn=Ds 0
Warp PVX_093675 151 0.001 [0.001] 0.001  0.002 0.001 [0.001] 0.363 (0.913) Dn =Ds 0
p25 PVX_111175 315 0.003 [0.001] 0.003  0.003 0.001 [0.001] 0.538 (0.617) Dn=Ds 0
p28 PVX_111180 201 0.004 [0.001] 0.002  0.004 0.002 [0.001] 0.112 (1.601) Dn=Ds 0.061674009
= _ ApiAP2 PVX_123760 56 0.001 [0] 0.002 0.001 -0.001 [0.001] 0.014 (-2.499) Dn < Ds 0.012030516
P. falciparum p230p PVX_003900 113 0.001 [0] 0.001 0 -0.001[0.001]  0.081(-1.759)  Dn=Ds 0.008309688
p230 PVX_003905 20 0.001 [0] 0.001  0.001 0[0] 0.475 (0.719) Dn =Ds 0.004163997
p48/45 PVX_083235 244 0.002 [0.001] 0.001  0.002 0.001 [0.001] 0.123 (1.553) Dn=Ds 0.015873016
pa7 PVX_083240 245 0.001 [0] 0 0.001 0.001 [0] 0.007 (2.762) Dn > Ds 0.057831325
Hado PVX_084290 145 0[0] 0 0 0[0] 0.299 (-1.044)  Dn=Ds 0
Soap PVX_086220 197 0.001 [0.001] 0.001  0.001 0[0.001] 0.531 (0.628) Dn =Ds 0
Gamer PVX_093500 195 0[0] 0 0 0[0] 1(0) Dn=Ds 0
Warp PVX_093675 197 0[0] 0 0 0[0] 0.451 (0.756) Dn=Ds 0
p25 PVX_111175 215 0.001 [0] 0 0.001 0.001 [0.001] 0.125 (1.545) Dn =Ds 0.870689655
p28 PVX_111180 194 0[0] 0 0 0[0] 0.500 (0.676) Dn =Ds 0
ApiAP2 PVX_123760 87 0.001 [0] 0.001  0.001 0[0] 0.747 (0.324) Dn =Ds 0.008291874

* P vivax nomenclature taken from Carlton et al., 2009
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Figure 3-1. Species-specific synonymous and non-synonymous branch MLEs in genes
with gametocyte biased expression. Mean values of synonymous (A) and non-

synonymous (B) branch MLEs are marked as circles. Upper and lower confidence
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intervals are indicated by error bars. Error bars larger than the graph scale are not

included.
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Figure 3-2. Species-specific synonymous branch MLEs in genes with gametocyte biased
expression classified by sex categories. Mean values of synonymous branch MLEs of
genes with female (green triangle), male (red square), and female-male common (blue
circle) expression are marked as circles. Upper and lower confidence intervals are

indicated by error bars.

73



MLEs of non-synonymous branch length
01 -

0.09 -
0.08 -
0.07 -

0.06 -

5005 - ‘
%)
0.04 | ‘ ‘ +

0.02 -

0.01 ~ : " + : * +

P, vivax P cynomolgi P knowlesi P. berghei P, yoelii P. chabaudi P, falciparum P reichenowi
Species

Figure 3-3. Species-specific non-synonymous branch MLEs in genes with gametocyte
biased expression classified by sex categories. Mean values of non-synonymous branch
MLEs of genes with female (green triangle), male (red square), and female-male
common (blue circle) expression are marked as circles. Upper and lower confidence
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Figure 3-4. Species-specific synonymous branch MLEs in genes with gametocyte biased
expression classified by location categories. Mean values of synonymous branch MLEs
of genes with membrane (purple diamonds), and non-membrane (orange lines) location

are marked as circles. Upper and lower confidence intervals are indicated by error bars.
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CHAPTER 4. Evolutionary trends in Plasmodium spp. genus common multigene families
(GCMFs).

4.1 Introduction

Understanding the mechanisms of multigene family evolution and reconciling
them with various evolutionary models has important implications for the study of
organismal evolution and gene duplication dynamics (Okuda-Ashitaka et al., 1998;
Rooney, 2004). Within parasitic protists (phylum Apicomplexa), several studies have
pointed out the fundamental role of multigene families as a source of adaptation to
biological niches and diversification among species (DeBarry and Kissinger, 2011; Kooij
et al., 2005; Kuo and Kissinger, 2008; Weir et al., 2009). Specifically within the genus
Plasmodium (the parasites which cause malaria), the largest differences among species’
genomes have been found within their multigene families, with lineage-specific
duplications and deletions being observed even among closely related species (Tachibana
et al., 2012). Furthermore, differences in genome size and variation in selective pressures

have been associated with adaptation to specific host types (Frech and Chen, 2011).

In their complex life cycle, parasites of the genus Plasmodium have to withstand a
wide range of environments and selective pressures in order to successfully invade both
Anopheles mosquitos and vertebrate hosts. The immune response of Anopheles
mosquitoes acts as an important barrier to malaria transmission, and has led to specific
evasive mechanisms by the parasite (Habtewold et al., 2008; Molina-Cruz and Barillas-
Mury, 2014). Anopheles mosquitoes can combat Plasmodium infection using two defense

mechanisms: 1), the presence of two physical barriers (the peritrophic matrix and midgut
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epithelium) that hinder Plasmodium passage; and 2) the development of membrane-
bound receptors that mark parasite cells for lysis or melanization (Saraiva et al., 2016). In
humans, the humoral immune response targets both Plasmodium asexual blood stages
and gametocyte-infected erythrocytes (Beeson et al., 2016; Stone et al., 2016). It also
prevents the development of infections via the following mechanisms: blockage of
erythrocyte invasion, opsonization and lysis of parasitized erythrocytes, and interference

of infected erythrocyte adherence to the vascular endothelium (Ryg-Cornejo et al., 2016).

Within Plasmodium, certain multigene families are involved in immune evasion
and mediation of host-parasite interactions. Clade-specific families found in species of
the Laveranian subgenus: P. falciparum and P. reichenowi (var, Rifin and Stevor) are
involved in functions related to immune evasion via antigenic variation, development of
virulence, mediation of host-parasite interactions, and cytoadherence (Claessens et al.,
2014; Kyes et al., 2007; Niang et al., 2009; Petter et al., 2008). Other multigene families
are species-specific; for example, the SICAvar family (involved in antigenic variation) is
unique to P. knowlesi (Lapp et al., 2009). Hypervariable multigene families, usually
found in the sub-telomeric regions of Plasmodium chromosomes, are thought to be
widely affected by recombination events (Claessens et al., 2014). It is believed that high
recombination leads to rapid evolution and large gene turnover within these families
(Kuo and Kissinger, 2008). Rapid turnover rates can also create species-specific arrays of
paralogs in clade-specific families (Frech and Chen, 2013). The involvement of
multigene families in functions related to both immune evasion and cell invasion shows
that interactions with different types of host have the capacity to shape the evolution of

Plasmodium parasites in their own unique ways. The complex life cycle and wide range
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of vertebrate hosts within Plasmodium, provide an excellent opportunity to use
comparative genomics as a mean to assess this hypothesis in genus common multigene

families (GCMFs).

Variation in the number of paralogs and paralog composition within GCMFs is
rarely as drastic as that observed in species-specific multigene families (Aoki et al., 2002;
Gupta et al., 2015). However, many of these families also have highly important
functions in cytoadherence, merozoite invasion, and immune evasion (Arisue et al., 2011;
Gupta et al., 2015; Tachibana et al., 2012). On the other hand, many GCMFs perform a
variety of housekeeping functions across different Plasmodium species, such as
involvement in metabolic pathways, and participating in the formation and maintenance
of several parasitic structures. While the mechanisms shaping the evolution of specific
GCMFs have been examined, genome-wide trends have been characterized in far less
detail. A more thorough description of GCMFs evolvability would be of great
significance in understanding genus-specific evolutionary trends, and might also

highlight additional families of clinical interest.

In the present study, | evaluate the evolutionary trends of GCMFs found in
Plasmodium parasites. | also explore the putative variation of the composition and
number of paralogs in each multigene family, and their relationship to recombination
events and long term selective. Furthermore, | assess the putative role of host-parasite

interactions in shaping these trends.
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4.2 Methods

4.2.1 Sequence data and classification of multigene family paralogs based on

transcriptomic data.

| identified multigene family members using BLAST (Altschul et al., 1997)
searches against 11 Plasmodium species with current publicly available genomes. | used
the PlasmoDB version 28.0 (Autorrecochea, 2009) and NCBI (Benson et al., 2015)
databases for sequence searches of all primate malarias included in this study: P. vivax
(Salvador I strain), P. cynomolgi (B-strain), P. knowlesi (H strain), P. inui (San Antonio
strain), P. coatneyi (Hackeri strain), P. falciparum (3D7 strain) and P. reichenowi (CDC
strain); and the rodent malarias: P. yoelii (YM strain), P. berghei (ANKA strain) and P.
chabaudi chabaudi (AS strain). In addition, | obtained P. gonderi sequences from 454

reads (Roche, Applied Science, Basel, Switzerland) were also included.

| used the OrthoMCL database version 5.0. to select GCMFs. | established
GCMFs as having at least one ortholog and a minimum of one paralog in any of the
included Plasmodium species. This method assured the inclusion of multigene families
with species- or clade-specific duplication events (referred henceforth as in-paralog
families), and families with genus-specific duplication events (referred henceforth as out-
paralog families). | found a total of 97 GCMFs. | performed interspecies alignments
independently for each multigene family using the MUSCLE (Edgar, 2004) algorithm
incorporated into SeaView version 4 (Gouy et al., 2010), followed by manual editing of
protein and nucleotide sequences. Of the 97 selected families, | excluded seven (1-cys-

glutaredoxin-like protein, Akrin repeat, cytosolic Fe-S cluster assembly factor, dynein
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light chain type 2, tRNA pseudouridine synthase, leucine rich repeat antigen and alpha-
beta hydrolase 2) from further analyses due to the presence of large unalignable regions
and reduced numbers of informative sites. | also excluded paralogs with dramatically
shorter sequence length from further analyses. Thus, | effectively obtained multisequence

alignments for 90 multigene families.

| categorized paralogs as vector-specific, vertebrate-specific, or generalist based
on the expression patterns found in the P. falciparum (Lépez-Barragan et al., 2011) and
P. berghei (Otto et al., 2014a) transcriptomes. | classified paralogs presenting twice the
expression levels in stages associated to the vector host (gametocyte V and ookinete) in
comparison to other life cycle stages as vector-specific. Similarly, | classified paralogs
with twice the expression levels in stages associated to the vertebrate host (ring
trophozoite, trophozoite and schizont) as vertebrate-specific. Finally, I classified paralogs
with an expression profile less than double in either life cycle stage as generalist.

Classification of paralogs was repeated independently using both transcriptomes.

4.2.2 Phylogenetic tree construction.

A Python pipeline was developed in order to automatize the multigene family tree
building process. For each alignment, the most adequate substitution model was selected
using the Akaike information criterion (AlIC) method incorporated in Jmodeltest (Posada,
2008). Nucleotide frequencies, fraction of invariable sites, and the shape parameter
(alpha) of the gamma distribution were specified for each analysis. Both Maximum
Likelihood (ML) and Bayesian Inference (Bl) methods were used to construct

phylogenetic trees for each analyzed multigene family. PhyML v3.1 (Guindon et al.,
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2010) with 1000 bootstrap pseudo-replications was used to assess node significance on
ML phylogenetic tree construction. The Bl analyses were performed using MrBayes
v3.1.2 (Ronquist et al., 2012) with 2x10" Markov Chain Monte Carlo (MCMC) steps.
The prior parameters for each Bl analysis were incorporated from the Jmodeltest results
using the established Python pipeline. For each Bl tree, the corresponding multigene
family topology, stationary nucleotides frequencies, nucleotide substitution rates,
proportion of invariable sites, and the shape parameter (alpha) of the gamma distribution
were specified. Sampling was performed every 1000 generations with a burn-in fraction
of 50%. Convergence of the Bl analysis was diagnosed by requiring a standard deviation

lower than 0.01 and a Potential Scale Reduction Factor (PSRF) close to 1.0.
4.2.3 Number of multigene family paralogs.

| used the software package Count (Csuos, 2010) to identify changes in the
number of multigene family paralogs along the Plasmodium phylogeny and to make
inferences about the evolutionary history of each multigene family. Count makes
evolutionary inferences of family sizes along a phylogeny by using Wagner parsimony
(Farris, 1970). Under Wagner parsimony loss and gain of individual family members are
penalized independently, resulting in an inferred multigene family history that minimized
penalty of gain/loss events (Csuos, 2010). | used the same tree topology, constructed
using published Plasmodium species phylogenies (Pacheco et al., 2011), to infer lineage-

specific gain/loss events across the 90 multigene families.
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4.2.4 Episodic Selection and recombination.

| measured the putative effects of episodic selection acting on different branches
of the multigene family tree using Hyphy’s random effects Branch-Site REL model
(BSREL) and its adaptive version (aBSREL) (Kosakovsky Pond et al., 2011; Pond et al.,
2005; Smith et al., 2015). Neither the BSREL or aBSREL models require a priori
partitions between positively selected foreground branches and negatively selected or
neutral background branches. Nonetheless, the aBBSREL model optimizes the number of
selective regimes necessary to better assess evolution of each branch and reduces
computational time. | executed the aBSREL model independently for the 90 multigene
families using the ML phylogeny obtained from PhyML as input. The alpha (o) and
omega (®) values were allowed to vary among branches and branch-site combinations.
Internal and terminal branches with a corrected p-value <0.01 were considered to be
under significant episodic selection. | recorded the strength of episodic selection and
proportion of sites under this selective regime on each case. Also, | evaluated significant
differences in the distribution of the omega (o) values and proportion of sites with an
ANOVA test. | used the expression categories established by the P. falciparum and P.
berghei transcriptomic data (vector-specific, vertebrate-specific, and generalist) as

factors. All statistical analyses were performed using R version 3.2.2.

In addition, I performed Hyphy’s test of Relaxed Selection (RELAX) (Wertheim
et al., 2015) in multigene families showing significant signs of episodic selection. Given
two subsets of branches in a phylogeny, RELAX can determine whether selective

strength was relaxed or intensified in one subset relative to the other (Wertheim et al.,
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2015). For each alignment, branches with signs of positive selection are included in a first
subset while all other branches are included in a second subset. Then, using the RELAX
test, the selective strength of branches on the first subset can be classified as relaxed or

intensified in comparison to branches of the second subset.

| also assessed the role that recombination events might have in the evolution of
GCMFs using the Recombination Detection Program, RDP4 (Martin et al., 2015) by
performing independent analyses for each multigene family. | recorded the number of
recombination events and multigene family members involved in each event. In addition,
| evaluated the existence of potentially spurious signs of episodic selection due to
recombination by repeating the aBSREL test using the FastNJ non-recombinant tree

generated in RDP4.

4.2.5 Polymorphism of larger GCMFs.

| assessed the genetic diversity (1) among different isolates in the seven multigene
families with largest variation in the number and composition of paralogs: Acyl-CoA
synthase, Cytoadherence-linked asexual protein (CLAG), Lysophospholipase, NIMA
related kinase (NEK), Papain, Plasmepsin, and Serine repeat antigen (SERA). |
performed the analysis in both P. vivax and P. falciparum using the large number of
worldwide isolates currently available for both species. | assessed patterns consistent with
natural selection acting on the observed polymorphism by calculating the differences in
the mean number of synonymous (dS) and non-synonymous substitutions (dN) using the
Nei-Gojobori distance method (Nei and Gojobori, 1986), with the Jukes and Cantor

correction implemented in MEGA 6.06 (Tamura et al., 2013). The difference between dS
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and dN and its standard error was estimated by using bootstrap with 500 pseudo-
replications, as well as a two-tailed codon based Z-test of the difference between dS and
dN (Nei and Kumar 2000). Under the neutral model, synonymous substitutions
accumulate faster than non-synonymous because they do not affect the parasite fitness
and/or purifying selection is expected to act against non-synonymous substitutions
(dS=dN). Conversely, if positive selection is maintaining polymorphism or driving
divergence, then a higher incidence of non-synonymous substitutions is expected
(dS<dN). I assumed as a null hypothesis that the observed polymorphism was not under
selection (dS=dN).

| used worldwide P. vivax isolates from the database for clinical isolates
representing diverse geographic regions as part of the Hybrid Selection Initiative
performed by the Broad Institute available in PlasmoDB version 28.0 (Autorrecochea,
2009). In addition, the five sequenced P. vivax reference strains (Salvador I, North
Korean, India VII, Mauritania | and Brazil I) publically available via the Malaria
Research and Reference Reagent Resource Center were included. Alternatively, I
obtained P. falciparum isolates, also available in PlasmoDB version 28.0 (Autorrecochea,
2009), from the following diverse sources: (1) whole genome sequencing of isolates
collected from symptomatic malaria patients from Mali, generated through the 100
Plasmodium Genomes Whitepaper; (2) paired-end short-read sequences of clinical
isolates from an endemic Gambian population from the Greater Banjul Area; and (3)

genome sequences obtained from several Senegal isolates.
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4.3 Results

4.3.1 Phylogenetic tree construction.

Among the 90 analyzed multigene families, | found evidence that orthologs were
more closely related than paralogs in 58. Tree topologies in these families showed
paralogs clearly separated into two clades, with each clade including all species orthologs
(Fig. S1). This is indicative of historical gene duplication events that predate speciation
within the clade. The remaining gene family tree topologies indicated of species- and
clade-specific duplication events, with putative evidence of lineage-dependent gain/loss
events (Fig. S1). Tree topologies for six of the multigene families (conserved
Plasmodium protein unknown function 6, conserved Rodent malaria protein unknown
function, CLAG, Elongation factorl, Eukaryotic initiation factor 2a, and Glutathione
synthetase) revealed higher sequence similarity among paralogs than among orthologs,
suggesting predominance of different evolutionary mechanisms than those potentially

acting on other GCMFs (Fig. S2).

4.3.2 Number of multigene family paralogs.

Of the 90 analyzed multigene families, 36 shared similarly biased P. berghei and
P. falciparum expression profiles to the Anopheles mosquito (vector-specific = 14),
vertebrate host (vertebrate-specific = 15), or both vector- and vertebrate hosts (generalist
= 7). The expression profile varied in one paralog, but remained unchanged in other
family members in 39 multigene families. The remaining 15 multigene families showed
entirely different expression profiles (Table 1). Regardless of their expression profile, the

majority of analyzed multigene families had just two paralogs in all included Plasmodium
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species (Fig. 1, Fig. 2). Furthermore, with few notable exceptions (Table 2), | observed
little variation in the number of multigene family paralogs across extant Plasmodium
species or in the number of paralogs inferred for Plasmodium ancestors, independent of
the paralogs’ expression profile (vector specific, vertebrate specific, or generalist). Larger
multigene families showed significant changes in the number of paralogs among
Plasmodium species. This was particularly observed in the following families: CLAG,
SERA, Plasmepsin, Papain, Acyl-CoA synthetase, and Lysophospholipase. Moreover,
these families commonly had paralogs with vertebrate-biased expression and
combinations of paralogs with either vector- or vertebrate-biased expression in both P.
falciparum and P. berghei (Table 1). On the other hand, multigene families with species-
or clade-specific duplication events tended to be more commonly associated with life

stages expressed uniquely in either the mosquito vector or vertebrate host (Table 1).

4.3.3 Episodic Selection and recombination.

| found significant signs of episodic selection in 29 (Table S3) of the 90 multigene
families evaluated. This pattern could be influenced by recombination events. When |
used the FastNJ non-recombinant tree to confirm these results, signs of episodic selection
were maintained in 23 of those families. The distribution, strength and proportion of sites
under episodic selection remained relatively unchanged in the 23 families regardless of
the use of non-recombinant tree. Signs of episodic selection were distributed in both
internal and terminal branches of each family phylogeny. However, only 4 cases of
episodic selection were found in terminal branches leading to Laveranian paralogs or

their ancestors. The majority of branches in which signs of episodic selection were
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detected, belonged to either the simian or rodent clades (Fig. S3). With the exception of
two families (Asparagine tRNA ligase and a hypothetical protein), very strong positive
selection was limited to a small number of sites (<10%). Furthermore, excluding the
conserved Plasmodium protein unknown function 6 family, the proportion of sites under
positive selection was lower in terminal branches of the phylogeny in all evaluated
families. In contrast, the proportion of sites showing significant signs of positive selection
was relatively larger in numerous ancestral branches leading to the split of family

paralogs (Fig. S3).

| further tested branches that showed significant signs of episodic selection for
signals of relaxed or intensified selection relative to other branches of the phylogeny
(Table 3, Table S1). Selection was significantly intensified in 13 of the 23 analyzed
multigene families, and significantly relaxed in only 3 of them: conserved Plasmodium
protein, CLAG, and NEK. Intensification of selection was markedly larger in the
Chaperonin (K=37.05) and hypothetical protein (K=50) multigene families. Nonetheless,
only the hypothetical protein multigene family showed strong signs of episodic selection
in the same evaluated branch (Fig. S3). On the other hand, positively selected branches in
the Chaperonin multigene family tree showed similar strengths and proportions of sites

under episodic selection as in other multigene families evaluated.

The intrinsically different nature of the immune response developed by the vector
and vertebrate hosts against Plasmodium parasites can act as a selective mechanism
driving the evolution of multigene families. However, | found no significant differences

in the distribution of the omega (®) values or their corresponding proportions of sites
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(Table S4, Table S5) relative to the expression profiles of P. falciparum and P. berghei
paralogs. This suggests that there are no differential selective patterns among paralogs

with distinct expression profiles.

| found significant signals of recombination in 53 of the 90 analyzed multigene
families (Table 4). Among these, recombination events were less frequently observed
among ortholog than among paralog members of the same multigene family (Fig. 3).
Furthermore, when recombination events occurred among paralog members of a
multigene family, they were observed with a similar frequency among the same species
paralogs than among paralog genes from different Plasmodium species (Fig. 3).
Moreover, recombination events occurring among paralogs were more frequently
observed in families showing duplication events predating species diversification (out-
paralogs) than in families with putatively recent duplication events (in-paralogs). No
significant signs of recombination were found among the intra-genomic paralogs of the
previously described six families presenting higher sequence similarity among paralogs

than orthologs (Fig. S2, Table S2).

| observed a median of two recombination events and a median length
recombinant segment of 190 bp. among the analyzed multigene families. Most families
had between one and two recombination events (Table 4). With the exception of
Plasmepsin, large multigene families tended to show a larger number of recombination
events among orthologs and same species paralogs. Multigene families showing two or
more clearly defined out-paralogs tended to have single recombination events between

paralogs (e.g., Calcium dependent protein kinase (CDPK) and DHHC type zinc finger

89



protein). Alternatively, families with species- and clade-specific duplications had a
tendency to show recombination events occurring between orthologs (e.g., Adrenoxin

reductase and Biotin acyl-CoA carboxylase).

4.3.4 Polymorphism of larger GCMFs.

Larger GCMFs showed reduced levels of polymorphism in both P. falciparum
and P. vivax worldwide isolates. With the exception of a single P. falciparum
(PF3D7_0215300) paralog of the Acyl-CoA synthetase multigene family, and two P.
falciparum paralogs (PF3D7_0207400 and PF3D7_0207700) of the SERA multigene
family, no significant signs of positive selection were found in either P. vivax or P.
falciparum. On the other hand, excluding paralogs of the Lysophospholipase family,
numerous P. falciparum paralogs showed significant signs of purifying selection in all
multigene families evaluated (Table 5). Only some P. vivax paralogs of the CLAG, Acyl-
CoA synthetase, NEK, and SERA families showed signs of purifying selection.
Orthologs across the two species did not show similar selection patterns, with the
exception of a single NEK paralog, which suggests that human Plasmodium species of
the Laveranian subgenus and simian clade maintain different selective profiles.
Furthermore, the observed signs of purifying selection on family-specific paralogs could

suggest that they perform significant functions relevant to each multigene family.

4.4 Discussion

Repeated lineage-specific gene duplication and/or deletion events, have been
described in the simian (Tachibana et al., 2012) and rodent clades (Otto et al., 2014a),

and Laveranian subgenus (Otto et al., 2014b). Regardless of the clade in which they are
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described, hyper-variable multigene families tend to be involved in functions related to
immune evasion, cell invasion, sequestration, and virulence (Otto et al., 2014a, 2014b;
Tachibana et al., 2012). However, while species- and clade-specific multigene families
have been the source of much research, less is known about GCMFs even though they
could represent an important source for the development of new malaria treatments and

help understand the evolutionary forces acting within the Plasmodium genus.

In the present study, I found little variation in the number and composition of
GCMFs paralogs. Family tree topologies showed two clearly and highly supported clades
for each paralog in 58 of the multigene families evaluated (Fig. S1). This pattern suggests
that a number of genus-common duplication events predate the divergence of three of the
major Plasmodium clades. Moreover, conservation of the number and composition of
paralogs observed in largely divergent Plasmodium species, and the reduced number of
pseudogenization events (Table 2), suggests that gene duplicates are maintained despite
marked differences in Plasmodium life cycle and in life history traits. Within the 58
described families, the Gene Ontology (GO) annotated functions included: energy and
protein transport, metabolism, signaling, regulation of cell cycle processes, formation and
maintenance of membrane structures, and DNA repair. Thus, it is possible that ancestral
duplication events are beneficial for the parasite, leading to the preservation of duplicated
copies after speciation events. Evolutionary models such as dosage balance, shielding
against deleterious mutations, and positive dosage (Innan and Kondrashov, 2010) could

be reconciled with the evolutionary patterns observed in these multigene families.
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On the other hand, multigene families with species- or clade-specific duplication
events showed variable gene tree topologies. In these cases, duplication events were
closely related on the tree (Fig. S1). Associated GO functions in these families involved a
variety of metabolic and regulatory processes (protein oxidation, hydrolases, ligases,
etc.), but also included functions related to entry to host cell, immune evasion,
phospholipid metabolism, and hemoglobin degradation. In this case, evolutionary models
such as shielding against deleterious mutations, duplication degeneration
complementation (DDC), positive dosage, neo-functionalization, and sub-
functionalization could be reconciled with the gene duplication patterns observed (Innan

and Kondrashov, 2010).

In general, GCMFs tended to have a lower number of paralogs than species- or
clade-specific families. Little variation in the number of multigene family paralogs was
observed independently of their expression profiles across extant Plasmodium species
and in the inferred number of paralogs in Plasmodium ancestors (Fig. 1, Fig. 2),
suggesting that host-parasite associations do not act as drivers for the occurrence and/or
fixation of duplication events. Moreover, no significant differences in the distribution of
the omega (w) values or the corresponding proportion of sites under each selective
regime, were observed in relation to P. falciparum and P. berghei expression. This is
indicative that, while parasite-host interactions, and changes in parasite environment
throughout Plasmodium life cycle are known drivers of adaptive evolution (Assefa et al.,
2015; Molina-Cruz and Barillas-Mury, 2014; Prugnolle et al., 2008), they do not
universally affect all multigene family members in the same manner. Nonetheless, these

results should be assessed with caution given that changes in expression profiles were
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observed between certain P. berghei and P. falciparum orthologs. Such variation shows
that expression profiles are not entirely conserved across Plasmodium lineages, and
should not be extrapolated casually into Plasmodium species without available expression

data.

Multigene families involved in functions associated with host cell invasion,
cytoadherence, immune evasion, and hemoglobin metabolism (CLAG, SERA,
Plasmepsin, Papain and msp7) presented a larger number of family members, and were
mostly expressed in Plasmodium stages associated with the vertebrate host (Table 1,
Table 2). Furthermore, these families showed significant variation in the number and
composition of paralogs among Plasmodium species. This pattern indicates
predominance of lineage-specific duplication/loss events. The larger number of multigene
family paralogs observed in primate malarias of both the simian clade and Laveranian
subgenus suggests that changes in the number and composition of paralogs can be

adaptive to specific host types.

Previous studies have proposed diverse hypotheses to explain the increase in the
number of paralogs observed in primate malarias. Among the proposed hypotheses, it has
been suggested that the variation could be a product of: repeated adaptation events
(Ponsuwanna et al., 2016), functional redundancy among paralogs (Gupta et al., 2015),
neo- or sub-functionalization of recently divergent paralogs (Bethke et al., 2006), or the
result of an expansion in host range (Arisue et al., 2011). Overall, it is likely that essential

family functions are performed by paralogs conserved among different Plasmodium
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species, while species- and clade-specific gene duplicates may be involved in maintaining

functional redundancy or in facilitating diversification and adaptability within the family.

Alternatively, some larger multigene families showed little variation in the
number and composition of paralogs among the analyzed Plasmodium species (NEK,
CDPK, Biotin acyl-CoA carboxylase, etc.). Expression profiles in these families’
paralogs were found to be both vector- and vertebrate-specific (Table 1, Table 2), at least
between the two Plasmodium species with available expression data (P. berghei and P.
falciparum). Interestingly, they perform multiple functions throughout the parasite’s life
cycle, including: fatty acid synthesis (Chen et al., 2014), sexual and asexual development
and commitment (Dorin-Semblat et al., 2011; Reininger et al., 2012, 2009), parasite
differentiation and protein secretion (Moreno et al., 2011), and involvement in host-
parasite interaction and development (Thompson et al., 2007). In this case, the conserved
number of duplication events in different species indicates little involvement in family
diversification and adaptability, and a more predominant role in sustaining parasite

survival.

| found significant signs of episodic selection in 23 of the multigene families
analyzed suggesting that the majority of GCMFs are evolving neutrally or under
purifying selection. In families where signs of episodic selection were detected, species
of the simian (23 branches) and rodent clades (13 branches) showed signs of episodic
selection in internal and terminal branches more frequently than species of the
Laveranian subgenus (4 branches) (Fig. S3). This trend shows that while most GCMFs

do not appear to significantly deviate from neutrality, when adaptive signals are present,
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they are more likely to be observed in species of the simian and rodent clades. This could
be the product of: the different evolutionary histories among Plasmodium clades
(Martinsen et al., 2008), their divergence times (Silva et al., 2015), the different
associations with their respective vertebrate hosts (Mu, 2005; Prugnolle et al., 2013), or

the result of lineage-specific processes essential for parasite survival.

On the other hand, significant episodic selection was also found in the branches
leading to paralogs split in five multigene families (Fig. S3), implying that in these cases
the duplicated genes have been positively selected. Previous studies have found that
positive selection in the branch leading to a paralog split can be linked to emerging
functions in the duplicated paralog (Hakes et al., 2007; Summers and Zhu, 2008; Van Zee
et al., 2016). Nonetheless, multigene families where this pattern was observed shared the
following GO term functions: ATPases, cell division, commitment to sexual and asexual
stages, and recombination. This makes it difficult to establish what would the putative

biological advantages of acquiring novel functions in newly duplicated paralogs.

Intensified selection was observed in all branches with significant signs of
episodic selection with the exception of three families: CLAG, NEK and a conserved
Plasmodium protein (Table 3, Table S1). These results support the hypothesis that
positive selection is being driven by lineage-specific processes in the majority of
multigene families. However, it also shows that relaxed selection can result in sequence
diversification of certain paralogs. It is possible that this pattern is the product of a

duplication event where the original paralogs maintained family function, leaving the
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newly duplicated copy free of strong selective pressures (Innan and Kondrashov, 2010;

Ohno, 1970).

The role of recombination in the divergence and emergence of novel paralogs has
been previously established in many species- and clade-specific multigene families (Kuo
and Kissinger, 2008). Here, I detected significant signs of recombination in 53 of the
multigene families evaluated, indicating that recombination is an important evolutionary
mechanism in GCMFs regardless of their location on the chromosome (Fig. 3).
Recombination events were less likely to be detected in multigene families where
duplication events predated Plasmodium speciation (Fig. 3). Potentially, this is the result
of large sequence divergence between ancestral family paralogs. However, while less
frequent, recombination was detected within some ancestral duplications. This could
imply that recent recombination events have occurred or that highly conserved sequence
structures are still maintained in ancestral paralogs. Furthermore, recombination events
occurring in families with species- and clade-specific duplications shows that
recombination is an important mechanism in the acquisition of novel paralogs in these

families as well (Table 4).

Signs of episodic selection and recombination were found in 16 of the evaluated
multigene families; nonetheless, the patterns of recombinant sequences and those
showing significant selective signals did not overlap (Table 4, Fig. S3). This further
supports the hypothesis that, within selected multigene families, paralogs are evolving
independently and recombination likely acts as a mechanism for the creation of novel

duplicated genes (Fawcett and Innan, 2011). Furthermore, the absence of comparable
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selective patterns among family paralogs with clearly high sequence similarity, suggests

that concerted evolution is not likely predominant among GCMFs (Fig. S2).

| also found low levels of polymorphism and signs of purifying selection in P.
falciparum and P. vivax strains for members of the CLAG multigene family (Table 5).
This result contrasts with previous reports of high polymorphism and positive selection
on P. falciparum (Alexandre et al., 2011; Iriko et al., 2008). Sequence diversity was also
markedly lower in comparison to previous studies performed on P. falciparum strains for
the Acyl-CoA synthetase family (Bethke et al., 2006). Furthermore, while the previous
studies using similar analysis methods found signs of positive selection in multiple
paralogs of this family (Bethke et al., 2006), here only one paralog (PF3D7_0215300)
showed significant signs of positive selection. The difference could be related to the
larger number of samples included in this study in comparison to previous ones (5, 39,

and 21 P. falciparum strains, respectively).

Also in contrast with previous reports (Ponsuwanna et al., 2016), | found no signs
of positive selection in the Plasmepsin and Papain multigene families; however, |
observed signs of purifying selection in P. falciparum paralogs in both families. Among
other larger GCMFs, P. falciparum strains in the CLAG multigene family and P. vivax
strains of the SERA multigene family showed the highest levels of polymorphism (Table
5). Furthermore, signs of positive selection were observed in two P. falciparum SERA
paralogs (PF3D7_0207500 and PF3D7_0207800). There results further support the

hypothesis that certain multigene family members are positively driven towards
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diversification, while a majority of family paralogs are likely selected to maintain family

function.

Overall, my results show that Plasmodium GCMFs are not subjected to rapid
evolution or diversification. However, the conservation of numerous ancestral
duplications across highly divergent Plasmodium species shows that gene duplication is
an important aspect of parasite survival. Multigene family function appears as one of the
most important factors in family evolvability, indicating that host-associated selective
pressures can be highly relevant for some families and insignificant in others. Knock-out
studies and characterization of multigene families in more divergent Plasmodium species,
could help to determine the significance of putative ancestral duplication events in

parasite survival, as well as their role in the colonization of the mammalian host.
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Tables

Table 4-1. Expression category based on P. falciparum & P. berghei transcriptome.

Multigene family P. falciparum P. berghei

Generalist-

Actin Generalist-Vertebrate Vertebrate
Acyl-CoA synthase Generalist Vector

Adrenodoxin reductase Vector Vertebrate
Alpha-beta hydrolase 2 Generalist-Vector Vector

Asparagine tRNA ligase Vector-Vertebrate Vertebrate

ATP-dependent DNA helicase
Biotin acel-CoA carboxylase
Calcium Dependent Protein Kinase (CDPK)
Calcium-transporting ATPase (SERCA)
Casein kinase Il beta chain
Cell division protein FtsH
Chaperonin (CPN)
Chromatin assembly factor 1 subunit
ClpB protein

Conserved and hypothetical Plasmodium protein
Conserved Plasmodium protein
Conserved Plasmodium protein, unknown function
Conserved Plasmodium protein, unknown function 11
Conserved Plasmodium protein, unknown function 12
Conserved Plasmodium protein, unknown function 2
Conserved Plasmodium protein, unknown function 3
Conserved Plasmodium protein, unknown function 4
Conserved Plasmodium protein, unknown function 6
Conserved Plasmodium protein, unknown function 8
Conserved Rodent malaria protein, unknown function 2
Cysteine Repeat Modular Protein (CRMP)
Cytoadherence-linked asexual protein (CLAG)
DEAD-DEAH box ATP-dependent RNA helicase
DER1-like protein
DHHC-type zinc finger protein
Dipeptidyl aminopeptidase (DPAP)

DNA mismatch repair protein MSH2
DNA-directed RNA polymerase Il

DNA-directed RNA polymerase Il second largest subunit

DnaJ protein2

Generalist-Vector
Vector
Generalist-Vertebrate
Vertebrate
Vertebrate
Generalist-Vertebrate
Vector
Generalist-Vertebrate
Generalist-Vertebrate

Generalist
Vertebrate
Vertebrate
Vector
Vector
Vector
Vector
Vector
Vertebrate
Vector
Vertebrate
Vector
Vertebrate
Generalist-Vertebrate
Vector
Vector-Vertebrate
Vector-Vertebrate
Vector-Vertebrate
Vertebrate

Vertebrate
Vector-Vertebrate

Vector-Vertebrate
Generalist-Vector
Vector-Vertebrate
Vertebrate
Vector-Vertebrate
Vertebrate
Vector-Vertebrate
Vertebrate

Vertebrate
Generalist-
Vertebrate

Vertebrate
Vertebrate
Vector
Vertebrate
Generalist-Vector
Vertebrate
Vector
Vector
Vector
Vertebrate
Vector-Vertebrate
Vertebrate
Vector-Vertebrate
Vertebrate
Generalist-Vector
Generalist-Vector
Vector-Vertebrate

Vertebrate
Generalist-
Vertebrate

Vector
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Table 4-1. Expression category based on P. falciparum & P. berghei transcriptome

(continued).

Multigene family P. falciparum P. berghei
Dynamin-like protein Vector-Vertebrate Vertebrate
Dynein heavy chain Vector Vector
Elongation factor 1 alpha (EF-1alpha) Vertebrate Vertebrate
Elongation factor G Generalist-Vertebrate Vector-Vertebrate
Eukaryotic initiation factor 2a Vertebrate Vertebrate
Exonuclease Vector-Vertebrate Vertebrate
Folate transporter (FT) Vector Generalist-Vertebrate
Glutathione reductase (GR) Generalist-Vertebrate Vector-Vertebrate
Glutathione synthetase (GS) Vector Vertebrate
Glycerol 3 phosphate dehydrogenase Vertebrate Vertebrate
Heat shock protein 40 Vector-Vertebrate Vertebrate
Heat shock protein 70 Vertebrate Vector-Vertebrate
Heat shock protein 90 Generalist-Vector Vertebrate

High mobility group protein B1 (HMGB1)
Histidine tRNA ligase
Histone H2B
Histone H3
Hypothetical protein
Inner membrane complex protein 1¢ (IMC1c)
Inorganic pyrophosphatase (VP)

Iron sulfur assembly protein (SufA)
Kinesin-8
Lysophospholipase
Malate dehydrogenase (MDH)
Meiotic recombination protein DMC
Meiotic recombination protein SPO11
Merozoite Surface Protein 7 (MSP7)
Methionine aminopeptidase
Methyltransferase
NADP specific glutamate dehydrogenase (GDH)
NIMA related kinase (NEK)

Novel putative transporter 1 (NPT1)
Nucleotide binding protein
P1-s1 nuclease
P28
Papain

Vector-Vertebrate
Generalist-Vertebrate
Vector-Vertebrate

Vertebrate
Vector
Vector

Vertebrate
Vector

Generalist-Vector
Vector-Vertebrate
Vector-Vertebrate

Vector
Vector
Vertebrate

Generalist-Vertebrate

Vertebrate
Vertebrate
Vector
Vector

Generalist-Vertebrate

Vertebrate
Vector
Vertebrate

Vector-Vertebrate
Vector-Vertebrate
Vertebrate
Vertebrate
Vector
Vector
Vector-Vertebrate
Vector-Vertebrate
Vector-Vertebrate
Vector-Vertebrate
Vertebrate
Vector
Vector
Vertebrate
Generalist-Vector

Generalist-Vertebrate
Generalist-Vertebrate

Vector
Vertebrate
Vector-Vertebrate
Vertebrate
Vector
Vertebrate




Table 4-1. Expression category based on P. falciparum & P. berghei transcriptome

(continued).

Multigene family P. falciparum P. berghei
Generalist-
Peptide release factor Generalist-Vector Vertebrate
Generalist-
Peroxiredoxin thioredoxin peroxidase Vector-Vertebrate Vertebrate
Phosducin like protein (PhLP) Vector Vertebrate
Phosphopantothenoylcysteine synthetase Vector Generalist
Plasmepsin Vector-Vertebrate Vector-Vertebrate
Pre mRNA splicing helicase BRR2 Generalist Generalist
Pre-mRNA-splicing factor ATP-dependent RNA Generalist-
helicase Generalist-Vertebrate Vertebrate
Protein phosphatase 2C Vector Vector
Rhoptry associated protein 2-3 Vertebrate Vertebrate
SEL-1 protein Generalist-Vertebrate Vertebrate
Serine Repeat Antigen (SERA) Vertebrate Vertebrate
Serine tRNA ligase Vector-Vertebrate Vertebrate
Subpellicular microtubule protein 1 (SPM1) Vector Vector
Sun-family protein Generalist-Vector Vector-Vertebrate
Tetratricopeptide repeat protein, putative Vector Vector
Thioredoxin Generalist Vertebrate
Translation initiation factor 1F-2 Generalist-Vertebrate Vertebrate
Tubulin Vertebrate Vertebrate
Ubiquitin conjugating enzyme 2 Vector Vertebrate
Ubiquitin-conjugating enzyme Vector Vertebrate
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Table 4-2. Variation of the number multigene family of paralogs across Plasmodium species.

Famil P. P. P. P. P. P. P. . P. P.
Y ivax cynomolgi knowlesi coatneyi gonderi chabaudi berghei yoelii falciparum reichenowi
Actin 2 2

Acyl-CoA synthase
Adrenodoxin reductase
Alpha-beta hydrolase 2
Asparagine tRNA ligase
ATP dependent DNA helicase
Biotin acel-CoA carboxylase
Calcium Dependent Protein Kinase (CDPK)
Calcium-transporting ATPase (SERCA)
Casein kinase Il beta chain
Cell division protein FtsH
Chaperonin (CPN)
Chromatin assembly factor 1 subunit
ClpB protein
Conserved and hypothetical Plasmodium protein
Conserved Plasmodium protein
Conserved Plasmodium protein, unknown function
Conserved Plasmodium protein, unknown function 11
Conserved Plasmodium protein, unknown function 12
Conserved Plasmodium protein, unknown function 2
Conserved Plasmodium protein, unknown function 3
Conserved Plasmodium protein, unknown function 4
Conserved Plasmodium protein, unknown function 6
Conserved Plasmodium protein, unknown function 8
Conserved Rodent malaria protein, unknown function 2
Cysteine repeat modular protein (CRMP)
Cytoadherence-linked asexual protein (CLAG)
DEAD-DEAH box ATP-dependent RNA helicase
DER1-like protein
DHHC-type zinc finger protein
Dipeptidyl aminopeptidase putative DPAP
DNA mismatch repair protein MSH2
DNA-directed RNA polymerase I
DNA-directed RNA polymerase Il second largest subunit
DnalJ protein2
Dynamin-like protein
Dynein heavy chain
Elongation factor 1 alpha (EF-1alpha)
Elongation factor G
Eukaryotic initiation factor 2a
Exonuclease
Folate transporter (FT)
Glutathione reductase (GR)
Glutathione synthetase (GS)
Glycerol-3-phosphate dehydrogenase
Heat shock protein 40
Heat shock protein 70
Heat shock protein 90
High mobility group protein B1 (HMGB1)
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Table 4-2. Variation of the number multigene family of paralogs across Plasmodium species (continued).

Family ,P' P. . . P. . P. . P. . P. . P, . P'“ L . P. .
ivax cynomolgi i knowlesi coatneyi gonderi chabaudi berghei yoelii falciparum reichenowi
Histidine tRNA ligase 2
Histone H2B
Histone H3

Hypothetical protein
Inner membrane complex protein 1c (IMC1c)
Inorganic pyrophosphatase (VP)
Iron-sulfur assembly protein (SufA)
Kinesin-8
Lysophospholipase
Malate dehydrogenase (MDH)
Meiotic recombination protein DMC
Meiotic recombination protein SPO11
Methionine aminopeptidase
Methyltransferase
MSP7
NADP-specific glutamate dehydrogenase (GDH)
NIMA related kinase (NEK)
Novel putative transporter 1 (NPT1)
Nucleotide binding protein
P1-s1 nuclease
P28
Papain
Peptide release factor
Peroxiredoxin thioredoxin peroxidase
Phosducin-like protein (PhLP)
Phosphopantothenoylcysteine synthetase
Plasmepsin
Pre mRNA splicing factor ATP dependent RNA helicase
Pre mRNA splicing helicase
Protein phosphatase 2C
Rhoptry associated protein 2-3
SEL-1 protein
Serine Repeat Antigen (SERA)
Serine tRNA ligase
Subpellicular microtubule protein 1 (SPM1)
Sun family protein
Tetratricopeptide repeat protein
Thioredoxin
Translation initiation factor I1F-2
Tubulin
Ubiquitin-conjugating enzyme
Ubiquitin-conjugating enzyme 2
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Table 4-3. Significant RELAX test results for branches under episodic selection.

Test for selection

Intensification Relaxation
Acyl-CoA synthase Conserved Plasmodium protein
Alpha beta hydrolase putative 2 Cytoadherence-linked asexual protein (CLAG)
Chaperonin putative NIMA related protein kinase (NEK)

Conserved Plasmodium protein unknown function 6
Conserved Plasmodium protein unknown function 12
Conserved rodent malaria protein unknown function
DEAD DEAH box ATP dependent RNA helicase putative
DERL1 like protein

Dipeptidyl amino peptidase putative (DPAP)

Hypothetical protein

P28

Papain

Plasmepsin




Table 4-4. Summary of recombination events and median recombinant length per

multigene family.

Number of Median length of
Multigene family recombination recombinant
events segment
Actin 4 140.5
Acyl-CoA synthase 8 405.5
Adrenoxin reductase SV 1 121
Alpha beta hydrolase 2 5 77
Asparagine tRNA ligase 4 122
Biotin acyl-CoA carboxylase 1 468
Calcium transporting ATPase putative SERCA 2 104
Calcium Dependent Protein Kinase (CDPK) 2 270.5
Chromatin assembly factor 1 subunit 2 113
Cytoadherence-linked asexual protein (CLAG) 3 60
ClpBprotein 1 370.5
Conserved Plasmodium protein unknown function 1 60
Conserved Plasmodium protein unknown function 2 2 131
Conserved Plasmodium protein unknown function 4 1 257
Conserved Plasmodium protein unknown function 6 3 60
Conserved Rodent malaria protein unknown function 1 754
Cysteine Repeat Modular Protein (CRMP) 4 176
DEAD DEAH box ATP dependent RNA helicase 3 34
DHHC type zinc finger protein 2 445
Dipeptidyl amino peptidase putative (DPAP) 2 117
DNA directed RNA polymerase Il 2 42.5
Dynein heavy chain 2 303.5
Elongation factor Tu putative tufA 1 402
Eukaryotic initiation factor 2a 2 299
Exonuclease 1 109
Glutathione reductase putative GR 1 46
Heatshock protein 40 2 478.5
Heatshock protein 90 3 44
Histone H2B 1 84
Histone H3 2 54
Hypothetical protein 1 368
Inorganic pyrophosphatase VP 1 45
Iron sulfur assembly protein SufA 1 100
Kinesin 8 1 1240
Lysophospholipase 6 65.5
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Table 4-4. Summary of recombination events and median recombinant length per

multigene family (continued).

Number of  Median length of

Multigene family recombination recombinant
events segment
Meiotic recombination protein DMC 1 39
NADP specific glutamate dehydrogenase putative GDH 4 148
NIMA related protein kinase (NEK) 2 115
Novel putative transporter 1 NPT1 2 604
Nucleotide binding protein 2 604
P1sl nuclease 2 418
P28 2 288.5
Papain 7 190
Phosducin like protein PhLP 1 52
Plasmepsin 1 108
Pre mRNA splicing factor ATP dependent RNA helicase 1 274
Pre mRNA splicing helicase 3 121
Protein phosphatase 2C 1 26
Rhoptry associated protein 23 1 233
Serine Repeat Antigen (SERA) 18 446.5
Tetratricopeptide repeat protein putative 1 113
Tubulin 7 426
Ubiquitin conjugating enzyme 2 1 84
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Table 4-5. Polymorphism and selection in paralogs with significant deviation from

neutrality from larger Plasmodium GCMFs.

Family Species Gene ID* N @ [SD] Ds Dn Dn-Ds [SD] Z test
Paralogs under significant purifying selection
Acyl-CoA  P.falciparum PF3D7_1238800 151 0[0] 0001 O 0[0] 0.024 (-2.284)
synthase P. vivax PVX_002785 87  0.003[0.001] 0.007 0002 -0.005[0.002] 0.005 (-2.861)
Cytoadherence- PF3D7 0220800 55 0.004[0.001] 0012 0002 -0.009[0.002] 0 (-4.015)
linked asexual P falciparum  PF3D7_0302200 23 0002[0] 0006 0001 -0.005[0.001] 0.001 (-3.533)
protein PF3D7_0302500 47 0002[0] 0003 0001 -0.003[0.001] 0.016 (-2.445)
(CLAG) P. vivax PVX_ 121885 35 0.005[0.001] 0009 0003 -0.006[0.002] 0.004 (-2.945)
P.falciparum PF3D7_1228300 84 0[0] 0002 0  -0.002[0.001] 0.002 (-3.195)
';'.'MA related _ PVX 079950 95 0[0] 0001 0 0001[0]  0.049 (-1.986)
inase (NEK) P. vivax
PVX_124045 32 0001[0] 0005 0  -0.004[0.001] 0.002 (-3.129)
papain b, falciparum PF3D7 1115300 104 0.004[0.001] 0.009 0.003 -0.006[0.003] 0.015 (-2.461)
: PF3D7 1115700 48  0.005[0.001] 0.014 0.003 -0.011[0.004] 0.011 (-2.574)
PF3D7_0808200 191  0.001[0] 0003 0  -0.002[0.001] 0.016 (-2.433)
Plasmepsin P.falciparum PF3D7_1408100 185 0[0] 0 0 0[0] 0.039 (-2.086)
PF3D7_1465700 123 0 [0] 0001 O -0.001[0]  0.042 (-2.060)
Serine repeat PVX_003810 7 0009[0.001] 0021 0006 -0.015[0.004] 0 (-3.706)
antigen P. vivax PVX_003820 10 0.010[0.001] 0.023 0.006 -0.017[0.004] 0 (-5.106)
(SERA) PVX_003845 42  0.004[0.001] 0.007 0.003 -0.004[0.002] 0.019 (-2.378)
Paralogs under significant positive selection
As%'thcag‘é'\ P.falciparum  PF3D7 0215300 157  0.001 [0] 0 0002 0001[0]  0.001 (3.492)
Serine repeat PF3D7 0207400 84 01[0] 0 0 01[0] 0.025 (2.263)
antigen P. falciparum
(SERA) PF3D7 0207700 122  0.001[0] 0 0001  0.001[0] 0.002 (3.106)

* P. vivax and P. falciparum PlasmoDB nomenclature (Mello et al.

2008).
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Figure 4-1. Number of paralogs vs. P. berghei expression patterns. Paralogs were
classified as vector-specific, vertebrate-specific and generalist based on P. berghei
transcriptome. Orange bars (A) indicate families composed exclusively of vertebrate-
specific paralogs; green bars (B) indicate families composed exclusively of vector-
specific paralogs; blue bars (C) indicate families composed of a combination of vector-
specific and vertebrate-specific paralogs; yellow bars (D indicate families composed of
generalist paralogs. The distribution of families with a given number of paralogs in each

extant Plasmodium species is indicated by the height of the colored bars.
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Figure 4-2. . Number of paralogs vs. P. falciparum expression patterns. Paralogs were
classified as vector-specific, vertebrate-specific and generalist based on P. falciparum
transcriptome Orange bars (A) indicate families composed exclusively of vertebrate-
specific paralogs; green bars (B) indicate families composed exclusively of vector-
specific paralogs; blue bars (C) indicate families composed of a combination of vector-
specific and vertebrate-specific paralogs; yellow bars (D indicate families composed of
generalist paralogs. The distribution of families with a given number of paralogs in each

extant Plasmodium species is indicated by the height of the colored bars.
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Figure 4-3. Recombination patters in GCMFs. The largest pie chart (green and purple) represents the total number of
multigene families with informative multisequence alignments, families are split into those with significant

recombination events and those without them. Smaller pie charts further divide groups with (red and blue) and without



GTT

(yellow and grey) recombination, on the basis of the evolutionary relationship among family members. Groups are
further divided in the smallest pie charts to indicate the frequency of recombination events among orthologs (dark red
and dark blue), same species paralogs (light red and light blue), and different species paralogs (medium red and

medium blue).



CHAPTER 5. CONCLUSIONS.

The evolution of the merozoite surface family 7 (msp7) multigene family appears
to be characterized by two independent expansion events in the simian clade and
Laveranian subgenus. Furthermore, the lineage-dependent gain/loss events across closely
related simian species show that the evolution of the msp7 multigene family is consistent
with the Birth-and-Death model. Within this clade, duplicated genes could have
potentially originated in the simian ancestor and subsequently diversified by positive
selection. The predominant signs of intra-specific purifying selection among msp7
paralogs from the simian clade suggest that duplicated copies are preserved and are likely
important for family function. On the other hand, the number of High Activity Binding
Peptides (HABPs), identified for one Pfmsp7 member of the multigene family
(PF3D7_1353100), varied across Laveranian paralogs, with some paralogs showing a
reduced number of HABPs. This suggest that members of the msp7 family in the
Laveranian subgenus might have differential significance or even variable roles during
erythrocyte invasion. However, additional studies should be performed in order to
determine if unique HABPs have independently evolved on other members of the msp7
family.

Alternatively, long-term evolution of synonymous and non-synonymous
substitutions shows a species-specific pattern among genes with a gametocyte biased
expression. Overall, genes with male-biased, female-biased and male-female common
expression showed similar rates of synonymous and non-synonymous substitutions with
only a few genes showing significantly longer synonymous branch lengths. MLEs of

116



synonymous branch lengths were highly similar among genes coding for membrane and
non-membrane located proteins; nonetheless, genes coding for membrane proteins
showed slightly longer non-synonymous branch lengths. This is likely the result of
selection imposed by the vertebrate’s immune system.

On the other hand, genes with a male-biased, male-female common biased
expression, and genes coding for non-membrane located proteins showed overall higher
immunogenicity than other sex and location categories evaluated. Additionally, these
categories also had a higher proportion of genes with specific sites of the coding
sequence under significant positive selection. This indicates that the presence of immune
epitopes might act as an indicator of rapid evolution in comparison to genes with no
reported immune epitopes. Nonetheless, the similar proportion of positive selected sites
inside and outside epitope regions suggests that these trends are not entirely related to
immune pressure imposed by the host. An alternative hypothesis to be evaluated is the
possibility that positive selected sites reflect the effects of interaction with the Anopheles
vector.

To conclude, the majority of duplication events found in GCMFs likely predate
speciation of mammalian Plasmodium species. It is possible that duplicated genes have
been maintained neutrally across the genus Plasmodium; however, the reduced numbers
of branches showing inter- and/or intra-specific signs of positive selection could indicate
that the preservation of duplicated genes across the genus is beneficial for the parasite.
Exploring the putative relationship between such preservation and multigene family
function could help to better explain the role of multigene families in the evolution of
Plasmodium genome. Contrary to expectations, multigene family size and composition
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did not vary in a manner influenced by interaction with the mosquito vector or the
vertebrate host. However, given the lineage-dependent variation previously discussed in
msp7 and gametocyte expressed single copy genes, it is unlikely that expression patterns
will be universally maintained across the genus. Thus, this result should be re-evaluated
in the future when additional transcriptomic data becomes available for additional
Plasmodium species. Alternatively, inter-genic recombination appears to be a
fundamental force in the development of sequence diversity in GCMFs as well as one of
the potential mechanisms in duplication/loss events across the genus Plasmodium.
Overall, the present studies allowed a further exploration of evolutionary trends
within the genus Plasmodium. A better understanding of the role that biological
interactions, inter-, intra-specific selection, and recombination have as mechanisms in the
development of functional novelty and adaptation within the genus has been obtained.
Moreover, the present study also serves as a starting point for the evaluation of additional
malaria treatment and prevention strategies, as well as a more detailed exploration of

potential patterns involved in the evolution of the Apicomplexan genomes.
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Tables

Table S2-1. Primers used in the amplification of msp7 simian clade paralogs.

Paralog Forward sequence Reverse sequence bp Tem?%;:lture
CTC CYT CAS CGC AAT GAA G 19 57.5-59
PVX 082645 CTC TTA AAS CTC AAG VGT G 19 53-55
- CTC CYT SAS CGC AAT GAA G 19 57-59.5
CTC TTA AAS CWC AAG VGT G 19 53-55
CAA CAA AAT GAG GAA AMA AAT
PVX_082650 TG 2 54-555
CAC CTS AAG AGT GYTCATC 19 55-57.5
CAA AAW GAT GAA KAA AAC GAT
PVX_082655 CG 2 55-57.6
CTA CAC CAC YTC AAK CGT G 19 55-59.5
TCC TRC TGG GKT CCATTT TG 20 56.4-60.5
TAA CCC GCC ACT TTACCAG 19 57.6
PVX_082660 AAT CTG CCA CTT CAC TGT CC 20 58.4
TCC TRS TGK GBT CCATTT TG 20 54.3-60.5
CCT AAC CCG CCACTT TAC 18 56.3
TTG CAA AAA TGA RMR GAG TC 20 50.2-56.4
PVX_082665 TGT WCA TSAAGY TGATGG C 19 53-55
GGA AAA AAA DTG CWC TMT TCC 21 53.4-57.5
PVX_082670 TYG TGT TGA GGA AAC TTA GC 20 54.3-56.4
GYT GGM AAA AAG GTG GAC 18 51.4-56.3
GRTTAATTTRTTTTY CTCCTCC 22 52.7-58.4
GTG TTC ATC AAG YTR AWG GC 20 54.3-58.4
PVX_082675 CTC GTT GAA RAA AAA AYT GC 20 50.2-54.3
AGA AGA RAA TGT AGA AGT GG 20 52.3-54.3
AWG TAC TTA ATT TTG ACA TCG 21 51.7
TGG GGG CGA CAA AAT GAA G 19 575
CAC TTG CTC AGT TGG CTT C 19 575
PVX 082680 TYTTYG GTT CCC TCT TTG TG 20 54.3-58.4
- CTT YAY TTC AAT CGT GTT YAG C 22 54.7-60.1
GGC YTT RAA GAA ACA GAT TG 20 52.3-56.4
CCT TCT GTK GYT TTAAGT AG 20 52.3-56.4
PVX_082685 AWG TAY GTG ATG WTG TCT TCC 21 55.4-57.5
TTC ATY CTC TSG YCC CTC 18 53.8-58.4
PVX 082690 AAT TTA GGA TGA WCG AGC GG 20 56.4
- CWA AAA TTG CTG TCC ASC TC 20 56.4-58.4
PVX_082695 TTA ACG CTC AYC ATG AAC GG 20 56.4-58.4
TCT GAA ACA RCR TGW GGT AC 20 54.3-58.4
AYA AAARTACTATTC WTC TTG 23 539576
PVX_082700 cC
TGC AAC ATC CKV TTG ABC AAC 21 55.4-61.2
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Table S2-2. Repetitive motifs found on Plasmodium species from the simian clade.

Paralog Species (strain) Repeat motive Location Length
P.cynomolgi (RO) [VNPTAN], 209-222 351
P. hylobati [PQNQAJ2-PQNQ 245-258 504
[DADNN/EE/NN];
DADNN/EE/NN 55
P.inui (Celebes I1) 507
[GASGG]s 166-186
[APGPS];-APDPS-APGAS 293318
[ADNKNSH/D], 36-52
[DADNN/EE/NN]; 49-69
P.inui (Leucosphyrus) [SGE/GGT]s 193-208 573
[APGPS],-APDPS-APGAS 313-333
[GSSVSSGSA/SG/VSA/ST: 393-428
PVX_082645 [DADNN/EE/NN]; 3454
P.inui (Perlis) [APGAS], 297-307 538
ESSGSSGSSGSA VSSGSSVSSGSSVSS GS E£SS GSSGPSGSA 343-396
pinui (05) [DADNN/EE/NN]:-DAD-NENN 4269 20
[SESSGSAVSSGSAVL],-SESSGS 245-280
N GTSGGGASGG GTSGGGT 182198
Pinui (Taiwan I [SSESSG]>- GSSG- SSGSSR- 267-316 458
[ENDADNN]; -NNDADNENN 47-69
P.inui (Perak) [ATDPS]s 312-327 555
[SSGSAVSAV], -SAVSSGSAV 370-397
— [DADNN/EE/NN; 1262
P.inui (Leaf Monkey 11) [GASGAL, 184197 505
P knowlesi (H) STGSAA- [STGSTA], [STGSTG]; -STAST 204-238 383
PVX 082650  P.vivax (Sumatra) ARGDPQSPA ARGDPQSPA A 279-297 470
P.cynomolgi (B-Mulligan-PT1) [AGGT]> 154-163 188
PUX 082660 5 e AASKLVSK AASKSVSK A 145-161 196
PVX_082665 P. fieldi VTPQPTERPA VTPQPTERPA VTPEPT 243-267 403
P-vivax (6 strain) [EADEGV; 97211 711
P.cynomolgi (Berok) VEEEQGEEDLQGIFQLEEEPGEEDLQGIFQ LEDEPGEEYLQGIFQLEDEPGEEY LHGSFE SEEEAEQGE 241-304 457
[AEEDEG]: 184-200
P.cynomolgi (Mulligan; 469
ynomolgi (Mulligan) [LEEEQGEEDLQGIFQLEEEQGEEDLQGSFE], LEEEAKQGE 248316
P.cynomolgi (Gombok) LEEEQGEEDLQGIFQLEDEPGEEYLQGSFG SEEEAGEEDLQGIFQLEEKPGEEYLQGSFE SEEEAEQGE 254-317 71
P.cynomolgi (Ceylonensis) KEEEQGEEDLQGIFQLEEEQGEEDLQGAFH LEEEQGEEDLQGVFHLEEE 238-287 442
Pyx-o82610 P.cynomolgi (Bstrain) [AEEDEG, 194210 479
ymomalg [LEEEQGEEDLQGIFQLEEEQGEEDLQGSFE], -LEEEAKQGE 258-326
) EEEEEK -EEEEK EKEKEK EEE 218-237
P-cynomolgi (PT1) [LEEEQGEEDLQGSFELEEEQGEEDLQGAFH], -LEEEAKQGE 264-332 486
P.cynomolgi (PT2) | EEEPGEEDLQGIFQLEDEPGEEYLQGIFQ LEDEPGEEY LQGIFQLEDEPGEEYL HGSFE SEEEAEQGE 251-304 447
[AEEDEG], 183-199
P.cynomolgi (RO) 470
[LEEEQGEEDLQGIFQLEEEQGEEDLQGSFE], LEEEAKQGE 247315
P.cynomolgi (Berok) [EEQEEEQEGEQE], -QEQEEEQEQEQE -EEQEQEQEEEQE -QEQEEEQEQEQE EEQ—EQEQ 87-151 492
P.cynomolgi (PT2 EEQEEEQEGEQE], -QEQEEEQEQEQE -EEQEQEQEEEQE -QEQEEEQEQEQE EEQ_EQEQ 87-151 481
P.cynomolgi (Gombok) EEQEEEQEEEHG EEQEEEQEEEL EEEQEEEQE 86-117 430
P.cynomolgi (PT1) EEEQEVEQEVEQGEEQGEEQ EEEQDEEQGEEQGEEQGEE 86-124 456
P.cynomolgi (RO) EEEQEEEQEEEQ EEEQEVEQEVEQ EEEQEEEQGEE 86-120 450
P.cynomolgi (Ceylonensis) EEKEEEQGEEQE VEQGEEQEEEQ GEEQEEEQEEE QGEEQEEEQEEE 83-128 465
P.cynomolgi (Mulligan) EEEQEEEQEEEQ EEEQEVEQEVEQ EEEQEEEQGEE 86-120 450
P.cynomolgi (Bstrain) EEEQEEEQEEEQ EEEQEVEQEVEQ EEEQEEEQGEE 86-120 461
PVX_082675 __P-fieldi [EEEQEQQ]; -[EGEQEQQ EEEQEQQ]; -[EEEQEQQ]3 86-168 488
P.inui (Perlis) EDQEEEQV EDQEEEPV EDQEEDQ EQQE 95-121 455
P.inui (Leaf Monkey ) EEQEEQQEEEHEEEHEE EQEEQQEEEQEE DQEEDQE 92-127 469
P.inui (Perak) EDQEEEQV EDQEEEPV EDQEEDQ EQQE 95-121 456
P.inui (Philippines EDQEEEQK EEQKEDQE EEQVEDQE EEQVEDQE 97-128 469
P.inui (Celebes I1) EQEEEQEE [DQEEEQKE], -DQEEEQK EEQKEDQE 83-127 182
P.inui (Leaf Monkey Il) EDQEEDQE EEQVEEQK EDQEEEQVE DQEEEQVE DQEEEQVE 89-121 485
P.inui (N34) [QEEEQGEE], -QEEEQEED -QEEDQEEE QKEE 87-122 466
P.inui (0S) [EEQQL - [EEQQl 84-103 485
P.inui (Perak) EKEEEEEETDK EKEEEEEEETDK EKEEEEETDK EKEEEEEETDK EKEEEEETDKE KEEEEEEETDK 140217 509
P.inui (Taiwan Il) EEEKKEEKEEEKKA EEEKKEEEEKKE EEEKEEEEEETDK [EKD/EEEEEETDK]2 132-237 536
P.inui (OS) [EEEKK/EEEKEEEK], EEEKEEEKKE-- QEEKEEE-GEET DKEKEEEEEEET 130-197 481
P.inui (Leaf Monkey Il) EKEEEEEETDK EKEEEEEEID KEKEEEEEETDK EKEEEEEETDK EK-EEEEATDK EKEEEEETDK 166-241 533
P.inui (Philippines) EEEEKKEEKEEEE EKEEEEEETDK EKDEEEEETGK EKEEEEETDK EKEEEEEETDK EKEEEEEETDK 131220 519
PVX 082680 p iy (perlis) EKEEEKKEEEE EKEEEEEETDK EKDEEEEETDK EKEEEEEEETDK EKEEEEEETDK EKEEEEETDK 131215 514
P.inui (N34) [EKEEEEEETDK]s 151270 556
P inui (Celebes I [EKEEEEEEA/TDK]; -EK-EEEEETDK 144-186 500
inui (Celebes 1) PSSTGEV PSSTGEV PSSTGEV PS 274-296
P. hylobati DPSHEET]s- DP -[PQGTVPS), 238-329 384
P.vivax (all strain) GGEE]; -SGEL TGE 129-143 311
P TGl strain) QTGE]:= 128-139 307
Py Og26gs PN (Hawking QSDEKTAE QSDEKTAH QSDEKTA 124-146 B
- P.inui (Leaf Monkey 1) QSEEKTAE QSDEKTAH QSDEKTA 122-144 311
P.inui (Celebes I1) [EQSDEKTA], -QQSDEKTA -QQ -[QTTE]s 129-178 340
P. simiovale QSGE [QTGE], 124-135 284
X 082700 (Berok) DTHTDTVADTN TDTHTDTVADTN 228251 218
- P fieldi EEQTPSESNEGKAEEEQTPSDSNEGKTE EEKTP 98-13 206
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Figure S2-1. Msp7 multigene family amino acid composition. The msp7 paralogs share
a similar amino acid composition independently of gene length. The similarity tends to be
higher between orthologs than among paralogs within the same species. Amino acids in
higher proportion are Lysine (K), Leucine (L), Glycine (G), Glutamic Acid (E),

Asparagine (N) and Alanine (A).
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Figure S2-2. Sequences obtained for P. vivax, P. cynomolgi, P. inui and P. knowlesi in
the laboratory. Putative location of paralogs on the chromosome follows the same order
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of paralogs observed on the published P. vivax genome. Sequence length of each paralog
and isolated is provided above the paralog by diamond and triangle shapes following Fig.
1. Paralogs marked with an X represent publicly available sequences which length could
not be confidently measured due to partially missing data (Ns) or incomplete sequences
found in a contig. Question marks indicate isolates for which laboratory amplification
was not possible but are otherwise present in other Plasmodium species analyzed by

different means.
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Figure S2-3. Bayesian inference (Bl) and Maximum Likelihood (ML) of six paralogs of
msp7 multigene family phylogenetic tree. Bl and ML trees showed almost identical
topologies, so only Bl topology is shown with asterisks (*) indicating conflicting
branching patterns. Posterior probabilities (PP) and bootstrap values (BV) are shown next
to the phylogenetic tree nodes (PP/BV). Branch which share the same coloration are more
closely related and share overall similar sequence patterns. The tree was constructed from
123 sequences including only 6 paralogs (PVX_082650, PVX 082655, PV X_082665,
PVX_ 082675, PVX_082680 and PVX_082685). A total of 1,158 nucleotide positions
were included in the analysis and the GTR+I+I" nucleotide model (inv. sites = 0.0390;

0=1.4110) was used.
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Figure S2-4. Bayesian inference (Bl) and Maximum Likelihood (ML) of five paralogs
MSP7 multigene family phylogenetic tree. Bl and ML trees showed almost identical
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topologies, so only Bl topology is shown with asterisks (*) indicating conflicting
branching patterns. Posterior probabilities (PP) and bootstrap values (BV) are shown next
to the phylogenetic tree nodes (PP/BV). Branch which share the same coloration are more
closely related and share overall similar sequence patterns. The tree was constructed from
96 sequences including only 5 paralogs (PVVX_082650, PVX_ 082655, PV X_082665,
PVX 082680 and PVVX_082685). A total of 1,158 nucleotide positions were included in
the analysis and a special case of the GTR nucleotide model (012032) I+T" (inv. sites =

0.0770; 0=1.5510) was used.
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Figure S2-5. Recombination analysis of msp7 multigene family paralogs. Six closely related msp7 paralogs

(PVX_082650, PVX_082655, PVX_082665, PVX 082675, PVX_082680 and PV X_082685) were analyzed using

RDP3 with default parameters. (A.) Seven different recombination events were detected among the analyzed

sequences. The nucleotide position of independent recombination brake points is indicated relatively to the alignment

length (1-2,400bp). Recombination segments are indicated by the use of different color blocks (blue, orange and
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yellow). (B.) Recombination patterns within msp7 paralogs included in the analysis. The same coloration is shared by
closely related paralogs with overall similar sequence patterns. Paralogs that were part of recombination events are
indicated as: (R.) Recombinant, (M.) Mayor Parental, (m.) Minor Parental. Unmarked paralogs indicate that those were

not part of a specific recombination event. (e.g., recombination event 7 was not detected on paralogs PVX_082675 and

PVX_082680).
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Figure S2-6. Conservation of HABP in msp7 P. falciparum paralogs. Alignment of
HABPs (Garcia et al., 2007) and Laverania subgenus msp7 paralogs. Relative position on
the alignment is indicated above each analyzed paralog. Asterisks (*) indicate conserved

amino acid positions.
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Tables

Table S3-1. Branches under significant episodic selection in gametocyte expressed genes.

P. cynomolgi P. knowlesi P. berghei P. chabaudi P. reichenowi P. bergllﬁ__el—P.
Gene yoelil
1D* Sex Lo Gene product Prop. Prop. Prop. Prop. Prop. Prop Prop
ot sites+ ot sites+ o+ sites+ ot sites+ ot sites+ ot sites+ ot sites+
P\{(;(%OO ? - pmrt‘eyi‘?f’tch:;';ﬂ/e g 219 12% 0575 0.62% 141 0.44% 0 2.50% 0.248 11% 157 0.93% 712 0.49%
signal peptidase 21
P\;;(&]OS 0 ; kDa subunit, 02 33% 66.4 8.70% 10000 1.20% 221 7.60% 0122 0.00% 0126  000% 102  530%
putative
PVX_08 2 } hypothetical o o o o o o o
420 3 protein, conserved 369 6.50% 0.145 0.83% 122 7.90% 0.0762 0.00% 6.78 2.30% 0118 6.40% 12.9 100%
Pyx o8 g NM pm’t‘eyl‘;"‘ch:;';e‘?:/e , 8 6.90% 103 9.30% 1.07 93% 0.776 14% 0.112 1.60% 0122 000% 89  450%
15 o) . X . (] . 0 . 8 N 0 . 0 . . 0] . 0
P\é;(ls()S 3 NM pmf[‘eyl‘r’]"tch(f;':e"’;:le ’ 514 1.40% 175 30% 0.742 1.60% 121 12% 1470 0.24% 0176  0.5% 00783  87%
PVX_08 hypothetical o o o, o o o o
onis 3 NM protein. conserved 0234 100% 313 21% 3330 2.40% 0.0964 100% 6.02 13% 0137  230% 0121  0.00%
PZ;%SOQ ? NM pmrt‘eyi‘r’f’tch:;';;l/e g 0124 0.00% 46 8.60% 10000 0.42% 183 0.62% 0.206 2.60% 0142 0.00% 8640  8.10%
PVX_09 o hypothetical 0 o o o o o o
6350 Q - protein. conserved 1.97 13% 167 3.90% 2.87 14% 3.79 0.90% 364 2.60% 3330  058% 865 75%
PVX 09 ) signal peptidase
A Q - complex subunit3,  0.123 0.00% 0.0749 0.00% 0 0.12% 64.4 13% 0.0878 0.00% 5.49 53% 0101 0.00%
putative
P\g/;((%og Q NM pmrt‘eyi‘r’f’tch:;';;l/e 4 10000 9.50% 0.143 0.00% 136 10% 0.567 0.00% 511 8.70% 0131  0.00% 2610 17%
P\éi(%og 3-9 NM SJLbu"n"i?E'eTfue[a'?fv . 73.8 3.70% 2360 81% 0.124 0.00% 19.2 24% 0.0923 0.00% 0133  0.00% 1210 0.66%
P\g/;(ﬂ]OQ 3-9 NM p:‘;’e‘i‘r‘]'t;ﬁt'a'me 0.835 0.00% 0.734 26% 136 0.65% 4000 0.81% 017 48% 0779 0.00% 3330  1.10%
PVX 11 28 kDa ookinete
1180 Q - surface protein, 6.39 27% 6.95 20% 465 19% 63.8 8.90% 156 16% 15 500% 10000  4.80%
putative (P28)
P\{;(S—su 3 NM o OTeyi‘;"tChj;'scef:/ ed 40 4.80% 531 14% 7.72 4.50% 0.822 26% 439 0.54% 0 1.80% 052 0.00%

(?) Female, (3) Male, (NM) Non-membrane.* P. vivax nomenclature taken from Carlton et al., 2009 Branches with
significant signature of episodic selection are shown in bolted values.
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Table S3-2. Episodic diversifying selection on gametocyte expressed genes.

Gene ID* Model log L AlCc Total tree length ol o2 o3
Unconstrained Model — -22195.53  44465.25 8.2 0.202 (93%) 0.218 (6.1%) 3330 (0.42%)
PVX 001080 (background branches) 0.00129 (55%)  0.347 (41%) 2.89 (3.7%)
- Constrained Model -22201.34 4447487 6.55 0.00 (24%) 0.00 (54%) 1.00 (22%)
Evidence of episodic diversifying selection in the divergence between P. berghei-P. yoelli, with LRT p-value of 0.003
Unconstrained Model ~ -1912.79  3901.54 9.29 0.00 (95%) 0.00 (3.7%) 3460 (1.1%)
PVX 082500 (background branches) 0.0229 (88%)  0.0310 (8.5%) 3.01 (3.9%)
- Constrained Model -1920.37  3914.61 4.05 0.00 (95%) 0.0672 (0.0%)  1.00 (5.1%)
Evidence of episodic diversifying selection on P. berghei, with LRT p-value of 0.001
Unconstrained Model ~ -1751.55  3579.74 7.93 0.0437 (82%) 0.00 (12%) 40.6 (6.2%)
PVX 084240 (background branches) 0.0467 (90%) 0.971 (0.0%) 1.51 (10%)
- Constrained Model -1760.13  3594.76 7.81 0.00 (31%) 0.00 (39%) 1.00 (29%)
Evidence of episodic diversifying selection on P. cynomolgi, with LRT p-value of 0.000
Unconstrained Model ~ -1969.94  4016.25 6.22 0.753 (63%) 1.00 (28%) 84.6 (9.2%)
PVX 086280 (background branches) 0.00 (47%) 0.434 (48%)  0.405 (5.0%)
- Constrained Model -1980.77  4035.79 5.64 1.00 (2.8%) 0.00 (54%) 1.00 (43%)
Evidence of episodic diversifying selection on P. knowlesi, with LRT p-value of 0.000
Unconstrained Model -10556.68 21187.78 7.43 0.137 (83%) 0.139 (15%) 51.3 (1.4%)
PVX 088915 (background branches) 0.0426 (77%)  0.454 (16%) 1.48 (7.0%)
- Constrained Model -10569.96 21212.33 7.15 0.00 (81%) 0.0189 (0.0%)  1.00 (19%)
Evidence of episodic diversifying selection on P. cynomolgi, with LRT p-value of 0.000
Unconstrained Model ~ -4939.45  9953.94 46.36 0.107 (86%) 0.762 (12%) 10000 (2.5%)
PVX 089245 (background branches) 0.0261 (63%)  0.481 (33%) 2.02 (3.2%)
Constrained Model -4945.73  9964.44 6.8 0.00 (77%) 0.921 (0.0%) 1.00 (23%)

Evidence of episodic diversifying selection on P. berghei, with LRT p-value of 0.002
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Table S3-2. Episodic diversifying selection on gametocyte expressed genes (continued).

Gene ID* Model log L AlCc Total tree length ol 2 o3
Unconstrained Model ~ -5993.48  12061.61 8.32 0.110 (92%)  0.177 (7.2%) 8210 (0.43%)
0, 0, 0
PVX_094335 (background branches) 0.0220 (82%)  0.366 (16%) 3.32 (2.2%)
Constrained Model -6000.18  12072.97 6.01 0.00 (86%)  0.931 (0.0%) 1.00 (14%)
Evidence of episodic diversifying selection on P. berghei, with LRT p-value of 0.001
Unconstrained Model — -11453.59  22981.7 12.24 0.128 (91%)  0.130(8.3%) 3330 (0.59%)
0, 0, 0,
PVX_096350 (background branches) 0.00 (44%) 1.00 (19%) 0.262 (38%)
Constrained Model -11463.52 22999.53 8.8 0.0664 (0.0%)  0.00 (84%) 1.00 (16%)
Evidence of episodic diversifying selection on P. reichenowi, with LRT p-value of 0.000
Unconstrained Model ~ -1878.25  3832.45 45 1.00 (73%) 1.00 (22%) 40.2 (5.1%)
0, 0, 0
PVX_098665 (background branches) 0.00 (74%) 0.210 (25%) 3.57 (1.3%)
Constrained Model -1881.22  3836.28 5.08 1.00 (4.6%) 0.00 (60%) 1.00 (36%)
NO evidence of episodic diversifying selection on P. chabaudi, with LRT p-value of 0.052
Unconstrained Model -666.22 1413.17 58.47 0.247 (83%) 1.00 (7.3%) éog(%
PVX_099105 (background branches) 0.00 (87%)  0.00777 (0.0%) 0.920 (13%)
Constrained Model -674.05 1426.45 6.68 0.00 (70%) 0.932 (0.0%) 1.00 (30%)

Evidence of episodic diversifying selection on P. cynomolgi, with LRT p-value of 0.000

Unconstrained Model ~ -3307.38  6690.29 6.81 0.340 (81%)  0.358 (16%) 70.5 (3.7%)
PVX_099190 (background branches) 0.00 (60%) 0.581 (23%)  0.479 (17%)
Constrained Model -3313.3  6700.05 6.3 0.00 (4.8%) 0.00 (59%) 1.00 (37%)
Evidence of episodic diversifying selection on P. cynomolgi, with LRT p-value of 0.003
Unconstrained Model ~ -9092.72  18259.96 10.83 0.375(90%)  0.376 (9.5%) 129 (0.63%)
BVX 099520 (background branches) 0.0115 (70%)  0.496 (29%) 91.3 (0.27%)
- Constrained Model -9098.63  18269.76 10.76 0.00 (21%) 0.00 (43%) 1.00 (35%)

Evidence of episodic diversifying selection on P. berghei, with LRT p-value of 0.003
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Table S3-2. Episodic diversifying selection on gametocyte expressed genes (continued).

Gene ID* Model log L AlCc Total tree length ol 2 o3
Unconstrained Model ~ -3184.61  6445.02 18.44 0.297 (60%)  0.413 (23%) 9.67 (16%)
(background branches) 0.0330 (73%) 1.00 (17%) 11.4 (10%)
Constrained Model -3190.5 6454.71 17.67 0.00 (38%) 0.00 (2.6%) 1.00 (59%)
Evidence of episodic diversifying selection on P. knowlesi, with LRT p-value of 0.003
Unconstrained Model -3183.6  6443.01 17.06 0.579 (70%) 0.577 (20%) 72.3 (9.5%)
(background branches) 0.0334 (74%) 1.00 (13%) 7.35 (14%)
Constrained Model -3195.37  6464.46 16.16 1.00 (3.3%) 0.00 (55%) 1.00 (42%)
PUX 111180 Evidence of episodic diversifying selection on P. chabaudi, with LRT p-value of 0.000
- Unconstrained Model ~ -3186.06  6447.92 17.33 0.00 (75%) 0.00 (8.0%) 14.3 (17%)
(background branches) 0.0318 (72%) 1.00 (16%) 9.05 (12%)
Constrained Model -3192.39  6458.49 16.66 0.00 (37%) 0.00 (4.1%) 1.00 (59%)
Evidence of episodic diversifying selection on P. yoelii, with LRT p-value of 0.002
Unconstrained Model =~ -3182.22  6440.25 30.96 1.00 (75%) 1.00 (20%) 10000 (4.7%)
(background branches) 0.0344 (73%) 1.00 (13%) 7.73 (14%)
Constrained Model -3189.24  6452.19 18.83 0.923 (0.0%)  0.922 (0.0%) 1.00 (100%)
Evidence of episodic diversifying selectionin the divergence between P. berghei-P. yoelli, with LRT p-value of 0.001
Unconstrained Model ~ -4108.97  8293.02 7.22 0.393 (76%)  0.395 (19%) 52.2 (4.8%)
(background branches) 0.0359 (70%)  0.243 (23%) 2.36 (6.9%)
PVX_ 111535 )
- Constrained Model -4118.55 8310.12 6.33 0.00 (4.9%) 0.00 (51%) 1.00 (44%)

Evidence of episodic diversifying selection on P. cynomolgi, with LRT p-value of 0.000

* P vivax nomenclature taken from Carlton et al., 2009
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Table S3-3. Distribution of positively selected sites (REL) in genes with and without known P. falciparum epitopes.

Prop. Prop. E Prop. + Prop. +
# # Prop. #NE NE Prop, + #E Prop. E E Prop. E Prop. # E genes genes + Prop. + sitesin E sites in E
Category gene genes Genes genes sites in NE genes genes + S AN sitesin E
genes genes genes genes + + inside inside genes genes
s + + + genes + fromE genes A N
+ from E + inside outside
Female (%) 146 32 0.219 20 0.625 0.034 25 0.171 12 0.375 0.480 5 0.417 0.025 0.034 0.042
Male (3) 151 49 0.325 20 0.408 0.022 46 0.305 29 0.592 0.630 13 0.448 0.013 0.015 0.015
Male-female 8 23 0.274 10 0.435 0.019 28 0333 13 0565 0464 4 0308 0019 0037 0035
Membrane 35 6 0.171 3 0.500 0.035 6 0.171 3 0.500 0.500 1 0.333 0.019 0.022 0.017
Non-membrane 210 57 0.271 22 0.386 0.015 62 0.295 35 0.614 0.565 15 0.429 0.019 0.021 0.025
@ Membrane 15 2 0.133 2 1.000 0.038 1 0.067 0 0.000 0.000 0 0.000 0.000 0.000 0.000
@ Non-membrane 38 12 0.316 9 0.750 0.031 5 0.132 3 0.250 0.600 2 0.667 0.050 0.040 0.058
Q@ N/A 93 18 0.194 9 0.500 0.036 19 0.204 9 0.500 0.474 3 0.333 0.014 0.028 0.018
& Membrane 9 2 0.222 0 0.000 0.000 2 0.222 2 1.000 1.000 1 0.500 0.027 0.022 0.017
J Non-membrane 104 25 0.240 5 0.200 0.022 32 0.308 20 0.800 0.625 9 0.450 0.013 0.015 0.016
4 N/A 38 22 0.579 15 0.682 0.021 12 0.316 7 0.318 0.583 3 0.429 0.011 0.011 0.009
&-Q common
Membrane 11 2 0.182 1 0.500 0.020 3 0.273 1 0.500 0.333 0 0.000 0.008 0.000 0.000
O-% comumon 68 20 0.294 8 0.400 0.019 25 0.368 12 0.600 0.480 4 0333 0.021 0.037 0.035
Non-membrane
J4-Q common N/A 5 1 0.200 1 1.000 0.007 0 0.000 0 0.000 0.000 0 0.000 0.000 0.000 0.000
Total 381 104 0.273 50 0.481 0.025 99 0.260 54 0.519 0.545 22 0.407 0.017 0.021 0.022

Legend. (?) Female, (&) Male, (# genes) Total number of genes, (# genes +) Total number of genes with positive
selected sites, (Prop. Genes +) Proportion of genes with positive selected sites, (# NE genes +) Number of genes
without immune epitopes with positive selected sites, (Prop. NE genes +) Proportion of genes without immune
epitopes with positive selected sites, (Prop. + sites in NE genes) Proportion of positive selected sites in genes without
immune epitopes, (# E genes) Total number of genes with immune epitopes, (Prop. E genes) Proportion of genes with
immune epitopes, (# E genes +) Number of genes with immune epitopes with positive selected sites, (Prop. E genes +)
Proportion of genes with immune epitopes and positive selected sites, (Prop. E genes + from E) Proportion of genes
with immune epitopes and positive selected sites from genes with immune epitopes, (# E genes + inside) Number of
genes with immune epitopes with positive selected sites inside putative immune epitope region, (Prop. E genes +
inside from E +) Proportion of genes with immune epitopes and positive selected sites inside putative immune epitope
region from genes with immune epitopes, (Prop. + sites in E genes) Proportion of positive selected sites in genes with
immune epitopes, (Prop. + sites in E genes inside) Proportion of positive selected sites inside putative immune
epitopes region, (Prop. + sites in E genes outside) Proportion of positive selected sites outside putative immune
epitopes region
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Tables

Table S4-1. RELAX results for GCMFs with positively selected branches.

#

Multigene family Test for selection Model log L par AIC, Ltree Branch [oN p-+ n Pn . p-
- Reference 0.171 100%
Partitioned MG94xREV ~ -35696.7 93 71580.1 7.56 Test 045 100%
Intensification (K = 4.56) General Descriptive -34883.1 172 70112.6  308.9 All 0.0102 78% 0.943 21% 104  0.57%
- - 0, 0, 0,
Acyl-CoA significant Null 351017 96  70396.1 4662 R‘*fTeerztnce bt SO D D 0
synthase (p = 7.10E-09, ' ' ' ’
_ . Reference  9.00E-05 67% 0.287 26% 212 6.9%
LR =33.51) Alternative -35084.9 97  70364.6 4486 Test 3.5E-19 67%  3.36E-03 26% 308 6.9%
. Reference  9.06E-05 68% 0.306 26% 2.27 6.2%
Partitioned Exploratory =~ -35084.8 101 703725 4495 Test 6.75E-15 67% L4E-12 26% 303 7%
. Reference 0.18 100%
Partitioned MG94XREV  -7568.94 37 15212.5 2.44 Test 036 100%
Intensification (K = 1.88) General Descriptive -7403.53 60 14928.6  96.73 All 0.0145 79% 0.967 20% 714 0.97%
Alpha beta L s Reference 0 46% 0.0869 45% 3.34 8.4%
hydrolase ?;)9’_“8'%2? Null 741669 40 149141 2202 Test 0 46%  0.0869  45% 334  8.4%
putative 2 oo . Reference 0 46% 0.0837 45% 2.86 9%
LR =52 -
5.23) Alternative 741408 41 149109 21.33 Test 0 46%  934E-03  45% 705 9%
;. Reference 0 46% 0.0865 45% 2.94 8.7%
Partitioned Exploratory ~ -7413.93 45 14918.7  21.19 Test L79E-12  43% 2 91E-08 47% 6.62 10%
. Reference 0.104 100%
Partitioned MG94xREV -14897 55 29904.6 55 Test 0.482 100%
Relaxation (K = 0.91) General Descriptive -14504.9 96  29203.6 137.9 All 1.88E-03  80% 0.9 20% 592  0.64%
- Y ' 0, 0, 0,
Asparagine tRNA significant (p= Null -14603.2 58 293231 3022 Ref_lf_:;ztr‘lce gg;gg 3802 1 1802 ii;g 82;02
ligase 0.572 . ’
; . Reference 0.02 90% 1 10% 3330 0.37%
LR =0.32 -
0.32) Alternative 14603 59  29324.8 306.1 Test 0.0281 90% 1 10% 1640 0.37%
-, Reference 0.0214 90% 0.998 9.80% 1470 0.27%
Partitioned Exploratory ~ -14593.1 63 29313 221.4 Test 0 790 1 23% 117 47%
- Reference 0.0267 100%
Partitioned MG94xREV ~ -14778.3 77 297115 10.35 Test 0.412 100%
General Descriptive -14462 140  29206.7 73.05 All 2.24E-03 80% 0.477 20% 933 0.02%
s Relaxation (K = 1.00) significant ) Reference  5.99E-04  78% 0.0572 21% 1 1.4%
gf(::;:;"'é‘?ﬁ (p=0.986, Nul 14525.9 B0 292127 4068 yoq 5g9E04  78% 00572 21% 1 14%
LR =0.00) . Reference  5.99E-04 78% 0.0573 21% 1 1.4%
Alternative -14525.9 81 29214.8  406.9 Test 6.00E-04 78% 0.0573 21% 1 1.4%
-, Reference  4.95E-04 75% 0.0482 24% 1 1.5%
Partitioned Exploratory -14524 85 29219 430.1 Test 3.45E-04 68% 6.25E-03 27% 1.09 5.2%
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Table S4-1. RELAX results for GCMFs with positively selected branches (continued).

M;;;:?E ne Test for selection Model log L # par AIC, Ltree Branch set [oN P+ [0 Pn . p-
;. Reference 0.0523 100%
Partitioned MG94xREV -1715.12 55 3544.13 7.7 Test 237 100%
Intensification General Descriptive -1662.87 96 3529.82 24.54 All 1.29E-04 57% 0.778 43% 9980 0.06%
(K =37.05) ; Reference 0 22% 0.0401 76% 8.05 1.2%
Chaperonin significant Nutl 1690.81 58 3501.96 41.23 Test 0 22% 0.0401 76% 8.05 1.2%
= - 0, 0, 0,
(FI’_R 20175Eo(1);1' Alternative 168331 59 34891 4327 RefTe:tnce g ii;‘j O'Og% ;‘2‘02‘: 11113 2'502
;. Reference 0 22% 0.046 7% 3.28 0.75%
Partitioned Exploratory -1680.85 63 349282  31.35 Test 0 18% 0 89% 143 8.7%
0,
Partitioned MG94XREV ~ -751452 41 151119 3.3 REfTee’;”ce 01'_22774 1380;‘0’
General Descriptive -7397.57 68 14933.4 179.8 All 0.118 2% 0.704 27% 12.1 1%
Relaxation (K = R Reference 0.0668 75% 1 24% 52.4 0.54%
P(I:;s“;fd"li‘[’n 0.36) significant Null 744429 44 149775 1856 Test 0.0668 75% 1 24% 524 0.54%
- (p = 6.08E-05, 1000
t . . 0, 0, .49
protein LR = 16.08) Alternative 743626 45 149635 1016  ererence 0.0676 78% ! 22% 0 0.4%
Test 0.375 78% 1 22% 28.7 0.4%
.. Reference 0.0641 78% 1 22% 63.9 0.37%
Partitioned Exploratory -7428.97 49 14957.1 18.86 Test 0.803 62% 0.897 34% 28.7 21%
;. Reference 0.684 100%
Partitioned MG94xREV -6716.47 37 13507.8 2.62 Test 0.808 100%
Intensification General Descriptive -6629.17 60 13380.5 320.8 All 0.124 37% 0.744 57% 10.8 6%
Conserved - Reference 3.7E-15 34% 0.725 58% 7.94 8.6%
Plasmodium s(:;n_ifiléi?t Null 664903 40 13379 139 Test 3.7E-15 34% 0725  58%  7.94  8.6%
protein unknown 2 ’ Reference 0 32% 0.652 57% 5.58 11%
N =0.0338, - . X .
function 6 PR Alternative 6646.78 41 133766 1328 gy 0 32% 0546 57% 114 11%
Reference 0 34% 0.846 60% 8.63 6%
Partitioned Exploratory -6644.99 45 13381.2 12.81 Test 0 23% 0.0;)200 34% 5.83 23%
;. Reference 0.204 100%
Partitioned MG94xREV -3970.18 37 8015.26 1.42 Test 0575 100%
P General Descriptive -3917.28 60 7956.92 6.25 All 0.101 90% 1 9[;’0 9.89 0.89%
Conserved phidlevid Ref 0.065 85% 1 152/ 621  0.26%
. (K =13.02) : eference . b b . .26%
pr;tiiimﬂ#?wn significant Null 392728 40 793561 65 Test 0.065 85% 1 15% 621  0.26%
: =5.01E-07 . . 9 9 . .89
function 12 (FI’_R 5:025 22) : Alternative 391465 41 791241 527 RefTeergtnce . g;):ie gguf; 1 goﬁ ég‘% ; gof;
5.90
0, 0,
Partitioned Exploratory ~ -3914.42 45 792016 526  Rererence 0.0656 85% ! 9 106 9.3%
Test 1.3E-16 61% 0.458 36% 103 2.9%
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Table S4-1. RELAX results for GCMFs with positively selected branches (continued).

Multigene family Test for selection Model log L # par. AIC, Ltree Branch set o P+ [0 Pn . p-
. Reference 0.398 100%
Partitioned MG94xREV -11340.5 51 22783.7 3.21 Test 161 100%
Intensification (K General Descriptive -11138.3 88 224547 4199 All 0.144 71% 0.947 26% 7.34 2.9%
Conserved rodent  _ PN Reference 0 25% 0.0983 55% 3.18 20%
malaria protein (2")3_5)15'2%?5”:;7“ Nutl -11205.1 54 225191 32.26 Test 0 250  0.0983 55% 318 20%
unknown function iptipipes . Reference 2.68E-16 25% 0.108 55% 2.63 20%
LR =27.96 -
) Alternative 11191.2 55 22493.2 27.55 Test 0 25% 5.31E-03 550 9.75 20%
- Reference 0 24% 0.0931 54% 2.49 21%
Partitioned Exploratory -11188.9 59 22496.7  30.15 Test 1 11% 1 87% 132 2.90%
-, Reference 0.219 100%
Partitioned MG94xREV ~ -42634.4 63 85395.1 5.46 Test 0.169 100%
Relaxation (K = General Descriptive -41792.9 112 83810.7 85.97 All 2.15E-03 72% 0.958 27% 486 0.44%
Cytoadherence- LN } Reference 6.24E-03 62% 0.39 35% 4.79 3.20%
Jinked asexual 0'(?)1)_' ;'ggg{‘(’;’”t Null 42007.8 66 84148 2244 Test 6.24E-03  62%  0.39 3% 479 3.2%
protein (CLAG) - ! . Reference 1.07E-03 69% 0.49 28% 4.39 3.2%
LR =20.75 -
) Alternative 41997.5 67 84129.3 20.04 Test 00315 69% 0697 28% 211 3.90%
. Reference 0 71% 0.501 25% 3.81 3.5%
Partitioned Exploratory -41975.8 71 84094.1 23.78 Test 8.06E-03 58% 0.605 38% 11.2 43%
i, Reference 0.0671 100%
Partitioned MG94xREV ~ -10738.5 57 21591.8 5.46 Test 0171 100%
DEAD DEAH Intensification (K General Descriptive -10478.8 100 21159.8  53.22 All 3.25E-04  82% 0.893 18% 3440  0.16%
- 0, 0, 0,
box ATP = 8.22) significant Null 105324 60 211856 4151 Refﬁg‘ce g'ggg_gg ggof’ g'ggﬁ giof’ 5'82 gof’
dependent RNA — (p = 3.70E-09, Reference 383505 66% 00917 309 141 3.6%
helicase putative LR =34.78) Alternative -10515 61 211529 3995 Test o 66‘%? 2 08E-09 30%: 16.5 3l6°AL:
. Reference 3.76E-05 65% 0.0661 29% 1 5.7%
Partitioned Exploratory -10511.8 65 21154.7 3972 Test 0 78% 0198 20% 543 206
. Reference 0.0395 100%
Partitioned MG94xREV -4510.24 57 9135.98 1241 Test 0.942 100%
I General Descriptive -4438.4 100 9081.44  44.01 All 0.0181 96% 0.905 4.10% 61.1 0.08%
DR lik Intenetncation (K Nl w4622 60 oosa1l g5z Reference  O4TE-05  48% 00593 52% 83 0.33%
rotein "o 3 sigifican : ' Test 9.47E-05 48% 00593  52% 83 033%
" ! - 0 0, 0,
LR =27.99) Alternative -445222 61 9028.17 3327 RefTe;‘s*tnce 8'180E % 20623:12 ::02 121';0 1202
. Reference 8.24E-05 44% 0.0382 54% 2.34 1.6%
Partitioned Exploratory -4451.77 65 9035.5 3309 Test 0 53%  4.78E-12 25% 2150 27%
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Table S4-1. RELAX results for GCMFs with positively selected branches (continued).

Multigene Test for #
family selection Model log L par. AlIC, Liree Branch set [0 o o, Pn . p-
0,
Intersificat _ Partitioned MG94xREV ~ -147535 53  29613.6  4.95 RefTe:tnce g:;gg igg;‘i
Dipeptidyl ion (K= General Descriptive 144346 92 29054.9 797.3 All 1.44E-04 63% 0.696 36% 9980  0.35%
g 3.47) Ref 1.97E-05 50% 0.21 38% 315 3.2%
amino A eterence . - (] . (] . 2%
peptidase (Sggfg'gggt_ Null -145207 %6 291541 5132 Test 1.97E-05 59% 021 38% 3.15 3.2%
putative - . Reference 1.96E-05 59% 0.201 37% 2.66 3.8%
(DPAP) ,_?g': Alternative 45141 ST 201429 5276 Test 4.71E-17 59% 3.82E-03 3% 298 3.8%
13.17 i, } Reference 1.83E-05 58% 0.175 37% 212 4.7%
) Partitioned Exploratory 14512.4 61 29147.7 6346 Test 0 60% 4.25E-03 36% 229 3.9%
.. Reference 0.0131 100%
- Partitioned MG94xREV ~ -13700.1 61 27522.7 4217 Test 2 17E-03 100%
Intensificati General Descriptive 4132843 108 26786.2 10622 All 3.69E-04 78% 0.771 22% 3510  0.04%
on (K= P
. Reference 1.89E-05 78% 0.028 21% 35 0.27%
Heatshock 1.00) Null -13387.1 64 26902.8 3537
(p = 0.964, Alternative 133871 65  26904.8 3552 o ? : ) : et
(R =000) Refeence  LOE3 S 00T 6io% 39 07w
e ererence . - (1] B . (] . . (1]
Partitioned Exploratory -13385.9 69 26910.5 15785 Test 1.79E-05 7% 0.0288 0% 436 23%
.. Reference 0.0151 100%
Partitioned MG94xREV ~ -2076.83 57 4269.91 1.33 Test 0.349 100%
Relaxation General Descriptive -2034.58 100 4276.15 3.89 All 3.71E-03 92% 0.814 7.80% 331 0%
Reference 0.0102 98% 0.0311 1.5% 1090 0.16%
(K=0.57) Null -2062.72 60 4247.93 22.14 . . .
Histone H3 significant Test 0.0102 98% 0.0311 1.5% 1888 0.16%
= 0, 0, 0,
(LpR :Oéog% Alternative -2061.06 61 424671 17.75 Reference 0.0106 98% 0.0107 1.5% 0 0.12%
' Test 0.0764 98% 0.077 1.5% 182 0.12%
" Reference 8.91E-03 98% 0.0404 1.7% 1.45 0.29%
Partitioned Exploratory -2051.16 65 4235.25 451 Test 0.03 1.2% 0.0305 95% 182 2.6%
.. Reference 0.136 100%
ntensificat Partitioned MG94xREV ~ -2280.61 37 4636.89 1.75 Test 226 100%
jon (K = General Descriptive -2228.05 60 4580.52 11.17 All 0.0888 97% 1 0% 11.3 3.2%
50.00) } Reference 1.00E-04 0.44% 0.0891 97% 12.2 2.3%
Hypothetical significant Null 2256.83 40 4595.61 811 Test 1.00E-04 0.44% 0.0891 97% 12.2 2.3%
protein (p=7.77E- . Reference 0.0623 16% 0.0662 90% 1.15 8.7%
16, Alternative -2224.3 41 4532.65 6.66 Test 0 16% 0 90% 1000 8.7%
LR = Reference 0.0857 96% 0.49 1.5% 2.6 2.2%
65.06 iti R
) Partitioned Exploratory 2222.49 45 4537.46 6.92 Test 0 17% 0 87% 1100 12%

0000
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Table S4-1. RELAX results for GCMFs with positively selected branches (continued).

M;g;?@ ne Test for selection Model log L # par. AIC, Ltree Branch set o P+ ©n Pn . p-

Partitioned Reference 0.0328 100%

MG94xREV -7067.32 51 142375 7.76 Test 3.8 100%
Meiotic Relaxation(K = General Descriptive -6862.51 88 13903.6  75.87 All 1.47E-04 43% 0.679 57% 9990 0.27%
S o Reference 7.67E-04 40% 0.032 60% 1460 0.53%
reio;?(l;tlsﬁ;uo 0.7((:))_5|gnl|(f)|gant Null -6945.34 54 13999.6 742 Test 7 67E-04 10% 0,032 60% 1460 0.53%
o . Reference 7.65E-04 39% 0.0321 60% 10000 0.51%

DMC LR =257 -

( ) ) Alternative 6944.06 55 13999.1  714.2 Test 6.80E.03 39% 00914 60% 606 0.51%
Partitioned Reference 0 34% 0.0163 64% 5.31 1.2%
Exploratory -6911.27 59 139417 84.24 Test 0.114 93% 0515  29% 606 4.3%

Partitioned Reference 0.12 100%

MGO4XREV 498778 83 9983.02 628 Test 0.592 100%
Intensification (K General Descriptive -4832.79 92 9853.98 39.7 All 0.0129 T7% 0.879 23% 88.2 0.13%
_ S Reference 1.23E-03 73% 0.437 27% 35.3 0.20%
Methglal;raansfe = 1.(8p0):s(|)g(;17|f7|cant Null -4858.78 56 9831.18 574.1 Test 1.236-03 73% 0437 27% 353 0.20%
2 19 . Reference 1.21E-03 73% 0.42 27% 8.21 0.57%

LR=3.12 -

) Alternative 4857.22 57 9830.13 550.8 Test 5 76E-06 73% 021 27% 43.9 057%
Partitioned Reference 0 20% 0.0313 68% 1 12%
Exploratory -4844.68 61 9813.29 55 Test 0.286 66% 0.287 33% 1050 1.2%

Partitioned Reference 0.037 100%

MGO4XREV -10324.9 91 20833.7 2151 Test 202 100%
Relaxation (K = General Descriptive -9994.56 168 203314 2984 All 4.15E-03 64% 0.42 36% 574 0.09%
NIMA related o 2666 Reference 4.14E-05 66% 0.101 34% 1470 0.12%
protein kinase 05> . ‘ est 14E- b . b 12%
in ki 0 6(33 sn%n(;lezant Null 10168 94 20525.9 7 T 414E-05 66% 0101 24% 1470 0.12%
(NEK) = 12) . 2515  Reference 4.14E-05 65% 0.099 35% 10000 0.11%
LR=512) Alternative -10165.4 % 205228 g Test 1.78E-03 65% 0234  35% 323 0.11%
Partitioned Reference 3.98E-05 64% 0.084 36% 3.16 0.4%
Exploratory -10141.4 %9 20483.1 6030 Test 0.394 1.50% 0.395 95% 323 3.5%

Partitioned Reference 0.518 100%

MG94xREV -4455.56 87 8986.3 2.06 Test 1.71 100%
Intensification General Descriptive -4344.73 60 8812.58 347.9 All 0.0621 62% 0.973 29% 16.5 9.3%
(K =2.00) B Reference 0.0341 68% 1 21% 8.28 11%
P28 significant Null 4362.3 40 8805.99 1513 Test 0.0341 68% 1 21% 8.28 11%
(p =0.005, . Reference 0.0315 67% 1 20% 6.26 13%
LR = 8.01) Alternative -4358.3 41 8800.05 14 Test 9.91E-04 67% 1 20% 39.3 13%
Partitioned -4356.93 Reference 0.0391 70% 1 16% 5.6 14%
Exploratory 45 880561  13.98 Test 0.999 27% 1 63% 123 9.7%
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Table S4-1. RELAX results for GCMFs with positively selected branches (continued).

Mflg;:iglilne Test for selection Model log L # par. AIC, Ltree Branch set [oN P+ n Pn . p-
. Reference 0.221 100%
Partitioned MG94xREV -20869.5 83 41906.1 7.48 Test 0753 100%
A General Descriptive -20440.3 152 41188.2 216.9 All 1.06E-04 68% 0.947 31% 9980 0.78%
Inteneification (< = \ul 05527 85 4ioies  ogps | Reference 23303 60% 0329 3% 29 63%
Papain © ) j'%Z'E'%‘Z” : : : Test 2.33E-03 60% 0329  34% 29 6.3%
- el [ 0, 0,
LR =21.24) Alternative -20542.1 87 412593 40 RefTe:tnce g ﬁ;‘z ) e??'léo . 2202 é?g 1302‘:
0, 0, [
Partitioned Exploratory ~ -20540.4 91 412641  38.99 RefTeerzfce o.fs " ‘2'502 g;‘;i 24710;: igg 71170/2
-, Reference 0.11 100%
Partitioned MG94xREV ~ -21423.2 133 43114.5 16.23 Test 0.0765 100%
General Descriptive -20781.8 252 42075.3 2158 All 1.19E-04 78% 0.844 22% 9980 0.18%
Intensification (K = } 2185 Reference 3.33E-05 73% 0.371 27% 1090 0.12%
Plasmepsin 1.33) significant Null 21026.1 136 42326.3 1 Test 3.33E-05 73% 0.371 27% 1090 0.12%
P (p = 7.316E-9, o715 Reference 4,74E-05 75% 0.436 25% 1040 0.1%
LR =33.4 i -
33.45) Alternative 21009.3 137 42294.9 1 Test 1.79E-06 75% 0332 25% 10030 0.1%
- 2895 Reference 4.77E-05 75% 0.437 25% 904 0.13%
Partitioned Exploratory -20996.5 141 42277.3 5 Test 2 35E-03 88% 0.869 12% 181 0%
. Reference 0.244 100%
Partitioned MG94xREV ~ -79776.4 159 159872 13.89 Test 0.629 100%
General Descriptive -77836.3 304 156285 775.4 All 1.07E-04 60% 0.931 39% 10000 1.20%
Relaxation (K = Reference 0.0221 3% 1 26% 585  0.49%
Se_rlne repeat 0.52) ﬂgnlfncant Null -78517.7 162 157360 254.3 Test 0.0221 73% 1 26% 585 0.49%
antigen SERA (p=0, 1000
LR =92.78 [ 0 0,
) Alternative 784713 163 157270 316 hererence 00156 Ta% ! 2% o 052%
Test 0.113 74% 1 26% 124 0.52%
. Reference 0.0256 76% 1 23% 46 0.58%
Partitioned Exploratory -78350.4 167 157036 70.5 Test 0 7% 1 45% 8.8 8.20%




Table S4-2. List of recombinant sequences, number of recombination events, and length

of recombinant segments in GCMFs with significant recombination signal.

Multigene family Length recombinant segment Sequence code Recombinant 1 Sequence code Recombinant 2

PIN1 PGO2
PVX_085830 PYYM_1463300
91 PCYB_134420
PKH_133510
PCOAL
PBANKA 145930 PCHAS_103090
88 PCHAS_146160
Actin PYYM_1463300
PBANKA 145930 PCHAS_103090
PIN2 PBANKA 103010
PGO2
373 PCHAS_146160
PYYM_1463300
PF3D7_1246200
PRCDC 1245600
190 PYYM_1032200 PCHAS_103090
PF3D7_1479000 PF3D7_1253400
413 PF3D7_0301000 PRCDC_1370300
PRCDC_0935600
410 PF3D7_1479000 PRCDC_1370300
PRCDC_1370500 PRCDC_1370300
198 PF3D7_1200700
PRCDC 1200100
PCHAS_145560 PF3D7_1479000
PBANKA 145330 PGO1
PYYM_1457300 PF3D7_1200700
PF3D7_1238800 PRCDC_1200100
PRCDC_1238000 PRCDC_1370500
PVX_100890 PRCDC_0214200
Acyl-CoA synthase 1620 PKH_145350 PRCDC_0935400
PGO2 PRCDC_0935600
PF3D7_1253400
PRCDC_1370300
PRCDC_1476900
PF3D7_1477900
PRCDC 0728400
101 PRCDC_1370500 PF3D7_0301000
PF3D7 1200700
PRCDC_0935400 PRCDC_1370300
302 PF3D7_1372400
PF3D7 1253400
a6 PRCDC_0935600 PF3D7_1253400
PF3D7_1372400
1256 PF3D7 1200700 PRCDC_0728400
PKH_093720 PVX_092585
Adrenoxin reductase (SV) 121 PVXcontig7021
PVX_202290
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Table S4-2. List of recombinant sequences, number of recombination events, and length

of recombinant segments in GCMFs with significant recombination signal (continued).

Multigene family Length recombinant segment Sequence code Recombinant 1 Sequence code Recombinant 2
PRCDC_1400600 PIN1
50 PF3D7_1401300 PVX_089050
PKH_050460
PCOA1
946 PF3D7_0826200 PF3D7_1401300
PRCDC_0825500 PRCDC_1400600
Alpha beta hydrolase putative 2 128 PYYM_0704600 PRCDC_1400600
PCHAS_093360 PF3D7_1401300
PGO1 PKH_050460
75 PVX_089050
PIN1
PCOA1
77 PF3D7_1401300 PIN1
38 PBANKA_030860 PCHAS_110890
PCHAS_031080
_ _ 350 PVX_002940 PRCDC_0508800
Asparagine tRNA ligase PIN1 PF3D7_0509600
PGO1 PGO2
27
206 PKH_102330 PVX_098040
Biotin acetylCoA carboxylase 468 PRCDC_1459300 PBANKA_132360
Calcium transporting ATPase
putaﬁvepSERg A 104 PVX_081455 PGO1
PRCDC_1336800 PF3D7_0717500
PCYB_122510 PVX_000555
PGO4 PCYB_032120
PBANKA_135150 PKH_030080
252 PCHAS_135610 PIN1
PYYM_1353200 PGO1
Calcium Dependent Portein PF3D7_1337800 PYYM_0617000
Kinase (CDPK) PBANKA_061520
PCHAS_061690
PRCDC_0714800
PCYB_032120 PBANKA_135150
PVX_000555 PCHAS_135610
289 PIN1
PCOA1
PRCDC_1432600 PF3D7_1329300
PBANKA_101160 PRCDC_1328300
PCHAS_101240
2% PF3D7_1433300
Chromatin assembly factor 1 PYYM_1013100
subunit PCYB_132560
PCOA3
PGO3
200 PCYB_123320 PF3D7_1433300
PRCDC_1432600
PGO1 PYYM_0714300
ClpBprotein 52 PBANKA_ 071420
PCHAS 072330
484 PIN2 PF3D7_1116800
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Table S4-2. List of recombinant sequences, number of recombination events, and length

of recombinant segments in GCMFs with significant recombination signal (continued).

Sequence code Recombinant 2

Multigene family

Length recombinant segment

Sequence code Recombinant 1

PF3D7_1449800

PIN1
Conserved Plasmodium protein PCYB_126530 PRCDC_1449100
unknown function 4 257 PVX_231290
PVX_117995
PKH_125650
PGO2 PCHAS_131760
. . 90 PVX_101220 PBANKA_131430
Conserved Plasmodium protein - =
unknown function 2 PYYM_1315100
64 PF3D7_1246500 PCHAS_131760
PRCDC_1245900 PBANKA_ 131430
198 PCYB_113750 PKH_112930
PVX_ 114125
Conserved Plasmodium protein 316 PCYB_113750 PCOAL
unknown function 6 PF3D7_0620000 PCOA A
a1 PRCDC_0618400 PCOAB
PKH_112930
PKH_112990
PRCDC_1104200 PGO2
PVX_090965
PCYB_091270
PKH_090290
Conserved Plasmodium protein 60 PIN1
unknown function PCOA1
PGO1
PBANKA_094120
PCHAS_090310
PF3D7_1105700
Conserved Rodent malaria 754 PBANKA 080030 PYYM_1001800
protein unknown function - =
PBANKA_061590 PIN1
6554 PCHAS_061760 PVX_099005
PYYM_0617700 PCYB_071910
Cysteine Repeat Modular PKH_070870
Protein (CRMP) 160 PVX_096410 PYYM_0815400
103 PBANKA_081240 PGO1
368 PCHAS_061760 PF3D7_0718300
PYYM_0617700 PRCDC_0715500
PF3D7_0935800 PKH_073370
PRCDC_0933900 PGO1
192 PCOA1
PIN1
Cytoadherence-linked asexual PVX_086930
protein (CLAG) PRCDC_0830800 PYYM_0839400
99 PF3D7_0831600 PBANKA_083630
PCHAS_083660
46 PF3D7_0935800 PRCDC_0219700
PF3D7_0220800
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Table S4-2. List of recombinant sequences, number of recombination events, and length

of recombinant segments in GCMFs with significant recombination signal (continued).

Multigene family

Length recombinant segment

Sequence code Recombinant 1

Sequence code Recombinant 2

PCHAS_131290 PIN1
PBANKA_130970 PVX_118190
34 PYYM_1310500 PKH_126040
PF3D7_1445900 PCOA1
PRCDC_1445200
DEAD DEAH box ATP PCOA2 PYYM_1310500
dependent RNA helicase PVX_123985
putative 12 PCYB_145280
PKH_144390
PIN2
PRCDC_1445200 PCHAS_144390
1186 PGO1 PBANKA_144190
PF3D7_1445900 PYYM_1446000
DHHC type zinc finger protein 378 PBANKA_051200 PKH_113920
512 PCYB_114680 PCHAS_010890
PCOA1 PVX_101280
PVX_091465 PCYB_147220
PCYB_092280 PKH_146510
PKH_091410
51 PIN1
Dipeptidyl amino peptidase PBANKA_093130
putative DPAP PCHAS_091300
PYYM_0932700
PF3D7_1116700
PRCDC_1115100
PIN1 PCHAS_146300
183 PVX_091465 PBANKA_146070
PCYB_092280 PYYM_1464700
PCOA2 PBANKA_080700
PVX_082395 PCHAS_080730
’ 38 PCYB_123350
DNA directed FI{INA polymerase PKH_122370
PIN2
47 PCOAl PRCDC_1328000
PF3D7_1329000
PRCDC_0726700 PGO2
30 PKH_021460
Dynein heavy chain PIN1
PF3D7_0729900
577 PF3D7_0729900 PGO1
Elongation f?:;gr Tu putative 202 PCOAL PIN1
570 PBANKA_061080 PKH_131130
PCHAS_061250 PCOA1
Eukaryotic initiation factor 2a PYYM_0612400 PIN1
28 PBANKA_061080
PCHAS_061250
Exonuclease 109 PCHAS_081090 PCYB_071720
Glutathione reductase putative 6 PGO2 PKH_072100

GR

PCYB_073140
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Table S4-2. List of recombinant sequences, number of recombination events, and length

of recombinant segments in GCMFs with significant recombination signal (continued).

Multigene family Length recombinant segment Sequence code Recombinant 1 Sequence code Recombinant 2

Heatshock protein 40 593 PYYM_0310800 PKH_127060
364 PYYM_0310800 PIN2
PRCDC_1221600 PCOA1
PVX_123745 PVX_087950
PCYB_144800 PIN1
PKH_143880 PCYB_011550
PIN2 PBANKA_080570
26 PCOA2 PCHAS_080600
PGO2 PYYM_0808700
Heatshock protein 90 PBANKA_143730 PF3D7_0708400
PCHAS_143930 PRCDC_0706600
PYYM_1441400
PF3D7_1222300
1386 PYYM_1441400 PF3D7_1222300
PBANKA_ 143730 PRCDC_1221600
PBANKA_080570 PIN2
44 PCHAS_080600 PCYB_144800
PYYM_0808700
PYYM_0943400 PVX_122930
PVX_090935
Histone H2B 84 PCOA1
PCHAS_090250
PRCDC_1103600
PGO1 PVX_113665
PCYB_113960 PGO2
PBANKA_111710 PKH_113870
19 PCHAS_111660 PIN2
Histone H3 PYYM_1119100
PF3D7_0617900
PRCDC_0616300
89 PVX_114020 PGO2
PYYM_0109800
PBANKA_131130 PCOA1
PCHAS_131460 PVX_118120
. . PYYM_1312100 PCYB_126760
Hypothetical protein 368 PKH_ 125890
PIN1
PGO1
Inorganic pyrophosphatase VP 45 PVX_100710 PKH_145370
Iron sulfur ;Sj;“b'y protein 100 PKH_041280 PVX_080115
PVX_081250 PYYM_0205600
I PIN1
Kinesin 8 1240 PCOAL

PKH_020210




Table S4-2. List of recombinant sequences, number of recombination events, and length

of recombinant segments in GCMFs with significant recombination signal (continued).

Multigene family Length recombinant segment Sequence code Recombinant 1 Sequence code Recombinant 2

PCYB_134020

PCOA3 PCYB_053800
PGO1 PVX_090280
236 PVX_112700 PKH_052800
PCYB_002250 PCOA5
PCOA4
PKH_010790 PCOA2
68 PVX_088015 PIN2
PIN1
PCOA1
PIN3 PCOA2
Lysophospholipase 80 PVX_090280
PCYB_053800
PKH_052800
PCOA1 PCHAS_122100
PBANKA_ 122030
48 PYYM_1223000
PIN3 PCOA3
63 PCOA6
PCOA2
51 PIN3 PVX_112700
PVX_091045 PKH_051570
PIN2 PVX_089570
PKH_090470 PBANKA_071400
PCOA2 PCHAS_072310
Meiotic recombination protein 39 PGO2 PYYM_0714100
DMC PBANKA_093950 PF3D7_0816800
PCHAS_090480 PRCDC_0816100
PYYM_0941100
PF3D7_1107400
PRCDC_1105900
PCOA1 PIN2
53 PCYB_132800 PVX_085625
PKH_131960 PCYB_134020
PGO1
. PKH_131960 PIN2
NADP specific glu_tamate 64 PCOAL PVX 085625
dehydrogenase putative GDH PCYB. 134020
571 PKH_131960 PCYB_132800
PIN2 PGO1
232 PVX_085625
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Table S4-2. List of recombinant sequences, number of recombination events, and length

of recombinant segments in GCMFs with significant recombination signal (continued).

Multigene family Length recombinant segment Sequence code Recombinant 1 Sequence code Recombinant 2

PBANKA_061670 PVX_079950
PVX_096360 PKH_100620
PCYB_032330 PGO4
PKH_031300
NIMA related protein kinase 17 legzs
(NEK)
PCHAS_061840
PYYM_0618500
PF3D7_0719200
PRCDC_0716400
213 PRCDC_1201000 PIN3
PIN1 PYYM_0211200
_ 1036 PKH_020840 PBANKA_020830
Novel putative transporter 1 PCOA1 PCHAS_114680
NPT1 PCHAS_020670
172 PF3D7_0104800 PKH_020840
PRCDC_0102700 PCYB_021900
PVX_092045 PIN1
PCYB_093480 PVX_098980
38 PKH_092640
PCOA2
Nucleotide binding protein PF3D7_1128500
PRCDC_1127000 PF3D7_0910800
97 PVX_092045
PCHAS_092470
PF3D7_1128500
PBANKA_103060 PGO3
723 PCHAS_103140
P1s1 nuclease PYYM_1032700
113 PKH_133560 PCOA3
PCOA1
PCYB_007100 PF3D7_1030900
PVX_111180
P28 406 PKNH_0615600
PIN
171 PCYB_007100 PCHAS_0515000
PVX_111180

172



Table S4-2. List of recombinant sequences, number of recombination events, and length

of recombinant segments in GCMFs with significant recombination signal (continued).

Multigene family Length recombinant segment Sequence code Recombinant 1 Sequence code Recombinant 2

308 PKH_091260 PVX_091405
PCOA3
PCOA3 PVX_091405
114 PCOA2
PKH_091260
216 PKH_091260 PVX_091415
PCOA3 PIN3
Papain PCYB_092160 PGO3
190 PVX_091410
PIN2
44 PKH_091240 PCOA3
130 PVX_091405 PVX_091410
PIN2
633 PCYB_125710 PBANKA_ 132170
PKH_124810
PBANKA_120480 PYYM_0520200
Phosducin like protein PhLP 52 PCHAS_120550 PBANKA_051970
PYYM_1207400 PCHAS_051990
Plasmepsin 108 PRCDC_1407400 PCHAS_101530
.. PKH_071490 PYYM_1142600
PCOA2 PCHAS_113970
121 PRCDC_0419700 PGO1
PF3D7_0422500 PKH_052600
131 PKH_052600 PGO1
PVX_090165
Pre mRNA splicing helicase PF3D7_1439100 PCYB_053590
PBANKA 130300 PVX_090165
100 PCHAS_130620
PYYM_1303800
PRCDC_1438400
PCYB_141870 PRCDC_1308200
PVX_122290
Protein phosphatase 2C 26 PKH_140810
PIN1
PCOA1
. . PBANKA_110140 PKH_103190
Rhoptry associated protein 23 233 PYYM_ 1103600 PCOL
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Table S4-2. List of recombinant sequences, number of recombination events, and length

of recombinant segments in GCMFs with significant recombination signal (continued).

Multigene family Length recombinant segment Sequence code Recombinant 1 Sequence code Recombinant 2
Pi18610-18643 PYYM_0305900
PCYB_042210 PBANKA_030490
PCYB_042230 PBANKA_030500
PCYB_042280 PCHAS_030720
PVX_003840 PF3D7_0207600
PVX_003830 PF3D7_0207700
746 PVX_003805 PF3D7_0207800
Pc12410-12443 PF3D7_0208000

PRCDC_0206600
PRCDC_0206700
PRCDC_0206800
PRCDC_0206900
PYYM_0305800
PYYM_0306000

PKH_041210 PVX_003795
PCOA1 PCYB_042300
834 PKH_041260
Pi41952-41985
PCOA2
697 PCOAL PVX_003845
PCYB_042200
337 PCOA3 PKH_041200
PVX_003810 PVX_003840
PCYB_042270 PCYB_042210
PKH_041230 PCYB_042220
PIN3 PCYB_042230
236 PCOA3 PKH_041210
PVX_003830
PIN1
PCOAL
PGO1
PGO2 PCOA4
SERA 678 PGO3 PCYB_042190
PGO4 PVX_003850
PIN4
PRCDC_0206700 PRCDC_0206600
326 PF3D7_0207700 PF3D7_0207600

PF3D7_0207900
PRCDC_0206800

891 PVX_003820 PVX_003840
816 PCYB_042220 PCYB_042200
PVX_003835 PVX_003845
0 PKH_041260 PCOA4
PCYB_042300 PVX_003850
- PCOAS PVX_003840
PKH_041210 PCYB_042230
PVX_003820 PVX_003830
920 PCYB_042210
PVX_003840
791 PVX_003820 PVX_003830
498 PCYB_042220 PVX_003835
395 PVX_003830 PVX_003805
PKH_041250 PVX_003850
PCHAS_030710 PCYB_042190
PCYB_042290 PINS
198 PVX_003800
PING
PCOAG
PGO5
269 PCYB_042220 PVX_003845
PCYB_042200 PVX_003850
- PVX_003845 PINS
PIN7 PCOA4
PCOAT7
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Table S4-2. List of recombinant sequences, number of recombination events, and length

of recombinant segments in GCMFs with significant recombination signal (continued).

Multigene family Length recombinant segment Sequence code Recombinant 1 Sequence code Recombinant 2

PKH_111790 PF3D7_0601600
Tetratricopeptide repeat protein 113 PVX_114650 PF3D7_0631000
PCYB_112700 PRCDC_0629400
PVX_098630 PBANKA_041770
PCYB_071150 PCHAS_041860
724 PIN2 PYYM_0420500
PKH_070090
PCOA2
PCOA1 PIN2
802 PCYB_053570 PVX_098630
PCYB_071150
PCYB_053570 PCHAS_041860
426 PVX_090155 PBANKA_041770
PIN1 PYYM_0420500
PCOAl1
Tubulin PGO2 PRCDC_0901800
772 PBANKA_041770
PF3D7_0903700
PVX_090155 PF3D7_0422300
182 PKH_052580 PRCDC_0419500
PCOA1
PKH_070090 PVX_090155
PVX_098630 PCYB_053570
PCYB_071150 PIN1
147 PIN2
PCOA2
PGO1
196 PVX_090155 PGO1

Ubiquitin conjugating enzyme 2

84

PYYM_1031800
PBANKA_102970
PF3D7_1412900.
PRCDC_1412200.

PYYM_1360500
PBANKA 135840
PCHAS_136300
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Table S4-3. List of multigene families with branches under significant episodic selection.

Multigene family
Acyl-CoA synthase
Alpha beta hydrolase 2
Asparagine tRNA ligase
Calcium Dependent Protein Kinase (CDPK)
Cell division protein FtsH
Chaperonin
Conserved Plasmodium protein
Conserved Plasmodium protein unknown function 6
Conserved Plasmodium protein unknown function 12
Conserved rodent malaria protein unknown function
Cytoadherence-linked asexual protein (CLAG)
DEAD DEAH box ATP dependent RNA helicase
DERL like protein
DHHC type zinc finger protein
Dipeptidyl amino peptidase putative (DPAP)
DNA directed RNA polymerase Il
Eukaryotic initiation factor 2a
Heat Shock protein 70
Heat Shock protein 90
Histone H3
Hypothetical protein
Lysophospholipase
Meiotic recombination protein DMC
Methyltransferase
NIMA-related protein kinase (NEK)
P28
Papain
Plasmepsin
Serine repeat antigen (SERA)
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Table S4-4. Distribution of strength and proportion on sites under three different

selective regimes in P. falciparum paralogs.

Prop. Prop. Sites Prop.

Name B Test p-value o- Sites - oN N o+ Sites + Expression
PF3D7_1246200 0 1 0.000 1.00 0.202 0.00 0.144 0.00 Vertebrate
PF3D7_0211800 0.003 1 0.198 0.63 0.358 0.00 0.315 0.37 Vertebrate
PF3D7_0106300 0.009 1 0.046 0.47 0.496 0.00 0.051 0.53 Vertebrate
PF3D7_1211900 8E-04 1 1.000 0.51 0.984 0.00 29.900 0.49 Vertebrate
PF3D7_1103700 0.007 1 0.000 0.88 0.000 0.11 0.000 0.01 Vertebrate
PF3D7_1342400 0.025 1 0.016 0.79 0.058 0.00 0.050 0.21 Vertebrate
PF3D7_0717500 0.015 1 0.016 0.77 0.017 0.23 0.139 0.00 Vertebrate
PF3D7_0217500 0.011 1 0.000 0.74 0.000 0.22 0.000 0.04 Vertebrate
PF3D7_0310100 0.021 1 0.041 1.00 0.080 0.00 0.138 0.00 Vertebrate
PF3D7_1119600 0.011 1 0.000 1.00 0.206 0.00 0.133 0.00 Vertebrate
PF3D7_1464900 0.006 1 0.000 1.00 0.000 0.00 0.116 0.00 Vertebrate
PF3D7_1329300 0.006 1 0.057 0.96 0.435 0.00 0.057 0.04 Vertebrate
PF3D7_1433300 0.004 1 0.000 0.71 0.000 0.24 0.000 0.05 Vertebrate
PF3D7_0816600 0.017 1 0.000 0.84 0.000 0.16 0.120 0.00 Vertebrate
PF3D7_1409600 0.01 1 1.000 0.58 1.000 0.41 382.000 0.01 Vertebrate
PF3D7_0620000 0.014 1 0.889 0.00 0.859 0.00 56.500 1.00 Vertebrate
PF3D7_1105700 0.026 1 0.010 0.86 0.120 0.00 0.084 0.14 Vertebrate
PF3D7_1222000 0.025 1 1.000 0.52 1.000 0.46 9350.000 0.02 Vertebrate
PF3D7_0803600 0.022 1 0.254 1.00 0.219 0.00 0.120 0.00 Vertebrate
PF3D7_0935800 0.021 1 1.000 0.48 0.414 0.23 5.600 0.29 Vertebrate
PF3D7_0831600 0.02 0.828 0.434 0.70 0.000 0.07 14.300 0.23 Vertebrate
PF3D7_0302200 0.011 1 0.000 0.94 0.000 0.00 15.900 0.06 Vertebrate
PF3D7_0220800 0.005 1 0.811 1.00 0.735 0.00 0.589 0.00 Vertebrate
PF3D7_0302500 0.008 1 0.818 1.00 0.816 0.00 0.620 0.00 Vertebrate
PF3D7_1445900 9E-04 1 0.000 0.83 0.000 0.15 0.000 0.02 Vertebrate
PF3D7_0609800 0.006 1 0.102 0.50 0.418 0.00 0.174 0.50 Vertebrate
PF3D7_1116700 0.018 1 0.000 0.99 0.000 0.00 12.400 0.01 Vertebrate
PF3D7_0318200 0.012 1 0.000 0.86 0.000 0.14 0.120 0.00 Vertebrate
PF3D7_1329000 0.019 1 0.013 1.00 0.117 0.00 0.091 0.00 Vertebrate
PF3D7_0215700 0.006 1 0.000 1.00 0.001 0.00 0.112 0.00 Vertebrate
PF3D7_1206600 0.008 1 0.000 1.00 0.182 0.00 0.130 0.00 Vertebrate
PF3D7_1149600 0.03 1 1.000 0.87 1.000 0.01 39.200 0.12 Vertebrate
PF3D7_1427500 0.001 1 0.901 0.00 1.000 0.03 14.200 0.97 Vertebrate
PF3D7_1145400 0.028 1 0.032 0.83 0.076 0.00 0.036 0.17 Vertebrate
PF3D7_1357100 0.005 1 0.000 1.00 0.196 0.00 0.146 0.00 Vertebrate
PF3D7_1357000 0.003 1 0.000 1.00 0.001 0.00 0.126 0.00 Vertebrate
PF3D7_0602400 0.011 1 0.000 1.00 0.157 0.00 0.114 0.00 Vertebrate
PF3D7_1438000 0.42 0.717 0.000 1.00 0.468 0.00 3330.000 0.00 Vertebrate
PF3D7_1106300 0 1 0.001 0.79 0.204 0.16 0.133 0.04 Vertebrate
PF3D7_1419800 0.002 1 0.957 0.00 1.000 0.43 23.400 0.57 Vertebrate
PF3D7_0501100 0.003 1 0.390 0.00 0.464 0.92 0.609 0.08 Vertebrate
PF3D7_0201800 0.021 1 0.000 0.93 0.000 0.00 4.490 0.07 Vertebrate
PF3D7_0818900 0.014 1 0.000 1.00 0.001 0.00 0.120 0.00 Vertebrate
PF3D7_0917900 0.003 1 0.000 0.84 0.000 0.13 0.000 0.03 Vertebrate
PF3D7_0831700 0.021 1 0.075 0.87 0.080 1.00 0.078 0.00 Vertebrate
PF3D7_0708400 0.014 1 0.000 1.00 0.190 0.00 0.142 0.00 Vertebrate
PF3D7_1202900 0.019 1 0.000 1.00 0.203 0.00 0.135 0.00 Vertebrate
PF3D7_1445100 0.021 1 0.034 1.00 0.567 0.00 0.142 0.00 Vertebrate
PF3D7_0714000 0 1 0.000 0.92 0.222 0.07 0.146 0.01 Vertebrate
PF3D7_0610400 0 1 0.001 0.92 0.221 0.07 0.145 0.01 Vertebrate
PF3D7_0617900 0 1 0.001 0.80 0.221 0.19 0.160 0.02 Vertebrate
PF3D7_1456800 0.017 1 0.030 0.60 0.038 0.00 0.033 0.40 Vertebrate
PF3D7_1235200 0.016 1 0.043 0.33 0.152 0.00 0.042 0.67 Vertebrate
PF3D7_1372400 0.084 0.0004 0.000 0.93 0.000 0.01 28.300 0.06 Vertebrate
PF3D7_1200700 0.033 0.6272 0.000 0.91 0.000 0.01 7.340 0.08 Vertebrate
PF3D7_0731600 0.032 1 0.000 0.85 0.000 0.03 7.330 0.13 Vertebrate
PF3D7_1479000 0.1 1 0.094 0.91 0.119 0.02 2.490 0.07 Vertebrate
PF3D7_0215300 0.016 1 0.390 0.09 0.388 0.13 0.385 0.78 Vertebrate
PF3D7_0301000 0.086 1 0.089 0.94 1.000 0.06 0.089 0.00 Vertebrate
PF3D7_1324900 0.01 1 0.000 1.00 0.198 0.00 0.143 0.00 Vertebrate
PF3D7_1015300 0.002 1 0.916 0.19 1.000 0.71 1.580 0.10 Vertebrate
PF3D7_0409300 0.032 1 1.000 0.98 0.548 0.00 225.000 0.02 Vertebrate
PF3D7_1455200 0.002 1 0.000 0.31 0.001 0.00 67.400 0.69 Vertebrate
PF3D7_1430700 0.004 1 0.434 0.59 0.470 0.18 0.449 0.22 Vertebrate
PF3D7_1416500 0.001 1 1.000 0.37 1.000 0.29 23.400 0.34 Vertebrate
PF3D7_0910800 0.021 1 0.039 1.00 0.000 0.00 0.116 0.00 Vertebrate
PF3D7_1412000 0.018 1 0.155 0.90 0.155 0.09 0.155 0.01 Vertebrate
PF3D7_1411900 0.009 1 0.756 1.00 0.966 0.00 0.575 0.00 Vertebrate
PF3D7_1030900 0 1 0.001 0.88 0.213 0.10 0.140 0.01 Vertebrate
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Table S4-4. Distribution of strength and proportion on sites under three different

selective regimes in P. falciparum paralogs (continued).

Prop. Prop. Sites Prop.

Name B Test p-value - Sites - oN N o+ Sites + Expression
PF3D7_1115300 0.009 1 0.000 0.93 0.000 0.02 10000.000 0.06 Vertebrate
PF3D7_1115400 0.004 1 0.774 0.00 0.458 0.00 65.000 1.00 Vertebrate
PF3D7_1115700 0.01 1 0.168 1.00 0.192 0.00 0.141 0.00 Vertebrate
PF3D7_1458000 0.032 1 0.050 1.00 0.072 0.00 0.069 0.00 Vertebrate
PF3D7_1438900 0.008 1 0.000 0.85 0.000 0.15 0.120 0.00 Vertebrate
PF3D7_0808200 0.003 1 0.047 0.00 0.701 0.00 1.570 1.00 Vertebrate
PF3D7_1033800 0.015 1 0.250 0.00 0.297 0.00 0.295 1.00 Vertebrate
PF3D7_0917600 0.008 1 0.000 0.89 0.000 0.10 0.000 0.01 Vertebrate
PF3D7_1364300 0.016 1 0.000 0.87 0.000 0.13 0.123 0.00 Vertebrate
PF3D7_0702200 0.04 1 0.187 0.68 0.217 0.32 6.620 0.00 Vertebrate
PF3D7_0501500 0.013 1 0.000 0.94 1.000 0.07 0.051 0.00 Vertebrate
PF3D7_0501600 0.025 1 0.000 0.83 0.921 0.00 2.980 0.17 Vertebrate
PF3D7_1448400 0.003 1 0.881 0.00 0.942 0.00 30.100 1.00 Vertebrate
PF3D7_0207400 0.004 1 0.680 0.00 0.736 0.00 1.230 1.00 Vertebrate
PF3D7_0207500 0.008 1 0.510 0.00 0.469 0.12 0.472 0.88 Vertebrate
PF3D7_0207600 0.018 1 0.349 0.13 0.190 0.00 0.349 0.87 Vertebrate
PF3D7_0207700 0.013 1 0.994 0.84 1.000 0.06 15.800 0.10 Vertebrate
PF3D7_0207800 0.302 1 0.188 0.83 0.986 0.13 15.600 0.04 Vertebrate
PF3D7_0207900 0.017 1 0.591 0.00 0.695 0.00 1.510 1.00 Vertebrate
PF3D7_0208000 0.012 1 0.089 0.59 0.089 0.41 0.052 0.00 Vertebrate
PF3D7_0902800 0.008 1 0.383 0.00 0.425 0.00 0.357 1.00 Vertebrate
PF3D7_0717700 0.013 1 0.005 0.82 0.450 0.00 0.017 0.18 Vertebrate
PF3D7_0516600 0.007 1 0.526 1.00 0.224 0.00 0.399 0.00 Vertebrate
PF3D7_0903700 0.006 1 0.000 1.00 0.202 0.00 0.146 0.00 Vertebrate
PF3D7_0422300 0.023 1 0.000 1.00 0.202 0.00 0.146 0.00 Vertebrate
PF3D7_1139700 0.005 1 0.966 0.00 1.000 0.08 10000.000 0.92 Vector
PF3D7_0826200 0.012 1 0.418 0.00 0.534 0.00 0.638 1.00 Vector
PF3D7_0509600 0.019 1 0.026 0.78 0.015 0.00 0.031 0.22 Vector
PF3D7_1429900 0.002 1 0.458 0.98 0.620 0.00 0.726 0.02 Vector
PF3D7_1026900 0.035 1 0.153 1.00 0.125 0.00 0.137 0.00 Vector
PF3D7_1460000 0.038 0.073 0.167 0.98 0.152 0.00 78.700 0.01 Vector
PF3D7_1333000 0.005 1 0.901 0.00 1.000 0.06 66.200 0.94 Vector
PF3D7_1215300 0 1 0.001 0.91 0.219 0.08 0.145 0.01 Vector
PF3D7_1450600 0.007 1 0.155 0.00 0.193 0.81 0.192 0.19 Vector
PF3D7_1246500 0.012 1 0.054 0.89 0.130 0.11 0.055 0.01 Vector
PF3D7_0519000 0.007 1 0.987 0.00 0.808 0.00 6.890 1.00 Vector
PF3D7_1449800 0.019 1 0.000 1.00 0.191 0.00 0.137 0.00 Vector
PF3D7_1469100 0 1 0.000 0.94 0.184 0.05 0.139 0.01 Vector
PF3D7_1213400 0.008 1 0.134 1.00 0.126 0.00 0.244 0.00 Vector
PF3D7_1213200 0.014 1 0.349 0.15 0.351 0.85 0.271 0.00 Vector
PF3D7_0911300 0.305 1 0.525 1.00 1.000 0.00 10000.000 0.00 Vector
PF3D7_0718300 0.01 1 0.081 0.53 0.781 0.00 0.090 0.47 Vector
PF3D7_1032500 0.002 1 1.000 0.27 1.000 0.12 31.200 0.60 Vector
PF3D7_1468500 0 1 0.001 0.83 0.211 0.14 0.139 0.03 Vector
PF3D7_1027900 0.002 1 0.659 0.00 0.648 0.00 14.100 1.00 Vector
PF3D7_0528400 0 1 0.001 0.74 0.199 0.19 0.129 0.07 Vector
PF3D7_1247800 0.003 1 0.982 0.00 0.993 0.00 53.800 1.00 Vector
PF3D7_0523400 0.012 1 0.000 1.00 0.193 0.00 0.139 0.00 Vector
PF3D7_0706700 0.031 1 0.067 0.94 0.094 0.04 8.700 0.01 Vector
PF3D7_1037500 0.001 1 0.938 0.61 1.000 0.07 1.730 0.32 Vector
PF3D7_0729900 0.014 1 0.028 1.00 1.000 0.00 199.000 0.00 Vector
PF3D7_1023100 0.004 1 0.086 0.64 0.105 0.36 0.477 0.00 Vector
PF3D7_1122900 0.004 1 0.057 0.86 0.033 0.00 0.130 0.14 Vector
PF3D7_0905300 0.003 1 0.053 0.89 0.104 0.11 0.113 0.00 Vector
PF3D7_1330600 0.038 1 0.013 1.00 0.077 0.00 0.128 0.00 Vector
PFC10_API10028 0.011 1 0.000 0.88 0.534 0.00 0.000 0.12 Vector
PF3D7_0909400 0.013 1 0.061 1.00 0.156 0.00 0.326 0.00 Vector
PF3D7_0828600 0.014 1 0.103 1.00 0.188 0.00 0.176 0.00 Vector
PF3D7_1116500 0.045 1 0.009 1.00 0.012 0.00 0.140 0.00 Vector
PF3D7_0512200 0.013 1 0.095 0.67 0.072 0.21 5.640 0.12 Vector
PF3D7_1114800 0.001 1 1.000 0.50 0.909 0.00 11.700 0.50 Vector
PF3D7_1216200 0.003 1 1.000 0.80 0.999 0.00 658.000 0.20 Vector
PF3D7_0213100 0.013 1 0.000 1.00 0.001 0.00 0.116 0.00 Vector
PF3D7_1222300 0.007 1 0.000 1.00 0.001 0.00 0.128 0.00 Vector
PF3D7_0817900 0.004 1 0.000 0.86 0.000 0.13 0.000 0.02 Vector
PF3D7_1105100 0 1 0.001 0.92 0.222 0.08 0.146 0.01 Vector
PF3D7_1447500 0.023 1 0.174 0.00 0.212 0.30 0.233 0.70 Vector
PF3D7_1003600 0.006 1 0.000 0.88 0.000 0.11 0.000 0.01 Vector
PF3D7_0111000  0.021 1 0.032 1.00 0.026 0.00 0.118 0.00 Vector
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Table S4-4. Distribution of strength and proportion on sites under three different

selective regimes in P. falciparum paralogs (continued).

Prop. Prop. Sites Prop.

Name B Test p-value o- Sites - oN N o+ Siites + Expression
PF3D7_0215000  0.008 1 0.171 0.00 0.935 1.00 0.620 0.00 Vector
PF3D7_1477900 0.02 1 0.085 0.00 0.129 0.83 0.129 0.17 Vector
PF3D7_0709700  0.019 1 0.094 1.00 0.049 0.00 0.057 0.00 Vector
PF3D7_0618500  0.004 1 1.000 0.33 1.000 0.14 56.500 0.53 Vector
PF3D7_0816800  0.013 1 0.000 1.00 0.001 0.00 0.119 0.00 Vector
PF3D7_1107400  0.007 1 0.000 0.84 0.000 0.16 0.119 0.00 Vector
PF3D7_1027600  0.012 1 0.038 1.00 0.493 0.00 0.575 0.00 Vector
PF3D7_1217100 0.02 1 0.094 0.74 0.097 0.26 0.121 0.00 Vector
PF3D7_1201600  0.016 1 0.137 1.00 0.200 0.00 0.098 0.00 Vector
PF3D7_1228300  0.007 1 0.000 1.00 0.001 0.00 0.124 0.00 Vector
PF3D7_0719200 0 1 0.001 0.89 0.219 0.10 0.144 0.01 Vector
PF3D7_0525900 0 1 0.001 0.78 0.220 0.20 0.144 0.03 Vector
PF3D7_0104800  0.004 1 0.976 0.00 1.000 0.54 3.190 0.46 Vector
PF3D7_1428600  0.002 1 0.997 0.00 1.000 0.73 943.000 0.27 Vector
PF3D7_1215000  0.002 1 1.000 0.28 0.995 0.00 66.000 0.72 Vector
PF3D7_1036700 0 1 0.001 0.88 0.219 0.10 0.139 0.02 Vector
PF3D7_1006600  0.024 1 0.095 0.80 0.087 0.20 0.105 0.00 Vector
PF3D7_1102400  0.012 1 0.000 1.00 0.228 0.00 0.107 0.00 Vector
PF3D7_0412300  0.006 1 0.797 0.00 0.910 0.00 4.340 1.00 Vector
PF3D7_1465700  0.021 1 0.000 1.00 0.363 0.00 80.100 0.00 Vector
PF3D7_0311700  0.005 1 0.000 0.98 0.000 0.00 3000.000 0.02 Vector
PF3D7_1430200  0.014 1 0.000 0.60 0.000 0.25 0.000 0.14 Vector
PF3D7_1407900  0.006 1 0.001 0.00 0.384 0.00 72.100 1.00 Vector
PF3D7_1408100  0.033 1 0.055 0.28 0.100 0.00 0.055 0.72 Vector
PF3D7_1407800  0.002 1 0.000 0.24 0.402 0.00 0.000 0.76 Vector
PF3D7_1408000 0.01 1 0.068 0.22 0.070 0.00 0.068 0.78 Vector
PF3D7_1309200 0.02 1 0.000 0.74 0.000 0.26 0.122 0.00 Vector
PF3D7_0810300 0 1 0.001 0.85 0.212 0.12 0.140 0.02 Vector
PF3D7_1216000  0.016 1 0.000 0.98 0.000 0.00 47.500 0.02 Vector
PF3D7_0909500  0.007 1 0.852 0.00 0.528 0.00 67.100 1.00 Vector
PF3D7_1230600  0.005 1 0.000 0.77 0.000 0.20 0.000 0.04 Vector
PF3D7_0601600  0.002 1 0.000 1.00 0.001 0.00 0.124 0.00 Vector
PF3D7_0631000  0.001 1 1.000 0.69 0.479 0.00 3050.000 0.31 Vector
PF3D7_0319300  0.012 1 0.183 1.00 0.192 0.00 0.137 0.00 Vector
PF3D7_0812600 0 1 0.000 0.82 0.000 0.17 0.118 0.01 Vector
PF3D7_1345500  0.006 1 0.000 0.79 0.000 0.18 0.000 0.03 Vector
PF3D7_1412900 0 1 0.001 0.78 0.194 0.17 0.119 0.05 Vector
PF3D7_1412500 0.01 1 0.000 1.00 0.001 0.00 0.124 0.00 Generalist
PF3D7_1401300  0.012 1 0.753 0.00 0.823 0.00 16.800 1.00 Generalist
PF3D7_0918600 0.03 1 0.678 1.00 0.874 0.00 10000.000 0.00 Generalist
PF3D7_1337800  0.002 1 1.000 0.45 1.000 0.30 45.600 0.25 Generalist
PF3D7_0610600  0.005 1 0.258 0.00 0.126 0.01 0.126 0.99 Generalist
PF3D7_1239700 0 1 0.000 0.87 0.000 0.10 0.116 0.02 Generalist
PF3D7_0110700  0.016 1 0.066 0.93 0.066 0.07 0.066 0.00 Generalist
PF3D7_1116800  0.003 1 0.184 0.66 0.200 0.34 0.074 0.00 Generalist
PF3D7_1143800  0.003 1 0.961 0.00 0.910 0.00 10.800 1.00 Generalist
PF3D7_1416300  0.006 1 0.450 1.00 0.326 0.00 0.347 0.00 Generalist
PF3D7_1227100  0.005 1 0.082 0.00 1.000 1.00 0.154 0.00 Generalist
PF3D7_1233000  0.024 1 0.000 0.98 0.000 0.00 3.310 0.02 Generalist
PF3D7_0923800  0.002 1 0.000 1.00 0.001 0.00 0.114 0.00 Generalist
PF3D7_0934000  0.036 1 0.131 0.00 0.158 0.69 0.158 031 Generalist
PF3D7_0319400  0.001 1 1.000 0.59 0.979 0.00 25.300 0.41 Generalist
PF3D7_1253400  0.018 1 0.000 0.98 0.000 0.01 34.500 0.01 Generalist
PF3D7_1238800 0.03 1 0.047 0.97 0.087 0.00 0.047 0.03 Generalist
PF3D7_0527300  0.012 1 0.390 0.00 0.332 1.00 1.030 0.00 Generalist
PF3D7_1128500 0.03 1 0.060 0.00 0.060 0.03 0.060 0.97 Generalist
PF3D7_0932400  0.007 1 0.847 0.00 0.846 0.00 8.620 1.00 Generalist
PF3D7_0802200  0.002 1 0.940 0.00 0.981 0.00 18.400 1.00 Generalist
PF3D7_1030100 0 1 0.001 0.76 0.217 0.21 0.142 0.03 Generalist
PF3D7_0422500  0.021 1 0.045 1.00 0.039 0.00 0.050 0.00 Generalist
PF3D7_1439100  0.013 1 0.058 0.22 0.057 0.78 0.088 0.00 Generalist
PF3D7_0313100  0.007 1 0.026 0.47 0.229 0.33 0.268 0.20 Generalist
PF3D7_1129400  0.028 1 0.016 0.00 0.015 1.00 0.011 0.00 Generalist
PF3D7_0925500  0.011 1 0.000 1.00 0.197 0.00 0.143 0.00 Generalist
PF3D7_1457200 0 1 0.001 0.77 0.218 0.21 0.143 0.03 Generalist
PF3D7_0827100  0.008 1 0.734 0.00 0.827 0.00 1.460 1.00 Generalist
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Table S4-5. Distribution of strength and proportion on sites under three different

selective regimes in P. berghei paralogs.

Prop. Sites

Gene ID B P-value - . oN Prop. Sites N o+ Prop. Sites +  Expression
PBANKA_145930 0.03 1 0.0000 0.900 0.0000 0.100 0.1240 0.000 Vertebrate
PBANKA_090930  1.336 0.0447 0.2540 0.990 1.0000 0.001 3330.0000 0.010 Vertebrate
PBANKA_030860  3.858 0.0578 0.0130 0.980 0.0000 0.003 1530.0000 0.018 Vertebrate
PBANKA_ 110920  0.027 1 0.1380 0.870 0.1400 0.000 0.1380 0.130 Vertebrate
PBANKA 081950  0.023 1 0.0587 0.500 0.0590 0.500 0.0590 0.000 Vertebrate
PBANKA_020700  0.027 1 0.0346 1.000 0.4360 0.000 0.1150 0.000 Vertebrate
PBANKA 061040  0.029 1 0.0635 1.000 0.0522 0.000 0.0645 0.000 Vertebrate
PBANKA_135550  0.025 1 0.0230 1.000 0.0255 0.000 0.1250 0.000 Vertebrate
PBANKA_ 031420  0.018 1 0.0000 0.720 0.0000 0.280 0.1200 0.000 Vertebrate
PBANKA_061520  0.013 1 0.0000 1.000 0.1920 0.000 0.1200 0.000 Vertebrate
PBANKA 135150  0.028 1 0.0501 0.490 0.0513 0.510 0.1200 0.000 Vertebrate
PBANKA 092850  0.018 1 0.0389 1.000 0.2840 0.000 0.1330 0.000 Vertebrate
PBANKA_132830 0.02 1 0.0000 1.000 0.1870 0.000 0.1330 0.000 Vertebrate
PBANKA_145410  0.019 1 0.0652 0.900 0.0701 0.000 0.0650 0.100 Vertebrate
PBANKA_ 143105  0.015 1 0.0359 0.540 0.2790 0.000 0.2580 0.460 Vertebrate
PBANKA_020300  0.018 1 0.0346 0.790 0.0356 0.210 0.1360 0.000 Vertebrate
PBANKA_ 134430  0.016 1 0.0657 0.720 0.0661 0.000 0.0656 0.280 Vertebrate
PBANKA_071420 0.03 1 0.0164 1.000 0.0921 0.000 0.1200 0.000 Vertebrate
PBANKA_093120  0.449 1 0.0665 1.000 0.0658 0.000 1470.0000 0.005 Vertebrate
PBANKA_102640  0.028 1 0.0167 1.000 0.5020 0.000 0.1360 0.000 Vertebrate
PBANKA_103290  0.068 1 0.0990 0.780 0.0000 0.000 1.5600 0.220 Vertebrate
PBANKA_ 123380  0.018 1 0.1310 0.730 0.1250 0.000 0.1270 0.270 Vertebrate
PBANKA_142900 0.02 1 0.1950 0.690 0.1940 0.310 0.1220 0.000 Vertebrate
PBANKA_094120  0.006 1 0.0472 0.930 0.5400 0.000 0.0832 0.067 Vertebrate
PBANKA_080030  0.105 0.9895 0.4540 0.980 0.4530 0.001 23.9000 0.019 Vertebrate
PBANKA_100050  0.045 1 0.0000 0.690 0.3710 0.000 2.0800 0.310 Vertebrate
PBANKA_081240  0.045 0.0375 0.4330 0.930 0.1980 0.000 7.9300 0.068 Vertebrate
PBANKA_083630  0.047 1 0.8830 0.000 0.8830 0.000 1.1200 1.000 Vertebrate
PBANKA_140060  0.036 1 1.0000 1.000 0.4820 0.000 1.0600 0.000 Vertebrate
PBANKA_ 144190  0.028 1 0.0307 0.900 0.0310 0.096 0.1170 0.000 Vertebrate
PBANKA_ 051630  0.006 1 0.1530 0.860 0.2060 0.110 0.1790 0.031 Vertebrate
PBANKA_ 133180  0.017 1 0.0000 0.830 0.0000 0.140 0.0000 0.030 Vertebrate
PBANKA_080700  0.017 1 0.0263 0.780 0.0316 0.220 0.0294 0.000 Vertebrate
PBANKA 134400  0.032 1 0.0193 0.970 0.0895 0.000 0.0193 0.025 Vertebrate
PBANKA_060520  0.016 1 0.0373 1.000 0.3710 0.000 0.1240 0.000 Vertebrate
PBANKA_101710  0.007 1 0.0662 0.550 0.0843 0.380 0.0673 0.062 Vertebrate
PBANKA_052040  0.013 1 0.0066 0.930 0.1740 0.000 0.0936 0.071 Vertebrate
PBANKA_090360  0.064 1 0.0177 0.950 0.0177 0.051 0.1310 0.000 Vertebrate
PBANKA_113330 0 1 0.0008 0.920 0.2220 0.071 0.1460 0.007 Vertebrate
PBANKA_113340 0 1 0.0008 0.920 0.2220 0.071 0.1460 0.007 Vertebrate
PBANKA 144770  0.028 1 0.0324 1.000 0.0261 0.000 0.0692 0.000 Vertebrate
PBANKA 134560  0.014 1 0.0571 0.920 0.0590 0.000 0.0575 0.079 Vertebrate
PBANKA_061080  0.039 1 0.1300 0.820 0.2370 0.000 0.1300 0.180 Vertebrate
PBANKA_081060  0.017 1 0.0565 0.140 0.0576 0.440 0.0564 0.410 Vertebrate
PBANKA_094060  0.029 1 0.0520 0.900 0.0737 0.000 0.0521 0.100 Vertebrate
PBANKA 082470  0.029 1 0.0593 0.880 0.0592 0.120 0.0504 0.000 Vertebrate
PBANKA 111180  0.572 1 0.2470 1.000 0.2470 0.000 3330.0000 0.003 Vertebrate
PBANKA_093290 0.02 1 0.1310 1.000 0.2130 0.000 0.1200 0.000 Vertebrate
PBANKA 143190  0.015 1 0.0000 0.980 0.0000 0.003 11.5000 0.013 Vertebrate
PBANKA_031000  0.107 1 0.0094 1.000 0.0004 0.000 0.1360 0.000 Vertebrate
PBANKA_081890 0.01 1 0.0975 0.180 0.1160 0.820 0.1830 0.000 Vertebrate
PBANKA_080570  0.012 1 0.0178 0.830 0.2610 0.000 0.0965 0.170 Vertebrate
PBANKA 143730  0.011 1 0.0514 0.990 0.2940 0.000 0.0522 0.007 Vertebrate
PBANKA_060190  0.024 1 0.0000 1.000 0.0008 0.000 0.1150 0.000 Vertebrate
PBANKA 130890  0.023 1 0.0802 0.770 0.0821 0.029 0.0836 0.200 Vertebrate
PBANKA_094180  0.008 1 0.0508 0.390 0.2250 0.540 0.3070 0.064 Vertebrate
PBANKA_ 142060  0.009 1 0.0000 0.920 0.0000 0.075 0.0000 0.007 Vertebrate
PBANKA_010880  0.004 1 0.0000 1.000 0.0014 0.000 0.1380 0.000 Vertebrate
PBANKA_ 111710  0.006 1 0.0000 1.000 0.0008 0.000 0.1450 0.000 Vertebrate
PBANKA_144980  0.027 1 0.0651 0.270 0.0659 0.730 0.0685 0.000 Vertebrate
PBANKA_080590 0.01 1 0.3140 0.100 0.3120 0.900 0.2500 0.000 Vertebrate
PBANKA_031180  0.067 1 0.0000 0.670 0.0000 0.030 1.7400 0.300 Vertebrate
PBANKA_111770 0.027 1 0.2660 1.000 0.2620 0.000 0.2610 0.000 Vertebrate
PBANKA_ 134010  0.008 1 0.0000 1.000 0.1920 0.000 0.1430 0.000 Vertebrate
PBANKA_100690  0.018 1 0.0397 0.950 0.0333 0.021 8.5400 0.033 Vertebrate
PBANKA_101400  0.036 1 0.0713 0.590 0.0728 0.410 0.1410 0.000 Vertebrate
PBANKA_020830  0.024 1 0.1690 0.000 0.1630 1.000 0.1430 0.000 Vertebrate
PBANKA_091970  0.025 1 0.0325 0.300 0.0132 0.000 0.0327 0.700 Vertebrate
PBANKA 103060  0.039 1 0.2020 0.000 0.2280 1.000 0.2060 0.000 Vertebrate
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Table S4-5. Distribution of strength and proportion on sites under three different

selective regimes in P. berghei paralogs (continued).

Prop. Sites

Gene ID B P-value o- . oN Prop. Sites N o+ Prop. Sites +  Expression
PBANKA_0514900  0.083 0.9299 0.0000 0.800 0.0000 0.007 4.2400 0.200 Vertebrate
PBANKA_093240 0.039 1 0.2650 0.830 0.2660 0.160 146.0000 0.002 Vertebrate
PBANKA_ 132170 0.04 1 0.0000 0.660 0.6990 0.300 0.7760 0.036 Vertebrate
PBANKA_ 101610 0.113 1 0.0000 0.780 0.0000 0.001 3.2600 0.220 Vertebrate
PBANKA_130280 0.012 1 0.1370 0.510 0.1390 0.150 0.1370 0.340 Vertebrate
PBANKA_143080 0.031 1 0.0197 1.000 0.1230 0.000 0.1390 0.000 Vertebrate
PBANKA_051970 0.013 1 0.5020 0.530 0.5010 0.000 0.5010 0.470 Vertebrate
PBANKA_120480 0.02 1 0.0574 0.000 0.0581 0.910 0.0586 0.090 Vertebrate
PBANKA_101450 0.02 1 0.1660 0.000 0.2580 1.000 0.1580 0.000 Vertebrate
PBANKA_103440 0.033 1 1.0000 0.880 0.9030 0.000 122.0000 0.120 Vertebrate
PBANKA_081860 0.032 1 0.0159 1.000 0.1330 0.000 0.1420 0.000 Vertebrate
PBANKA_114020 0.017 1 0.0250 1.000 0.0243 0.000 15.9000 0.004 Vertebrate
PBANKA_052290 0.041 1 0.0942 0.670 0.2310 0.330 13.1000 0.003 Vertebrate
PBANKA_130300 0.149 1 0.1330 1.000 0.1330 0.003 3330.0000 0.001 Vertebrate
PBANKA_ 122020 0.047 1 0.2540 0.000 0.2860 1.000 0.1600 0.000 Vertebrate
PBANKA_ 110140 0.086 0.1805 1.0000 0.890 1.0000 0.042 24.7000 0.071 Vertebrate
PBANKA_041080 0.031 1 0.0628 0.840 1.0000 0.045 1.7700 0.110 Vertebrate
PBANKA_ 131220 0.038 1 0.0764 0.000 0.0955 1.000 0.0952 0.000 Vertebrate
PBANKA_030480 0.044 1 0.0000 0.680 1.0000 0.062 1.0500 0.260 Vertebrate
PBANKA_030490 0.035 1 0.1840 1.000 0.1670 0.000 0.1020 0.000 Vertebrate
PBANKA_030500 0.052 1 0.0000 0.420 0.8260 0.440 0.7930 0.140 Vertebrate
PBANKA_030510 0.041 1 0.0058 0.770 0.7890 0.000 2.4000 0.230 Vertebrate
PBANKA_061540 0.022 1 0.1070 1.000 0.0987 0.000 0.1060 0.000 Vertebrate
PBANKA 143170 0.013 1 0.3390 0.000 0.3560 0.000 0.3390 1.000 Vertebrate
PBANKA_091880 0.024 1 0.0000 0.960 0.0000 0.011 4.6800 0.027 Vertebrate
PBANKA_082630 0.027 1 0.1050 0.000 0.1160 0.530 0.1180 0.470 Vertebrate
PBANKA_132090 0.011 1 0.1170 0.280 0.1640 0.630 0.2780 0.089 Vertebrate
PBANKA_070360 0.042 1 0.0696 0.000 0.0783 0.000 0.0748 1.000 Vertebrate
PBANKA 123140 0.041 1 0.1800 0.000 0.1650 0.000 0.1650 1.000 Vertebrate
PBANKA_041770 0.016 1 0.0000 1.000 0.0008 0.000 0.1260 0.000 Vertebrate
PBANKA_052270 0.027 1 0.0000 0.910 0.0000 0.089 0.1260 0.000 Vertebrate
PBANKA_080600 0.027 1 0.0631 0.360 0.0643 0.640 0.0687 0.000 Vertebrate
PBANKA_142490 0.016 1 0.0000 0.830 0.0000 0.170 0.1180 0.000 Vertebrate
PBANKA_ 135840 0.014 1 0.0000 0.950 0.0008 0.000 8.7200 0.047 Vertebrate
PBANKA_ 102970 0.034 1 0.0000 0.980 1.0000 0.019 0.1030 0.000 Vertebrate
PBANKA_070440 0.095 0.0106 0.0000 0.900 0.8350 0.000 6.3500 0.100 Vector
PBANKA_101480 0.049 1 0.0824 1.000 0.0900 0.000 0.0504 0.000 Vector
PBANKA_051100 0.021 1 0.2550 0.320 0.2550 0.680 0.1780 0.000 Vector
PBANKA_094320 0.032 1 0.0875 1.000 0.0675 0.000 0.1110 0.000 Vector
PBANKA_040820 0.012 1 0.0205 0.750 0.0227 0.250 0.1180 0.000 Vector
PBANKA_ 134780 0.009 1 0.8910 0.000 1.0000 0.120 10000.0000 0.880 Vector
PBANKA_ 131430 0.017 1 0.2450 0.530 0.2610 0.000 0.2460 0.470 Vector
PBANKA_ 131350 0.039 1 0.0945 0.700 0.0999 0.047 0.1050 0.250 Vector
PBANKA_ 111920 0.038 1 0.9810 0.000 0.2130 0.000 1.1000 1.000 Vector
PBANKA_ 133230 0.025 1 0.1820 1.000 0.1790 0.000 0.1250 0.000 Vector
PBANKA_ 142920 0.02 1 0.6200 0.920 0.5950 0.000 0.6250 0.083 Vector
PBANKA_061590 0.021 1 0.2260 0.920 0.3560 0.020 1.2000 0.063 Vector
PBANKA_ 130970 0.017 1 0.0476 0.520 0.0231 0.000 0.0482 0.480 Vector
PBANKA_051200 0.009 1 0.2270 0.400 0.2270 0.600 0.0871 0.000 Vector
PBANKA_124300 0.016 1 0.1230 1.000 0.0926 0.000 0.0536 0.000 Vector
PBANKA_146070 0.042 1 0.1760 1.000 0.1560 0.000 0.1230 0.000 Vector
PBANKA_ 123820 0.024 1 0.1210 1.000 0.1160 0.000 0.7630 0.000 Vector
PBANKA_080430 0.018 1 0.1290 1.000 0.1190 0.000 0.1090 0.000 Vector
PBANKA_021400 0.016 1 0.0912 1.000 0.1410 0.000 0.1050 0.000 Vector
PBANKA_050730 0.011 1 0.0318 0.910 0.6040 0.058 0.5660 0.032 Vector
PBANKA_092540 0.015 1 0.0883 0.840 0.0888 0.160 0.1820 0.000 Vector
PBANKA_041610 0.018 1 0.0204 1.000 0.0186 0.000 0.1190 0.000 Vector
PBANKA_010120 0.021 1 0.0523 0.890 0.0553 0.000 0.0543 0.110 Vector
PBANKA_093150 0.016 1 0.0385 1.000 0.5050 0.000 0.2600 0.000 Vector
PBANKA_102340 0.022 1 0.0489 0.650 0.0510 0.350 0.1230 0.000 Vector
PBANKA_071190 0.023 1 0.0000 1.000 0.0008 0.000 0.1220 0.000 Vector
PBANKA_071290 0.021 1 0.0000 1.000 0.2210 0.000 0.1350 0.000 Vector
PBANKA_083480 0.039 1 0.2150 0.410 0.2170 0.590 0.2910 0.000 Vector
PBANKA_ 131130 0.041 1 0.2710 0.000 0.3090 0.740 0.3060 0.260 Vector
PBANKA_120200 0.021 1 0.1720 1.000 0.1700 0.000 0.1240 0.000 Vector
PBANKA_132050 0.017 1 0.0974 0.200 0.1270 0.000 0.1020 0.800 Vector
PBANKA_020270 0.025 1 0.1710 0.250 0.1400 0.000 0.1710 0.750 Vector
PBANKA_145330 0.03 1 0.0539 0.970 0.9120 0.029 0.2630 0.000 Vector
PBANKA_ 122030 0.032 1 0.0000 0.930 0.0000 0.015 2.7700 0.057 Vector
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Table S4-5. Distribution of strength and proportion on sites under three different

selective regimes in P. berghei paralogs (continued).

Prop. Sites

Gene ID B P-value - . oN Prop. Sites N o+ Prop. Sites +  Expression
PBANKA_071400 0.027 1 0.0430 0.610 0.0430 0.390 0.0411 0.000 Vector
PBANKA_093950 0.018 1 0.0191 0.920 0.0192 0.084 0.1180 0.000 Vector
PBANKA_ 051170 0.014 1 0.2670 1.000 0.2230 0.000 0.2410 0.000 Vector
PBANKA 143270 0.028 1 0.2540 0.980 0.2540 0.013 25.8000 0.007 Vector
PBANKA_ 124210 0.032 1 0.1650 1.000 0.1790 0.000 0.1230 0.000 Vector
PBANKA_061670 0 1 0.0008 0.770 0.2190 0.200 0.1440 0.028 Vector
PBANKA_124070 0.012 1 0.0000 1.000 0.2000 0.000 0.1250 0.000 Vector
PBANKA_081190 0.013 1 0.0277 0.950 0.1180 0.008 0.0794 0.046 Vector
PBANKA 122250 0.031 1 0.0377 1.000 0.0923 0.000 0.0912 0.000 Vector
PBANKA_051760 0.015 1 0.1050 0.310 0.1050 0.690 0.0681 0.000 Vector
PBANKA_ 132910 0.051 1 0.0668 1.000 0.0669 0.000 253.0000 0.004 Vector
PBANKA_040970 0.021 1 0.0274 0.350 0.0282 0.520 0.0279 0.130 Vector
PBANKA_081070 0.067 1 0.0614 1.000 0.1980 0.000 24.5000 0.000 Vector
PBANKA_144530 0.02 1 0.0000 0.940 0.0000 0.043 4.0600 0.013 Vector
PBANKA_ 112980 0.032 1 0.0322 0.900 0.8940 0.028 2.0600 0.075 Vector
PBANKA_103010 0.019 1 0.0168 1.000 0.1440 0.000 1.3100 0.000 Generalist
PBANKA_ 101160 0.023 1 0.0000 0.890 0.0000 0.041 3.5900 0.073 Generalist
PBANKA_090520 0.025 1 0.0607 1.000 0.0224 0.000 0.0114 0.000 Generalist
PBANKA_145960 0.021 1 0.1560 0.820 0.1560 0.000 0.1540 0.180 Generalist
PBANKA_010830 0.035 1 0.0000 0.980 0.0000 0.006 4.9100 0.014 Generalist
PBANKA_093130 0.029 1 0.0425 0.980 0.0452 0.009 12.1000 0.011 Generalist
PBANKA_031240 0.034 1 0.0054 0.980 0.0836 0.009 2.1600 0.006 Generalist

P _AP10028 0.019 1 0.0000 0.980 0.0000 0.003 6.8000 0.012 Generalist
P A_070210 0.034 1 0.1190 0.770 0.1210 0.230 0.1110 0.000 Generalist
PBANKA_121370 0.017 1 0.1390 0.520 0.1410 0.480 0.1160 0.000 Generalist
PBANKA_131890 4E-04 1 0.0000 1.000 0.1050 0.000 0.0903 0.000 Generalist
PBANKA_102620 0.031 1 0.0843 0.510 0.0846 0.490 0.1210 0.000 Generalist
PBANKA_083320 0.029 1 0.0924 0.860 0.0929 0.000 0.0929 0.140 Generalist
PBANKA_122800 0.026 1 0.2180 1.000 0.1870 0.000 0.1920 0.000 Generalist
PBANKA_061360 0.013 1 0.4680 0.150 0.4680 0.140 0.4680 0.700 Generalist
PBANKA_ 051410 0.037 1 0.0129 1.000 0.1700 0.000 0.1420 0.000 Generalist
PBANKA_140770 0.017 1 0.0827 1.000 0.0896 0.000 0.0847 0.000 Generalist
PBANKA 142720 0.005 1 0.1130 0.890 0.7290 0.000 0.1140 0.110 Generalist
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protein unknown function 2 protein unknown function 3
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P. inui

P. coatneyi
1.0/10

P. knowlesi 125650

P. gonderi

P. berghei 131350

P. yoelii 1314300
P. chabaudi 131680
re Sfalciparum 1449800

10/100 p_jgjchenowi 1449100
—

0.05

Conserved Plasmodium
protein unknown function 4

P. cynomolgi 126530

P.vivax 231290

L.0/100k P yivax 117995

P vivax 114125
P. cynomolgi 113750

P. coatneyi

P. coatneyi

P. knowlesi 112990
P. knowlesi 112930

i‘-Epl voelii 1121200
P. chabaudi111870

1.0/100)
LP. berghei 111920

[P‘ reichenowi 0618400
P. falciparum 0620000

Conserved Plasmodium
protein unknown function 6



1.0/99p P. knowlesi 123630
P. knowlesi 112410

P. coatneyi
P.vivax 117010

1.0/10
P. cynomolgi 124590

1.0/10 P. gonderi

o.sgs'HP. yoelii 1334000
P. berghei 133230
1.0:10cL )

P. chabaudi 133690

P. reichenowi 1468300
P. falciparum 1469100

01 Conserved Plasmodium
protein unknown function 8

€61

1.0/100P. vivax 123360

P vivax 227290

P. knowlesi 143070

1.0/10
P. cynomolgi 144000
L0/10 P. gonderi
0.01/64f=P. yoelii 1433100
-EP‘ berghei 142920
101 b chabaudi 143110
P. reichenowi 1212700
P. falciparum 1213400
—
o Conserved Plasmodium

protein unknown function 11
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rP. Jalciparum 1213200
P. reichenowi 1212500

1.0:‘10trp' chabaudi 143090

LEP‘ berghei 142900
0.97/93k= P ypelii 1432900

1.0/100] P. gonderi
1.0/100 p=P. knowlesi 080650
107109 [P. fmowlesi 143030
1.0/10 P. coatneyi
0.98/6 P.vivax 123355
W 0.96/6 P. cynomolgi 143980
0.68/5 P inui
Conserved Plasmodium

protein unknown function 12



S6T

P vivax 093565
1.0/0.99| — P, cvnomolgi012330

E P, knowlesi 011470
P, coatneyi

. [—

1.0/99

— P inui

P. gonderi
P. chabaudi 080060

1.0/100 P. chabaudi 000230
1.0/99

P chabaudi 000990
1.0/89 P, chabaudi 100140

— P, yoelii 0600600

1{§100
0.98/88 P. yoelii 0801500
77/53[

P yoelii 1201300

0.7/76
P. yoelii 0802700

0.95/ P. yoelii 1001800

1.0/100 |_ P berghei 100050

P. berghei 080030
r P. falciparum 0803600

10101 p yeichenowi 0803200

0.1 Conserved Rodent malaria

protein unknown function
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1.0/90 [P‘ Salciparum 1222000
P. reichenowi 1221300

P. gonderi
P. kmowlesi 143860

0.56/47
P. coatneyi

P.vivax 123735

0.77/59
0.89/65
0.93/72 R P cynomolgi 144780
0.97/30 |P. reichenowi 1104200
P. falciparum 1105700
P. yoelii 0942800

P. chabaudi090310

P. cynomolgi 091270

P. coatneyi
P. knowlesi 090290

o
¥

Conserved protein unknown function

P, vivax 099005
P inui

P. knowlesi 070870

P. coatneyi

1oo7]
] P. cynomolgi071910

P. gonderi
0.70/60f P. berghei 081240

P. chabaudi081270
1.0/100

P yoelii 0815400

0.89/68 P, falciparum 0911300
1-0/100[ P. reichenowi 0909400

P. coatneyi

0.96/57
1.0/100

P inui
1.098 P vivax 096410
0.62/65 P gondgri

P. reichenowi 0715500

110/100 ;
P. falciparum 0718300
1.0/100 f p
P. chabaudi 061760
1.04100
P yoelii 0617700
1.0/96
— P. berghei 061590

0.2

Cysteine repeat modular protein (CRMP)



L6T

P, vivax 094265

1.0/98 I.ME P vivax 121885

P. gonderti

10/08 1.0/98 = P. yoelii 1404200
I-E P. berghei 140060

1.0/100 |_|: P. chabaudi 146810
1.0/100 P chabaudi 140250
P vivax 086930

- 1.0/100

P, inui
1.0/100 P, fnowlesi 073370
L0/98k= p coatneyi
1.0/99] = P, gonderi
1.0/84_E P. yoelii 0839400
P. berghei 083630
107100 YL b chabaudi 083660

[ P. reichenowi 0933900
L0100k p falciparum 0935800
1.0/&[ P. falciparum 0831600
P. reichenowi 0830800
10/100] P falciparum 0220800
107100 P, reichenowi 0219700
P. falciparum 0302200
P. falciparum 0302500
1.0/100 P. reichenowi 0301800
Cytoadherence-linked asexual protein 1075k P reichenowi 0301300

(CLAG)

02
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P, vivax 123985
P inui

0.96/60 D fmowlesi 144390

P. coatneyi

P. cvnomolgi 145280
0.1/97 — P gonderi

P. berghei 144190
P. chabaudi144390

P. yoelii 1446000
P. falciparum 1227100
0.99/92L P seichenowi 1226400

P vivax 118190

0.2

DEAD DEAH box ATP dependent RNA helicase

1023 P. cynomolgi126910
LOPO e P knowlesi 126040
1.0/99
0. P. coatneyi
0 P inui
0'52/52_ P. gonderi
Olog/s7r P. berghei 130970
1.0/100 P, yoelii 1310500
0p6/7
P. chabaudi131290
P. falciparum 1445900
92

P, reichenowi 1445200

0.88/ 71 P. chabaudi 051640
0979 p. yoelii 0516800

0.77/74]

P. berghei 051630
i 2
0.67/64 P. falciparum 1032500
(° P. reichenowi 1031800

P. gonderi

N ol I.P‘ coatneyi
P. inui
kP. knowlesi 061690

0.60/45
P. cynomolgi 062680

P vivax 111100
0.63/65] P. vivax 117040
0.98/344 p cynomolgi 124650

1.0/100

L[.P. berghei 133180
_fP. yoelii 1333500

P. chabaudi133640

=

—I P. falciparum 1468500
9

UWp. eichenowi 1467700
0.5

DERI like protein
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0.63/5d P. vivax 079830

0.90/56fF P. inui
0.97/

70k P. coatneyi
P. cynomelgi 101330
P. knowlesi 100380

=]

.49/6F P. berghei 124300
L0/10 _E- P. yoelii 1245600
B°Lp. chabaudi124310
P. falciparum 0528400
U-BBﬂP‘ reichenowi 0527500
P vivax 113640
0.90/05 P. cvnomolgi 114680
P. knowlesi 113920

| *PP. coatneyi

P. inui

) =P conderi
1.0/10

T)/ss[ P. berghei 010830
0.9 93{ P. y0elii 0109300
P. chabaudi 010890

i P. falciparum 0609800
LOY9Rp, peichenowi 0608500

0.60/6

1.0/56[% P. coatneyi
P. knowlesi 061220
0.64/6 P. cynomolgi 062200

| 37/57 P. berghei 051200
P. yoelii 0512400
1.0.94
P. chabaudi051210

P. reichenowi 1027200
0.99/108 P. falciparum 1027900

bt
%)

DHHC type zinc finger protein

P vivax 101280

P inui

P. coatneyi

P. knowlesi 146510
P. cynomolgi147220

[ P. falciparum 1247800
1.0/98% P yejchenowi 1247200

0.99/85

1.0/78[ P. berghei 146070
WE P. yoelii 1464700
’ P. chabaudi 146300

1.0/92= P, vivax 091465

P inui

P. cynomolgi 092280
P. coatneyi

P. knowlesi 091410

1.0/98[ P. berghei 093130
—E P. yoelii 0932700
1.0/99

1.0/100 P. chabaudi091300
P, reichenowi 1115100
— LSS p foiciparum 1116700

Dipeptidyl amino peptidase DPAP



00¢

0.99/92] I coatneyi
0.94/66 & P fnowlesi 122370

0.99/89) -I

0.98/

0.96/95]

P vivax 082395

P, inui

P. cynomolgi 123350
P. reichenowi 1328000
P. falciparum 1329000
P, yoelii 1345700

P. berghei 134400

P. chabaudi134860

P. chabaudi080730

0.93/86)

0.96/6

1.0/99

P. gonderi

0.71/96

0.91/99
0.97/74} P inui

P. y0elii 0810000

P. berghei 080700

1.0/99)y P falciparum 0318200
.I P. reichenowi 0317500

P. cynomolgi 083150
P. vivax 095320

0.98/84
0.91/72)

0.93/96
0.69/94

008 7

0.99/

P vivax 084365
P. inui
P. coatneyi
P. knowlesi 130560
P. gonderi
P. berghei 060520
P. chabaudi060700

0.58/45

0.75/63

1.0/100

P. yoelii 0606900

P, falciparum 1206600
P. reichenowi 1205900
P inui

P. cynomolgi041460
P. vivax 002755

P. coatneyi

P. knowlesi 040430

P. gonderi

P, yoelii 0313200
P. berghei 031240

kP coatneyi

"L P knowlesi 082310
1

DNA directed RNA polymerase Il

P. chabaudi031450
P. reichenowi 0214600

b “V P falciparum 0215700

DNA directed RNA polymerase
second largest subunit



T0¢

0.62/33F P vivax 080080

0.95/64f p coatneyi
LOBS L P knowlesi 100880

1.0/99 o
P inui

0.99/95
P. cynomolgi101830

ozl & P gonderi
o.dgloal P yoelii 1240600

* P. berghei 123820

ooy /87

= P chabaudi123860
P, falciparum 0523400
P. reichenowi 0522500
[ P. reichenowi 1147500

10100k P aiciparum 1149600

Dnal protein 2

1.0/98

0.90/67]

1.0/100

0.2

P vivax Q87875
P. knowlesi 010510
P. coatneyi

P inui

P. cynomolgi011410

— P gonderi

0.64/57p P, berghei 080430
4[ P, yoelii 0806900
1.0/100
P. chabaudi(080460

1.0/100 [

P. falciparum 0706700

P. reichenowi 0704900

P. vivax 085160

P. cynomolgi 133110
P inui

P. fnowlesi 132290
P. coatneyi

P. gonderi

P berghei 101710

LOOK P y0elii 1018600

P. chabaudi101790

P, falciparum 1427500

099/8;' P, reichenowi 1426800

DNA mismatch repair protein



c0¢

P vivax 110885
P. cynomolgi 063120
0.86/54| P inui
0.61/65
P, knowlesi 062180

0.84/89

0.73/% P coatneyi

Lonool £ gonderi
0.99/45] P. berghei 052040
vosodd P yoelii0520900
P. chabaudi052060
W P falciparum 1037500

0.98/780 P yeichenowi 1036600
P vivax 092875

0.52/46
o0.80/60F L knowlesi 094300
ol o
P inui
P. cyromolgi095100
P. gonderi
0.9257F P. berghei 090360
0970 P 0elii 0904500
P. chabaudi070480
0-70/601 e P falciparum 1145400
0.97/78L P reichenowi 1143800

Dynamin like protein

L0100 P yiyay 111560
LOBF P jnui
LOOR P fmowlesi 060730

P. coatneyi

P. cvnomolgi 061740

P. gonderi

P. berghei 050730

P. yoelii 0507700

P. chabaudi050740

P. falciparum 1023100

P. reichenowi 1022500

1.0/96) P. vivax 081792

P. coatneyi

P. knowlesi 021460

P. gonderi

P. falciparum 0729900
P. reichenowi 0726700

1.0/100

1.0/10q] P. berghei 021400
P. yoelii 0216900

L% b chabaudi 021240

P. vivax 098710
P. eynomolgi 071310
vor100| P. knowlesi 070250

0.72/83

P. berghei 041610
P. yoelii 0418900
P. chabaudi041700

1.0/88% P yejchenowi 0903400
L0 P yivax 091760

P. inui

P. coatneyi

P. knowlesi 092040
P. gonderi

P. berghei 092540

P. yoelii 0926800

P. chabaudi 091900
P. falciparum 1122900
P. reichenowi 1121300

Dynein heavy chain
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1.0/100

1.0/98

0.96/73

1071000 P. gonderiB

1.0/1001 P berghei 113340

P. berghei 113330
P. yoelii1135700

P, chabaudi 113290
109 P chabaudi113280

[ P. falciparum 1357000
P. falciparum 1357100

Elongation factorl

P vivax 114832
P, vivax 114830

1.0/100 |
1.0/48
1.0/100

— P cynomolgi112350

0.97/96fP. vivax 100600
P. inui

P. cynomolgi 145870

P. coatneyi

P. knowlesi 145020
P. gonderi

P. chabaudi 145000

P coatneyi A

1.0/99 _|
Lol p coatneyi B
P. Inowlesi 111400

L1099 P fnowlesi 111390

| £ gonderi A

P. berghei 144770
P. yoelii 1451800
P. falciparum 1233000
0.99/808 P. reichenowi 1232300

0.98/75p P. vivax 113285

P. knowlesi 114750
P. gonderi
0.95/p P. berghei 010120

Tooold £, yoelii 0102200
08810 p chabaudi010190

P. falciparum 0602400

0.99/85 8P, reichenowi 0601000

0.5

Elongation factor G



144

0.99/79 P. vivax 082470
0.80/43f=P. inui
P. knowlesi 122210

P. coatneyi

P. cynomolgi 123190
P. gonderi

P. berghei 134560

P. yoelii 1347300
P. chabaudi 135020

P. falciparum 1330600
-*[P. reichenowi 1329600
P. berghei API0028
07534 b chabaudi AP10028

P. yoelii AP101400

1.0/100) )
_[P. Jfalciparum APT0028
0.99/9

3LP. reichenowi API03000

Elongation factor tufA

1.0/96 P. coatneyi A

P. coatneyi B
P. knowlesi 083510
1.0/100k P knowlesi 131130

1.0/101 P. inui

P. vivax 084645

P. gonderi

0.94/84p=P. yoelii 0612400
iEP‘ berghei 061080
Vb abaudios1250
P. falciparum 1438000
1011000 P pejchenowi 1437300

—f
0.1

Eukaryotic 1nitiation factor 2a
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1.0/100 = P. vivax 090990

P. knowlesi 090350
P. chabaudi 090370
P. berghei 094060

0.95/90k P, yoelii 0942200
P. reichenowi 1104800
*LP. falciparum 1106300
P. vivax 098910
0.97/73f £. fnowlesi 070680

0.99/300 P. coatneyi

P. inui

P. cynomolgi 071720
. gonderi

0.91lsq P. berghei 081060

1.0/10 P. yoelii 0813600
0.84/F8) .
P. chabaudi081090

_IP‘ Jalciparum 0909400
LO/88P, reichenowi 0907500

et
o

Exonuclease

1.0/100f P. reichenowi 0827900
P. faiciparum 0828600
P. chabaudi 093590
P. berghei 070210
0.97/70R P, yoelii 0702300

P. vivax 088920

Iy T )
N b P. cynomolgi 051270

P. inui

1 .,.;ng‘ knowlesi 050230

1p/8sk P coatneyi

=P gconderi
0.96/83p P. reichenowi 1114900
-[P. Salciparum 1116500
N P. yoelii 0932900
P. berghei 093150

0.92/

1.0/100
“kP. chabaudi 091280

P. knowlesi 091390

05

Folate transporter FT



90¢

*_IP‘ Jalciparum 1419800
P. reichenowi 1419100

76/63F P. inui

1.0/1009.97/89)

P. coatneyi
P. knowlesi 132920
P. gonderi

P. yoelii 1025000
P. berghei 102340
P. chabaudi102420
PP chabaudi082500
0.81/54
P. yoelii 0827700
*RP. berghei 082470

P. vivax 099600

P. cynomolgi 073140

P. coatneyi
0.8f/8
P. knowlesi 072100

P. gonderi
P. reichenowi 0921800
LOSRP. falciparum 0923800

0.5

Glutathione reductase GR

P. chabaudi111140

P. berghei 111180
1.0/100

P. yoelii 1113900

e Jalciparum 0512200

10/100k P, reichenowi 0511400

P. gonderi

rP‘ cynomolgi 102950

P. inui

P. coatneyi B

P. knowlesi 011060
L0100k P, fnowlesi 102080

0.1

Glutathione synthetase
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1.0.-'99[P. Jalciparum 1114800
P. reichenowi 1113300
P. knowlesi 091190

P. vivax 091380
P. cynomolgi 092100

0.83/70
p—

1.0/100

P. inui

P. chabaudi091140
P. berghei 093290
1.0/100k P, yoelii 0934300

1.0/96 IP. Salciparum 1216200
P. reichenowi 1215500

P. chabaudi 143390
P. berghei 143190
0.98/74k P. yoelii 1435900
P. cynomolgi 144260

0.69/56)

Glycerol 3 phosphate dehydrogenase

P.vivax 002875
P. knowlesi 040690

P. cynomolgi 041700
P. gonderi

P. berghei 031000
1.0/96

107100k P chabanudi031210
[P‘ faleiparum 0213100
1L.0/100&P. reichenowi 0212000

P.vivax 118690

P. knowlesi 127060

P. coatneyi

P. inui
e P. gonderi
rP‘ yoelii 0310800
101100k p. firlciparum 0201800
7 falciparum 0501100

1-0-"100|'P. reichenowi 0500400

0.1

Heat shock protein 40
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0_98,ng. reichenowi 0915900
P. falciparum 0917900

0.84/64pP. coatneyi

1.0/10!

P. cynomolgi 072550
0.98 3L
P. gonderi

P. chabaudi081920
0.99-'9?[? berghei 081890

L0/98k p 1oeii 0821900

1_0;-9;;[P.faict;varum 0818900

ossd - reichenowi 0818200

P. gonderi

P. cynomolgi 052220
P.vivax 089425

LOBIL P, coatneyi

05

P. chabaudi072100
1_0_-'3% P. berghei 071190

1090k p_ yoerii 0712000

P. falciparum 0831700
1-“-‘95[ P. reichenowi 0830900

Heat Shock protein 70

P.vivax 123745
0.54/56

0.69/59f P inui
1.0/99 P fnowlesi 143880

1.0k7F P, coatneyi
0.95/99 P. cynomolgi 144800
P. gonderi
0.99/{or P. berghei 143730

1.0100LF P yoelii 1441400
099 p chabaudi 143930

P. reichenowi 1221600

1-0f93| P, falciparum 1222300

0.98/64 P vivax 087950

1.0/75 P inui

0.99/75k P, knowlesi 010650
Lonood] coatneyi
P. cynomolgi011550
0901751 £ falciparum 0708400

P. reichenowi 0706600

0.55/54

0.5

0.88/43f P. berghei 080570
P, yoelii 0808700
P. chabaudi080600

0.81/45

Heat shock protein 90
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0.67/83= P, vivax 084190

0.82/51 P inui

1.0/86 F. cynomolgi 131170
P, knowlesi 130170

0.96/71 P. coatneyi

—— P. gonderi
P. berghei 060190
P. chabaudi060370

P. yoelii 0603500
P. falciparum 1202900
0'94%[ P. reichenowi 1202300
P. vivax 089520
P. cynomolgi 052380

1.0/98

0.98/591) . 1o F. coatneyi

P, inui

— P. gonderi
70/54 P. berghei071290

1.0/100 P yoelii 0713000
181 p chabaudio72200

_[ P. falciparum 0817900
0.97/73k P reichenowi 0817200
oL

High mobility group protein B HMGB

P. coatneyi
P. knowlesi 073210

0.71/65 P. gonderi
P. berghei 083480
P. chabaudi083510

P. yoelii 0837900
[P‘ Salciparum 0934000
L0/87h P reichenowi 0932000

P. knowlesi 126120

P.vivax 118235

P. falciparum 1445100
VAP reichenowi 1444400

1.0/10
ooskq P. berghei 130890

P. yoelii 1309700

"33 b chabaudi131210

e
¥

Histidine tRNA ligase



P. vivax 122930 0.52/60 P. cynomolgi 114630
0.52/49 P. cynomolgi 143140 P. coatneyi
P. inui

P. knowlesi 113870
P. knowlesi 142130

0795k P coatneyi

0T¢

P. gonderi

0.98/72]
P. berghei 142060

0.99/86 = P. berghei 010880
0.60/66 P. chabaudi 142240 08771 kb yoelii 0109800
P. yoelii 1424100 P. chabaudi 010940
05747 P. falciparum 0714000 0.-95/83

[P. Jalciparum 0610400
0.98/78k P reichenowi 0711300 1.0/97k P, reichenowi 0609100

P. vivax 114020

o0.50/6q P. vivax 090935
iP. cynomolgi 091210

P. inui
0.73/78)
P. fnowlesi 090230

P. knowlesi 113150
= P. coatneyi

P. coatnevi
0.81/55
67/60p P. berghei 094180 P. cynomolgi 113960
1.0/100f ., .
9990 P yoelii 0943400 P. gonderi
P. chabaudi 090250 P berghei 111710
0.52/68

1.0/87
_[IP.fa[cfparum 1105100 P. chabaudi 111660
1.

0/80R P. reichenowi 1103600

P. yoelii 1119100
P. falciparum 0617900
1.0/99 kP, reichenowi 0616300

i
0.05

Histone H2B Histone H3
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0.52/50 P. ecynomolgi 114630

P. coatneyi
P. knowlesi 113870
P inui

P. vivax 113665

0.99/85p P. berghei 010880
08771} k=P yoelii 0109800
P. chabaudi010940

[ P. falciparum 0610400
1.0/97k P yeichenowi 0609100

P. vivax 114020

0.95/82

P.inui

P. knowlesi 113150
P. coatneyi

P. cynomolgi 113960

P. gonderi

P. berghei 111710
P. chabaudi 111660
P. yoelii 1119100
P. falciparum 0617900
P. reichenowi 0616300

Hypothetical protein

1.0/100 JP. vivax 094380
P. vivax 193290

P. knowlesi 080230
P. coatneyi

P. inui

1.0/100 L
P. cynomolgi 081300

P. gonderi
0.98/80 p=P. berghei 120200
I-EP. yoelii 1204500
0100 Ly baudi 120270
[P‘ Jalciparum 1003600
1.0/100 kP, reichenowi 1003000

—
0.05

Inner membrane complex protein 1¢ (IMClc)
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P. eynomolgi 146090
P. gonderi

0.98K6 pP. berghei 144980
_EP voelii 1453800

03583k chabaudi1as210

P. falciparum 1235200

0-99-‘"94-IP‘ reichenowi 1234400
0.62/74 [ P. vivax 117625
0.95/100 b P. inui

o0.s8/58 | B knowlesi 124930
0.97/fF * P. coatneyi

P. gonderi
1.0/100

o3 P. berghei 132050
LOPS R P yoelii 1321300
P. chabaudi 132380
07379) »P. falciparum 1456800

L0991 P, reichenowi 1456100
05

Inorganic pyrophosphatase VP

P, vivax 003785
P. knowlesi 041280
P. coatneyi

0.97/64
0.89/96
0.99/75
0.80/60 F inui
P. cynomolgi 042320

P. gonderi

1.0/100 JL.O99 P perghei 030460
—E P, yoelii 0305500
Y099 k= P chabaudi 030680

P. reichenowi 0206200
0.99/80 * P. falciparum 0207200

0.62/67 = P vivax 095103
0.98/67 o
P inui
0.79/65
1.0/98 P cynomolgi 082730

P. knowlesi 081813
P. coatneyi

1.0/99

0.98/89
P. gonderi

_[ P. faleiparum 0322500
1.0/99 * P. reichenowi0321800
1.0/98F P chabaudi121670

P. berghei 121600

#* & P yoelii 1218600

P. coatneyi
P, knowlesi 100950
P vivax 080115
P. chabaudi 123790
P, yoelii 1239900
P. berghei 123740
P reichenowi0sisoo  Lron sulfur assembly

P falciparum 0522700 protein SufA

0.97/75

—
0.2



4

0.89/71

P. vivax 081250

0.85/63 kP jnui
0.83/82 .
P. coatneyi

P. kmowlesi 020210

P. berghei 020270

P. yoelii 0205600

P. chabaudi020110
05140\ p P, falciparum 0111000
0.99/90 & P. reichenowi 0108800

P. vivax 095265
07355 ku b knowlesi 082160
0.95/82 .
0.86/38 P. coatneyi

P. inui

P. cynomolgi 083040
1.0/100 = P. gonderi

05

p2/60 | P. berghei 080390
P. yoelii 0808900

P. chabaudi 080620

P. falciparum 0319400
1.0/818 P, rejchenowi 0318700

Kinesin 8

0.90/54

64

1.0/93

P. vivax 088015
P.inui

10/98 P. coatneyi
P. knowlesi 010790
w— P gonderi
1.0/90

P. knowlesi 010780
P.vivax 088010
P. cynomolgi 011680
P. inui

P. gonderi

ll-ﬂcP. yoelii 1222900

P. berghei 122020
1-'3-‘100|_EP‘ chabaudi 140060
/41 1.0/96

P. chabaudi 122090
EP‘ chabaudi 122100
1.0/100 P. berghej 122030

1.0/95 P. yoelii 1223000
1.0/99

P.vivax 112700
Lo1m P. coatneyi
1.0/100 ' €)

P. cynomolgi 002250
P gonderi
P. gonderi
1.0/100
1.0/99

:P. gonderi

P.inui
1.0/96
0.95/60

1.0/100

0.59/53
1.0/76

1.0/81

P.vivax 090280

P. cynomolgi 053800
1.0/95 ’ £

0.65/50 1.0/92

1.0/96

P. knowlesi 052800
P. coatneyi

0.75/53

r P. falciparum 0709700

L0/100 %P peichenowi 0707900

EP. Jaleiparum 0702200
1.0/101

P. reichenowi 0700400

—t

Lysophospholipase



P. vivax 116630

000550 knowlesi 122820

09379 4k P, coatneyi
0.99/92
P. inui
0.93/84

P. cynomolgi 123790 0.82/69 pP. vivax 123530

P. gonderi P. knowlesi 143420

09416 P. berghei 134010 1.0/100 | 1.0/97

P. berghei 143270
LOBSR P yoelii 1436800

1.0/100 P. yoelii 1341800

1474

0975k p. chabaudi 134470 P. chabaudi 143470

P. reichenowi 1323900 0.82/60  Jalciparum 1217100

0.95/740P. falciparum 1324900 1.0/96 VP. reichenowi 1216400

P. vivax 114050 0.68/52 P. vivax 111340

P. knowlesi 113090 0.99/88 kp jnyi

0.85/75
P. coatneyi

P. cynomolgi 062170
0.98/93
P. inui

P. coatneyi

P. cynomolgi 113900

* = P. knowlesi 061190
0.93/69 P. gonderi r
0

P. berghei 051170

P. berghei 111770 P. voelii 0512100

P. chabaudi051180

P. chabaudi111720

1.0/98

P. yoelii 1119700

P. reichenowi 1026900

L. falciparum 0618500 1.0/95%P. falciparum 1027600

1.0/97 0 P. reichenowi 0616900

05

Malate dehydrogenase MDH Meiotic recombination protein SPO11
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0.99/84 mP vivgx 079875

F. coatneyi

P. vivax 000780

0.98/90 P. knowlesi 030530

o.do/7g] - F. coatneyi

0.69/4

P. inui

0.67/73 P. knowlesi 100470
Qo3 pP. berghei 124210
P. yoelii 1244500

0/99

P. chabaudi 124250
. falciparum 0527300
0.96/60 kP, reichenowi 0526400
P. vivax 094985
o.68/50 [P- cynomolgi 082510
P.inui

P. knowlesi 081530

0.7H55 P coatneyi

1.0/100

P. gonderi
0.72/71 P. berghei 100690
#| 1098 P yoelii 1008300
P. chabaudi 100780
0.98/86 [ P. falciparum 0409300
1.0/95k P yeichenowi 0406700
P. vivax 117705

0.53/46
P. inui

0.84/76)
0.75/8_

P. coatneyi

P. knowlesi 125120

= P. gonderi

1.0/100] P. berghei 131890
=T P. chabaudi 132220

P. gonderi
/88 p P. voelii 1216300
* P. berghei 121370
*I°Lp. chabaudi121440
0.85/83 . falciparum 1015300 'E'

1.0/99 8 P. peichenowi 1014700

=
2

Methionine amino peptidase

0.927972
P. yoelii 1319700

_[ P. falciparum 1455200
0.99/89L p yeichenowi 1454500

Methyltransferase
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P. eynomolgi 132800

1.0/99 P. knowlesi 131960

1.0/94 P. coatneyi

1.0/97

e . gONdleT i

P. falciparum 1430700
lm[? reichenowi 1430000
P. berghei 101400
P. yoelii 1015500

1099 b p chabaudi 101480

P. cynomolgi 134020
P. vivax 085625

1.0/97
0.96/77 P. gonderi

P. reichenowi 1415800

1.0/100 8P, falciparum 1416500

1.0/100 P. berghei 102620
P. yoelii 1028300
1098 L p chabaudi 102700
—
0.1

NADP specific glutamate
dehydrogenase GDH

0.87/5 P. vivax 096360
0.99/74 P. knowlesi 031300

P. cynomolgi 032330
P. berghei 061670

P. chabaudi061840
P. yoelii 0618500

P. falciparum 0719200

"B E P, yoelii 0602200
P. falciparum 1201600
L0558 p, peichenowi 1201000
P.vivax 124045
Lo/s1 093748 P inui
E‘_;g’;% P. cynomolgi 145400

P. coatneyi
P. knowlesi 144510
P. gonderi
P. falciparum 1228300
P. reichenowi 1227600
P. chabaudi 144520

*8P. yoelii 1447100

0.67/35 P. berghei 124070
P. yoelii 1243100
P. chabaudi124110
O P. falciparum 0525900

L.0/99% P, coatneyi
0.5

NIMA related kinase (NEK)



LT¢C

0.79/81 P. inui

0.93/94 P. evnomolgi 021900

P. coatneyi

7, i0?2
1.0/100 P. knowlesi 020840

P.vivax 081515

P. gonderi

1.0/93 P. chabaudi020670
P. chabaudi 114680

P. berghei 020830

0.99/81

L0700 LP‘ yoelii 0211200

[P. reichenowi 0102700

1.0/100 &= P. falciparum 0104800

Novel putative transporter 1 NPT1

P vivax 098980

0.92/90 P inui

P. knowlesi 070820
0.98)5|

1.0/100 P. coatneyi

P. gonderi

0.99/60 pP. berghei 081190

P. yoelii 0814900

P. chabaudi 081220
0.99/93 . falciparum 0910800
P. reichenowi 0908900

1.0/97
0.58/50 pum P yivax 092045

P. eynomolgi 093480

1.0/90
0.98/92

0.95/87

P. knowlesi 092640
0.93/63 p P. yoelii 0921200

P. reichenowi 1127000
falciparum 1128500

P. gonderi

bt
%)

Nucleotide binding protein
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1.0/100 | P vivax 085855

0.73/57

P vivax 249300
1.0/98

0.82/65
P inui
1.0/100
P, knowlesi 133560

I— P. coatneyi

r P. falciparum 1412000

10100 L' p reichenowi 1411300

0.56/61 P inui

0.61/55 P. coatneyi

P. cynomolgi 134480

1.0/99
P. vivax 085860
0.90/72 P. gonderi
P, chabaudi103140
L.0/100 P. yoelii 1032700
1.0/100 1.0/96 P. berghei 103060

P, reichenowi 1411200
1.0/100 [ P. falciparum 1411900

P1sl nuclease

0.1

P. cynomolgi 134470

P, knowlesi 133570

0.80/61 P, inui
0.80/63 P vivax 111180
1.0 P. eynomolgi007100
1055 P. cynomolgiB 062530
1.0/96 P. coatneyi
1.0/93 P knowlesi 0615600
P. gonderi
0.98/83 P. yoelii 0515300
— P, berghei 0514900
1.0/100
P. chabaudi0515000

r P. falciparum 1030900

101001 p 1ichenowi 1030200

—
0.05

P28
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P vivax 091415

P, inui

P. cynomolgi092170
P. knowlesi 091260

P. coatneyi

0.99/54 P gonderi
P. knowlesi 091240
P. coatneyi
1.0/54F" P, vivax 091405
- P. coatneyi
P knowlesi 091250
P, inui
0.92/78] P vivax 091410
P. cynomolgi 092160
L0/100 P. gonderi
_[ P. falciparum 1115400
[ P. reichenowi 1113900
.0/99 P. falciparum 1115300
1.0/100 ¥ P. falciparum 1115700
0.97/97% P. reichenowi 1113800
LOSSE P perghei 093240
—E P. yoelii 0933800
1.0/100

P. chabaudi091190

P, vivax 117565

P, vivax 195290

P. cynomolgi125710

1.0/97 P knowlesi 124810
P. coatneyi
0.98/80 P inui
B P. gonderi
P, falciparum 1458000

L.o/100] 1-0/100" P reichenowi 1457300

1.0/S5F P berghei 132170
==~ P yoelii 1322500
Papain : P chabaudi132500

—
0.2

1.0/93 P vivax 087085
0.96/77 P inui
0.99/95 )
P. coatneyi
0.92/85
P. knowlesi 073060
P. gonderi
1.0/100

0.95/65  P. berghei 083320

1.0/95 P, yoelii 0836300

P. chabaudi083350

[ P. falciparum 0932400
1.0/98

P. reichenowi 0930400

0.60/66 P vivax 085115

1.0/99 P inui

0.99/99 P. knowlesi 132170

077/58

P, coatneyi
0.64/65 .
— = P gonderi

[ P. falciparum 1428600
1.0/94

P, reichenowi 1427900

—E P. berghei 101610
0.94/72

P, chabaudi 101690

0.2

Peptide release factor
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P vivax 118545
P. knowlesi 126740
P coatneyi

0.99/73
1.0/72

0.98/76

P inui

P. gonderi

P. berghei 130280

P. chabaudi 130600

P, yoelii 1303600

P, falciparum 1438900

1.0/89 * P reichenowi 1438200
0.73/54 P vivax 093630
0.70/92 I* P cynomolgi 012480
0.96/72 [ P inui

"0/90 P knowlesi 011610

osdur P coatneyi

1.0/100 P. berghei 122800

_[ P yoelii 1230700
LUS7L p chabaudi 122870
P. falciparum 0802200
0.99/83 * P reichenowi 0801800

0.63/93
0.97/75

P. coatneyi

P inui

P, vivax 123435
093671 P berghei 143080

P, voelii 1434700

P. chabaudi 143270

P. falciparum 1215000
/96 P. reichenowi 1214300
P. gonderi

0.68/63

1 . .
Peroxiredoxin

thioredoxin peroxidase

=l
[}

*rm P vivax 110925

1.0/99 P. cynomolgi 063030
1.0/92
P. knowlesi 062090
0.99/87 P. gonderi
P. berghei 051970
P. chabaudi051990
1.0/97

P. yoelii 0520200

_[ P. falciparum 1036700
0.94/65 b P reichenowi 1035800
0.88/75 P, vivax 094525

0.57/63
0.99/93

P, inui
P. knowlesi 080530

0.74/71 P coatneyi

I- P. falciparum 1006600
1.0/93 Y P rejchenowi 1006000

1.0/100 | « P berghei 120480
P. yoelii 1207400

02 P. chabaudil120550

Phosducin like protein PhLP
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0.52/49 P. inui
0.55/45 P coatneyi
0.98Y7 P, knowlesi 030260
1.0/100

P, vivax 000630
1.0/100

—— P. cynomolgi 031970

P. gonderi

P. chabaudi 061530

1.0/100 P. yoelii 0615400
0.68/61 P. berghei 061360

1.0/100 [ P. falciparum 1102400

P, reichenowi 1100900

1.0/100

[ P. falciparum 0412300
1.0/100

P. reichenowi 0409700

Phosphopantothenol cysteine synthetase

Loee

1onoo [ P. knowlesi 132010

P coatneyi

P viva 083030

P. inui

P. reichenowi 1429500
P. faiciparum 1430200

* P berghei 101450

P. yoelii 1016000
P. chabaudi 101530

w2 P knowlesi 011000
P. coatneyi

oo™ P vivax 088125

084

P inui

1058

0.99/82

OF P. falciparum 0808200
P. reichenowi 0307300

P. berghei 122250

P. chabaudi 122310

P. coatneyi

P inui

P.vivax 111035

P knowlesi 061820
P. chabaudi 051770
P. berghei 051760

092 { P. yoelii 1225200

P inui

1088
pr—
09885
1.0/100
0.99/88
bt
0.7248 10
-
0

P. yoelii 0518100

3
LI P. faicipartm 1033800
1088

P. reichenowi 1033100
0.83/56
1083

P inui

P. vivax 086040

P. knowlesi 133920
P coameyt

P. gonderi

P. faiciparen 1407800
P. reichenowi 1407100
P. falciparim 1407900
P. reichenowi 1407200
P. faiciparum 1408000
P. reichenowi 1407300
P falciparum 1408100
P. reichenowi 1407400
P. chabaudi 103520

P. yoelii 1036500

P. berghei 103440

P. knowlesi 123990
P vivax 117180
P. cynomolgi 124930

P coatmeyi

P. reichenowi 1464900
P falciparwm 1465700
P. yoelii 1330800

P. berghei 132910

P. chabaudi 133370

P vivax 119690

P. lcnowlesi 082830

P. chabaudi 041060

P yoelii 0412300

P. berghei 040970

P. reichenowi 0311000

1L022R P falciparum 0311700

Plasmepsin
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P vivax 111220
P inui
P. cynomolgi 062430

P. coatneyi
P. knowlesi 061440

1.0/70
0.93/66
0.92/65

1.0/100
1.0/100

P. gonderi

P berghei 051410

P yoelii 0514500

P. chabaudi051420
P, falciparum 1030100

0.99/94 % P reichenowi 1029400
0.99/70 F P vivax 099300

- 0.99/70
1.0/100

1.0/98
1.0/93
1.
1.0/100
1.0/1‘

P inui

P coatneyi

P knowlesi 071490

P. gonderi

P. berghei 081860
P. yoelii 0821600

0% P chabaudi081890
P, falciparum 0917600
P. reichenowi 0915600

P vivax 115175

P inui

*

0.72/54
1.0/86

1.0/96 _
1.0/100 P. coatneyi
P knowlesi 110640
LO/82 | & P gonderi
0.94 P, yoelii 1142600

P. berghei 114020
0L p chabaudi 113970

1.0
ﬁP. Jalciparum 1364300
P reichenowi 1363200

1.0/100

#*

—
0.5

Pre mRNA splicing factor ATP dependent RNA helicase

P. vivax 090165
P, knowlesi 052600

0.99/69
0.99/60
0.99/65
1.0/100

P. coatneyi

P, inui

1.0/97
P. cynomolgi053590

P. gonderi

D100 ¢ P. berghei 052290

=

1.0J100 P. yoelii 0523400
P. chabaudi052310

0.57/53 P. falciparum 0422500
1.097L P peichenowi 0419700
P, vivax 118535

1.0/98 [
P, knowlesi 126720

0.96/91
1Plo71 P berghei 130300
P, yoelii 1303800
1_0/103' P, chabaudi 130620
P. falciparum 1439100
0.99/91 ¥ P reichenowi 1438400

0.5

Pre mRNA splicing helicase
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0.99/97

0.86/

0.55/99

0.9787

1.0/97

0.90/72
0.99/85

0.9988

1.0/100

0.95/91
0.98/90

0.95/83
0.99/92

P vivax 123260

P fnowlesi 142830

P. coatneyi

P inui

P. berghei 142720

P, yoelii 1431000

P chabaudi 142900

P, falciparum 0810300
P. reichenowi 0809600
P. gonderi

P. berghei 140770

> ¥ P chabaudi 140960

P, yoelii 1411300

P. falciparum 1309200
= P reichenowi 1308200
P. gonderi

P knowlesi 140810

= P coatneyi

P, vivax 122290

= P cynomolgi 141870

0.2 0.75/67k P inui

Protein phosphatase 2C

P. coatneyi

P. knowlesi 103190

P. inui
1.0/100

P. vivax 097590

1.0/83 b P o011V

P. chabaudi 110110

107100 _EP. yoelii 1103600
1.0/95 ke P herghei 110140
1.0‘-'100[P‘ reichenowi 0500800

L. falciparum 0501500
| i reichenowi 0500900

1.0/100 LP. Jalciparum 0501600

0.1

Rhoptry associated protein 23



1444

P. ¢cynomolgi 126660
P. gonderi
/93pP. berghei 131220

1.0/100 P. yoelii 1313000

094k p chabaudi 131550
P. falciparum 1448400
*bP. reichenowi 1447700

175k P. coatneyi

P. gonderi

. Jalciparum 0313100
P. reichenowi 0312400

0.5

0.0/ qip P. berghei 041080
P. voelii 0413700
075U p chabaudi 041170

SELI protein

1, 3
0.90/71 P. vivax 123480

0.77/72 |-P. cynomolgi 144240

0.97/74 0k P. inui
0.52/59
P. coatneyi

e P. knowlesi 143310

= P. gonderi
|_ .82/58p P. berghei 143170
LOBAR P yoelii 1435700
P. chabaudi 143370

0.86/77 P. falciparum 1216000

1.0/96 & P. peichenowi 1215300

P. vivax 000545

P. gonderi
P. falciparum 0717700
/100 P, peichenowi 0715000

1.0/100
P. berghei 061540

P. chabaudi061710
P. yoelii 0617200

0.91/59

bt
%)

Serine tRNA ligase
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0.76/53

0.76/64
-

Lo% P. vivar 003850
P. cynomolgi 042190
P. inui B
P. knowlesi 041200
P. coatneyi

0.
P. vivax 003845
P. cynomolgi 042200
P. inui

1.0/96 .
1.0/%3 P. coameyt
_*: PP. vivax 0‘03'%342%
. . cynomolgi 04222
Lo + P, viva; D03830
P. vivax 003840
P. cynomolgi 042210
35 1.0/100 P. c:wwmoigz?' 042230

P. inui

P. knowlesi 041210
s oy P. coatneyi

10/100 "P. vivax 003805

1.0/68

1.0/64

1.0/100
.o/100 P. vivarc 003825

R P cynomolgi 042280
P. vivarc 003820
P. vivax 003810
P. cynomolgi 042270
Plinut
P. knowlesi 041230
P. coatneyi

P. cynomolgi 042240

P. gonderi

u.?u 48 P. gonderi
0.91/50 P. gonderi
1.0/100 . gonderi

1.0/91

0.94/67

1.0/95

1.0/100

1.0/100 1.0/100
1078 | 1091
P. gondert

1.0/100

e P. gOWclEr |

1.0/100 P. chabaudi 030700
_E P. yoelii 0305700
1.0/55 1.0/98 P."berghei 030480

10100 P falciparum 02074
P reichenowi 0206400 (SERA)

—
01

P §0)1deri
| S—yi
1.0/100 P. chabaudi 030720
L0100 _E P. yoeli1 0305900
- 1095 P."berghei 030500
P. chabaud; 030730
mE P. yoeli1 0306000
1.0/55 ke P. berghei 030510

10100 o™ P frlciparum 0207900
P. reichenowi 0206800
0 g P. falciparum 0207700
P. reichenowi 0206700
P. falciparum 0207800

. falciparum 0207600
P. reichenowi 0206600
P. falciparum 0208000

P. reichenowi 0206900
r P. falciparum 0902800
1.0/100 W= P. reichenowi 0900900

1.0/67 P. cynomolgi 042290

P. vivars 003800
P. inui
P. coatmeyi
P. kmowlesi 041250

1.0/100 P. chabaudi 030710
P. yoelii 0305800
1.0/94 P berghei 030490
P. falciparum 0207500

P. reichenowi 0206500

P. cynomolgi 042300
P. vivax 003795
P. inui
P. kmowlesi 041260
P. coatneyi

Serine repeat antigen
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Figure S4-1. Bayesian Inference (Bl) and Maximum Likelihood (ML) trees showed almost identical topologies, so
only Bl topology is shown. Asterisks (*) indicate conflicting branching patterns. Posterior probabilities (PP) and
bootstrap values (BV) are shown next to the phylogenetic tree nodes (PP/BV). Paralogs identities are indicated by a
combination of the species name and PlasmoDB identification numbers. The name of each multigene family is
indicated at the bottom of each tree. The number of sequences and nucleotide positions varied among aligned multigene

families. The most informative nucleotide substitution model was estimated for each multigene family alignment.



T€C

1.0/91 P. inui
P.vivax 114125
P. cynomolgi 113750

P. coatneyi
P. coatneyi

LrP. knowlesi 112990
1.0/95km P fnowlesi 112930

. P. yoelii 1121200
r—P. chabaudi 111870
1.0/100

LP. berghei 111920

1.0..-'1oo|-PRCDC 0618400
LpPF3D70620000

0.1

Conserved Plasmodium protein unknown function 6



P vivax 093565
1.0/0.99 |_— P cynomolgi012330
P. knowlesi 011470
IEP. coatneyi

e P 11041

1.0/99

;. J—

P. gonderi
P. chabaudi 080060
P. chabaudi 000230
P. chabaudi 000990

cee

1.0/89 P. chabaudi100140
P. yoelii 0600600
P. yoelii 0801500
P. yoelii1201300
P. yoelii 0802700

P. yoelii 1001800
1.07100 |_ P, berghei 100050

P. berghei 080030

r P. falciparum 0803600

10101 p reichenowi 0803200

—
0.1

Conserved Rodent malaria protein unknown function



€ee

P, vivax 094265

1.0/98 I.ME P. vivax 121885

P. gonderi

los 1.0/9i;_|: P. yoelii 1404200
P. berghei 140060
1.0/100 LI: P. chabaudi 146810
1.0/100 P chabaudi 140250
. . P, vivax 086930
P inui
1.0/100 P. knowlesi 073370
L098k= p coatneyi
1.0/99] — P. gonderi

1.0/84_E P, yoelii 0839400
P. berghei 083630

1.07100 LML — b chabaudi 083660
[ P. reichenowi 0933900

10100k p falciparum 0935800

P. falciparum 0831600

P. reichenowi 0830800

P. falciparum 0220800

P. reichenowi 0219700

P, falciparum 0302200

P. falciparum 0302500

P. reichenowi 0301800
P, reichenowi 0301300

1.0/100

1.0/100

Cytoadherence-linked asexual protein 1.0175
(CLAG) L

0.2



14 %4

—I.O/IOOI P vivax 114832
1.0/48 P vivar 114830
# P inui A

1.0/100| P inuiB

0.96/73 — P. cynomolgi112350

1.0/99 |_ P. coatneyi A

LO100L p coatneyi B

1.0/98 P knowlesi 111400

L0 p rnowlesi 111390

| P, gonderi A

1.0/100 1.0/100] P. gonderiB

1.0/100] P berghei 113340

P, berghei 113330
P. yoelii 1135700

P. chabaudi113290
P. chabaudi113280

1.0/100

[ P. falciparum 1357000

—
0.05



GEC

P. chabaudi111140

P. coatneyi A 1.0/10
) P. berghei 111180
b coatneyi B 107100 0.90/6 % P y0¢Jif 1113900

re Jfalciparum 0512200
10100 P, rojchenowi 0511400

1.0/100k P fnowlesi 131130

1.0/100) P. inui
P. gonderi
P vivax 084645
= P. cynomolgi 102950
P. gonderi
P. inui
0.94/54= P. yoelii 0612400 1.0/10
_— P. vivax 080630
%P. berghei 061080 0.97/77
/ ) P. coatnevi A
Wb chabaudios1250 0.91/67 e
P. coatneyi B
P. falciparum 1438000 1.0/94 €)
1.0/87] P. knowlesi 011060
1071000 p. yeichenowi 1437300
1.0/100ks P frnowwlesi 102080
—
01 —
01
Eukaryotic initiation factor 2a Glutathione synthetase

Figure S4-2. Bayesian Inference (Bl) and Maximum Likelihood (ML) trees showed almost identical topologies, so

only BI topology is shown. Asterisks (*) indicate conflicting branching patterns. Posterior probabilities (PP) and
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bootstrap values (BV) are shown next to the phylogenetic tree nodes (PP/BV). Paralogs identities are indicated by a
combination of the species name and PlasmoDB identification numbers. The name of each multigene family is
indicated at the bottom of each tree. The number of sequences and nucleotide positions varied among aligned multigene

families. The most informative nucleotide substitution model was estimated for each multigene family alignment.
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Figure S4-3. Bayesian Inference (Bl) and Maximum Likelihood (ML) trees showed almost identical topologies, so
only Bl topology is shown. Asterisks (*) indicate conflicting branching patterns. Posterior probabilities (PP) and
bootstrap values (BV) are shown next to the phylogenetic tree nodes (PP/BV). Paralogs identities are indicated by a
combination of the species name and PlasmoDB identification numbers. The name of each multigene family is
indicated at the bottom of each tree. The number of sequences and nucleotide positions varied among aligned multigene
families. The most informative nucleotide model was estimated for each multigene family alignment. Branches under
significant episodic selection are marked in red. Paralogs names are indicated in red fonts when terminal branches
showed significant signs of episodic selection. The strength of the selective signal (®) and the percentage of positively

selected sites are shown alongside branches under episodic selection.



