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Abstract

The increasing prevalence of infections involving intracellular apicomplexan parasites such as
Plasmodium, Toxoplasma, and Cryptosporidium (the causative agents of malaria, toxoplasmosis
and cryptosporidiosis respectively) represent a significant global healthcare burden. Despite their
significance, few treatments are available; a situation that is likely to deteriorate with the
emergence of new resistant strains of parasites. To lay the foundation for programs of drug
discovery and vaccine development, genome sequences for many of these organisms have been
generated, together with large scale expression and proteomic datasets. Comparative analyses of
these datasets are beginning to identify the molecular innovations supporting both conserved
processes mediating fundamental roles in parasite survival and persistence, as well as lineage-
specific adaptations associated with divergent life cycle strategies. The challenge is how best to
exploit these data to derive insights into parasite virulence and identify those genes representing
the most amenable targets.

In this review, we outline genomic datasets currently available for apicomplexans and discuss
biological insights that have emerged as a consequence of their analysis. Of particular interest are
systems-based resources, focusing on areas of metabolism and host invasion that are opening up
opportunities for discovering new therapeutic targets.
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Introduction

Apicomplexans are a group of single celled obligate eukaryotic intracellular parasites
(Cavalier-Smith, 1993, Adl et al., 2007), that form a major clade of the superphylum,
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Alveolata. The prevalence of infections involving parasites such as Plasmodium,
Cryptosporidium and Toxoplasma (the causative agents of malaria, cryptosporidiosis and
toxoplasmosis) represents a huge burden on child health worldwide: malaria impacts over
200 million individuals and Kills over 300000 children (WHO, 2016); Cryptosporidium
infections are the 2" leading cause of the 800,000 infant diarrheal associated fatalities
(Kotloff et al., 2013, Checkley et al., 2015); while Toxoplasma, which is estimated to infect
about 30% of the worldwide population (Flegr et al., 2014), is the leading cause of infectious
retinitis in children and is life-threatening in pregnancy and to the immunocompromised
(Figure 1) (Garza-Leon and Garcia, 2012, Torgerson and Mastroiacovo, 2013, Schluter et al.,
2014). Other species, such as members of Eimeriaand Neospora, have a significant impact
on agriculture, causing huge losses in the poultry (McDonald and Shirley, 2009) and cattle
(Goodswen et al., 2013) industries, respectively. Despite their significance, treatment options
are limited and the emergence of strains resistant to current drugs highlights an urgent need
to develop new therapeutics (Hyde, 2007, Petersen et al., 2011a, Doliwa et al., 2013, Miotto
et al., 2013, Seeber and Steinfelder, 2016). To help drive such programs, technological
advances in sequencing and other high-throughput approaches has enabled researchers to
assemble extensive genomic, transcriptomic, and proteomic datasets for many of these
organisms. The current challenge lies in integrating these complementary datasets to better
understand the biological processes by which these parasites are able to infect their hosts
and cause disease, with emphasis on identifying which proteins play essential roles and may
be targeted for intervention strategies.

Apicomplexan parasites inhabit a wide range of environments, from marine to terrestrial,
and also exhibit variation in host specificity. They possess complex life cycles, often
involving multiple hosts and developmental stages (Figure 1b). These stages include:
sporogony (invasive stage, with a single round of asexual reproduction), merogony (invasive
stage, with multiple rounds of asexual reproduction) and gametogony (sexual reproduction).
These stages may occur in the same organism and same tissue (monoxenic lifestyle) or in
different organisms and different tissues (heteroxenic lifestyle).

Apicomplexans can be classified into three major clades based on their phylogenetic
relationships and host specificities: Aconoidasida, Coccidia and a third lineage featuring
Gregarina and Cryptosporidium species (Barta and Thompson, 2006, Adl et a/., 2007,
Wasmuth et al., 2009). The Aconoidasida include the Haemosporida (Plasmodium) and the
Piroplasmida (Babesia and Theileria), and lead heteroxenous life cycles, alternating between
an arthropod vector, in which the parasite undergoes sexual reproduction, and a vertebrate
host supporting asexual propagation, typically in the circulatory system. On the other hand,
Cryptosporidium species are restricted to the gastro-intestinal (Gl) tract of animals while
Coccidia feature members that are either fully, or partially restricted to the Gl tract. For
example, the coccidian Eimeria tenella, which causes coccidiosis in poultry, undergoes a
monoxenic lifestyle, restricted to a single host in which it colonizes epithelial cells of the
intestine. Other, so called ‘tissue-cyst forming’ coccidians such as Sarcocystis hominis and
Toxoplasma gondii feature heteroxenous life cycles where gametogony occurs in the
intestinal epithelium of the definitive host (e.g. cat for 7. gondiiand human for S. hominis)
and merogony occurs in the tissues of intermediate hosts. Although individual lineages share
distinctive life cycle strategies, each species has its own specialisation with respect to host
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range, and even the tissue type that it infects (Cowper et al., 2012, Woo et al., 2015). For
example 7. gondiiis thought to be capable of exploiting all warm blooded animals as
intermediate hosts, while S. hominis relies on bovines as its intermediate host. Likewise,
although all ~200 Plasmodium species infect erythrocytes, they show specialised
adaptations; £ vivaxonly infects smaller (or) newer reticulocytes (Malleret et a/., 2015),
whereas P, falciparum can infect all reticulocytes (White, 2009).

All apicomplexans are characterised by several unique ultrastructural features and organelles
that provide essential functions for the parasite to complete its life cycle (Figure 1a). The
inner membrane complex (IMC) is a highly specialised endomembrane system found
directly beneath plasma membrane in all alveolates, made up of several flattened sacs called
alveoli, providing shape and stability to the cell as well as enabling replication, motility and
invasion (Gubbels and Duraisingh, 2012, Harding and Meissner, 2014). The unique
secretory organelles found at the apical end of the parasite — the bar shaped micronemes,
club shaped rhoptries (consisting of two subcompartments — rhoptry neck region and rhoptry
bulb region), and dense granules — are instrumental for carrying out motility, invasion, and
host modulation processes (Kemp et al., 2013). Dense granules are known to be present in
Coccidia and Cryptosporidium (Bonnin et al., 1995). Although dense granule-like structures
have been identified in 7heileria (Shaw et al., 1991), Babesia (Gohil et al., 2010) and
Plasmodium (Culvenor et al., 1991), it is not clear whether they perform equivalent roles
(Mercier et al., 2005). Another unique aspect of apicomplexans is the apicoplast, which is a
four-membraned organelle hosting several important metabolic pathways and essential for
the survival of the parasite (Lim and McFadden, 2010, McFadden and Yeh, 2016). This
organelle is absent in Cryptosporidium and Gregarina.

In 2002, the first genome of an apicomplexan, P, falciparum, was sequenced (Gardner et al.,
2002). Since then, the advent of next generation sequencing (NGS) technologies have
resulted in increasingly impressive genomic and transcriptomic datasets (Goodwin et al.,
2016). Over the last decade, genomes from all major apicomplexan clades have been
generated, along with their close relatives, the free living, non-parasitic chromerids
(Abrahamsen et al., 2004, Xu et al., 2004, Gardner et al., 2005, Pain et al., 2005, Carlton et
al,, 2008, Reid et al., 2012, Walzer et al., 2013, Reid et al., 2014, Blazejewski et al., 2015,
Woo et al., 2015, Lorenzi et al., 2016b) (Figure 1d). Further, falling costs in sequencing is
ushering in a new era of population genomics (Ellegren, 2014), in which tens or even
hundreds of isolates may be sequenced to gain insights into evolutionary dynamics and
epidemiology (Miotto et al., 2013, Miotto et al., 2015, Lorenzi et al., 2016a).

Analysis of apicomplexan genomes shows that like other parasites, the genome sizes of
apicomplexans are reduced in comparison to those of free-living eukaryotes (Kissinger and
DeBarry, 2011). The largest apicomplexan genomes belong to the Coccidia clade, which
vary from 50-130 million base pairs (Mbp), while those from other clades are much smaller
(Haemosporidia - 20-25 Mbp; Piroplasmida - 8 Mbp; and Cryptosporidium spp. - 9 Mbp).
Although the factors governing genome sizes in apicomplexans is unknown, it is likely that
they are partially influenced by the lineage-specific losses (Woo et al., 2015) observed
during their evolution as well as occurrence of repetitive elements, which are prevalent in the
genomes of Eimeria spp., P. falciparum and S. neurona (Battistuzzi et al., 2016). Genome
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size is reflected in terms of the number of genes encoded, with B. bovis possessing the
smallest complement (3781 genes) and 7. gondiithe largest (8920 genes) (Figure 1d). The
reduced genomes of Cryptosporidium spp. appears to be related to their ability to salvage
many nutrients from their host, reducing the need to support many complex biochemical
pathways. Interestingly, the number of chromosomes associated with each group appears
conserved: 4 in the Piroplasmids (Jones et al., 1997, Pain et al., 2005, Katzer et al., 2011), 8
in Cryptosporidium spp. (Blunt et al., 1997, Xu et al., 2004), and 14 in Haemosporidia
(Janse et al., 1994, Gardner et al., 2002, Pain et al., 2008, Tachibana et a/., 2012). In
Coccidia, genetic linkage maps are available only for 7. gondii, identifying 14 chromosomes
(Khan et al., 2005).

Genomic resources available for apicomplexan parasites

As of October 2016, genomes of 18 apicomplexan species have been sequenced, with some
species featuring genomes from many additional strains. Genome sequences have been
deposited in major repositories such as those available at the Wellcome Trust Sanger
Institute, National Centre for Biotechnology Information, and GeneDB. However, the most
comprehensive resource for apicomplexan genomic datasets is EupathDB (Aurrecoechea et
al., 2013) - a central repository for storing information about eukaryotic pathogens. The
database is subdivided according to apicomplexan parasite clades — CryptoDB
(Cryptosporidum, Gregarina), ToxoDB (Coccidians), PlasmoDB, PiroplasmaDB (Babesia,
Theileria), with data for chromerids also deposited in CryptoDB. This portal summarizes the
available genomic resources for the organisms and serves as a single-point access for various
datasets including: genomic (including nuclear and organellar sequences and population
genomic data), transcriptomic (expressed sequence tags, microarrays, RNA-Seq and SAGE
tags), proteomic and epigenomic (ChIP-Seq). Two other noteworthy resources for
transcriptomic data include the Database of Apicomplexa Transcriptomics, an up-to-date
portal hosting transcriptomic datasets of various kinds, including single-cell and isolate-
based data (Jakalski et a/., 2015) and PartiGeneDB, which hosts EST datasets (Parkinson et
al., 2004). Proteomic datasets specific to 7. gondiiand C. parvum are also available in
EpicDB (Madrid-Aliste et al., 2009).

Aside from EupathDB, several apicomplexan-specific repositories dedicated to specialised
aspects of apicomplexan biology are also available. The Liverpool Library of Apicomplexan
Metabolic Pathways (LLAMP) is a web resource that provides draft metabolic
reconstructions for eight species based on annotations provided by EuPathDB supplemented
with additional literature evidence as well as sequence homology based predictions
(Shanmugasundram et al., 2013). The Malaria Parasite Metabolic Pathways (MPMP) is a
manually curated web repository for functional genomics of £ falciparum (Ginsburg and
Abdel-Haleem, 2016). Serving as a gold standard for metabolic annotations for A~
falciparum, the MPMP database also provides information regarding gene expression data,
protein localization, and drug-related data (e.g. links to the PubChem small molecule
database (Kim et al., 2016) and literature sources) for the parasite. Additional tools for
predicting protein localization to various sub-cellular organelles have been developed, such
as ApicoAP (Cilingir et al., 2012) and HECTAR (Gschloessl et al., 2008) for predicting
apicoplast-targeting motifs, as well as the more generic iPSORT (Bannai et al., 2002) for
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recognising signal peptide, mitochondrial target peptides, and chloroplast target peptides,
and SignalP (Petersen et al., 2011b) for predicting secreted proteins.

Gene complements provide insights into apicomplexan biology

Comparisons between gene complements across apicomplexans, highlight both core
conserved functionality as well as lineage-specific innovations. Focusing on genes involved
in housekeeping functions, such as translation, protein folding and cell cycle, each species
features roughly equivalent sets (Table 1), with the higher numbers associated with 2
falciparumand T. gondii likely associated with more extensive curation efforts. Surprisingly,
some of the proteins involved in housekeeping function are reported to be significantly
diverged enough from other eukaryotes to not be related by sequence similarity (Wasmuth ef
al., 2009). In terms of metabolism and transport, gene numbers reflect lineage-specific
distribution, with higher losses in Cryptosporidium spp. and Piroplasmids. Most
significantly, almost 50% of the proteins within a species are of unknown function (Table 1),
with 77% unknown for 7. parvaand 68% unknown for £. tenella, emphasising the pressing
need to improve functional annotation efforts. Comprehensive sequence based comparisons
suggest that most apicomplexan sequences are specific to the phylum with only 25% of
apicomplexan sequences sharing significant similarity with sequences outside the phylum
(Wasmuth et a/., 2009). Furthermore many genera-specific innovations within the
Apicomplexa are associated with specialised pathways involved in host cell invasion and
modification of host processes (Wasmuth et a/., 2009). More recently, a gene family analysis
based on the proteomes of 26 alveolates, revealed that members of the Apicomplexa share
~2200 orthologous groups of genes with all other alveolates, while only 81 groups are
associated with the emergence of parasitism. This suggests that the genome of free-living
ancestor of apicomplexans already encoded much of the machinery that may have been
adapted to support a parasitic life style. As with the earlier study, numerous lineage-specific
gene gains and losses were identified, many associated with host-parasite interactions. For
example, the divergence of the coccidian lineage was associated with 537 losses and 414
gains (Woo et al., 2015). In a later section we discuss some of the functions associated with
these changes.

Jumbled genomes - missing synteny, abundance of low complexity regions

Comparisons of gene orderings reveal blocks of synteny between homologous genes in
closely related apicomplexans. Notably, such relationships do not extend across the entire
phylum (DeBarry and Kissinger, 2011) although one study did find that gene composition
(not ordering) was significantly conserved between Cryptosporidium and Plasmodium
species (Mazurie et al.,, 2013). Further, syntenic relationships are typically restricted within a
lineage, one exception occurring within the Aconoidasida where ~1,300 orthologs shared
between Plasmodium and Theileria parasites, are distributed across 435 microsyntenic
regions (Pain et al., 2005). Within a lineage, different clades show varying degrees of
synteny (i.e. blocks of collinear genes). For example, 7. gondii shares synteny with other
tissue-cyst forming coccidians (Reid et al., 2012, Walzer et al., 2013), albeit more restricted
with Sarcocystis neurona (Blazejewski et al., 2015), but not with the non tissue-cyst forming
coccidians Eimeria spp. (Lorenzi et al., 2016b). Within a genus, species show significant
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synteny, in proportion to the phylogenetic separation between the species (Carlton et al.,
2008, Reid et al., 2014). Interestingly sites of syntenic breaks within a genus, both at
telomeres and other regions, appear enriched for species-specific genes and multi-copy gene
families and depleted for core genes (DeBarry and Kissinger, 2011). Many of the families
found at these sites are implicated in host-parasite interactions, which is elaborated below
(Reid, 2015).

Contributing to this lack of synteny, as well as the large variations in genome sizes, is the
presence of repetitive sequence, both within and between coding regions (Battistuzzi et al.,
2016). For S. neurona, the presence of repetitive sequence has resulted in the doubling of its
genome size relative to other coccidians (Reid et al., 2014). Repetitive elements include
simple repeats (duplication of simple sets of nucleotides), tandem repeats (duplications of
complex sets of nucleotides — typically found at telomeres and centromeres of
chromosomes) and transposable elements (TEs, sequences which can change position within
a genome) (Kapitonov and Jurka, 2008). TEs are classed into two types: Class |
(retrotransposons), which operate via a copy-and-paste mechanism and include Long- and
Short-Interspersed Nuclear Elements (LINEs and SINEs respectively), and Class 11 (DNA
transposons), which operate via a cut-and-paste mechanism. The abundance and distribution
of each class of repeat varies between genomes. For example, in 2 falciparum, simple
repeats predominate, representing ~14% of its genome, while for E. tenella, simple repeats
and LINEs make up ~13% and 11.5% of its genome respectively and for S. neurona, its
~130 Mbp genome features a high proportion of DNA transposons (11.5%), LINEs (7.7%)
and simple repeats (6%) (Blazejewski et al., 2015). In terms of distribution, for Eimeria.
spp., around 50% of the genes are found in repeat-rich regions, resulting in proteins enriched
in homopolymeric amino acid repeats (Reid et al., 2014). In S. neurona, only Class |
transposons are distributed in exons and Class 11 transposons are almost exclusively located
in introns and intergenic regions. Intriguingly, although evolutionary analyses suggests these
transposons are no longer active, their continued maintenance within the S. neurona genome,
relative to other coccidians, suggests they may play some functional role (Blazejewski et al.,
2015). In R falciparum, 35% of the genes encode homopolymeric repeats, most of which are
asparagine-rich, spread across most protein families (Singh et a/., 2004). Although the
functional role of these repeats is unclear, studies in Eimeriaand P falciparum suggest they
are located mostly in loop regions and away from sites involved in domain-domain
interactions and active sites and are therefore unlikely to interfere with protein structure or
function.

Invasion machinery: Apicomplexan-specific conserved mechanism of host

invasion

Host cell invasion is a rapid and complex process that relies on an orchestrated cascade of
interactions between invading parasite and host cell. To orchestrate these processes,
apicomplexans have evolved hundreds of specialised invasion proteins, many transported
into exocytic organelles (micronemes, rhoptries and dense granules) that occupy up to one
third of the cell volume (Figure 1a). The discharge of these apical organelles marks the
beginning of host cell penetration and occurs in a tightly coordinated program (Sibley, 2011,
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Sharma and Chitnis, 2013). First, parasite surface receptors (e.g. SAG1-related sequences
(SRS) in Toxoplasma | 6-Cysteine s48/45 family of proteins in Plasmodium (Arredondo et
al., 2012)) initiate host cell recognition and attachment. This is followed by secretion of the
microneme proteins that strengthen host cell attachment and play a major role in the
formation of the so-called “moving junction” which forms a specific interface to facilitate
invasion. Formation of this junction relies on a set of conserved parasite proteins — rhoptry
neck protein 2 (RON2) and apical membrane antigen 1 (AMAL) (Lamarque et al., 2011,
Tonkin et al., 2011). In Plasmodium, only the canonical RON2-AMAL1 interaction has been
characterised (Srinivasan et al., 2011) whereas three additional paralogs of AMA1 and two
paralogs of RON2 are reported in 7oxoplasma, expressed in a stage-specific manner
(Poukchanski et al., 2013, Lamarque et al., 2014). Structural analysis of the different RON2-
AMAL1 pairs identify a pair with substantially divergent structure and an atypical
mechanism, revealing molecular diversity at parasite host-cell interface, likely relevant for
stage-specific changes (Parker et al., 2016). Next, the parasite discharges the contents of the
rhoptries, which are released into the host cell (Kemp et al., 2013). A subset of rhoptry neck
proteins (RONS) are critical for forming the moving junction (Proellocks et a/., 2010), while
other rhoptry proteins (ROPs) (Counihan et al., 2013), together with dense granule (GRA)
proteins (Mercier et al., 2005, Mercier and Cesbron-Delauw, 2015), interact with host cell
targets, manipulating pathways to protect the (now) intracellular parasite against clearance
(7oxoplasma), or extensively remodelling the host cell by altering its mechanical properties
(Plasmodium in RBCs) (Tiburcio et al., 2015). Many rhoptry proteins are secreted into the
host cell during the process of invasion (Lim et al,, 2012) whereas several dense granule
proteins are secreted after PVM formation. Providing the parasite with the matile force to
gain entry to the host cell is the inner-membrane complex (IMC). The IMC acts as a scaffold
through which the glideosome complex (GAP40/GAP45/GAP50) exploits actomyosin
(actin/MyoA/MLC) to provide the driving force for anterograde movement (Kono et al.,
2013, Bargieri et al., 2014, Harding and Meissner, 2014, Tardieux and Baum, 2016).
However, recent studies show that host invasion can occur even when gliding motility is
blocked, suggesting a relook at the existing mechanism (or) the presence of alternate
mechanisms (Andenmatten et al., 2013, Meissner et al., 2013). Although the host cell
invasion process is largely conserved across apicomplexans, details vary among the different
species and different stages. 7heileria has a distinct mechanism and can enter the host cell in
any orientation (unlike the others which enter via the apical complex), independent of
parasite and host cell actin, using a zippering mechanism (Shaw, 2003). Plasmodium and
Toxoplasma modulate the host cell cytoskeleton, whereas Cryptosporidium recruits host cell
sugar transporters in addition to modulating the actin cytoskeleton (Chen et al., 2005,
O’Hara and Chen, 2011). Further, after the parasite enters host cell, virulent strains of
Toxoplasma use proteins secreted from rhoptries for modulating the host cell (mice) IRG
resistance GTPases to protect them from clearance (Khaminets et a/., 2010), whereas these
factors do not protect the mice against Plasmodium (Liesenfeld et al., 2011).

Genome comparisons reveal complex evolutionary patterns associated with the emergence
of these invasion related proteins. For example, amongst the 30 IMC proteins identified to
date is a common core of highly conserved proteins, representing the recruitment and
subsequent diversification of ancient eukaryotic proteins, supplemented with many lineage-
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specific proteins (Table 1). These latter genes, which include the Plasmodium specific
PF3D7_1345600 (MAL13P1.228), may provide the IMC with additional lineage-specific
roles such as scaffolding during gametocytogenesis (Kono et al., 2012). Similarly, several
attachment proteins secreted by the micronemes and rhoptries are also well conserved across
the phylum, including the microneme protein, AMAL, and its interaction complex
(RONZ2/4/5), responsible for binding the parasite to the host cell surface (Boucher and
Bosch, 2015), while others such as the Plasmodium-specific — Duffy binding proteins which
bind to Duffy antigen on erythrocyte surface (eg. PvDBP1 and PvDBP2 from £ vivax) and
reticulocyte binding proteins which enable selective invasion of reticulocytes (RBP; eg.
PVRBP1, PvRBP2 from P, vivax), are restricted to distinct lineages. Even when conserved,
microneme proteins can exhibit distinct ligand binding specificities even between closely
related species (Carruthers and Tomley, 2008). For example, the 7. gondiiand N. caninum
orthologs of MIC1 (TgMIC1 and NcMIC1) bind sialic acid and glycosaminoglycans
respectively; while, unlike TgMIC4, NcMIC4 can bind lactose.

In contrast to proteins mediating cell attachment and host cell entry, those proteins involved
in manipulating host pathways tend to be less well conserved, with many families of proteins
specific to individual lineages, reflecting divergent life cycle strategies (Kemp et a/., 2013).
For example, as the parasite enters the cell, the release of rhoptry and dense granule proteins
results in the formation and subsequent modification of the parasitophorous vacuole.
Babesiaand Thefleria, which lack this compartment, also lack many of these genes
(Lingelbach and Joiner, 1998). Cryptosporidium is enclosed in a unique parasitophorous
vacuole —like structure, thought to derive through extension of the host cell microvillus
membrane (Clode et al., 2015). This separates the parasite from both the host cell cytoplasm
and gut environment, which may explain the relatively low number of host associated genes.
In the next section we provide further details on these genes and pathways.

Host cell modulation: Lineage- and species- specific gene families
modulating host-specific adaptations

Once inside the host cell, further suites of protein effectors are secreted into the host cytosol
to interact with host cell targets, manipulating pathways and optimizing nutrient acquisition
(Gubbels and Duraisingh, 2012). In Plasmodium, secreted proteins can be divided into 2
categories: a) those characterised by a PEXEL (plasmodium export element) or HTS (host-
targeting signal) motif (Hiller ef a/., 2004, Marti et al., 2004) at the N-terminus, cleaved by
plasmepsin V, for dense granule targeting (Russo et a/., 2010) b) PEXEL negative exported
proteins, which share an internal transmembrane segment (Marti and Spielmann, 2013, de
Koning-Ward et al., 2016). The exported proteins are translocated across PVM into the host
cell via the Protein Translocon of Exported Proteins (PTEX) complex (de Koning-Ward et
al., 2009, Elsworth et al., 2014) in £ falciparum, exporting hundreds of proteins across PVM
into the host cell (Bullen et al., 2012). Although a PEXEL-like sequence motif has been
characterised for dense granule targeting in 7oxoplasma, it is not involved in protein export
into the host cell (Hsiao et al., 2013). In Toxoplasma, dense granule proteins GRA17 and
GRA23 have been identified to mediate movement of small molecules across PVM (Gold et
al,, 2015). An in-silico comparative analysis of protein secretion and effectors has identified
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PEXEL-like motifs in Babesiaand Cryptosporidium and plasmepsin V orthologues in all
lineages, whereas translocon components are restricted to Plasmodium (Pelle et al., 2015),
supporting the experimental results. Clustering the set of predicted secreted proteins using
TribeMCL identifies 331 families (Pelle et al., 2015). These effectors tend to be associated
with large, lineage-specific, variant gene families, which are sequentially diverse, rapidly
evolving, and responsible for species-specific lifestyles (Table 1; (Reid, 2015)). Aside from
the presence of signal peptides, little homology is observed between these families. Amongst
these families are those involved in sequestration and antigenic variation (e.g. var -
Plasmodium and ves - Babesia), others are involved in modulating the host immune response
(e.g. Sagl-related sequences (SRS) — tissue cyst forming coccidia), and several others in
modulating the host cell (ROP kinases - Coccidia, FIKK - Plasmodium and SVSP -
Theileria) (Ward et al., 2004, Schneider and Mercereau-Puijalon, 2005, Schmuckli-Maurer
et al., 2009, Sibley et al., 2009, Lim et al., 2012, Wei et al., 2013), in order to protect the
parasite and enable its growth. For example, ROP5 and ROP18 modulate host immunity
related GTPases (Behnke et al., 2012), while ROP16 modifies host cell signalling and
ROP38 can inhibit host cell transcription (Kemp et al., 2013). Even where families may be
conserved, their complements can vary dramatically across species and even strains, for
example the coccidians, N. caninumand S. neurona feature 227 and 23 members of the SRS
proteins respectively, while 7. gondii strains Me49 and GT1 feature 109 and 90 SRS
proteins respectively (Wasmuth ef a/., 2012). Similarly, the genomes of 7. parva and 7.
annulata encode 85 and 51 SVSP proteins respectively.

Differences in the complements of these proteins relate to distinct life cycle requirements.
For example, SRS proteins are composed of signature 6-cysteine domains, previously
classified into one of 8 families (Wasmuth et al., 2012). S. neurona which features a reduced
complement of SRS proteins relative to other tissue-cyst forming coccidians, nonetheless
feature an expansion of SRS proteins with family 2 domains, previously associated with cyst
wall integrity (Tomita ef a/., 2013). This raises the possibility that the emergence of this
family was critical for the formation of cysts enabling the transition from a monoxenic to a
heteroxenic life cycle. The subsequent expansion of SRS proteins through tandem
duplication, particularly those composed of two domains featuring family 7 and family 8 and
implicated in host immune modulation, may have subsequently allowed the parasite to
broaden its host range. Coccidians also display significant variation in ROP kinases (£.
tenella— 27; S. neurona - 15; N. caninum - 44; and 7. gondii - 55; (Talevich and Kannan,
2013, Blazejewski et al., 2015)). Further, while the tissue-cyst forming coccidians share
many ROP kinase orthologs, most members in E. fenella lack orthologs in the other species,
suggesting unique functions, perhaps associated with its purely enteric lifestyle (Blazejewski
et al., 2015).

The mechanisms underlying the expansions of many of these families vary across lineages
and can be related to their genomic context. By promoting recombination, the localization of
var, rifand stevor multigene families to subtelomeric regions is thought to be responsible for
the generation of the genetic diversity driving antigenic variation in Plasmodium (Scherf et
al., 1998). Interestingly, for £ knowlesi, whereas multigene families are not associated with
subtelomeric regions, the pir and S/CAvar gene families, involved in antigenic variation, are
nevertheless associated with telomere-like repeats suggested to play a role in recombination
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(Pain et al., 2008). On the other hand, the coccidian families of surface antigens, srsand sag
are scattered throughout the genome, mostly within tandem arrays that likely arose through
gene duplication and subsequent gene conversion (Reid et al., 2012, Wasmuth et al., 2012).
Notably the genomes of Cryptosporidium spp. do not encode any large gene families,
consistent with studies indicating a lack of antigenic variation (Widmer and Sullivan, 2012).

Transcriptional regulation in apicomplexa: the AP2 gene family

Although apicomplexans possess RNA-polymerase associated factors and basal transcription
factors, they lack many specific transcription factors (TFs) observed in other eukaryotes
(Coulson et al., 2004, Callebaut et al., 2005). Instead, to support complex developmental
cycles, potentially featuring multiple hosts, apicomplexans rely on a phylum-specific
expansion of novel TFs that feature a version of the AP2 (Apetala2)-integrase DNA binding
domain (Balaji et al., 2005). Although AP2 TFs are abundant in all apicomplexans, only 4
are shared across most apicomplexan clades, with the rest representing lineage-specific
expansions (Table 1; (Woo et al., 2015)). Tissue-cyst coccidians have the largest complement
with 53 AP2 TFs, followed by Plasmodium species (~25) and piroplasmids (~20);
monoxenic species feature smaller complements (Cryptosporidium spp. —9; Eimeria tenella
—15). The lower incidence of AP2 TFs in Cryptosporidium spp. has been suggested to be
offset by the presence of other TFs (Oberstaller et al., 2014). Studies in P, falciparum have
revealed that AP2 TFs have unique binding preferences; possessing high affinity primary
binding motifs as well as secondary binding motifs (De Silva et a/., 2008, Campbell et al.,
2010). The ability to bind multiple, distinct motifs significantly increases the potential
complexity of the transcriptional regulatory networks governed by this family. Several
studies are unravelling the roles of AP2 TFs different in aspects of their life cycle and
development (Painter et al., 2011), including chromosome biology (Flueck et al., 2010),
commitment to gametocytogenesis (Kafsack et al., 2014, Sinha et al., 2014), normal
morphogenesis inside mosquito (Kaneko et al., 2015) in Plasmodium, and parasite virulence,
host invasion (Walker et a/., 2013), and tissue cyst development (Radke et a/., 2013) in
Toxoplasma.

Apicomplexan metabolism: Lineage-specific adaptations to host

environment

It is well-established that variations in metabolic potential help govern a pathogen’s ability
to colonize, persist and establish virulence within infected hosts (McKinney et a/., 2000,
Song et al., 2013, Xia et al., 2013). With the availability of genome sequences, there is
mounting interest in the use of genome-scale metabolic reconstructions to identify critical
pathways required for growth. Such reconstructions rely on accurately annotating enzymes
from sequence data alone, for which several tools are available (Claudel-Renard ef a/., 2003,
Arakaki et al., 2006, Moriya et al., 2007, Hung et al., 2010). However, initial reconstructions
based on these methods alone are typically incomplete, with many reactions, even in
essential pathways, missing, due to an inability to detect the gene responsible. For
apicomplexans, these ‘pathway holes’ constitute a significant component; in some
reconstructions accounting for 40% of the reactions (Pinney et al., 2007). Consequently,
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methods have been developed to fill these gaps through experimental- and literature-based
evidence (Schomburg et al., 2013, Shanmugasundram et a/., 2013), comparative genomics
approaches (Lee and Sonnhammer, 2003, Chen and Vitkup, 2006, Suhre, 2007, Zhou et al.,
2008), as well as integrative approaches (Dale et al., 2010, Hung and Parkinson, 2011,
Benedict et al., 2014).

A comparative picture of the metabolic potential of different apicomplexan species is
provided in Figure 2. Of the 391 enzyme categories (ECs) predicted from genomes of 18
apicomplexan species using an integrative annotation strategy (Hung and Parkinson, 2011),
only 147 are shared across all clades (Figure 2a). Among the major clades, Cryptosporidium
spp. and Piroplasmida have the most streamlined metabolism, with 204 and 213 enzymes (as
defined by distinct enzyme commission (EC) numbers) respectively, whereas Plasmodium
and Coccidia have a much larger metabolic repertoire, comprising 267 and 366 enzymes
respectively, with Coccidia featuring 85 unique enzymes. Cryptosporidium and Piroplasmida
appear to have lost the most enzymes relative to other apicomplexans (52 and 19
respectively), reflective of streamlined metabolisms with many nutrients scavenged from
their hosts (Mogi and Kita, 2010). Species within a lineage largely share the same metabolic
repertoire; for example, C. muris (199 enzymes), C. parvum (181 enzymes), C. hominis (175
enzymes) share 170 common enzymes; B. bovis (204 enzymes), 7. parva (203 enzymes), 7.
annulata (203 enzymes) share 200 common enzymes; P knowlesiand P vivax share an
identical metabolic complement (265 enzymes), with minor variations from other
Plasmodium species (261 to 267 enzymes); the tissue-cyst coccidians S. neurona (305
enzymes), N. caninum (356 enzymes), 7. gondii (354 enzymes) and H. hammondi (354
enzymes) share a common complement of 300 enzymes (254 with E. tenellg). Most of the
clade-specific enzymes are associated with core pathways (Figure 2b). For example, the 8
Plasmodium-specific enzymes are associated with arginine-proline metabolism and thiamine
biosynthesis, while the 11 Cryptosporidium-specific enzymes are found in pyrimidine,
amino sugar, and starch and sucrose metabolism, reflecting a previous analysis that showed
different lineages may have acquired different sets of enzymes to perform similar core
metabolic functions (Hung and Parkinson, 2011). As noted above, coccidians have the
largest complement of metabolic enzymes, many of which are clade-specific and associated
with core pathways dominated by carbohydrate and amino acid metabolism. This suggests
that coccidians have evolved a diverse metabolic repertoire to adapt to multiple
environments including, for example, enzymes driving gluconeogenesis that provides
carbohydrate reserves to allow oocysts to sporulate outside the host (Ginger, 2006).

While most metabolic functionality occurs in the cytoplasm, several pathways are
partitioned to mitochondria and the apicoplast, a plastid of secondary endosymbiotic origin
(Sheiner et al., 2013, McFadden and Yeh, 2016). Amongst the enzymes in the apicoplast are
those involved in type Il fatty acid biosynthesis (Shears et al., 2015), isoprenoid synthesis
(providing cofactors for electron transport chain and glycoprotein synthesis), heme
biosynthesis and the formation of iron-sulfur clusters. Recently, isoprenoid precursor
biosynthesis by apicoplast has been shown to be essential for normal gametocytogenesis in
P, falciparum (Wiley et al., 2015). Further, this has also been identified to be the only
essential role during Plasmodium erythrocyte stages, with type Il fatty acid biosynthesis
pathway being dispensable. However, this pathway appears to be essential during
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Plasmodium liver stages and in 7oxoplasma (Sheiner et al., 2013), suggesting that species-
specific and host cell-type specific differences exist. While less than 50 genes (mainly
involved in transcription and translation), are encoded by the plastid’s own genome (Lim
and McFadden, 2010), the remaining derive from nuclear encoded genes (predictions of
apicoplast targeted nuclear-encoded genes is ~8-10% for Plasmodiumand Theileraand only
~1% for Babesia (Sato, 2011)) and are targeted to the organelle through specific signal
peptides. The apicoplast forms a tight physical association with mitochondria, attributed to
metabolic dependencies; isoprenoid precursors generated by the apicoplast form the basis of
ubiquinones driving the electron transport chain in mitochondria, while acetyl CoA,
generated by mitochondria, is exploited as a major carbon source for fatty acid synthesis in
the apicoplast (Sheiner et al., 2013). Furthermore, the apicoplast and mitochondrion share
components of the haem biosynthetic pathway, which commences in the mitochondrion and
proceeds in the apicoplast, before completing in the mitochondrion (Koreny et al., 2013).
With highly reduced mitochondria (mitosomes), C. parvumand C. hominis lack a working
tricarboxylic acid (TCA) cycle and rely instead on glycolysis for energy production
(Henriquez et al., 2005). Interestingly, the mitosome of the related parasite C. muris appears
less reduced and features a functional TCA cycle (Henriquez et al., 2005, Mogi and Kita,
2010). Further, lacking an apicoplast, Cryptosporidium spp. also rely on type | fatty acid
metabolic pathways, present in species forming oocysts shed into the environment
(Cryptosporidium, Toxoplasma, Eimerid), for de novo biosynthesis. Theileria spp. also show
a reduced dependence on apicoplast and higher dependence of host for many substrates,
again lacking the enzymes required for type 1l fatty acid biosynthesis (Gardner et a/., 2005).

Due to their essential role in growth and survival, many metabolic pathways have been
targeted for drug development, including shikimate pathway (McConkey et al., 2004), fatty
acid metabolism (Goodman and McFadden, 2008, Shears et al., 2015), and isoprenoid
biosynthesis (Moreno and Li, 2008). However, key to these strategies is identifying those
enzymes that mediate the most critical roles in these pathways. In the next section we
describe how modeling has contributed to an improved understanding of metabolic function
in the Apicomplexa.

Modeling metabolism in the apicomplexa

With the increasing availability of high quality metabolic reconstructions, a variety of
modeling approaches have been developed to gain insights into the roles of individual
enzymes and pathways in parasite growth. Among the more robust approaches are constraint
based models such as flux balance analysis (FBA) which rely on stoichiometric relationships
in reactions rather than explicit kinetic data (Figure 3b; (Lee et a/., 2006, Raman and
Chandra, 2009)). FBA operates by calculating sets of fluxes across a metabolic network that
optimizes a specific objective (e.g. maximizing growth rate of the parasite; (Hung and
Parkinson, 2011)). FBA has so far been applied to four apicomplexans: C. hominis, P
falciparum, T. gondii, and S. neurona. The first was for C. hominis and comprised an
analysis of 231 genes involved in 540 reactions (Vanee et a/., 2010). The model was
integrated with proteomics data from the sporozoite and oocyst stages, to predict the
importance of the differential expression of high- and low affinity hexokinases in oocysts
(associated with glucose-limited environments outside the host), and sporozoites (associated
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with the glucose-rich environment within the host) respectively. For £ falciparum, three
models have been generated (Huthmacher et a/., 2010, Plata et al., 2010, Fang et al., 2014).
The first featured a compartmentalized network of 366 genes and 1001 reactions; FBA
predictions showed high correlation with gene knockout data and drug inhibition assays, and
predicted 40 novel drug targets that lacked significant sequence similarity with human
sequences (Plata et al., 2010). Four of these are associated with shikimate biosynthesis, three
with ubiquinone metabolism, and one with nicotinamide metabolism (nicotinate nucleotide
adenylyltransferase). The last enzyme was experimentally validated to be a potentially
effective and druggable target using drug inhibition experiments. In a separate model of 376
genes and 1019 reactions, Fang and colleagues used time-dependent gene expression, to
explore stage-specific growth across the intraerythrocytic development cycle (IDC) of the
parasite, helping link specific metabolites to corresponding physiological functions, such as
the likely role of coenzyme A in late-IDC DNA replication and cell division (Fang et af.,
2014). The model also captures the contribution of different energy producing pathways to
ATP production in the IDC, with the bulk generated from glycolysis.

The first metabolic model for 7. gondiiwas a curated version consisting of 382 genes
involving 571 reactions, separated across 5 subcellular compartments (Song et al., 2013).
Applying reaction constraints based on gene expression data, FBA revealed that strain-
specific differences in growth rates are driven by differing capacities for energy production,
highlighting the potential of metabolism to impact the parasite’s virulence. Further, the
model predicted strain-specific differences in drug susceptibilities, which were subsequently
validated through drug inhibition studies. A later study, involving the semi-automated
curation of 527 genes involved in 867 reactions, predicted two enzymes involved in acetyl
CoA biosynthesis, ATP-citrate lyase and acetyl-CoA synthase, to be functionally redundant,
with their simultaneous knockout to be lethal; a finding that was also confirmed
experimentally (Tymoshenko et a/., 2015). Lastly, a model of S. neurona comprising 330
genes and 536 reactions, predicted the parasite to be more sensitive to /n sifico knockouts of
enzymes from glycolysis and TCA cycle (Blazejewski et al., 2015). However, the presence
of alpha-glucosidase, suggested S. neurona may exploit fructose and sucrose as alternate
energy sources to glucose, offering the potential for the parasite to rapidly adapt to new
hosts. These studies demonstrate the potential of modeling to capture the metabolic
complexity of apicomplexan life cycles and drive the generation of new testable hypotheses.

Systems biology for the apicomplexa: Beyond metabolism

Moving beyond genomic analyses, with the recognition that genes and their protein products
do not operate in isolation but form parts of complex biological systems, there has been
increasing interest in applying systems-based approaches to the study of parasite processes
(Figure 3). With well characterized pathway relationships, metabolism has naturally been at
the forefront of such studies. However advances in transcriptomics and proteomics are
opening up new opportunities for systems analyses based on co-expression, phosphorylation
and co-elution profiles.
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Co-expression networks

Extensive transcriptional datasets are now available for several apicomplexans (Figure 1c)
and provide unique opportunities to gain functional insights on the basis of co-expression
profiles (Figure 3; (Le Roch et al., 2003)). In brief, for each gene a profile of expression is
created from the multiple transcriptome datasets that have been generated. Pairwise
comparisons between these profiles for each pair of genes then yields a matrix of correlation
scores (e.g. Pearson correlation coefficient; (Stuart et a/., 2003)). This matrix can then be
represented as a network in which nodes (genes) are connected by edges if they exhibit a
correlation score above a specified threshold (Figure 3a). The nodes in the resulting network
can then be clustered, on the basis of shared patterns of interactions (Zhang and Horvath,
2005, Horvath and Dong, 2008), to define groups or modules of co-expressed genes
representing functionally related genes (e.g. members of the same pathway). Applied to
datasets examining the impact of 20 chemical compounds on gene expression in 2
falciparum (Hu et al., 2010), a co-expression network approach was used to identify many
functionally related genes sharing similar expression profiles, suggesting shared regulatory
mechanisms. For example, 31 of 42 proteins predicted to be part of the invasion process
were experimentally observed to be localized to apical organelles (20 proteins), parasite
periphery (4 proteins) or IMC (7 proteins). Further, on the basis of the function of their
neighbours within the co-expression network, three proteins: PF3D7_1345600
(MAL13P1.228), PF3D7_1460600 (PF14_0578) and PF3D7_0522600 (PFE1130w) were
identified as novel members of the IMC. More recently, the analysis of 2 expression datasets
associated with 7. gondjii encompassing 22 time points revealed two distinct sub-networks of
invasion related genes (Blazejewski et al., 2015). The first composed of genes encoding
micronemal proteins, which drive host-cell attachment and formation of the moving
junction; the second composed of genes encoding rhoptry proteins, largely associated with
modulation of host pathways. The dense connections within these networks illustrate the
tight co-ordination in timing of expression associated with these genes.

Phospho-proteome networks

Protein phosphorylation is one of the most ubiquitously used post-translational mechanisms
for regulation inside a cell. Recent advances in phosphopeptide enrichment and mass-
spectrometric techniques have made it possible to study protein phosphorylation from a
global perspective (Figure 3c; (Villen and Gygi, 2008)). A comparative study of both
intracellular and extracellular forms of the invasive stages of £ falciparum (schizont) and 7.
gondii (tachyzoite), revealed 5,000 and 10,000 new phosphorylation sites respectively,
including, unexpectedly, tyrosine residues (Treeck et al., 2011). The study further revealed
that many parasite proteins are phosphorylated after secretion into the host cell, indicating
novel routes for regulation of host pathways. More recent phospho-proteome studies in 7.
gondiand P, falciparum, focusing on calcium dependent protein kinase 3 and protein kinase
G, are also beginning to expand on their respective roles in parasite egress by identifying
novel phosphorylation sites in protein targets (Brochet et al., 2014, Treeck et al., 2014, Alam
et al., 2015). Phospho-proteome analyses add an additional dimension to apicomplexan
biology, allowing researchers to examine the impact of post-translational modifications on
stage-specific development as well as host-parasite interactions, and offering additional
routes for therapeutic intervention.
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Protein-protein interaction networks

The generation of large-scale protein-protein interaction datasets are proving revolutionary
for understanding the organization of complex biological processes (Butland et al., 2005,
Krogan et al., 2006, Hu et al.,, 2009). In addition to aiding annotation efforts, such networks
may be usefully exploited to identify proteins mediating critical roles in organization of
complexes highlighting their potential for therapeutic intervention. To date, 2. falciparumis
the only apicomplexan for which protein-interaction data has been generated on a genome
scale (LaCount et al., 2005). Applying a yeast-two hybrid approach, a network of ~2800
interactions between 1267 proteins was generated. Due to challenges in the expression of P
falciparum genes in a heterologous system, attempts have been made to improve on the
quality of this initial dataset through integration of additional functional datasets (Hu et a/.,
2010, Ramaprasad et al., 2012); however such studies tend to be limited to functional, rather
than physical interactions. Instead, an alternative strategy based on protein co-elution offers
promise for deriving information on physical associations (Figure 3d). Avoiding technical
challenges that arise with approaches such as tandem affinity purification, co-elution
profiling has been successfully applied to soluble human complexes, (Havugimana ef a/.,
2012), complexes conserved across 9 metazoans (Wan et a/., 2015) and, significantly, the
kinetoplastid, 7rypanosoma brucei (Gazestani et al., 2016). These studies provide a valuable
framework to generate similar protein-protein interaction networks for apicomplexans.

From genomes to populations

With falling costs in genome sequencing, attention is now focusing on examining strain level
differences to gain insights into the emergence of genetic variation that impacts virulence
and the emergence of resistance (Ellegren, 2014). An initial study of 16 geographically
diverse isolates of £ falciparum revealed that while genes encoding housekeeping functions
such as metabolic enzymes exhibited little variation, those encoding surface functions such
as cytoadherence and antigenic variation displayed a rich diversity in sequence (Molkman et
al., 2007). A recent study of 182 clinical isolates of £ vivaxalso revealed that the genes
exhibiting the most variation are antigenic and involved in immune evasion, and additionally
revealed a richer diversity than £ falciparum indicating larger and/or more stable population
(Hupalo et al,, 2016). More concerning, this study also revealed signals of recent evolution
in response to antimalarial drug exposure. Similar concerns arose in a targeted analysis
focusing on artemisinin resistance across 825 P, falciparumisolates (Miotto et al., 2013). In
addition to revealing an unusual population structure associated with isolates from Western
Cambodia, a hub of artemisinin resistance, artemisinin resistance was associated with
multiple SNPs in kelch13, resulting in slow parasite clearance (Ariey et al., 2014). Genome-
wide association studies also showed that nonsynonymous polymorphisms in genes
encoding ferredoxin, apicoplast ribosomal protein S10, multidrug resistance protein 2, and
the chloroquine resistance transporter were associated with artemisinin resistance and may
act as predisposing factors, allowing the emergence of kelchi3variations, and thus serving
as risk markers for new resistance-causing mutations (Miotto et a/., 2015).

Population genomics studies have also been applied to 7. gondiiisolates to reveal 6 major
clades based on specific gene markers, with three major types (designated type I, type 1l and
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type 111) dominating in North America and Europe (Su et al., 2012). Analysis of SNP
distributions across 10 isolates, further reveal the presence of haploblocks indicating the
significant influence of recombination and admixture on the global population structure of 7
gondii (Minot et al., 2012). Recently, a larger scale analysis of 64 7. gondiiisolates, was
able to recapitulate previously defined haplogroups (Lorenzi et al., 2016b). Through the
application of chromosome painting in which chromosomal segments are coloured
according to ancestry (Yahara ef a/., 2013), this study also revealed the extent to which
shared inheritance of haploblocks shapes population structure. Further examination of these
haploblocks revealed conserved regions enriched for specific secretory pathogenesis
determinants (proteins involved in parasite-host interactions, host invasion and modulation),
which undergo tandem amplifications and diversification, likely influencing host range and
pathogenicity. Future population based studies offer the potential to associate phenotypic
traits with specific genetic loci based on shared patterns of haploblock inheritance.

Conclusions and Future perspectives

The availability and analysis of apicomplexan genomes and related datasets provides
unprecedented views of their biology and emergence as a successful parasitic phylum.
Apicomplexans are hypothesised to have evolved through the endosymbiosis involving a red
algal and an alveolate ancestor (Janouskovec et al., 2010). This event likely introduced vast
genetic diversity into alveolate gene pool, driving the emergence of new species with diverse
metabolic pathways and distinct life styles: parasitic apicomplexans, free-living ciliates and
photosynthetic chromerids and dinoflagellates. Comparative genomic analyses suggest that
the lineage-specific loss of components important for free-living lifestyle (metabolic
pathways, endomembrane trafficking, flagellar apparatus for motility) happened
progressively within the apicomplexan lineage (Woo et al., 2015). At the same time, genes
encoding proteins driving parasite-specific processes such as invasion and host modulation,
were either repurposed from pre-existing components associated with the free-living
ancestor (e.g. components of the acto-myosin complex or inner membrane complex) or later
acquired during adaptation to specific host niches (e.g. AP2 transcription factors or host-
modulation machineries) (Janouskovec and Keeling, 2016).

From a practical perspective, genome analyses are proving essential to our understanding of
the emergence of drug resistance as well as in the identification of novel drug targets. Key to
this endeavour are systems-based approaches, based for example on the analysis of protein-
interaction or metabolic networks that facilitate the elucidation of protein function in the
context of the complex and/or pathway in which it operates. Although systems-based
approaches provide important insights that cannot be gained from a reductionist approach,
they come with the caveat that they incorporate automated functional annotations, which are
likely to be erroneous especially for proteins with no known homologues. This underscores
the need for community-wide efforts to generate and integrate functional datasets on various
aspects of apicomplexan biology with the systems-based models, in order to improve the
predictive validity of these models. We also anticipate greater emphasis on population-based
studies that move beyond understanding the factors that govern population structure to
reveal the mechanisms that allow these parasites to acquire resistance to therapeutics, in
addition to virulence factors that drive pathogenesis.
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Figure 1: Ultrastructure, Life Cycle, and Genome Structure of Apicomplexa —
The figure highlights details of ultrastructural details unique to apicomplexa, along with

their distribution in major clades (Green — Cryptosporidia, Red — Coccidia, Blue —
Piroplasmida, Yellow — Plasmodium). Unusual organelles are shown as shaded ellipses —
extracytoplasmic PVM (1) and reduced mitochondria-like organelles (2) in Cryptosporidium
species. The various life cycle stages are listed along with the host and tissue range common
for specific members of each clade in the quadrant below. A venn diagram representing the
distribution of orthologous groups among four representative apicomplexans of the major
clades is shown. On the right hand side, various genome sequence features as well as details
of available functional datasets for sequenced genomes are listed. The species tree for the
apicomplexan organisms used in this analysis is shown (based on http://tolweb.org, (3), (4)).
The apicomplexan species listed are: Cm — Cryptosporidum muris, Ch — Cryptosporidium
hominis, Cp — Cryptosporidium parvum, Et — Eimeria tenella, Sn — Sarcocystis neurona, Nc
— Neospora caninum, Tg — Toxoplasma gondii, Hh — Hammodia hammondi, Bb — Babesia
bovis, Ta— Theileria annulata, Tp — Theileria parva, Pf — Plasmodium falciparum, Pk —
Plasmodium knowlesi, Pcy — Plasmodium cynomolgi, Pv — Plasmodium vivax, Pch —
Plasmodium chabaudi, Pb — Plasmodium berghei, Py — Plasmodium yoeli.
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Figure 2: Metabolic potential in apicomplexan clades —
The venn diagram represents the distribution of enzymes common to all apicomplexans,

shared between various clades, and unique to each clade. The distribution of conserved
pathways and pathways with clade-specific enzymes (=2 in a clade) is represented as a
network. The network represents KEGG pathways (nodes) connected by number of shared
metabolites, with pathways belonging to a superclass (same border colours) grouped
together wherever possible. Each node is represented as a circos chart depicting the number
of unique enzymes present in each major clade. Conserved pathways are indicated as empty
circles. The core of the network, enclosed in a dashed circle, mainly encompasses pathways
from amino acid, carbohydrate, energy, and nucleotide metabolism, with quite a few
conserved pathways, as well as several clade-specific pathways, especially from coccidia.
The abbreviated pathway names are expanded for those in the core, and the pathways with
unigue enzymes, in the periphery.
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Figure 3: High-throughput post-genomic approaches —
The figure highlights the conceptual framework behind five post-genomic approaches

utilised to study protein function in a systems-based context — a) Coexpression networks b)
Metabolic modeling ¢) Phosphoproteomics d) Coelution-based protein-protein interaction

networks e) Population genomics
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