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The origins of apicomplexan sequence innovation

James Wasmuth,1,6 Jennifer Daub,1,5 José Manuel Peregrı́n-Alvarez,1,2
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The Apicomplexa are a group of phylogenetically related parasitic protists that include Plasmodium, Cryptosporidium, and

Toxoplasma. Together they are a major global burden on human health and economics. To meet this challenge, several

international consortia have generated vast amounts of sequence data for many of these parasites. Here, we exploit these

data to perform a systematic analysis of protein family and domain incidence across the phylum. A total of 87,736 protein

sequences were collected from 15 apicomplexan species. These were compared with three protein databases, including the

partial genome database, PartiGeneDB, which increases the breadth of taxonomic coverage. From these searches we

constructed taxonomic profiles that reveal the extent of apicomplexan sequence diversity. Sequences without a significant

match outside the phylum were denoted as apicomplexan specialized. These were collated into 9134 discrete protein

families and placed in the context of the apicomplexan phylogeny, identifying the putative origin of each family. Most

apicomplexan families were associated with an individual genus or species. Interestingly, many genera-specific innovations

were associated with specialized host cell invasion and/or parasite survival processes. Contrastingly, those families

reflecting more ancestral relationships were enriched in generalized housekeeping functions such as translation and

transcription, which have diverged within the apicomplexan lineage. Protein domain searches revealed 192 domains not

previously reported in apicomplexans together with a number of novel domain combinations. We highlight domains that

may be important to parasite survival.

[Supplemental material is available online at www.genome.org and at www.compsysbio.org/projects/apicomparison.]

The Apicomplexa is a protozoan phylum of around 5000 species,

the majority of which are parasitic, infecting a wide range of

animals from mollusks to mammals (Cavalier-Smith 1993). Many

species of Apicomplexa cause diseases of medical and veterinary

importance and represent a significant economic burden and

global healthcare challenge. The emergence of parasite strains re-

sistant to the few efficacious treatments that are available under-

scores the urgent need to identify new classes of drug targets and

novel antiparasitic therapeutics (Aspinall et al. 2002; Trouiller

et al. 2002; White 2004). Members of the phylum include: Plas-

modium, the etiological agent ofmalaria, accounting for one-in-five

deaths among children under the age of five in Africa (World

Health Organization 2003); Toxoplasma gondii, the causative agent

of toxoplasmosis, infects nearly one-in-three of the adult pop-

ulation with severe implications for those living with HIV/AIDS

(Belanger et al. 1999);Cryptosporidium, a waterborne pathogen also

with implications for immune-compromised individuals (Hunter

and Nichols 2002); the invertebrate parasite Gregarina, a useful

model for studying apicomplexan motility; and the agricultural

parasites Eimeria, Neospora, Sarcocystis, and Theileria, which cause

disease across a range of livestock (Graat et al. 1996; Dubey 1999).

The apicomplexan life cycle is complex and may be broken

down into three broad stages: sporozoite, merozoite, and game-

tocyte (Fig. 1). While the general life cycle is common to the

phylum, there are striking differences between species. Some re-

quire a single host (e.g., Cryptosporidium), whereas others are more

complex, requiring sexual reproduction in the vector species for

transmission (e.g., Theileria and Plasmodium; Table 1). Apicom-

plexans are characterized by a number of defining organelles in-

volved in host cell attachment, invasion, and the establishment of

an intracellular parasitophorous vacuole within the host cell. The

arsenal of organelles varies between species, but typically includes

rhoptries, micronemes, and dense granules. Proteins stored in

these vesicles are released through the apical complex at the an-

terior of the cell (Sibley 2004). In addition, all apicomplexans

examined to date (with the exception of the Cryptosporidium and

Gregarina) possess an apicoplast organelle that is hypothesized to

be an ancient secondary endosymbiosis with an algal cell (Zhu

et al. 2000b; Fast et al. 2001; Toso and Omoto 2007). The genome

of this plastid has reduced to the point where the remaining genes

are predominantly involved in organelle replication (Wilson et al.

1996). Nonetheless, many additional proteins involved in three

critical metabolic pathways: fatty acid biosynthesis, isoprenoid

biosynthesi, and for Plasmodium, haem degradation (Ralph et al.

2004; Waller and McFadden 2005) are targeted to the apicoplast.

Due to their essential role, many enzymes involved in these

pathways are the focus of drug target discovery programs.

To develop novel antiparasitic compounds and increase

our understanding of apicomplexan biology, several large-

scale-sequencing projects have been initiated. The complete ge-

nomes of six apicomplexans are currently available (Fig. 2; Carlton

et al. 2002; Gardner et al. 2002, 2005; Abrahamsen et al. 2004; Xu

et al. 2004; Pain et al. 2005). Furthermore, large expressed se-

quence tag (EST) collections have been generated for an additional

nine species (Ajioka et al. 1998; Howe 2001; Li et al. 2003a; Cui

et al. 2005), which can be used to construct so-called ‘‘partial

5Present address: Wellcome Trust Sanger Institute, Wellcome Trust
Genome Campus, Hinxton, Cambridge CB10 1SA, UK.
6Corresponding authors.
E-mail jwasmuth@sickkids.ca; fax (416) 813-5022.
E-mail jparkin@sickkids.ca; fax (416) 813-5022.
Article published online before print. Article and publication date are at http://
www.genome.org/cgi/doi/10.1101/gr.083386.108.

1202 Genome Research
www.genome.org

19:1202–1213 � 2009 by Cold Spring Harbor Laboratory Press; ISSN 1088-9051/09; www.genome.org

 Cold Spring Harbor Laboratory Press on August 4, 2022 - Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


genomes’’ (Peregrin-Alvarez and Parkinson 2007; Wasmuth et al.

2008). Studies of these data sets have provided insights into

adaptations that relate to their parasitic ecology, such as the

identification of expanded families of proteases in Plasmodium

(Wu et al. 2003). More systematic sequence comparisons have

started to uncover genes restricted to specific Apicomplexa orders

(Li et al. 2003a; Martens et al. 2008), or even individual species

(Brayton et al. 2007).

The availability of genomic data sets for 15 species offers

an opportunity to build on these initial studies and undertake

more systematic analyses to explore genetic diversity within the

Apicomplexa. Here, we catalog the taxonomic profile of each

apicomplexan species and identify those that share little or no

similarity to nonapicomplexan proteins. From this set of ‘‘api-

complexan-specialized’’ sequences, protein families are con-

structed and placed within the context of the apicomplexan

phylogeny. This highlights the evolu-

tionary history of proteins associated

with a parasitic lifestyle and identifies

groups of proteins with functional anno-

tations that shed light on apicomplexan

biology. To authenticate proteins that are

otherwise annotated as ‘‘hypothetical,’’

we compare our results with the proteo-

mic data sets that are available for five

of the species. Finally, domain analyses

identified both the taxonomic distribu-

tion of apicomplexan domains as well

as domain architectures specific to the

Apicomplexa.

Results

Taxonomic distribution

of apicomplexan proteins

To identify the levels of sequence con-

servation between the Apicomplexa and

other taxa, a series of BLAST searches

were performed against the following

databases (selected tomaximize sequence

and taxonomic coverage): COGENT for

complete genomes, UniProt for non-

redundant proteins, and PartiGeneDB

for partial genomes. In total, 87,736 api-

complexan sequences were compared

with ;6.6 million sequences from 1112

species (including 501 eukaryotes and

552 bacteria). For each apicomplexan

sequence, the taxonomic source of the

database hits were assigned to one of

eight divisions: (1) other Apicomplexa,

(2) other Alveolata, (3) other Protista, (4)

Fungi, (5) Metazoa, (6) Viridiplantae, (7)

Bacteria, and (8) Archaea. By combining

the scores from each of the divisions,

‘‘taxonomic profiles’’ were created using

a binary classification scheme. For ex-

ample, the profile ‘‘00110010’’ indicates

an apicomplexan sequence with homol-

ogy with sequences from other Protista,

Fungi, and Bacteria. To provide a com-

prehensive view of the relationships between apicomplexan

sequences and other taxa, we used three BLAST bit score cutoffs to

generate taxonomic profiles. For a discussion on the use and im-

pact of BLAST score cutoffs, see Supplemental File S1.

The four most common profiles were associated with the

extremes of phylogenetic diversity (Table 2). Sequences specific to

a single species or matching only other apicomplexans (profiles:

00000000 and 10000000, respectively) were the most abundant,

accounting for 63%–89% of all sequences, depending upon bit

score cutoff. The next two most abundant profiles represent the

other end of the diversity spectrum, being either highly conserved

across all eukaryotes (profile: 1111100) or the three domains of life

(profile: 11111111). Discussion on the functions of these proteins

is presented in Supplemental File S1.

Introducing a wild-card (‘.’) character for searching the pro-

files adds flexibility. Depending on the BLASTcutoff, we identified

Figure 1. Apicomplexan life cycles. Members of the Apicomplexa share a generalized life cycle,
though each species has its own specializations. Plasmodium spp. and Theileria spp. are transmitted and
undergo sexual recombination in an insect vector, the Anopheles mosquito and Rhipicephalus tick, re-
spectively. Cryptosporidium is able to autoinfect its host; the oocyst can sporulate and excyst in the same
host, maintaining the infection for months to years. The Coccidian parasites are represented in this
figure by Toxoplasma, which is able to infect the majority of warm-blooded animals. The differentiation
of Toxoplasma tachyzoites into gametocytes is triggered only when members of the cat family (Felidae)
are infected. The molecular basis for this regulation is not yet known. The intermediate and definitive
host spectrum for each species under consideration in this study are given in Table 1.
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from 215 to 421 sequences with matches to Viridiplantae, to the

exclusion of other eukaryote phyla (profile: 0.00001..). These

sequences may represent possible homologs of algae origin,

translocated from the early apicoplast genome (Huang et al. 2004).

A subset of these sequences was associated with a range of meta-

bolic functions. Of these, we noted that restricted to the Theileria

were eight choline kinase proteins: an enzyme involved in lipid

metabolism and implicated in host cell transformation (Gardner

et al. 2005). A phylogenetic reconstruction of the parasite proteins

with other choline kinases from UniProt placed many of the

Table 1. Summary of host and environment specificity for apicomplexans used in this study

Species Definitive host Intermediate host
Preferred host
environment

Plasmodium falciparum Mosquito Human Erythrocyte (red blood cell)
Plasmodium vivax Mosquito Human Erythrocyte
Plasmodium berghei Mosquito Rat Erythrocyte
Plasmodium yoelii Mosquito Rat Erythrocyte
Theileria annulata Tick Bovine Leukocyte (white blood cell)
Theileria parva Tick Bovine Leukocyte
Eimeria tenella Poultry None Intestinal tract
Sarcocystis falcatula Opossum Avian Leukocyte
Sarcocystis neurona Opossum Equine Leukocyte
Toxoplasma gondii Feline Warm-blooded animals Broad range
Neospora hughesi Unknown Equine Broad range
Neospora caninum Dogs Bovine/Equine/Ovine Broad range
Gregarina niphandrodes Arthropods, nematodes

and annelids
None Intestinal track

Cryptosporidium hominis Human None Intestinal track
Cryptosporidium parvum Mammal None Intestinal track

Figure 2. Apicomplexan-specialized protein families. This figure shows the putative point of origin for each protein family within the Apicomplexa. The
species membership for each protein family was used to determine the putative point of origin of protein families within the apicomplexan phylogeny.
The number of protein families shared between at least two daughter taxa of a particular clade is circled at each node. On the terminal branches is the
number of species-specific protein families, where a family contains at least two proteins. The number of singletons (not clustered in a family), total
number of phylum-restricted proteins, and total number of proteins available are given after the species name. Whether a complete or partial genome is
available for the species is designated with a Cg or Pg, respectively. The tree is a cladogram, and the construction of the phylogeny is described in the
Methods section.
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Theileria proteins into a single clade (data not shown). How these

parasite enzymes affect the host cell is not clear; these proteins do

not contain canonical signal peptides, while only one possessed

a single predicted transmembrane region.

Apicomplexan-specialized protein families

Given the large proportion of sequences lacking putative homo-

logs outside of the Apicomplexa, we were interested in identifying

how this novelty was distributed throughout the phylum. To ad-

dress this, we used TribeMCL (Enright et al. 2002) to group

sequences into families. A score cutoff of 100 bits was used to

collate apicomplexan-specific sequences. Here, the term apicom-

plexan-specialized denotes proteins unique to the taxon as well as

proteins that have undergone such a large amount of divergence

as to fall below our bit score cutoff. Of 67,015 apicomplexan-

specialized proteins, 27,901 (41%) were assigned into one of 9134

families, where a family contains at least twomembers. We refer to

proteins not assigned a family as singletons. Each family was then

mapped in the context of known phylogenetic relationships to

identify putative points of origin and examine species and taxon-

specific protein family expansions (Fig. 2).

Most protein families are restricted to a single genus, high-

lighting the huge proteomic diversity underlying their disparate

biology. Indeed, 19 of the 20 most abundant families were present

in a small number of closely related taxa, or were species specific

(Fig. 3A). Typically, these families were well-known apicomplexan

specializations, many of which have been shown to be necessary

for parasite survival in the host. However, we also identified an-

cestral families common to wider groups of Apicomplexa. In the

following, we concentrate on protein families associated with in-

fection machinery, focusing on three clades: Aconoidasida, Coc-

cidia, and pan-Apicomplexan. Analyses performed on additional

families are available in Supplemental Text File S1.

Protein families within the Aconoidasida

The life cycles of the Haemosporidia and Piroplasmida are broadly

similar, both occupying red blood cells, which assist their trans-

mission to their respective insect vectors (Fig. 1; Table 1). However,

given the large differences in the rest of the life cycle, including

invasion of leukocytes by Theileria, strategies for immune evasion,

choice of vector species, and host cell modification, it is perhaps

not surprising that only 71 of the 4196 families associated with

this group were conserved across the Aconoidasida (Supplemental

Table S1).

Interestingly, six of the 20 largest protein families within the

Apicomplexa are examples of variant Plasmodial antigens: BIR/

VIR (api0_3.0 and api5_3.0), RIFIN (api2_3.0), and PfEMP1

(api9_3.0). These antigens are presented on the surface of infected

red blood cells and are thought to interfere with the host immune

response. The other large Plasmodium families are the Pb-fam

groups (api1_3.0 and api12_3.0), which were first annotated in the

P. berghei genome (Hall et al. 2005); we show that these are present

throughout the genus and have possibly undergone a large ex-

pansion in P. yoelii.

Protein families within the Coccidia

There were 2236 protein families restricted to the Coccidia. Of

these, 512 were shared between Neospora and Toxoplasma, con-

sistent with their close evolutionary relationship and similar

ecology (Figs. 1, 2). Of the 150 families shared across Eimeria and

the Sarcocystidae, 25 were found in at least three species (Sup-

plemental Table S2).

The micronemes and rhoptries are the first organelles to se-

crete their protein complements, starting the invasion process.

These proteins are implicated in attachment to the host cell,

leading to the formation of the moving junction, through which

the parasite enters the host cell. Microneme proteins include those

involved with host cell adhesion (e.g., MIC1 andMIC2) and a class

of four aspartyl proteases termed Toxomepsins. Although the

precise functions of Toxomepsins have yet to be refined, work in

Eimeria has shown Toxomepsin 3 to be localized to the parasite’s

apical tip shortly after cell attachment (Jean et al. 2000), with

signal peptides present in Toxomepsins 2 and 3 (Dowse and Sol-

dati 2004). While Toxomepsin 3 was present across the Coccidia,

Toxomepsins 1 and 2 were specific to the Toxoplasmatinae.

With the moving junction formed, the rhoptries discharge

their contents. The largest group of rhoptry proteins is the

ROP2 family, which are restricted to Toxoplasma and N. caninum

(api19_3.0). The ROP2 family contains the closely related ROP2,

ROP4, ROP7, and ROP8 proteins (El Hajj et al. 2006), which, in our

analysis, were clustered into two inclusive families. Fewer rhoptry

proteins could be annotated in the other coccidian data sets. In

Table 2. Phylogenetic profiles

Order of
abundance

Phylogenetic profile $50 $100 $150

ap al op fu me vi ba ar No. Percent No. Percent No. Percent

1 0 0 0 0 0 0 0 0 33,957 41.6 49,397 60.3 57,038 69.8
2 1 0 0 0 0 0 0 0 17,563 21.5 17,687 21.6 15,910 19.5
3 1 1 1 1 1 1 0 0 6555 8.0 3189 3.9 1850 2.3
4 1 1 1 1 1 1 1 1 4419 5.4 1336 1.6 699 0.9

- . . 0 0 0 0 0 0 55,430 66.6 68,372 83.8 73,678 90.2
- . . 0 0 1 0 0 0 2706 3.3 1636 2.0 1107 1.4
- . . 0 0 0 1 . . 421 0.5 304 0.4 215 0.3
- 1 . . . 0 . . . 21,247 26.0 19,262 23.5 16,899 20.7

BLAST searches were performed to identify sequence similarity between apicomplexan sequences from both partial and complete genomes. See Sup-
plemental Table S5 for the BLAST programs used. All of the species identified to match an apicomplexan sequence were placed in one of the following
eight taxonomic groups: (ap) Apicomplexa; (al) other Alveolata; (op) other protists; (fu) Fungi; (me) Metazoa; (vi) Viridiplantae; (ba) Bacteria; and (ar)
Archaea. This allowed the creation of a binary profile for each protein detailing presence (‘‘1’’) or absence (‘‘0’’) in a specific taxon. The results at three-bit
score cutoffs are presented. In the bottom four profiles, the binary state of at least one taxon has been turned into a wild card, permitting the grouping of
specific profiles. For example, profile ‘‘..0001..’’ indicates sequences that match a plant species but have no match in other Protists, Fungi, and Metazoa.
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Sarcocystis, we found only ROP17 and ROP18. Like the rhoptry

neck proteins found in Eimeria, (RON2 and RON4), these repre-

sented species-specific families. The high level of sequence di-

vergence of rhoptry proteins may explain the putative absence

of other rhoptry protein homologs in Sarcocystis and Eimeria.

However, there are two further possible

explanations. Firstly, Sarcocystis and Eime-

ria ROP homologs may be expressed at

lower levels than their Toxoplasmatinae

counterparts, reducing our ability to de-

tect them within the EST data sets. Sec-

ondly, in contrast to micronemes, where

some proteins are conserved throughout

the Apicomplexa (Kappe et al. 1999), our

analysis showed that of the 192 families

annotated as rhoptry protein families,

only three were present in more than one

genus (or Toxoplasma and Neospora). We

also noticed distinct families for both

Theileria and Cryptosporidium, and so it is

probable that Sarcocystis and Eimeria have

their own additional battery of rhoptry

proteins that await discovery.

Among the largest families in Coc-

cidia were those associated with the

dense granule (DG) organelles. These in-

clude GRA proteins that were found

to share little sequence similarity across

the families. Due to its amenability to

genetic investigation, most studies of

GRA proteins have focused on their role

in Toxoplasma, where they are associated

with either the membrane of the PV or

the membranous nanotubular network,

which connects the parasite with the

PV membrane. Homologs to some Toxo-

plasma GRA proteins have been identi-

fied in N. caninum (Mercier et al. 2005).

We were able to identify GRA1–GRA8

and GRA10 in Toxoplasma, and orthologs

for GRA1, GRA2, GRA4, and GRA8 in

Neospora. To the best of our knowledge,

Neospora GRA4 and GRA8 proteins have

not been previously reported. The ab-

sence of GRA proteins in the Eimeria and

Sarcocystis data sets supports the possi-

bility that dense granules are either ab-

sent or function differently in these

organisms (Daszak et al. 1993). These

findings suggest a relatively recent de-

velopment of GRA proteins in the Toxo-

plasmatinae.

Pan-apicomplexan protein families

From Figure 2, the vast majority of pro-

tein families specific to the Apicom-

plexa represent species- or genus-specific

innovations. This supports the notion

that the Apicomplexa as a group do not

share many ancient common adapta-

tions (Martens et al. 2008). Six hundred

of the 9134 families were shared across

deeper taxonomic groupings, of which 173 protein families were

identified as potentially being present in the ancestral apicom-

plexan (Fig. 3B; Supplemental Table S3). The largest protein family

(api24_3.0) contained 36 proteins from 10 species and was an-

notated as containing a profilin domain, a component of the

Figure 3. Species distribution of sequences in a selection of Apicomplexan-specialized protein
families. Three sets of protein families are presented: (A) the top 20 most-abundant families; (B) the top
15most-abundant families with sequence representatives from the 173 families conserved between the
Cryptosporidium and either or both of the Aconoidasida and the Coccidia; and (C ) the top 15 most-
abundant families, with sequence representatives from the 427 families conserved between the Aco-
noidasida and the Coccidia. Numbers in boxes indicate the number of sequences from each species
associated with each family. A black border for a box shows that proteomic data can be mapped to the
protein family. The colors refer to the clades in Figure 2.
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regulatory mechanism for parasite gliding motility. There is a high

level of conservation within the apicomplexan profilins, but they

are divergent from those in other eukaryotes (Baum et al. 2006).

Profilin acts as a ligand for the murine Toll-like receptor TLR11,

causing levels of IL-12 cytokine to be up-regulated, thereby elic-

iting an inflammatory response (Yarovinsky et al. 2005). The

presence of profilin across the Apicomplexa suggests that meta-

zoans have evolved a receptor capable of raising an immune re-

sponse to this broad-spectrum antigen.

Ribosomal proteins were common in the largest families

(Fig. 3B; Supplemental Table S3). While their classification as

apicomplexan-specialized proteins may be surprising, inspection

of their alignments expose variation between apicomplexan ri-

bosomal proteins and those for other species (Supplemental

File S1). Similar findings were observed for a group of chromatin-

related factors annotated as ‘‘high mobility group’’ proteins

(Briquet et al. 2006). Numerous gene duplication events have oc-

curred in the Plasmodium and Toxoplasmatinae lineages, revealing

potential differences in transcription regulation associated with

each parasitic life cycle (Fig. 4).

Apicoplast proteins

The apicoplast is an organelle acquired through the endosymbi-

osis of cyanobacteria, and is essential to the survival of the api-

complexan parasite, except for Cryptosporidium, which appears to

have lost this plastid. A previous bioinformatic analysis of the P.

falciparum genome predicted 545 proteins are imported into the

apicoplast (Ralph et al. 2004). Many of these are involved in the

three metabolic pathways: fatty acid biosynthesis, isoprenoid

biosynthesis, and for Plasmodium, haem degradation. Of the 545

apicoplast proteins, 471 were found to possess homologs in other

apicomplexans (bit score $ 100). The remaining 74 proteins spe-

cific to P. falciparum were also annotated as hypothetical. Con-

sidering the proteins with potential orthologs, 341 were restricted

to the Plasmodium (P. falciparum plus another), includingmembers

of the haem biosynthetic pathway. No members of this pathway

were found in other apicomplexans. The absence of enzymes in-

volved in haem biosynthesis in nonplasmodial species was ex-

pected; Plasmodium is the only apicomplexan in this study whose

asexual cycle degrades haemoglobin, providing an essential source

of amino acids and iron. We manually checked a reported case of

uroporphrinogen III synthase in Toxoplasma and consider it a

misannotation (see Supplemental File S1).

In the Coccidia, we found enzymes involved in fatty acid

synthesis, but, intriguingly, no members of the isopentenyl di-

phosphate biosynthesis pathway (Isp enzymes). This pathway is

important in the modification of transfer RNAs, suppressing pre-

mature stop codons and frameshifts in coding regions (Petrullo

et al. 1983). These coding errors have been found in Toxoplasma,

Eimeria, and Neospora and Plasmodium (Lang-Unnasch and Aiello

1999; Cai et al. 2003). The absence of this pathway in the Cocci-

dian data sets may reflect EST sampling biases. It is noted that

the Isp enzymes are expressed at relatively low levels within

P. falciparum (data not shown), which may affect their represen-

tation within the partial genome data sets.

Expanding the repertoire of protein domains

to the Apicomplexa

A more sensitive form of functional annotation is the decora-

tion of sequence with protein domains. We used the Pfam data-

base (Finn et al. 2006), considering both

PfamA and PfamB divisions of the do-

main library. In total, 20,854 sequences

were annotated with at least one protein

domain (18,331 with PfamA and 4388

with PfamB; Table 3). Considering only

PfamA domains, our searches revealed

192 known protein domains that had

not been previously reported in the

Apicomplexa. Forty-one (21%) of these

domains were present in more than one

species, many restricted to the Coccidia.

The Kunitz trypsin inhibitor domain

(PF00014) occurs in tandem repeats in N.

caninum and T. gondii proteins. This do-

main is widespread in the Metazoa and

found in a small number of bacteria and

the Amsacta moorei entomopoxvirus. We

believe this is the first report of this do-

main in a single-celled eukaryote, al-

though its role in host immune evasion

awaits further characterization.

Among the Sarcocystidae were mul-

tiple instances of the annexin domain

(PF00191). The domain has been impli-

cated with a range of functions. In the

diplomonad parasite Giardia lamblia, it is

thought to regulate cytoskeletal dynam-

ics during cyst transition (Bauer et al.

1999). From the coccidian EST libraries,

annexin is only expressed in the infective

Figure 4. Proposed evolution of family 35_3.0. The multiple sequence alignment and phylogenetic
reconstruction is described in the Methods section. There were two instances where gene duplication
occurred, along with evidence for subsequent gene loss in one lineage. The incomplete nature of partial
genomes makes interpretation of gene loss difficult, but has less effect when considering duplication
events. Bootstrap values are given at the nodes and are a percentage of 1000 replicated multiple se-
quence alignments. Nodes supported by <50% of replicates are shown as a polytomy.
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tachyzoite phase and not the sessile bradyzoite form (Fig. 1). This

suggests that one or more copies of the annexin domain found in

these cyst-forming coccidians may have an analogous role to that

of Giardia.

Present in the apicomplexan domain annotations was the

Sushi domain (PF00084), also termed complement control protein

module. These domains are associated with the regulation of

complement activation, a critical component of the innate im-

mune response. The domain probably arose early in the metazoan

lineage and has subsequently been acquired by viruses (Ciulla

et al. 2005). Our searches identified seven instances of the Sushi

domain within the Apicomplexa: two in C. parvum (Templeton

et al. 2004), C. hominis, and N. caninum, and one in T. gondii. A

single Sushi domain was previously reported in P. falciparum,

whose sequence can be aligned with the domain model (O’Keeffe

et al. 2005). The apicomplexan Sushi domains were aligned with

counterparts from the Metazoa and viruses. While the invariant

four cysteines were present in the apicomplexan sequences, the

parasite domains substitute the highly conserved tryptophan lo-

cated near the C terminus, with a tyrosine or phenylalanine.

Phylogenetic reconstruction of this domain has previously proven

difficult (Soares et al. 2005), so to investigate relationships be-

tween the sequences, all-against-all pairwise alignments were

generated, and the scores were hierarchically clustered. The para-

site sequences were placed in a clade with domains from regulators

of complement activity (RCA) proteins, including C4b-binding

protein and complement receptor type 1 (Supplemental Fig. S2A).

We found signal peptides in all full-length proteins containing the

Sushi domain, as well as a C-terminal transmembrane domain in

three proteins (Supplemental Fig. S2B), giving a potential role in

the regulation of the host immune response.

Protein domain specializations within the Apicomplexa

Within the PfamA database are 30 apicomplexan-specific domains.

Our initial searches were only able to increase the species dis-

tribution of three of these domains. This is consistent with our

earlier findings that the majority of apicomplexan-specific inno-

vations appear to occur at the level of individual species and/or

genera. We next examined the potential of novel domain cou-

plings to increase parasite diversity. Most novel pairings involved

PfamB domains. For example, considering both PfamA and PfamB

annotations, 3247 domain pairings were unique to the Apicom-

plexa. Of these, 2480 (76%) were restricted to a single species

(Table 3; Supplemental Fig. S3). Most of those domain partner-

ships found in two or more species were restricted to the Hae-

mosporidia (Supplemental File S1).

Of domain combinations involving both PfamA and PfamB,

61 likely represent inventions in the ancestral Apicomplexa. We

matched GO slim annotations (Ashburner et al. 2000) to these

domains and, while themajority of domains could not be assigned

a functional term, 12 terms were significantly enriched, including

‘‘pathogenesis,’’ ‘‘symbiosis,’’ and ‘‘interspecies interaction’’ (P <

0.001 for all three terms; Supplemental Table S5). Limiting the

search to PfamA combinations, 20 pairs were found in at least two

apicomplexans (Table 4; Supplemental Fig. S3) and two combi-

nations could be considered pan-phylum. The PxSR protein

(containing a scavenger receptor cysteine-rich domain [PF00530]

and LCCL domain [PF03815]) has been implicated in oocyst dif-

ferentiation into sporozoites in P. berghei (Claudianos et al. 2002).

The second combination (Myosin head [PF00063] and WD repeat

[PF00400]) has been shown to be located in the myonemes,

structural filaments that form rings along the length of Gregarines

(Heintzelman and Mateer 2008). However, the function of this

protein in any apicomplexan has yet to be described.

Discussion

Here, we describe the most comprehensive analysis of protein

family diversity across the Apicomplexa performed to date. This

study builds on previous studies, for which fewer ESTs were

available for fewer species or were restricted to complete genomes.

For example, Li and coworkers performed a phylogenetic study of

sequences from five apicomplexans and suggested that ;2%

of assemblies would form species-specific protein families (Li

et al. 2003a). With many more sequences available for these and

Table 3. Protein domain summary

Species

Domain incidence
Unique Pfam

domains found

Domains per
protein

Species-specific Pfam
combinations

No. of proteins
with domain(s)

Proportion of
all proteins Total PfamA PfamB Total PfamA only

P. falciparum 3228 0.60 3010 1217 1793 1.86 1619 19
P. vivax 946 0.14 602 480 122 1.22 3 0
P. berghei 522 0.11 315 259 56 1.12 2 0
P. yoelii 3568 0.45 2353 1145 1208 1.57 692 23
T. annulata 1907 0.50 1367 992 375 1.71 40 7
T. parva 1873 0.46 1344 990 354 1.60 38 7
E. tenella 680 0.12 397 333 64 1.22 3 0
S. falcatula 156 0.07 142 134 8 1.12 0 0
S. neurona 407 0.11 263 237 26 1.14 0 0
T. gondii 2806 0.12 1202 888 314 1.20 18 0
N. hughesi 1016 0.16 87 80 7 1.21 0 0
N. caninum 94 0.12 602 488 114 1.12 5 0
G. niphandrodes 113 0.19 75 68 7 1.20 0 0
C. hominis 1612 0.41 1226 892 334 1.55 16 0
C. parvum 1923 0.51 1492 1092 400 1.61 44 3
Total 20,851 0.25 1.52 2480 59

PfamA and PfamB libraries were used to annotate protein sequences. Unique domain combinations are those pairings of domains that are found only in
that species. Combinations that only involved PfamA domains are shown.
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additional species, we can update this proportion to 7% of pro-

teins. A more recent study, which included the six fully sequenced

apicomplexan genomes, focused more on differences between the

basal chromalveolate groups (Oomycetes, Diatoms, Apicomplexa,

and Ciliates) (Martens et al. 2008). We concentrate specifically on

the Apicomplexa and focus on extracting the biological implica-

tions of our findings. Use of the partial genomes expanded se-

quence space within the Plasmodium, and for the first time has

allowed a detailed look at those protein families that are found

only in the Coccidia.

The increase in the breadth and depth of sequence sampling

provided by partial genomes comes with the caveat that they

do not represent the entire proteome and are often biased to-

ward highly expressed proteins. Nonetheless, previous reports

support the legitimacy of these sequences, noting that findings

from partial genome data sets are consistent with those from

completed eukaryotic genomes (Brocchieri and Karlin 2005;

Peregrin-Alvarez and Parkinson 2007). In comparing gene models

derived from the recently published genome of P. vivax (Carlton

et al. 2008), 69% were represented by an EST-contig (TBLASTN;

E<10�8) used in this study, further supporting the relevance of

the findings.

The abundance of families located toward the terminal

branches of the apicomplexan phylogeny reveals the relatively

recent timings of large numbers of genetic adaptations acquired to

mediate their diverse parasitic lifestyles. Interestingly, moving

deeper within the apicomplexan phylogeny increased the number

of protein families with meaningful functional annotations. This

reflects either a greater emphasis placed by researchers on se-

quences found in more than one species, or a genuine difference

in protein functions associated with different evolutionary ori-

gins. Among the families derived from the deeper nodes of the

phylogeny were many examples of proteins generally perceived

as being involved in conserved housekeeping functions, for ex-

ample, ribosomal subunits (Supplemental Tables S1–S4). This is

in contrast to previous studies of conserved nematode-specific

Table 4. Annotation of apicomplexan-specific PfamA domain combinations

Node
Species

distribution

Domain one Domain two

Pfam ID Description Pfam ID Description

Api_root Pf, Py, Tp, Ta, Cp, Ch PF00530 Scavenger receptor
cysteine-rich domain

PF03815 LCCL domain

Api_root Pf, Py, Cp PF00063 Myosin head
(motor domain)

PF00400 WD domain, G-beta repeat

Aconoidasida
and Coccidia

Pf, Py, Pv, Pb, Ta, Tg PF09717 Plasmodium falciparum
domain of unknown
function

PF09717 Plasmodium falciparum
domain of unknown
function

Aconoidasida Pf, Py, Tp PF00169 PH domain PF02121 Phosphatidylinositol
transfer protein

Plasmodium Pf, Py PF07422 Sexual stage antigen
s48/45 domain

PF07422 Sexual stage antigen
s48/45 domain

Plasmodium Pf, Py PF07496 CW-type zinc finger PF07496 CW-type Zinc Finger
Plasmodium Pf, Py PF00051 Kringle domain PF07699 GCC2 and GCC3
Plasmodium Pf, Py PF00501 AMP-binding enzyme PF02776 Thiamine pyrophosphate

enzyme, N-terminal TPP
binding domain

Plasmodium Pf, Py PF00501 AMP-binding enzyme PF00205 Thiamine pyrophosphate
enzyme, central domain

Plasmodium Pf, Py PF00501 AMP-binding enzyme PF02775 Thiamine pyrophosphate
enzyme, C-terminal TPP
binding domain

Plasmodium Pf, Py PF02213 GYF domain PF08662 Eukaryotic translation
initiation factor eIF2A

Plasmodium Pf, Py PF01536 Adenosylmethionine
decarboxylase

PF00278 Pyridoxal-dependent
decarboxylase, C-terminal
sheet domain

Plasmodium Pf, Py PF01536 Adenosylmethionine
decarboxylase

PF02784 Pyridoxal-dependent
decarboxylase, pyridoxal
binding domain

Theileria Ta, Tp PF04385 Domain of
unknown function,

DUF529

PF07708 Tash protein PEST motif

Theileria Ta, Tp PF04385 Domain of unknown
function, DUF529

PF04385 Domain of unknown
function, DUF529

Toxoplasmatinae Tg, Nh, Nc PF04092 SRS domain PF04092 SRS domain
Cryptosporidium Cp, Ch PF00515 Tetratricopeptide

repeat
PF09229 Activator of Hsp90

ATPase, N-terminal
Cryptosporidium Cp, Ch PF00023 Ankyrin repeat PF00084 Sushi domain
Cryptosporidium Cp, Ch PF00629 MAM domain PF01179 Copper amine oxidase,

enzyme domain
Cryptosporidium Cp, Ch PF00024 PAN domain PF07645 Calcium binding

EGF domain

aPf, P. falciparum; Py, P. yoelii; Tp, T. parva; Ta, T. annulata; Cp, C. parvum; Ch, C. hominis; Pv, P. vivax; Pb, P. berghei; Tg, T. gondii; Nh, N. hughesi; Nc, N.
caninum.
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families (Wasmuth et al. 2008). Whether this is truly reflective of

apicomplexan-wide innovations or merely a consequence of Api-

complexa’s ancient origins remains to be elucidated (Baldauf

2003). On the other hand, the large numbers of hypothetical

proteins associated with the terminal branches suggest novel

species- and/or genera-specific innovations.

This study has revealed remarkable sequence diversity asso-

ciated with the Apicomplexa. It is striking that the major lineages

(e.g.,Cryptosporidium, Coccidia, Piroplasmida, andHaemosporidia)

appear to share few parasite-associated proteins. Despite mor-

phological and cytostructural similarities, these findings suggest

that the emergence of the ancestral apicomplexan was followed by

a potentially rapid evolution of parasitic strategies, each requiring

their own battery of lineage-specific proteins. Changes in life cy-

cle, in particular the use of vectors, has allowed the parasite to

expand its host range (Jakes et al. 2003). This leads to strong se-

lection pressures, resulting in a rapid and extensive modification

of the proteome and frequent speciation. Consistent with the data

presented here, it is likely that many lineage-specific protein

families are associated with specialized parasite-related functions,

including recognition of definitive host (for sexual recom-

bination), survival in an insect vector, avoidance of immune

responses, and transformation of the invaded cell to aid in the

clonal replication of the parasite.

As noted earlier, the use of a less-stringent BLASTcut-off score

can result in large-scale reclassification of taxon-restricted se-

quences (Table 2; Supplemental Fig. S4). Lower scoring matches

are often indicative of local regions of sequence similarity typi-

cally representing protein domains. We therefore investigated

the apicomplexan sequences from the perspective of protein

domains. Considering the PfamA domain library, 52% of P. falci-

parum proteins can be annotated, which is less than many other

complete eukaryote genomes, such as human (67%), Caeno-

rhabditis elegans (64%), and Saccharomyces cerevisae (65%). PfamB

coverage is higher for P. falciparum (68%) compared with model

organisms (Hs 27%, Ce 42%, and Sc 53%), a consequence of P.

falciparum sequence data not annotated by current PfamAmodels.

Given the sequence divergence shown in this work, it seems likely

that some known domains are present in the Apicomplexa,

but have diverged from their Pfam domain profiles. Consequently,

we suggest that many apicomplexan-specific PfamB-annotated

domains may represent diverged members of existing PfamA

domains.

The depth of protein space in the Apicomplexa is further

expanded with the identification of novel domain combina-

tions. As for the protein families, the incidence of these pairs oc-

curred mainly at the level of species and genera (particularly when

only PfamA domains are considered). We expect that further

investigations of the novel domain pairings at other nodes within

this phylogeny will yield additional insights underlying apicom-

plexan biology.

Conclusion

Here, we present an overview of the extent of sequence innovation

within the Apicomplexa. Given the scale of this study, it has been

possible to describe only a small selection of the more noteworthy

examples of protein family and domain specializations. Within

these data sets, however, we expect there to be many more im-

portant discoveries. Consequently, the data sets generated and

discussed in this study are freely available on our project website at

http://www.compsysbio.org/projects/apicomparison.

Methods

Sequences

Complete genomes were obtained from ApiDB (Aurrecoechea

et al. 2007) (Plasmodium falciparum [v5.2], P. yoelii [v5.2], Crypto-

sporidium parvum [v3.4], and C. hominis [v3.4]) and GenBank,

NCBI (Benson et al. 2005) (Theileria parva [April 2007] and T.

annulata [April 2007]). The EST-contigs for the partial genomes

were downloaded from dbEST (Boguski et al. 1993) on January

2007, processed, and assembledwith the PartiGene suite (Parkinson

et al. 2004) and are available from PartiGeneDB (Peregrin-Alvarez

et al. 2005). EST-contigs were translated into peptide sequences

with prot4EST (Wasmuth and Blaxter 2004).

Taxonomic profiles

BLAST searches (Altschul et al. 1997) were used to compare the

apicomplexan sequences with UniProt (version 9.0—3,554,507

sequences) (Apweiler et al. 2004), COGENT (Feb 2007—915,554

sequences) (Janssen et al. 2003), and PartiGeneDB (Feb 2007—

2,174,649 sequences) (Peregrin-Alvarez et al. 2005). For the BLAST

programs (v2.2.13) used, see Supplemental Table S6.

Functional annotation

Sequences were annotated through sequence similarity compar-

isons and available high-throughput proteomic data. Proteomic

data was available for P. falciparum (Florens et al. 2002), P. berghei

(Hall et al. 2005), P. yoelii (Tarun et al. 2008), T. gondii (Bradley et al.

2005; Xia et al. 2008), and C. parvum (Sanderson et al. 2008). The

data was downloaded from ApiDB (Aurrecoechea et al. 2007). We

accepted proteins that were represented with a minimum of three

spectra.

Annotation through sequence similarity involved three

approaches: BLAST, COG/KOG, and Gene Ontology (see Supple-

mental File S1 for more details). These complemented information

available in the description line for proteins from the published

genomes. For all protein families that are described in the text,

figures, and Supplemental Tables, the annotations were manually

checked for inconsistencies.

Protein family generation

The two most commonly used tools for clustering protein

sequences are TribeMCL (Enright et al. 2002) and OrthoMCL

(Li et al. 2003b). OrthoMCL has been shown to be the best-

performing method currently available when considering com-

plete protein sets (Chen et al. 2007). As we are analyzing both

complete and partial genomes, we chose to use TribeMCL, which

does not explicitly model orthologous and paralogous relation-

ships. An inflation parameter (I) of 3.0 was used. The protein

family nomenclature is our own and composed of three elements:

the ‘‘api’’ prefix shows that these families are from apicomplexans,

the first number is the cluster designation, and the remaining

number provides the Inflation parameter used for TribeMCL.

Apicomplexan phylogeny

Previous phylum-wide phylogenies had divided the Apicomplexa

into three main taxa: the Coccidia, Haemosporidia, and Pir-

oplasmida. The classification of Cryptosporidium as a coccidian has

been revised and is now placed with the gregarines at the root of

the Apicomplexa (Zhu et al. 2000a; Leander et al. 2003). In con-

sidering the phylogenetic relationships within the Apicomplexa

and in the wider context of the Eukarya, studies from Zhu et al.

(2000a) and Simpson and Roger (2004), respectively, were used.
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Protein family alignments and phylogeny

Protein alignments were generated using the MUSCLE program

(Edgar 2004) (default parameters). All alignments were inspected

using Jalview (Clamp et al. 2004) and manually improved as

necessary. Phylogenetic reconstructions were achieved using

the PHYLIP suite (Felsenstein 2005). In each instance, 10,000

bootstrap replicates were used (seqboot; parameters—default).

Maximum likelihood phylogenetic trees were built (proml;

parameters—‘‘S’’ set to no, all others default) and a consensus tree

generation (consensus; parameters—majority rule extended).

Protein domain annotation

Both PfamA and PfamB domains (Finn et al. 2006) were assigned

to the apicomplexan sequences. For PfamA sequences, the hidden

Markov models (HMM) library was searched using HMMER v2.3.2

(http://hmmer.janelia.org/). For the complete genomes, the global

domain model library (‘‘ls’’) was used and the curated gathering

score (GA) cutoff was applied to each model. For the EST-derived

partial genomes, we use a hybrid approach to maximize coverage

(Wasmuth et al. 2008).

PfamB domains were identified using RPS-BLAST, as only the

sequence alignments are available. Our criteria were that the

alignment needed to cover at least 75% of the domain length.

Overlapping annotations were sorted according to alignment

score and the best scoring alignment was accepted.

Gene Ontology overrepresentation

Gene Ontology (GO) terms were assigned as described in the

above section on functional annotation. The overrepresentation

analysis was performed using Ontologizer (version 2.0) (Robinson

et al. 2004). The ‘‘population’’ was the GO slim annotation of all

apicomplexan protein domains. The ‘‘study’’ group was the pro-

tein domains that form apicomplexan-specific combinations.

Term-for-Term (TFT) analysis was performed, with the Bonferroni

multiple test correction.

Sushi domain analysis

Metazoan and viral Sushi domains were obtained from Pfam (Finn

et al. 2006) (PF00084). All-against-all global pairwise alignments

were performed using the EMBOSS implementation of the Nee-

dleman–Wunsch algorithm, needle (NeedlemanandWunsch 1970;

Rice et al. 2000). Cluster3.0 was used to hierarchically cluster the

score matrix (Eisen et al. 1998). The scores were normalized around

the mean and clustered using Euclidean distance and complete

linkage. The clusters were viewed with TreeView (Saldanha 2004).
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