
Figure 2 . Gene content changes during apicomplexan evolution. ( A) Gains and losses of orthogroups inferred based on Dollo parsimony (Csuros, 2010 ).
Analysis based on a gene birth-and-death model provided similar results ( Figure 2Ñfigure supplement 1A ). Stages I, II, and III (shown in blue, pink and
green, respectively) represent groups of branches from the alveolate ancestor to apicomplexan lineage ancestors. Stage III could not be determined
for Cryptosporidium lineage because of sparse taxon sampling. The area of a green or red section in a pie is proportional to the number of gained or
lost orthogroups, respectively. (B, C) Overview of metabolic capabilities (B) and endomembrane components (C) in apicomplexan and chromerid
ancestors. Gains and losses of enzymes and components were inferred, based on Dollo parsimony (Csuros, 2010 ). The pie charts are color-coded
based on the fraction of enzymes or components present. Additional results from analysis of individual components and enzymes can be found in
Figure 2Ñfigure supplements 2,3,4,5 , Supplementary file 3 . Individual components and enzymes are listed in Figure 2Ñsource data 1, 2 . Similar
analyses were performed for components encoding flagellar apparatus ( Figure 2Ñfigure supplement 5B ).
DOI: 10.7554/eLife.06974.006
The following source data and figure supplements are available for figure 2:

Source data 1 . Distribution of enzymes based on KEGG.
DOI: 10.7554/eLife.06974.007
Source data 2 . Genes encoding subunits of the endomembrane trafficking system.
DOI: 10.7554/eLife.06974.008

Figure supplement 1 . Gene gains and losses across the hypothetical ancestors of the 26 species under study.
DOI: 10.7554/eLife.06974.009

Figure supplement 2 . Overview of chromerid Carbamoyl Phosphate Synthetase (CPS) and Fatty Acid Synthase I (FAS I).
DOI: 10.7554/eLife.06974.010

Figure supplement 3 . Summary of metabolic pathways based on KEGG Assignments.
DOI: 10.7554/eLife.06974.011

Figure supplement 4 . An overview of endomembrane trafficking components.
DOI: 10.7554/eLife.06974.012

Figure supplement 5 . Evolutionary history of genes encoding cytoskeleton across 26 species.
DOI: 10.7554/eLife.06974.013
The following source data is available for figure 2s5:

Figure supplement 5—source data 1 . Genes encoding components of the flagellar apparatus in the 26 species.
DOI: 10.7554/eLife.06974.014
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The inferred proto-apicomplexan ancestor, li ke present-day chromerids, possessed complete
metabolic pathways for sugar metabolism, assimilati on of nitrate and sulfite, and photosynthesis-related
functions (Figure 2B , Figure 2Ñfigure supplement 3 , Appendix 2, and Supplementary file 3 ). Unlike
in other photosynthetic algae, both Chromera and Vitrella initiate heme synthesis in the mitochondrion
using aminolevulinate synthase (C4 pathway), which thus far has been found only in a few eukaryotic
heterotrophs, such as Euglena gracilis, dinoflagellates, and apicomplexans ( Ko ÿren «y et al., 2011 ; van
Dooren et al., 2012 ; Danne et al., 2013 ) (Appendix 2 and Supplementary file 4 ). Both chromerids and
apicomplexans encode modular multi-domain fatty acid synthase I (FASI)/polyketide synthase enzymes
and single-domain FASII components (Figure 2Ñfigure supplement 2A,B ). Treatment of Chromera
with a FASII inhibitor triclosan showed decreased production of long chain fatty acids ( Figure 2Ñfigure
supplement 2C and Appendix 2), suggesting that Chromera synthesizes short-chain saturated fatty
acids using the FASI pathway, which are then elongated using the FASII pathway. This was previously
demonstrated in Toxoplasma, an apicomplexan that possesses both FASI and FASII (Mazumdar and
Striepen, 2007 ). Likely, the proto-apicomplexan ancestor was a phototrophic alga harboring
characteristic metabolic features previously found only in apicomplexan parasites, especially with
regard to plastid-associated metabolic functions (see above and other examples in Appendix 2)
(Ko ÿren «y et al., 2011 ; van Dooren et al., 2012 ; Danne et al., 2013 ).

Transition to an apicomplexan ancestor (Stage II) was accompanied by the loss of metabolic processes
including photosynthesis and sterol biosynthesis ( Figure 2B and Figure 2Ñfigure supplement 3 ). The
apicomplexan ancestor appeared to possess a signi ficant complement of enzymes in various pathways
(Figure 2B ) (Lim and McFadden, 2010 ). The differentiation of apicomplexan lineages (Stage III) was
accompanied by further lineage-specifi c losses: for example, loss of FASI inPlasmodium spp, loss of FASII
in Cryptosporidium spp., which has also lost the apicoplast, and loss of enzymes mediating polyamine
biosynthesis in all lineages except Plasmodium (Figure 2B and Figure 2Ñfigure supplement 3 ). These
support the notion that enzymes involved in cellular met abolism critical for free- living organisms were not
completely lost during the transition to the apic omplexan ancestor, but were further lost during
subsequent differentiation and host-ad aptation of apicomplexan lineages.

The proto-apicomplexan had a nearly complete repertoire of the endomembrane trafficking
complexes, and much of this repertoire persisted through to the apicomplexan ancestor (Stage II)
(Hager et al., 1999 ; Klinger et al., 2013a ) (Figure 2C , Figure 2Ñfigure supplement 4 and Appendix 3).
Differentiation of apicomplexan li neages (Stage III) was accompanied by lineage-specific losses, for
example, loss of the Endosomal Sorting Complex Requir ed for Transport II (ESCRTII) in all lineages except
in piroplasms, whereas some components were retained across all lineages, such as the retromer complex
components and clathrin, both systems implicated in invasion processes (Pieperhoff et al., 2013 ; Tomavo
et al., 2013 ) (Figure 2C , Figure 2Ñfigure supplement 4 and Appendix 3). These lineage-specific losses
have led to diverse, reduced sets of endomembrane tra fficking components in present-day apicomplexans
(Hager et al., 1999 ; Klinger et al., 2013a ). Some of these components that were present in chromerids
were absent in specific apicomplexan lineages as well as in dinoflagellates and ciliates, further clarifying
that these losses are independent, lineage-spe cific events rather than ancient, shared events.

All known components of flagella were present in the proto-apicomplexan ancestor ( Figure 2Ñfigure
supplement 5A,B ). Most of the components were retained in the apicomplexan ancestor (Stage II), but
losses occurred as apicomplexan lineages differentiated (Stage III). Components of intraflagellar
transport, which are typically essential for assemblin g flagella, were lost in the other lineages except in
coccidians (Figure 2Ñfigure supplement 5A,B ). The basal body proteins, which support an organizing
center for microtubules, were lost from piroplasms. Some striated fiber assemblin (SFA) proteins, typically
associated with basal body rootlets, were maintained in all apicomplexan lineages including piroplasms
(Figure 2Ñfigure supplement 5A,B,D ); their presence has been hailed as evidence that some flagellar-
proteins are repurposed for new functions in apicomplexans (see below) ( Francia et al., 2012 ).

In summary, one of the major events during apicomple xan evolution is progre ssive, continued loss of
components important for free-living organisms. Whi le Stage II was accompanied by a massive loss of such
components including those implica ted in photosynthesis, the apicomp lexan ancestor still possessed many
proteins, which were lost later during different iation of lineages with diverse life strategies.

Emergent features of apicomplexans
Evolution of present-day apicomplexan parasites was accompanied not only by gene losses as noted
above (Figure 2 ) but also by gene gains. We sought to determine if genes gained at a particular stage
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of apicomplexan evolution, as depicted by the gray violin in Figure 3 , would be over-represented with
those involved in parasitic processes such as intracellular invasion into and egress from host cells. For
Plasmodium falciparum and T. gondii , we compiled three classes of protein-coding genes directly or
indirectly involved in parasitic processes of apicomplexans based on in silico prediction or information
from previous functional studies (‘Materials and methods’). Extracellular proteins are secreted by the
apicomplexans for various parasitic processes, for example, some of them are targeted to the
host cytoplasm, nucleus, and plasma membrane to modulate parasite–host interactions

Figure 3 . Evolutionary history of Plasmodium falciparum and Toxoplasma gondii genes. Violin plots showing
distribution of evolutionary ages of genes (Y-axis: from species-specific (bottom) to deeply conserved (top)) in P.
falciparum (A) and T. gondii (B). Evolutionary age of a gene is defined as the earliest node on the evolutionary path
of the phylogenetic tree where homolog can be detected (‘Materials and methods’). The horizontal thickness of
a violin is proportional to the number of genes (gray) or the fraction of genes (yellow) in a functional category (X-axis)
out of all with the same evolutionary age. Selected functional sub-categories are overlaid with red, green, or blue
violin plots. The maximum width of each violin is scaled to be uniform across categories. Inner boxes in the gray
violins indicate inter-quartile ranges and circles indicate medians. Colored shades along the X-axis indicate Stages
I–III (Figure 2 ). Extracellular proteins include proteins targeted to host cytoplasm, nucleus, and plasma membrane
(‘exportome’) and all other proteins, which are secreted or localized on the parasite surface (‘others’). Cytoskeletal
proteins include proteins associated with ‘actomyosin motor complex’ and ‘IMC’. All extracellular and cytoskeletal
proteins are listed in Figure 3Ñsource data 1, 2 . Nucleic acid-binding proteins are predicted in silico based on
presence of DNA-binding domains (DBDs) and RNA-binding domains (RBDs). See ‘Materials and methods’ for
details on how these genes are defined and compiled. Domain architectures of representative extracellular proteins
in apicomplexans and chromerids are displayed as schematics in Figure 3Ñfigure supplement 4 . Sequence
homology networks (Figure 2Ñfigure supplement 5E and Figure 3Ñfigure supplements 1B, 2B, 3B ) and gene
gains and losses on the phylogenetic tree (Figure 3Ñfigure supplements 1A, 2A, 3A ) provide complementary
views on the evolutionary history of these genes.
DOI: 10.7554/eLife.06974.015
The following source data and figure supplements are available for figure 3:

Source data 1 . Genes encoding extracellular proteins in P.falciparum and T. gondii .
DOI: 10.7554/eLife.06974.016
Source data 2 . Genes encoding cytoskeletal components in the 26 species.
DOI: 10.7554/eLife.06974.017

Figure supplement 1 . Evolutionary history of apiAP2 genes.
DOI: 10.7554/eLife.06974.018

Figure supplement 2 . Evolutionary history of alveolins.
DOI: 10.7554/eLife.06974.019

Figure supplement 3 . Evolutionary history of RAP genes.
DOI: 10.7554/eLife.06974.020

Figure supplement 4 . Domain architectures of extracellular proteins in chromerids and apicomplexans.
DOI: 10.7554/eLife.06974.021
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(RAxML [Stamatakis, 2014]), Bayesian inference (PHYLOBAYES [Lartillot and Philippe, 2004]),
and a method designed to deal with amino acid saturation (AsaturA [ Van de Peer et al.,
2002]). ML trees were computed under the gamma corrected LG4X model of evolution as
implemented in RAxML 7.4.8a using the rapid-bootstrap optimization algorithm in 1000
replicates. Bayesian phylogeny was inferred using empirical site-heterogenous model C40 as
implemented in Phylobayes 3.2f. Two independent chains were run until they converged (i.e.,
maximum observed discrepancy was lower than 0.2), and the effective number of model
parameters was at least 100 after the first 1/5 generation was omitted from topology and
posterior probability inference.

AsaturA trees were computed using a Poisson corrected LG model and the support was
assessed from 1000 replicates. Sequences fromVitrella (all enzymes under investigation) and
Chromera (CPS and FAS enzymes) were inspected for the presence of N-terminal leader
sequences using SignalP (Bendtsen et al., 2004) and TargetP (Emanuelsson et al., 2007)
software respectively, suggesting targeting to either mitochondrion (with mitochondrial transit
peptide) or plastid (with bipartite leader composed of ER signal peptide and transit peptide).

Fatty acid synthesis pathway
C. velia cells were grown in the f2 medium. Cultures were kept in 25 cm2 flasks under artificial
light with photoperiod 12/12, light exposure between 70 and 120 � mol/m 2/s and temperature
of 26�C. 1 ml of C. velia stationary culture was added to each flask with 20 ml of f2 solution. The
cultures were grown for one month to reach a high density of cells. Since triclosan is not soluble
in water, dimethyl sulfoxid (DMSO) was used as a soluble mediator. Four experimental groups
were established: control, control with DMSO, Chromera treated with triclosan in concen-
trations of 1 mM and 0.5 mM, respectively. After 16 days of incubation, cultures were harvested
via centrifugation, and pellets were stored in −20�C for subsequent lipid extraction.
Homogenization of algal sample was achieved by Mini-beadbeater (Biospec Products).
Homogenates were dried and weighted. Lipids were extracted using on chloroform and
methanol, as described before (Folch et al., 1957). An aliquot of 100 � l volume was subjected
to HPLC ESI/MS. The technique was performed on an ion trap LTQ mass spectrometer coupled
to Allegro ternary HPLC system equipped with Accela autosampler with the thermostat
chamber (all by Thermo, San Jose, CA, USA). 5� l of sample was injected into a Gemini column
250 × 2 mm i.d. 3 � m (Phenomenex, Torrance, CA, USA). The mobile phase consisted of (A) 5
mmol/l ammonium acetate in methanol, (B) water, and (C) 2-propanol. The analysis was
completed within 80 min with a flow rate of 200 � l/min by following gradient of 92% A and 8% B
in 0–5 min, then 100% A till the 12th minute, subsequently increasing the phase C to 60% till
50 min and holding for 15 min and then in at the 65th minute returning back to the 92:8% A:B
mixture and 10 min to column conditioning. The column temperature was maintained at 30�C.
The mass spectrometer was operated in the positive and negative ion detection modes at +4
kV and −4 kV with capillary temperature at 220�C. Nitrogen was employed as shielding and
auxiliary gas for both polarities. Mass range of 140–1400 Da was scanned every 0.5 s to obtain
the full scan ESI mass spectra of lipids. For investigation of the lipid molecules structures the
collisionally induced decomposition multi-stage ion trap tandem mass spectra MS 2 in both
polarity settings were simultaneously recorded with a 3 Da isolation window. Maximum ion
injection time was 100 ms, and normalized collision energy was 35%. Major phospholipids,
galactolipids, and neutral lipids molecular species that are detected were separated by
reversed-phase HPLC. The structure of each entity was identified by MS2 experiments in
positive or negative mode. Peak areas for each detected lipid component were summarized
and their relative contents estimated to sum of all obtained peaks.

Raw extracted lipids have to be transformed to methylesters of fatty acids (FAMEs) to enable
application of the GC technique. For this purpose sodium methoxide was employed as
a transesterification reagent, as previously described (Zahradnickova et al., 2014). FAMEs
were then analyzed by GC/FID. Hydrocarbon with 26-carbon chain was chosen as an internal
standard. The chromatography was performed using gas chromatograph GC-2014 (Shimadzu)
equipped by with column BPX70 (SGE)—0.22 mm ID; 0.25� m film; 30 m length. � l of derivatized
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Plastid-related metabolic pathways
Chromerid photosystems have a reduced set of genes similarly to that of other algae with
a complex plastid. The patterns of reduction we re lineage-specific, even between the two known
chromerids. We found psbM, petN , psaJ, Psb27, Ycf4, and Ycf44 genes in Vitrella but absent in
Chromera; vice versa,Ycf39 and Ycf54are absent in Vitrella but present in Chromera
(Supplementary file 3). This demonstrates that the plastid of Chromera is more diverse and
reduced when compared to Vitrella with respect to both the compos ition of photosystems and the
number of genes encoded in the plastid genome ( Janouškovec et al., 2010). In spite of substantial
reduction of photosystems, photosynthesis in Chromera is highly efficient (Quigg et al., 2012).

The heme pathway in Vitrella is homologous to that found in Chromera (Kořený et al., 2011) for
most of the involved enzymes (ALAS, ALAD, PBGD, UROS, PPOX), however,Vitrella and
Chromera do not constitute sister groups in the CPOXs and FeCH trees (trees not shown). Some
enzymes are not present in single copies (UROD) inVitrella, in contrast to Chromera, where three
orthologs originating from cyanobacteria, endosymbiont nucleus, and exosymbiont nucleus are
present (Kořený et al., 2011). For some investigated enzymes (UROS, UROD, CPOX), only the
endoplasmic reticulum signal peptide was found with transit peptide missing from the sequence,
suggesting their possible location in the endoplasmic reticulum or periplastidal space.

Genes containing the ketoacyl synthase domain and thus likely involved in fatty acid or
polyketide synthesis were searched in the genomes of chromerids. We found that both algae
possess multi-modular enzymes responsible for fatty acid synthesis type I (FASI), similar to some
apicomplexan parasites, such asCryptosporidium spp. and T. gondii . The longest multi-
modular enzyme found in Chromera contains five multi-domain modules, reaching over 11,000
amino acids in length (Figure 2—figure supplement 2B).

Evolution of metabolic pathways
Apicomplexan parasites differ drastically from each other in their metabolic functions, and have
a significantly reduced metabolic capability in comparison to the chromerids. Apicomplexans are
non-photosynthetic and therefore lack all associated metabolic activities including photosyn-
thetic carbon fixation. Interestingly, however, all plastid-bearing parasites have retained only the
ferredoxin-NADP+ reductase (FNR)/ferredoxin redox system of the photosynthetic electron
transport (Lim and McFadden, 2010). In photosynthetic organisms, this redox system mediates
the transfer of electrons originating from water to NADP +, resulting in the formation of NADPH
(cofactor for fatty acid biosynthesis and Calvin cycle), and it is likely that this role is conserved in
chromerids. In apicomplexans, the source of electrons for generating reduced ferredoxin is not
clear, but it is evident that reduced ferredoxin is required for generating reducing equivalents
and is a cofactor for several plastid-associated enzymes, including those involved in isoprene
synthesis (Lim and McFadden, 2010). Other notable pathways missing in apicomplexans but
present in the chromerids include the following: glyoxalate pathway; steroid biosynthesis;
synthesis of aromatic and branched-chain amino acids; purine synthesis; and synthesis of
cofactors such as thiamine, riboflavin, and nicotinate ribonucleotide.

Despite the reduced metabolic capabilities, certain core metabolic functions are conserved in
chromerids as well as in all apicomplexan parasites, and many of these are likely to be essential.
These pathways include: glycolysis; synthesis of ubiquinone, inositol-P derivatives, GPI-anchor,
mono-, di- and tri-acyl glycerol, isoprene derivatives, and N-glycans; a subset of scavenge
reactions for purine and pyrimidine bases and their conversion to nucleotides; glycine–serine
inter-conversion; one-carbon folate cycle and S-adenosyl-methionine formation. There are
many metabolic pathways that are retained in specific apicomplexan lineages but shared with
the chromerids (see Figure 2B and Figure 2—figure supplement 3). The following are notable
examples of pathways shared between chromerids and a apicomplexan lineage: with
Plasmodium, polyamine synthesis; with Cryptosporidium , conversion of serine to tryptophan;
with Toxoplasma, branched-chain amino acid degradation, synthesis of aspartate, lysine, and
methionine; synthesis of molybdopterin, biopterin, pyridoxal-phosphate, and pantothenate
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Appendix 4

Apical complex and cytoskeleton.

Motility is an essential feature of many living organisms. Some organisms utilize microtubule-
based specialized structures such as flagella and cilia for locomotion. Some use actin-based
structures like filopodia, lamellipodia, and pseudopodia ( Frenal and Soldati-Favre, 2009),
which are exploited in the amoeboid crawling ( Pollard and Borisy, 2003) or bacterial and viral
movement into and between cells ( Stevens et al., 2006). Apicomplexan parasites use an
unconventional actin-based mode of locomotion known as gliding motility ( Morrissette and
Sibley, 2002). This mechanism allows the parasites to move fast in the absence of canonical
microtubular and actin-based structures. Gliding motility is mediated by the apical complex, which
is a cellular structure common to all apicomplex an parasites. In the apical complex, proteins
secreted from specialized secretory organelles, microneme and rhoptries, mediate adhesion to the
cell substrate during motility and invasion or formation of a PV ( Baum et al., 2006).

Actin-based gliding motility is essential for apicomplexan invasion ( Skillman et al., 2011).
Apicomplexan gliding motility undergoes actin polymerization/depolymerization for their
directional motility with other associated protein classes such as actin-like proteins (ALP), actin-
related protein (ARP), capping protein (CP), formin, profilin and cofilin/ADF. Actins elongate in
the form of filaments and push the membrane forward. Arp2/3 complex (one of the ARPs)
mediates the initiation of new branches on pre-existing filaments. After some growth, CP
terminates the elongation of the filaments. Cofilin/ADF promotes de-branching and de-
polymerization. Profilin mediates the refilling of ATP-actin monomer pools, which are used for
elongation through catalyzing ADP-ATP exchange (Baum et al., 2006; Foth et al., 2006).

We identified and compared genes encoding actins and other related components in the 26
species according to a method described by a previous study ( Baum et al., 2006). Chromerids
share homology with Apicomplexa for most of the actin, ALP and ARP classes. For example,
both chromerids possess actin 1 (ACT1), actin-related (ARP), and actin-like (ALP) homologs.
There were fewer actin genes in apicomplexans than in chromerids, indicating losses during
apicomplexan evolution. The patterns of losses were the same for closely related species,
suggesting non-random, lineage-specific losses (Figure 2—figure supplement 5C).

Arp2/3 complex, a nucleator of actins (Machesky et al., 1994), consists of seven subunits that
regulate actin polymerization (Mullins et al., 1997; Fehrenbacher et al., 2003). Initially
identified in Acanthamoeba (Machesky et al., 1994), Arp2/3 complex is conserved in most
eukaryotes (Gordon and Sibley, 2005). We could not identify genes encoding subunits of
Arp2/3 complex in both chromerids ( Figure 2—figure supplement 5C). Also, all subunits were
not found in apicomplexan species, consistent with a previous study (Gordon and Sibley,
2005). Individual subunits are important, as subunit ARPC4/p20 was shown to be essential for
a complete, functional Arp2/3 complex ( Gournier et al., 2001). Different subunits were
identified in different phyla ( Figure 2—figure supplement 5C). Within Apicomplexa, ARPC1
and ARPC4 were present inCryptosporidium hominis and Cryptosporidium parvum , and
ARPC1 and ARPC2 inPlasmodium spp. S. minutum, a dinoflagellate, contains genes for most of
the subunits except ARPC1. This suggests that the common ancestor of Myzozoa (chromerids,
apicomplexans, and dinoflagellates) had all the subunits, and they were lost in different
lineages. Genes encoding ALP1, hypothesized to function as Arp2/3-like nucleator (Gordon
and Sibley, 2005), were found in apicomplexans and also in Vitrella (Vbra_266.t1). FH2-domain
(Pfam-PF02181) containing formins are members of another actin nucleator gene family. They
produce unbranched filaments unlike Arp2/3 complex, which induces branched filaments. Both
chromerids possess formin1 (FRM1) and formin 2 (FRM2) homologs, which are conserved in all
the other studied species as well. Although Plasmodium spp. maintained a 1-1 orthology for
both FRM1 and FRM2, we found a coccidian-specific FRM3 (TGME49_213370), suggesting
a lineage-specific expansion. Maintenance of some formins across chromerids and
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In addition, we identified myosin families in the 26 species using a myosin HMM model
(Foth et al., 2006) (Figure 2—figure supplement 5C). Members of piroplasmids such as
Theileria annulata and Theileria parva have the fewest genes among the apicomplexan species
examined, likely because piroplasms do not require motility for intracellular invasion. On the
other hand, we detected the most complete myosin family repertoire in Chromera and Vitrella.
We detected certain myosin families in some apicomplexan genera, but not among non-
apicomplexan species, indicating lineage-specific gains (data not shown). In summary,
combinations of lineage-specific losses and gains have led to streamlined, unique repertoires
of actins and myosins in various apicomplexan species.
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