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Annotation

This work is mainly focused on the annotation of genomes of an important group
of alveolate algae, which are the closest known phototrophic relatives of
sporozoan parasites. The analysis is aimed to annotate their mitochondrial and
nuclear genomes and search for biosynthetic pathways essential for sporozoans
by combining the in-silico approach with supportive experiments. The initial study
describes mitochondrial genomes of Chromera velia and Vitrella brassicaformis
and models their unprecedently divergent respiratory chains. The following study
summarizes the general characteristics of nuclear genomes of the two chromerids,
highlights main genomic features shared with apicomplexan parasites, and traces
the evolutionary transitions from the phototrophic ancestor to the obligate
apicomplexan parasites. The study was completed by a comprehensive
biochemical, genetic, and evolutionary analyses of fatty acid biosynthesis in
chromerids.
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Alveolata is a remarkable group of protists characterized by the presence of a
specific cellular structure called cortical alveoli — a system of flattened vesicles
located just below their cell wall. Ecologically diverse alveolates comprise of
significant phototrophs, predators, and symbionts (commensals, mutualists and
parasites). Alveolates (Figure 1.) are divided in to the main groups of Apicomplexa
(Sporozoa and Apicomonada), Dinozoa (dinoflagellates and perkinsids), Ciliophora
(Cavalier-Smith 2018), and recently added Colponemida (Tikhonenkov et al.
2020). Besides predatory colpodellids, Apicomonada include also chromerids —
Chromera velia (Moore et al. 2008) and Vitrella brassicaformis (Obornik et al.
2012), complex algae associated with corals. Alveolates Dinozoa and
Apicomplexa, are united under the term Myzozoa, defined by the myzocytosis,
phagocytosis-derived feeding mechanism. By use of various forms of an apical
complex, the protist attach the pray or host, and suck out the content of the cell
(Cavalier-Smith and Chao 2004). The affiliation of chromerids to Apicomplexa
sensu lato has also been recently supported by the description of a deep
branching archigregarine Digyalum owenii, which forms a sister lineage to all
apicomplexan parasites, chromerids and colpodellids (JanouSkovec et al. 2019).
Attention is being paid to Sporozoa (Cavalier-Smith 2018) — obligate apicomplexan
parasites, which are worldwide highly relevant to the everyday life of humans and
associated fauna. The word ‘Apicomplexa’ refers to the protrusive structure of the
apical complex used by most apicomplexans for a symbiont-host interaction.
Some sporozoan species are among the leading scourges of humankind. Above
all, malarial parasites Plasmodium falciparum and Plasmodium vivax (Talapko et
al. 2019) are limited to tropical and subtropical conditions but insidious coccidian
Toxoplasma gondii influences human behavior and overall health condition even in
developed countries (e.g., Flegr and Kuba 2016; Flegr and Marko$ 2014). In the
course of medical research, it has been discovered that most apicomplexan
parasites possess a multimembrane organelle with indisputable attributes of a
non-photosynthetic relic plastid, indicating an autotrophic evolutionary ancestry of
these parasites. Moreover, it has been shown that the so-called apicoplast
(Maréchal and Cesbron-Delauw 2001; McFadden and Waller 1997; Obornik et al.
2009) is essential for the parasite survival thus becoming an object of high medical
interest.

Sporozoa

, % Apicomplexa
Apicomonada

Myzozoa

Dinoflagellata E Dinozoa Alveolata

Perkinsida
Ciliophora
Colponemida
Stramenopila

Figure 1. Phylogenetic tree showing the position of Apicomonada within alveolates. Adapted from
Tikhonenkov et al. 2020.



The first discovered chromerid alga, Chromera velia (Apicomonada;
Apicomplexa), was isolated from the scleractinian coral Plesiastrea versipora
growing in shallow Australian waters in 2001. When observed closer, the rather
dull-looking round brownish cells in size from 5 to 10 ym (Figure 2.) reminded a

Figure 2. Light microscopy showing a typical life stages (vc — vegetative cell, zs — zoosporangium,
as — autosporangium) of C. velia (left) and V. brassicaformis (right) (Fissy and Obornik 2017).

widespread dinoflagellate coral symbiont of the genus Symbiodinium, showing,
however, many distinct and similar features. The system of cortical alveoli with a
supportive microtubular corset, reduced pre-conoid, and a large plastid coated in
four membranes (Figure 4.), indicate its relation to Myzozoa (Moore et al. 2008;
Obornik et al. 2011). Cells show many other morphological traits that can be
observed in various alveolates with the myzozoan lifestyle. An intense light
exposure triggers a transformation of coccoid vegetative cells into bi-flagellated
zoospores (Figure 3.), which strongly resemble related predatory colpodellids. The
structure of pre-conoid in C. velia is homologous to the apical complex in
sporozoans, and colpodellids (Obornik et al. 2011). The resemblance of
colpodellids is not only coincidental, since they constitute, together with
chromerids, the group Apicomonada (Cavalier-Smith 2018; Gile and Slamovits
2014; also called "chrompodelids" Janouskovec et al. 2015). The accumulating
evidence clearly supported the idea that chromerids represent a state of evolution
closest to the hypothetical phototrophic ancestor of apicomplexan parasites,
however, bearing a plastid with preserved photosynthetic function.

The second formally described chromerid alga, Vitrella brassicaformis
(Apicomonada; Apicomplexa) (Obornik et al. 2012), was isolated from another
stony coral Leptastrea purpurea on the Great Barrier Reef. Although molecular
data suggest its close relation to C. velia in frame of Apicomonada, numerous



differences in the life cycle, gene organization and biochemical properties provide
an evidence for high mutual divergence between V. brassicaformis and C. velia
(Janouskovec et al. 2010; Obornik et al. 2012). The first obvious difference is
overall appearance of the cells. While C. velia cells are regular smooth coccoids of
brownish color, the vegetative cells and sporangia of V. brassicaformis are green

Figure 3. Scanning electron microscopy (left) showing vegetative cells with zoospores of C. velia
(A,B) and V. brassicaformis (C,D).Transmission electron microscopy (right) of budding V.

brassicaformis (Fissy and Obornik, 2017; Fussy et al. 2017).

and have a laminated cell wall resembling a cabbage head (“brassicaformis”
means cabbage-shaped). While size of vegetative cells and sporangia can reach
10 um in C. velia, can in the case of V. brassicaformis sporangia overcome 30 um.
In contrast to C. velia with only four immotile coccoids released from the
sporangium (Obornik et al. 2011) and up to 10 zoospores in the zoosporangium
(Obornik et al. 2016), V. brassicaformis produces dozens of autospores and
zoospores in each sporangium (Figure 3.). Zoosporangia of V. brassicaformis are
equipped with conspicuous operculum likely homologous to Stieda body in
Coccidia (Fussy and Obornik 2017; Obornik and Lukes 2013; Obornik et al. 2012).
It is remarkable that V. brassicaformis produces two different types of zoospores,
and the zoospore fusions have been observed, suggesting a possible sexual stage
in the V. brassicaformis lifecycle. In contrast, C. velia seems to be asexual during
entire lifecycle (Fussy et al. 2017).

Many members of the SAR group (Stramenopila, Alveolata, Rhizaria; Burki et al.
2012) contain complex plastids. Complex (secondary, tertiary and higher order
events) endosymbiosis was proposed based on the presence of multimembrane
plastid envelopes (3 membranes and more) of complex algae (Archibald 2015;
Fissy and Obornik 2018; Gould et al. 2008; Keeling 2013b; Obornik 2018,
2019a). It is believed that the two inner plastidial membranes are of cyanobacterial
origins, the second outermost membrane originates from the cell membrane of the
engulfed rhodophyte, and the phagosomal membrane of the exosymbiont
(secondary host) constitute the outermost membrane of the four-membraned
complex rhodophyte-derived plastid (Cavalier-Smith 1999). Rhodophyte origin of



the SAR plastids was inferred from the characteristic pigment composition, with
chlorophyll ¢ as the main accessory tetrapyrrole (Cavalier-Smith 1986), and was
confirmed by the accumulating phylogenetic evidence (Delwiche and Palmer 1997;
Durnford, et al. 1999; Janouskovec, et al. 2010; Yoon, et al. 2002). Since algae
with rhodophyte derived plastids are not monophyletic, and the algal clades
contain many early branching heterotrophic species, the single acquisition of the
plastid proposed by Thomas Cavalier-Smith (Cavalier-Smith 1999) has been many
times questioned. Various hypotheses have been proposed to explain such
discrepancy, involving either series of higher order endosymbiotic events (Burki et
al. 2016; Fussy and Obornik 2018; Nowack et al. 2008; Petersen et al. 2014,
Stiller et al. 2014), or separated secondary endosymbioses (Falkowski et al. 2004;
Obornik 2018, 2019a). An outstanding example of tertiary plastids has been
described in the dinoflagellates Durinskia baltica and Kryptoperidinium foliaceum,
which host almost perfectly preserved diatom endosymbionts (Crowell et al. 2019;
Imanian et al. 2010); such dinoflagellates are therefore called ‘dinotoms’.

The acquisition of a plastid endosymbiont was followed by a gradual reduction of
its genome and functions. Reductive evolution affected the organelle in all
lineages to various extents, reaching extremes in sporozoans (Fussy and Obornik
2017), euglenophyte Euglena longa (Fussy, et al. 2019), and green parasitic algae
Helicosporidium (de Koning and Keeling 2006) and Polytomella. The relic plastid
of the last-named species even lacks any genome (Smith and Lee 2014). So far
the smallest sporozoan plastome was described in the genus Plasmodium, where
it was found highly conserved in structure and gene repertoire — usually encoding
for 30 proteins in total size of 35 kb but is still supplemented by approximately 500
nuclear-encoded genes (Arisue, et al. 2012; Ralph, et al. 2004a; Waller and
McFadden 2005). The apicoplast was completely lost only in genus
Cryptosporidium (Abrahamsen et al. 2004; Huang et al. 2004; Riordan et al. 2003;
Zhu et al. 2000) and the eugregarine Gregarina niphadrodes (Toso and Omoto
2007). In most parasitic apicomplexans, the apicoplast defended its very existence
by keeping several essential functions: the biosynthesis of isoprenoids, fatty acid
synthesis, synthesis of tetrapyrroles (heme) and iron-sulphur cluster assembly
(Lim and McFadden 2010; Seeber and Soldati-Favre 2010; van Dooren and
Hapuarachchi 2017; van Dooren et al. 2012). Therefore, the apicoplast has been
repeatedly evaluated as a prospective apicomplexan-specific drug target (Low, et
al. 2018; Mukherjee and Sadhukhan 2016; Ralph, et al. 2001; Uddin, et al. 2018).
The plastids found in C. velia and V. brassicaformis indicated their relationship to
the apicoplast, based on phylogenies, biochemical and structural features (Moore
et al. 2008). Phylogenetic analyses of plastid genes showed that chromerid and
sporozoan plastids share the common ancestry (Janouskovec et al. 2010; Moore
et al. 2008; JanouSkovec et al. 2015; Woo et al. 2015) but also pointed out a
relatively high divergence between C. velia and V. brassicaformis plastids. The
organization of plastid superoperon strongly suggested common origins of
sporozoan, chromerid and stramenopile plastids (Janouskovec et al. 2010). The



use of non-canonical code for tryptophan (UGA) in plastid-encoded proteins of C.
velia is an important common molecular feature of the chromerid and coccidian
(e.g., T. gondii) plastids, which has never been found in any other plastid organelle

Figure 4. Transmission electron microscopy showing a section of nucleus (N) and large plastid (P)
of C. velia .

(Janouskovec et al. 2010; Moore et al. 2008; Obornik and Luke$ 2013, 2015).
Also, a unique composition of light-harvesting pigments in C. velia — chlorophyll a,
violaxanthin and a special isoform of isofucoxanthin, in unprecedented (Moore et
al. 2008). Chlorophyll ¢, which is missing from all chromerids (Moore et al. 2008;
Obornik et al. 2012; Obornik and Lukes, 2013; Obornik and Lukes, 2015; Flssy
and Obornik, 2017), is characteristic for almost all red-algal derived plastids
except that of all eustigmatophytes (Sukenik et al. 1992) and the ochrophyte
Xanthonema debile (Gardian, et al. 2011). It was even hypothesed that
Apicomplexa (Sporozoa and Apicomonada) acquired plastid by replacing the
original alveolate plastid by tertiary stramenopile endosymbiont (Obornik et al.
2012; Sobotka et al. 2017; Sevéikova et al. 2015). A close relationship between
chromerid and sporozoan plastids is also supported by a non-canonical
arrangement of the tetrapyrrole synthesis in all apicomplexans (sporozoans and
apicomonads). The pathway is a hybrid between the route in primary eukaryotic
heterotrophs (e.g., animals, fungi) and the synthesis known in phototrophic



eukaryotes (plants and algae): in chromerids, the route starts with the
mitochondrial C4 pathway for the aminolevulinate synthesis (heterotrophic-like
condensation of succinyl-CoA and glycine like in sporozoans), while the remaining
steps are located to the plastid; apicomplexan parasites placed the four middle
steps in the apicoplast, the pathway is finalized in the apicomplexan mitochondrion
(Cinlaf, et al. 2019; Kofeny, et al. 2011). Also, the density of plastid genomes
differs in chromerids: while the plastid genome of C. velia encodes only 80
proteins on 120 kb long linear molecule, conservative and much more compacted
plastid genome of V. brassicaformis encodes similar number of 81 genes just on
the 85 kb circular molecule. Genes in the C. velia plastid are AT-rich,
photosynthetic genes psaA and atpB are split in two parts, which are individually
transcribed and translated, and the protein products are than assembled to
functional photosystems. Similarly to dinoflagellates (Wang and Morse 2006),
some of plastid transcripts are polyuridylylated in chromerids (Janouskovec et al.
2010). The V. brassicaformis plastid does not use the non-canonical coding
(Janouskovec et al. 2010), contain much shorter and non-splitted genes, and is
pigmented by vaucheriaxanthin (Obornik et al. 2012) instead of isofucoxanthin in
C. velia (Moore et al. 2008). Chromerid C. velia is capable of extraordinarily
efficient photosynthesis (Kotabova et al. 2011; Quigg et al. 2012) despite the high
reduction of proteins in photosystems. However, PSI in C. velia contains four yet
undescribed subunits with no homology in the public databases (Sobotka et al.
2017).

Myzozoans (dinoflagellates, perkinsids, chromerids, colpodellids, and
apicomplexan parasites) have evolved remarkably reduced mitochondria. Their
genomes and functionalities were considered the last level before the
mitochondria lost genomes and became mitosomes or hydrogenosomes (Tovar et
al. 1999). Such an extensive reduction of a mitochondrial genome and functions
usually correlates with an anaerobic lifestyle (Stairs et al. 2015). However, even
the absence of mitochondrial genome does not necessarily condemn the organism
to live without oxygen; endoparasitic dinoflagellates of the genus Amoebophrya
host mitochondrion without genome but with functional oxidative phosphorylation
(John et al. 2019). Among apicomplexan parasites (Sporozoa), the true mitosome
was found only in the genus Cryptosporidium — an epicellular parasite living in the
low-oxygen environment of a gut lumen of vertebrates. The general pattern
observed in myzozoan mitochondrial genomes is composed of a set of three
genes encoding respiratory chain enzymes — cox7 and cox3 (genes for subunits of
cytochrome c¢ oxidase), cob gene for cytochrome c reductase, and several
mitochondrial ribosomal rRNA fragments (Feagin et al. 1997; Flegontov et al.
2015; Nash et al. 2007; Obornik and Luke$ 2015; Waller and Jackson 2009). The
rest of the gene set coding for proteins necessary for oxidative phosphorylation is
nuclear-encoded, including cox2, otherwise present in all other eukaryotic
mitochondrial genomes (Waller and Keeling 2006). The structure of mitochondrial
genomes conspicuously differs between sporozoans, apicomonads and



dinoflagellates. While sporozoan mitochondrial genomes are organized on
homogeneous linear molecules spanning 5.8-11 kb, dinoflagellates and
apicomonads placed their mitochondrial genes on heterogeneous linear DNA
fragments encoding genes, gene fragments and fused genes (Flegontov et al.
2015; Imanian and Keeling 2007; Jackson et al. 2007; Kamikawa et al. 2007; Nash
et al. 2007; Obornik and LukeS 2015; Waller and Jackson 2009). Advanced
dinoflagellates extensively use RNA editing in their mitochondria, which seems to
be derived because the deep branching Dinozoa Perkinsus and Oxyrrhis lack this
gene repair mechanism (Masuda et al. 2010; Slamovits et al. 2007; Zhang et al.
2011). The early branching colponemid Acavomonas peruviana has the
mitochondrial genome organized in linear molecules terminated with telomere-like
sequences at both ends, encoding much more complex set of genes than that
found in myzozoan mitochondria (Janouskovec et al. 2013; Tikhonenkov et al.
2014; Tikhonenkov et al. 2020).

Although there are no doubts questioning the relationship between chromerids and
sporozoans, the structure and content of chromerid mitochondrial genomes rather
resemble dinoflagellates. The genomes are, like in dinoflagellates, organized on
heterogeneous linear molecules, coding for gene fragments, complete genes, and
fused genes, all in various combinations (Flegontov et al. 2015; Obornik and
Luke$ 2015).

v

Figure 5. Transmission electron microscopy showing a section with mitochondria (M) and
chromerosome (C) in C. velia (Obornik et al. 2011).

While the mitochondrial genome of V. brassicaformis codes for the same reduced
set as most other myzozoans (cox?, cox3, and cob), the genome in the
mitochondrion of C. velia (Figure 5.) is reduced even more, as it also lacks cob



gene. Since genes coding for remaining protein components of the respiratory
complex Il (cytochrome c reductase) are missing from the nuclear genome of C.
velia, the respiratory chain lacks this complex. Like in other myzozoans,
respiratory chains of chromerids also do not have the complex | (NADH
dehydrogenase), which is substituted by numerous nuclear-encoded alternative
NADH dehydrogenases. Therefore, the chain of C. velia is interrupted, constituting
two disconnected subchains (Flegontov et al. 2015). Such unique arrangement of
the respiratory chain was also recently described in the intracellular parasite A.
ceratii, which lacks complexes | and lll like C. velia (John et al. 2019).

Endosymbioses and lateral gene transfer

Mitochondria and primary plastids are organelles, which arose from the primary
endosymbiosis of eukaryotes engulfing an alpha-proteobacteria or/and
cyanobacteria. The process of complex (secondary and higher order)
endosymbiosis is based on phagocytosis of a eukaryotic organism already
possessing a primary or complex plastid. It is believed that the original plasmatic
membrane of the engulfed eukaryotic organism was preserved, and the
endosymbiont remained packed in the phagosome of the host cell. Preservation of
these membranes resulted in multiple membranes enclosing the plastid (Archibald
2009; Keeling 2013a; Obornik 2019b). However, it is obvious that in the case of
higher-order plastids (tertiary, quaternary, etc.), the membrane envelope has been
either reduced or the plastid was obtained by myzocytosis (Cavalier-Smith 1999).
The same applies to the peridinin pigmented plastid of dinoflagellates, which is
surrounded by the three membranes envelope (Keeling 2013; Waller and Kofeny
2017). Similar to mitochondria, plastid genomes have been gradually reduced with
the consequent transfer of endosymbiont genes into the host nuclear genome.
Such a phenomenon is referred to as the endosymbiotic gene transfer (Timmis et
al. 2004). Therefore, we can find a high number of originally bacterial
(cyanobacterial or proteobacterial) genes in nuclear genomes of all eukaryotes.
Moreover, the enzymes of various origins can combine in so-called mosaic
metabolic pathways, thus reflecting amazing plasticity of a cell metabolism (CihlaF
et al. 2016; Curtis et al. 2012; Kofeny et al. 2010; Nara et al. 2000; Obornik and
Green 2005).

Protein products of nuclear-encoded genes involved in the organellar metabolism
are transported from the cytosol to the place of the action thanks to the N-terminal
targeting presequence. In the primary organelles, it is the transit peptide that is
responsible for the translocation through the double membrane envelope of
primary plastids or mitochondria. In the case of complex plastids, the proteins
contain a bi-partite N-terminal presequence, composed of the signal peptide (SP)
followed by the transit peptide-like domain (Bolte et al. 2009; Cavalier-Smith 1999;
Patron and Waller 2007). This combination suggests a connection of the secretory
pathway and complex plastids (DeRocher et al. 2012; Heiny et al. 2014; Kilian and
Kroth 2003; McFadden 2011; Nassoury et al. 2003). Proteins targeted into plastids



with triple membrane have an additional hydrophobic domain (membrane anchor)
following the signal and transit peptide (Durnford and Gray 2006; Patron et al.
2005). Bi-partite targeting sequence motifs display different levels of conservation
in various groups of protists bearing complex plastids. Most algae hosting
rhodophyte-derived complex plastids bounded by four membranes share
conserved ‘ASAF’ motif allowing a more or less easy identification of such genes
using software tools (Gruber, et al. 2015; Gruber, et al. 2007).

Transit peptides are specifically recognized by the translocon machinery
responsible for the transport of proteins through organellar envelopes. The
translocons on the outer and inner chloroplast membranes (TIC and TOC
complexes) recognize chloroplast-specific transit peptides and deliver proteins into
primary plastids (Becker, et al. 2004; Gross and Bhattacharya 2009; Vojta, et al.
2004). In the case of complex plastid with three membranes, these two complexes
are preceded by the translocon complex of endoplasmic reticulum, which
recognizes the signal peptide-like presequence in order to bypass the outermost
membrane of the complex plastid. Signal peptide is consequently cleaved off and
transit peptide exposed (Bolte et al. 2009; Kilian and Kroth 2003; Patron and
Waller 2007). Plastids with four membranes have an additional envelope layer
underlying the ER membrane to pass through to TIC/TOC complexes. This layer is
passed through the complex ‘SELMA’ (Symbiont-specific ERAD-Like MAchinery)
that is derived from the apparatus originally responsible for disposing of misfolded
proteins from endoplasmic reticulum (Felsner et al. 2011).

Aims and scope

A discovery of a so-called “evolutionary missing link” is always an object of
interest. Since the described diversity of protists is less than a tip of an iceberg, we
still have almost a limitless number of questions about their evolution. The most
important groups of eukaryotes are fairly described but the connections between
them are still often unclear. The two species, C. velia and V. brassicaformis, which
are the only known organisms of their kind yet quite diverse, give us a scientifically
exciting opportunity to test all hypotheses about ancestry of a highly important
group of parasites. The ability of C. velia to grow rapidly in artificial conditions of
enriched f/2 medium (artificial seawater) allows us performing experiments to test
in silico findings. Easy cultivation, which is not much practicable in apicomplexan
parasites and colpodellids, predetermines C. velia for an excellent model
organism. With current advanced technologies of the whole genome sequencing,
mass spectrometry, and microscopy, we have aimed to describe some of the
substantial aspects of nuclear and mitochondrial genomes of chromerids, and fatty
acid metabolism to put them in context of the myzozoan evolution.



Conclusion

Flegontov P*,_Michalek J*, Janouskovec J, Lai DH, Jirku M, HajdusSkova E,
Tomcala A, Otto TD, Keeling PJ, Pain A, Obornik M, Luke$ J 2015. Divergent
mitochondrial respiratory chains in phototrophic relatives of apicomplexan
parasites. Molecular Biology and Evolution 32: 1115-1131. (*equal contribution)

The first publication describes genomes and functions of chromerid mitochondria
and puts them in context of myzozoan evolution. Using the genomic data and wet-
lab experiments to support our findings we have investigated mitochondria of
chromerids to see how they differ from sporozoan mitochondria and suggest how
such state have evolved. Surprisingly, we have found that the mitochondrial
genome of C. velia is even more reduced than in most apicomplexan parasites; it
is composed of numerous short linear heterogeneous molecules encoding only for
conserved cox17, highly divergent cox3, and fragments of rRNA genes. The
mitochondrial genome of C. velia represents the smallest mitochondrial genome
described to date. In contrast to C. velia, the mitochondria of V. brassicaformis has
the same genome composition as most myzozoan mitochondria. The repertoire of
nuclear encoded components of the respiratory chain in C. velia does not contain
any proteins of complex | like apicomplexans, and complex Il is missing as well.
The function of the missing complex | is substituted by alternative NADH
dehydrogenases, which, however, do not contribute to the proton gradient.
Electrons produced by these dehydrogenases and complex Il are channeled to
ubiquinone and passed to the alternative oxidase, which spends them on
generation of water. The next step maintained by complex Ill, which would
normally accept the electron flow and attend on building of proton gradient, is
present only in V. brassicaformis. Therefore, the only part creating the proton
gradient (membrane potential) in C. velia is complex IV powered by the system of
lactate dehydrogenases coupled with cytochrome c¢ oxidoreductase. In addition,
the nuclear genome of C. velia also encodes an outstanding number of enzymes,
which are rather specific for anaerobic protists but not for most sporozoans. This
finding indicates that the common ancestor of chromerids and apicomplexans was
much more metabolically versatile and predisposed for survival in anaerobic
conditions. While the mitochondrion of V. brassicaformis meets our expectations
with an arrangement of the respiratory chain, C. velia shows very advanced
reductions of mitochondrial genome and functions unusual for aerobic eukaryotes.
The mitochondrial genome and respiratory chain of V. brassicaformis, which is
mostly identical to those in most sporozoans, seems to be closer to the default
pre-apicomplexan shape, since a retrograde gain of respiratory chain complexes is
hardly imaginable. A model of respiratory chain without complexes | and Il similar
to that in C. velia was also recently described A. ceratii, an intracellular parasite
with no plastid, that has a functional mitochondrion completely lacking a genome
(John et al. 2019).
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Woo YH, Ansari H, Otto TD, Klinger CM, Kolisko M, Michalek J, Saxena A,
Shanmugam D, Tayyrov A, Veluchamy A, Ali S, Bernal A, del Campo J, Cihlaf J,
Flegontov P, Gornik SG, HajduSkova E, Horak A, Janouskovec J, Katris NJ, Mast
FD, Miranda-Saavedra D, Mourier T, Naeem R, Nair M, Panigrahi AK, Rawlings
ND, Padron-Regalado E, Ramaprasad A, Samad N, Tomc¢ala A, Wilkes J, Neafsey
DE, Doerig C, Bowler C, Keeling PJ, Roos DS, Dacks JB, Templeton TJ, Waller
RF, LukeS J, Obornik M, Pain A 2015. Chromerid genomes reveal the
evolutionary path from photosynthetic algae to obligate intracellular
parasites. Elife 4: e06974.

The second paper represents a thorough comparative summary of nuclear
genomes of C. velia (193.6 Mb; 26,112 predicted protein-coding genes) and V.
brassicaformis (72.7 Mb; 22,817 predicted protein-coding genes). It appears that it
took five stages from a sporozoan ancestor to highly specialized intracellular
parasites. The transitions between stages are characterized mostly by almost
equal count of gene gains and losses when the common ancestor of chromerids
and sporozoans diverged from the alveolate ancestor, many losses at the rise of
sporozoans, and further group-specific modifications with extreme reduction levels
in haematozoans. Analysis of metabolic pathways, endomembrane trafficking
system, and flagellar apparatus confirmed that most initial losses were
accompanied by the loss of photosynthesis and sterol synthesis, while advanced
parasites were characterized by further lineage-specific losses of various genes.
Apart from a reduction, parts of the flagellar apparatus and some cytoskeletal
components were re-purposed in the development of cell-invading structures and
mechanisms such as apical complex and gliding motility. This indicates that pre-
sporozoan ancestor was most probably a phototrophic protist with some more or
less limited ability of myzocytosis (Obornik 2020). Origin of an extracellular
parasitism can be also observed in the ancient group of gregarines and related
genus Cryptosporidium (BartoSova-Sojkova et al. 2015)

Interesting is also the high abundance of transposable elements in genome of C.
velia (almost 30 Mb of 193.6 Mb). The role of transposable elements (TEs) in
endosymbiotic gene transfer has been already described in plants. Transposable
elements were found to be enhancing susceptibility of nuclear genome to the
acceptance of plastid genes, the speed of their integration and the mutation rate.
This was proposed as one of the main drivers shaping the structures and evolution
of plant genomes (Michalovova et al. 2013; Zhang et al. 2020). The high
abundance of transposable elements in C. velia is responsible for the increased
genome size, and their activity may stay behind the disturbed respiratory chain.
The initial genomic study of Amoebophrya ceratii, a dinoflagellate which has a
analogously reduced respiratory chain and no mitochondrial genome, also found a
significant activity of transposable elements (John et al. 2019). The genomes of
other dinoflagellates are in general large and demonstrate very advanced levels of
organelle integration often together with a high abundance of TEs, which probably
served as a driver of their diversity (Song et al. 2018). It seems that the
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combination of abundant TEs with a complex engulfment event were probably
among the main catalyzers of myzozoan evolution. The disparity between the two
chromerid genomes in TEs content is an another trait highlighting their mutual
divergence. The proliferation of TEs is widely found to cause genome expansions.
It was shown that TEs enhance the adaptive potential by increasing genomic
plasticity and this way drive a lineage specific diversification in oomycetes, fungi,
plants, and animals (Hawkins et al. 2008; Raffaele et al. 2012; Seidl et al. 2017,
Alioto et al. 2020; Warren et al. 2015; Woo et al. 2019).

Tomc&ala A*,_Michalek J*, Schneedorferova |, Fussy Z, Gruber A, Vancova M,
Obornik M 2020. Fatty Acid Biosynthesis in Chromerids. Biomolecules 10:
1102. (*equal contribution)

The third paper summarizes the description of fatty acid synthesis in chromerids.
The synthesis of basic short-chain saturated fatty acids varies not only between
different sporozoan subgroups but also between genera, species and life stages.
We measured the fatty acid spectra in chromerids, and described the
corresponding genes to draft a model of their biosynthesis. Both C. velia and V.
brassicaformis produce short-chain saturated fatty acids by plastid-localized type |l
fatty acid synthesis pathway (FAS Il). The products of 14-18 carbon chain lengths
subsequently undergo desaturation and elongation steps in the cytosol and
endoplasmic reticulum. We also described a large spectrum of genes resembling
type | fatty acid synthases (FAS I), which were found responsible for fatty acid
synthesis or elongation in Cryptosporidium parvum (Zhu et al. 2000) and
Toxoplasma gondii (Goodman and McFadden 2007), respectively. Some of these
genes might play a role in FA synthesis but more likely represent polyketide
synthases responsible for the production of algal toxins similar to those found in
dinoflagellates. Products of polyketide synthases have a large spectrum of
biological activity — e.g., toxins (bacterial, algal, fungal), antibiotics and
immunomodulators (Hussain et al. 2017; Choi et al. 2017; Mady and Haggag
2020; Park et al. 2020; Robertsen and Musiol-Kroll 2019). Their presence in
chromerids could be related to an interaction with the hypothetical host by
modulating its immunity. Compared to the apicomplexan parasites that have
significantly reduced or almost completely lost their ability to synthesize fatty acids,
chromerids resemble more of the other thoroughly described algal fatty acid
producers such as the diatom Phaeodactylum tricornutum (Burrows et al. 2012) or
the chlorophyte Chlamydomonas reinhardtii (Yang et al. 2015), including the
boosting effect of a nitrogen deprivation. The phylogenetic analyses showed that
many genes encoding enzymes involved in fatty acid biosynthesis display various
origins reflecting an endosymbiotic evolutionary history of chromerids and
sporozoans. As the fatty acid synthesis is one of the most energetically demanding
processes in any cell, it is logical that it has been substantially reduced in
sporozoans as they have evolved mechanisms to outsource fatty acids from their
hosts.
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The high diversity of this particular gene family can be achieved by sequential
rearrangements of domain series (Jenke-Kodama et al. 2005). Similar high
diversity of this gene family is characteristic for dinoflagellates just as the
abundance of TEs (Beedessee et al. 2018). The activity of TEs has been shown to
change activities of polyketide-based cyanobacterial toxins (Fewer et al. 2011;
Christiansen et al. 2008; Jones et al. 2009). Again, we can speculate a possible
role of transposable elements in the high diversity of PKS/FAS-like genes in C.
velia. The rich genomic equipment for synthesis of fatty acids and effective
mechanism for their storage show that the sporozoan ancestor was also an
excellent phototroph.

The insight into the repertoires and structures of nuclear and organellar genomes
of chromerids shape a reasonable conception of how the last common ancestor of
chromerids and sporozoans looked like — a metabolically plastic organism with
ability of myzocytosis. The large rich-equipped genome of the ancestor provided a
basis for lines of specialization. As the myzocytotic apparatus of chromerids
seems rather reduced, it is possible that the original state preceding the
divergence of the specialized sporozoan parasites was represented by
phototrophy along with a mild extracellular parasitism rather than mutualism
(Obornik 2020). Similar strategy can be seen on examples among higher plants
such as mistletoes (Viscum spp.), Nuytsia floribunda or Rhinanthus spp. It is worth
mentioning that the plant hemiparasite European mistletoe (Viscum album) was
found to lack respiratory complex | in its mitochondria and possess many
alternative oxidases and dehydrogenases (Maclean et al. 2018).

The example of a dinoflagellate genus Symbiodinium formerly accepted as a
paradigm of mutualism shows that mutualism and parasitism are continual (Lesser
et al. 2013). A shift to parasitism has already been described in Symbiodinium
inside the sponge Cliona orientalis after 20 days of cultivation without light (Fang
et al. 2017). Another example of a gastropod host Strombus gigas shows that the
shift can be stage specific so the beneficial symbiotic effect in the host’'s early
stages can be reimbursed in adult organism once tissues become less translucent
(Banaszak et al. 2013). An experimental horizontal transmission of Symbiodinium
between hosts of the same species was also found to induce a shift towards
parasitism (Sachs and Wilcox 2006). It appears that Symbiodinium is more likely a
domesticated mild parasite than a pure mutualist. It reminds a pathogenic
interaction which acts as a selective pressure for individuals proficient enough to
establish a mutualist relationship. It is a struggle of symbiont’s tendency to
parasitize with the host’'s immunity. This initial interaction seems to stabilize the
border between parasitism and mutualism in every new host generation (Mies et
al. 2017). In general, the overall evolutionary age of host-parasite coexistence
within a mutual niche is negatively correlated with parasite’s virulence. For
example, evolutionarily young Coccidia and Haematosporidia are highly virulent
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for their mammalian hosts, whereas old clades of gregarines have only a mild
impact on their hosts, and deep branching sporozoans Nephromyces and
corallicolids are harmless or even mutualistic (Kwong, et al. 2019; Saffo, et al.
2010). This, again, supports an idea that the ancestor was more parasitic than
previously thought.

Even though we have never withnessed the myzocytosis in chromerids in action,
we can surely place them among myzozoans based on their phylogenetic traits
and ultrastructure of C. velia. There are many levels of myzocytosis among
different groups of myzozoans and vyet, there is still a cryptic diversity of
chromerids that have never been formally described (Janouskovec et al. 2012;
Obornik 2020). Based on their close relationship with colpodellids we can guess
that some of the undescribed chromerids may be more ‘aggressive’.

The indisputable potential of chromerids to be perfect model organisms for
studying apicomplexan biology now relies mostly on their cultivability together with
sequenced genomes and transcriptomes. This fact allowed us to experimentally
test our hypotheses coming out of our in silico work. The next step, which so far
represents the hardest obstacle, is to develop a technique for their genetic
transformation.
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Abstract

Four respiratory complexes and ATP-synthase represent central functional units in
mitochondria. In some mitochondria and derived anaerobic organelles, a few or all of
these respiratory complexes have been lost during evolution. We show that the
respiratory chain of Chromera velia, a phototrophic relative of parasitic apicomplexans,
lacks complexes I and III, making it a uniquely reduced aerobic mitochondrion. In

Chromera, putative lactate:cytochrome ¢ oxidoreductases are predicted to transfer
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electrons from lactate to cytochrome c, rendering complex III unnecessary. The
mitochondrial genome of Chromera has the smallest known protein-coding capacity of
all mitochondria, encoding just coxI and cox3 on heterogeneous linear molecules. In
contrast, another photosynthetic relative of apicomplexans, Vitrella brassicaformis,

retains the same set of genes as apicomplexans and dinoflagellates (cox1, cox3 and cob).

Introduction

Although all extant mitochondria are believed to originate from a single
endosymbiotic event, mitochondrial genomes have evolved remarkable diversity (Burger et
al. 2003). Most mitochondria retain a genome, a remnant of an ancestral a-proteobacterial
chromosome. It is usually organized on a multicopy, circular DNA molecule or a circularly
permutated linear array that encodes genes for rRNAs, tRNAs, and proteins involved in the
electron transport chain, ATP synthesis, and a few housekeeping functions (Burger et al.
2003). The most gene-rich mitochondrial genomes identified to date have been found in
jakobids (Burger et al. 2013), while all other eukaryotes have gene complement reduced to
varying extent (Gray et al. 2004). In several cases, for instance in the kinetoplastid flagellates,
the mitochondrial genome has expanded into highly complex forms (Lukes et al. 2005; Gray
et al. 2010). Moreover, in several eukaryotic lineages including diplomonads, parabasalids
and microsporidians, the genome was lost altogether from their highly reduced organelles
(Miiller et al. 2012). The most reduced mitochondrial genomes are found in the alveolates, or
more specifically the myzozoans, which include apicomplexans, dinoflagellates, and their
relatives. Myzozoan mitochondrial genomes encode only subunits 1 and 3 of cytochrome ¢
oxidase (coxI and cox3), one subunit of cytochrome ¢ reductase (cob), and truncated but
apparently functional fragments of small (SSU) and large subunit (LSU) mitoribosomal rRNA
genes (Feagin et al. 1997; Nash et al. 2008; Waller and Jackson 2009). The gene coding for
cox2, universally present in other mitochondrial genomes, has been split and transferred to the
nucleus (Waller and Keeling 2006).

In apicomplexan parasites, mitochondrial genes are encoded on a linear molecule
ranging in length from 5.8 kb in Parahaemoproteus to 11.0 kb in Babesia, which can be either
monomeric or is composed of circularly permutated linear arrays (Feagin et al. 1997). In
dinoflagellates, the mitochondrial genome is broken into small linear fragments containing
genes with extensively edited transcripts, as well as many pseudogenes and apparently non-
functional gene fragments (Imanian and Keeling 2007; Jackson et al. 2007; Kamikawa et al.

2007; Nash et al. 2007; Nash et al. 2008; Kamikawa et al. 2009; Waller and Jackson 2009).
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The deep-branching relatives of dinoflagellates, Perkinsus and Oxyrrhis, lack RNA editing,
and in the former species translational frame shifting is required for expression of its
mitochondrial genes (Slamovits et al. 2007; Masuda et al. 2010; Zhang et al. 2011). Third
major group of alveolates are the ciliates, which usually harbor a gene-rich (~50 genes)
mitochondrial genome (Gray et al. 2004), with their anaerobic members featuring a reduced
gene set (Akhmanova et al. 1998). The nature of mitochondrial genome of Acavomonas
peruviana, a heterotrophic alveolate branching on the root of myzozoans, demonstrates that
the ancestral state for myzozoan mitochondria was a linear chromosome with telomeric
sequences at both ends (Janouskovec et al. 2013a; Tikhonenkov et al. 2014).

Since the diversity of mitochondrial genomes of dinoflagellates and myzozoans allows
reconstruction of a putative ancestral state, we wondered how informative the deep-branching
relatives of apicomplexans will be in this respect. Since the discovery in 2008 of the coral-
associated Chromera velia and the more recent description of related Vitrella brassicaformis,
these photosynthetic algae have received much attention (Moore et al. 2008; Janouskovec et
al. 2010, 2013b; Woehle et al. 2011; Burki et al. 2012; Obornik et al. 2012; Obornik and
Lukes 2013; Petersen et al. 2014). While Chromera and Vitrella have been used to solve a
few riddles about apicomplexan plastid genome evolution (JanouSkovec et al. 2010;
Janouskovec et al. 2013b), it remained unclear how their mitochondrial genomes compare to
the equally unusual apicomplexan mitochondrion, which lacks some signature elements of the
canonical mitochondrial metabolism. Chromera has been proposed to harbor just the cox/
gene in its mitochondrion (Petersen et al. 2014). Here we report the mitochondrial genomes
and transcriptomes of Chromera and Vitrella, supplemented with the analysis of
mitochondrial metabolic pathways based on the data from high-quality assemblies of their
nuclear genomes (Pain A, Otto, TD, Keeling PJ, Luke$ L, unpublished data), which reveal an
unexpectedly altered respiratory chain in the former alga. The reduction of the respiratory

chain found in the mitochondrion of Chromera is unprecedented in an aerobic eukaryote.

Results
Mitochondrial genome of Chromera

We searched a high-quality whole genome assembly and transcriptome, as well as an
assembly derived from a mitochondrial DNA-enriched fraction (see Materials and Methods
for details) for the five mitochondrial genes expected in the myzozoan lineage, namely cox/,
cox3, cob, genes coding for SSU and LSU rRNAs, and other typical mitochondrial genes. We

identified a single conserved gene coding for cox/, a highly divergent cox3 gene, and
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numerous TRNA fragments. While cox/ can be easily found by BLAST search, cox3 is too
divergent to be detected by homology-based searching algorithms. However, when the
mitochondrial sequences were investigated for the presence of ORFs, one ORF with about
250 amino acids of cox3-like sequence was identified as a putative cox3 (see Materials and
Methods for details). This gene contains 42% hydrophobic residues and 7 predicted trans-
membrane segments (supplementary S1 and S2; Supplementary Material online), and has a
very weak sequence similarity with the cox3 genes when investigated with HMM searches.
However, the percentage of hydrophobic residues, number of predicted transmembrane
domains (6 in cox3 of Plasmodium), presence of short motifs conserved in myzozoan cox3
proteins, and similar divergence of cox3 in dinoflagellates (see alignment in supplementary
fig. S1; Supplementary Material online), all point to the fact that the gene identified in
Chromera is cox3.

The cob gene, which was so far present in all other aerobic mitochondrial genomes,
was surprisingly absent from all assemblies and raw reads from Chromera. Phylogenetic
analysis of coxI shows the Chromera gene on a long branch with low support (bootstrap 38%,
posterior probability 0.92) as a sister clade to the comparably divergent sequence from
Perkinsus. The highly divergent cox! gene from Vitrella appears to be weakly related
(bootstrap 45%, posterior probability 0.99) to its Oxyrrhis homolog, both branching inside the
highly supported myzozoan clade (fig. S3). Analysis of total and mitochondrial DNA-
enriched sequences also showed that the two protein-coding genes are found in multiple
genomic contexts in the mitochondrion of Chromera. The full-length cox/ genes are flanked
by various sequences, and the same applies for a number of gene fragments (supplementary
tables S1 and S2; Supplementary Material online), yet only a single full-length transcript is
formed (fig 1A). The putative cox3 is fused with an upstream cox/ fragment (amino acids 1-
192; supplementary table S2) and, as shown by qPCR, a fusion transcript is produced, which
apparently undergoes a subsequent cleavage (fig. 1 A; supplementary fig. S4; Supplementary
Material online).

The mitochondrial genome of Vitrella contains a fused cob-coxIgene and a divergent
cox3 gene (supplementary fig. S5, Supplementary Material online). In Chromera, we have
also identified expressed oligoadenylated rRNA gene fragments rnll, rnl8, rnli12,rnsli, rns35,
and rns7 (fig. B-D) previously found in myzozoans (Imanian and Keeling 2007; Slamovits et
al. 2007; Nash et al. 2008; Waller and Jackson 2009). Multiple lines of evidence including
electron microscopy of the mitochondrial DNA-enriched fraction (fig. 2) show that the

Chromera mitochondrial DNA is composed of numerous, short linear molecules
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(supplementary fig. S6; Supplementary Material online). No indications of RNA editing have

been found in the mitochondrial-encoded transcripts of Chromera and Vitrella.

Respiratory chain of Chromera

Searching for the nuclear-encoded subunits of the respiratory chain did not identify
any traces of proteins associated with complexes I (NADH:ubiquinone oxidoreductase) and
I (ubiquinol: cytochrome ¢ oxidoreductase). In contrast, subunits of complexes II
(membrane-bound succinate dehydrogenase) and IV (cytochrome ¢ oxidase), ATP synthase,
and most enzymes associated with the respiratory chain in the related apicomplexans and
dinoflagellates (electron-transfer flavoprotein, alternative NADH dehydrogenases, alternative
oxidase, soluble fumarate reductase etc.) (Danne et al. 2013) were found in the nuclear
genome of Chromera (fig. 3A, table 1).

Detailed reconstruction of the Chromera metabolism revealed that the entire
respiratory chain and associated pathways are uniquely divided into two independently
operating subchains (fig. 3A, table 1).The initial subchain is represented by alternative NADH
dehydrogenases, which substitute for the electron transport function of the lost complex I.
Electrons from alternative NADH dehydrogenases, complex II, electron-transfer flavoprotein:
ubiquinone oxidoreductase and other donors (fig. 3A, table 1) are channeled to ubiquinone,
which passes them to alternative oxidase, an electron sink, without any consequent proton
pumping and link to the respiration whatsoever. Our model proposes that complex IV and
ATP synthase operate independently (fig. 3A), with complex IV being the only complex that
is able to pump protons into the mitochondrial intermembrane space and form a membrane
potential. Orthologs of both L- and D-lactate: cytochrome ¢ oxidoreductases were identified
in the nuclear genome (see Materials and Methods for additional details). These proteins are
supposed to mediate the transfer of electrons unidirectionally from lactate to cytochrome c,
thus uniquely bypassing the missing complex III (fig. 3A). Analysis of L-lactate: cytochrome
c oxidoreductases shows that in eukaryotes these genes have an extremely patchy
phylogenetic distribution, as they are present in fungi, some dinoflagellates, Perkinsus,
Chromera (2 genes), and Vitrella (2 genes; see alignment in supplementary fig. S7).
Phylogenetic analysis of D-lactate: cytochrome ¢ oxidoreductases reveals a complex
evolutionary history, as the gene from Chromera clusters with high support along with fungal
homologues in the eukaryotic clade (fungi, plants, Ectocarpus, amoebae and rhodophytes; see
supplementary fig. S8). In addition to this clade, other eukaryotes appear in the company of

various bacteria. However, none of these bacterial-derived clades contain the Chromera
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sequence.

Regeneration of lactate from pyruvate is accomplished by a bidirectional NADH-
dependent D-lactate dehydrogenase of likely ancient eukaryotic origin (fig. 4; table 2). The
canonical conversion of lactate to pyruvate via a NADH-dependent L-lactate dehydrogenase
is missing from Chromera, although the canonical enzyme is present in Vitrella and the
apicomplexans (table 1). This suggests that the common ancestor of apicomplexans,
Chromera and Vitrella possessed both enzymes. Phylogenetic analysis shows that the unique
bidirectional NADH-dependent D-lactate dehydrogenase clusters with its homologs from
various diatoms, the coccolithophore Emiliania huxleyi and the chlorarachniophyte
Bigelowiella natans, forming a separate clade from bacterial sequences (fig. 4). This suggests
that the bidirectional NADH-dependent D-lactate dehydrogenase may have been present in
the ancestor of the SAR supergroup and was differentially lost from some of its descendants.
It also appears that organisms using this enzyme lack the canonical NADH-dependent L-
lactate dehydrogenase.

We have also performed phylogenetic analyses of the following alternative ubiquinone
reductases in the respiratory chains of Chromera and Vitrella (fig. 3): alternative NADH
dehydrogenase (NDH2; fig. 5), electron-transfer flavoprotein: ubiquinone oxidoreductase
(ETFQO; supplementary fig. S9), glycerol-3-phosphate: ubiquinone oxidoreductase (G3PDH;
fig. 6, supplementary fig. S10), dihydroorotate: ubiquinone oxidoreductase (DHODH;
supplementary fig. S11), sulfide: ubiquinone oxidoreductase (SQO; supplementary fig. S12),
and of another alternative cytochrome c reductase, galacto-1,4-lactone: cytochrome ¢
oxidoreductase (G14LDH; supplementary fig. S13). Most of the investigated enzymes,
particularly NDH2 (fig. 5), G3PDH (fig. 6), ETFQO (supplementary fig. S9), and G14LDH
(supplementary fig. S13) show possible ancient eukaryotic origins, since in these tress
eukaryotes form a distinct clade, separate from a-proteobacteria or cyanobacteria. We cannot,
however, exclude some horizontal gene transfer from unspecified bacteria to an ancient
eukaryote. NDH2 from Chromera and Vitrella appears within a clade composed of eukaryotes
with plastid. Since hosts of primary and secondary plastids constitute this clade, we suppose
these genes originated in the primary host nucleus (nucleus of the algal endosymbiont in
secondary endosymbiosis); genes in this large clade likely passed through several duplication
events (fig. 5). However, one additional gene from Vitrella, which is absent from Chromera,
appears among apicomplexan parasites, branching specifically with coccidians in a clade
supposed to originate from secondary host (exosymbiont) nucleus (fig. 5). The phylogeny of

G3PDH (fig. 6, supplementary fig. S10) shows the branching of Chromera and Vitrella, as
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well as Perkinsus in a sister position to apicomplexan parasites in frame of eukaryotes. The
ETFQO tree displays similar grouping with Chromera and Vitrella genes sitting among
homologs from alveolates (supplementary fig. S9). Since G14LDH is absent from
apicomplexans, its sister position to kinetoplastid flagellates has, due to the limited taxon
sampling, no phylogenetic relevance (supplementary fig. S13). We can only conclude that
Chromera and Vitrella carry G14LDH of eukaryotic origin.

The second group of trees, in particular DHODH and SQO, show possible horizontal
gene transfer from a bacterial donor. The SQO from Chromera, Vitrella and the centric
diatom Thalassiosira pseudonana branch between Aquificales and o-proteobacteria
(supplementary fig. S12). Another SQO homolog from Vitrella, which is absent from
Chromera, is branching among various fungi; however, the clade also contains homologs
from Tetrahymena and Nannochloropsis (supplementary fig. S12). Both Chromera and
Vitrella contain two genes coding for DHODH: one is branching together with Apicomplexa
and other eukaryotes with high support (supplementary fig. S11). This gene is probably of
mitochondrial origin because o-proteobacteria (together with y-proteobacteria) cluster on the
root of this eukaryotic clade. The second gene appears in a sister position to distant homologs
from Prunus and a haptophyte, all sitting nonspecifically among bacterial sequences
(supplementary fig. S11).

In contrast to Chromera, the putative respiratory chain of Vitrella is similar to that
found in apicomplexans. However, it also contains L- and D-lactate: cytochrome ¢
oxidoreductases and NADH-dependent L-lactate dehydrogenase, whereas NADH-dependent
D-lactate dehydrogenase is missing (fig. 3B). To confirm the absence of functional complex
I, Chromera and Vitrella were incubated with a specific inhibitor of this respiratory
complex, the fungicide azoxystrobin (Balba 2007). It should be noted that Chromera grows
much faster than Vitrella and the latter alga forms large cell aggregations, which makes
individual cells uncountable. For this reason, when evaluating the comparative effect of
azoxystrobin on both algae, cumulative weight was used instead of growth curves to quantify
the cultures. As shown in fig. 7C, growth of Vitrella was inhibited, whereas Chromera
remained unaffected even by very high concentrations of the drug. Growth curves also
demonstrate that cyanide (KCN), a potent inhibitor of complex IV, killed Chromera (fig. TA).
Similarly, exposure to salicylhydroxamic acid (SHAM), an inhibitor of alternative oxidase,
resulted in growth inhibition under a prolonged incubation (fig. 7A). However, when an
inhibitory effect on respiration by SHAM was investigated in a short time frame of 4 minutes,

no decline of respiration was recorded (fig. 7B).
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Discussion

Four respiratory complexes and the proton-driven ATP-synthase perform core
mitochondrial functions that are dispensable only in anaerobic or sugar-rich environments,
often as a consequence of parasitism (Miiller et al. 2012). Indeed, any major modifications to
the respiratory chain are generally infrequent and almost exclusively associated with
anaerobes. Only a few cases of its reduction have been encountered in aerobic eukaryotes.
The respiratory complex I is missing from the mitochondrion of Plasmodium spp. and other
apicomplexans (van Dooren et al. 2006; Vaidya and Mather 2009; Sheiner et al. 2013), as
well as from some fungi (e.g. Saccharomyces) where alternative NADH dehydrogenases
substitute its electron transfer function (Marcet-Houben et al. 2009). A pattern common to
many eukaryotic anaerobes is the concurrent loss of complexes III and IV, while complexes I,
II, and V have been retained, yet act in a different way: complex I donates electrons to
rhodoquinone, which passes them to a membrane-bound fumarate reductase, whereas
complex II-like enzymes operate in reverse, producing succinate (Miiller et al. 2012). This
type of respiratory chain occurs in anaerobic stages of some parasitic metazoans (a fluke
Fasciola and a roundworm Ascaris), in marine benthic species experiencing periods of severe
anoxia (a mussel Mytilus and an annelid Arenicola) and in an excavate alga Euglena gracilis
grown in anaerobic conditions (Miiller et al. 2012). Complexes III and IV were lost
secondarily from the plant-pathogenic kinetoplastid Phytomonas, likely as a result of a
deletion in the mitochondrial genome and subsequent adaptation to the sugar-rich
environment of plant sap (Porcel et al. 2014). A similar pattern involving the loss of
complexes III, IV, and V is found in the ciliate Nyctotherus and the stramenopile Blastocystis
(Miiller et al. 2012). In its bloodstream stage, the kinetoplastid Trypanosoma brucei shuts
down its respiratory chain, activates glycerol-3-phosphate: ubiquinone dehydrogenase and an
alternative oxidase, and to generate proton gradient switches its complex V into the reverse
(Tielens and van Hellemond 2009). A ’petite’ mutant of 7. brucei termed 7. b. evansi lost all
complexes containing the mitochondrial-encoded subunits except for complex V, where
mutations in the nuclear-encoded subunits and an ATP/ADP transporter compensate for the
loss of its mitochondrial-encoded subunit atp6 (Dean et al. 2013). Last but not least, numerous
anaerobic (e.g. Entamoeba, Giardia, Mikrocytos, and Trichomonas) and facultative anaerobic
parasitic protists (e.g. Cryptosporidium and microsporidia) retained mitochondrion-derived
hydrogenosomes and mitosomes, from which the respiratory chain has been lost altogether

(Miiller et al. 2012; Burki et al. 2013).
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It should be noted that, except for Chromera, complex III is always lost along with
complex IV. Moreover, reductions of the respiratory chain occur almost exclusively in
anaerobic organisms, of which the most studied are parasites, yet Chromera is a fully aerobic,
free-living phototroph, which can live in a simple inorganic medium just in the presence of
light (Moore et al. 2008; Obornik et al. 2009). Using a selective inhibitor of complex III, we
provide experimental evidence that this complex is indeed absent from Chromera but active
in Vitrella. Moreover, since the SHAM treatment had no effect on the oxygen consumption of
Chromera, the alternative oxidase is, in agreement with our hypothesis, disconnected from the
respiratory function. However, the inhibitory effect of a long exposure to SHAM may be a
consequence of increased production of radical oxygen species, since a blocked alternative
oxidase cannot function as a sink for electrons generated by complex II, which may
consequently cause damage to the mitochondrial membrane.

Although Chromera and Vitrella grow under aerobic conditions, they also possess an
extensive set of enzymes characteristic for anaerobic protists (table 1 and fig. 3): a [FeFe]-
hydrogenase with a complete set of three hydrogenase maturases, pyruvate: NADP
oxidoreductase, pyruvate-formate lyase, NADH oxidase, acetaldehyde/alcohol
dehydrogenase, acetate: succinate CoA-transferase, and acetyl-CoA synthetase (ADP-
forming), to name the most prominent ones. These enzymes are absent in nearly all major
lineages of the parasitic apicomplexans, with the exception of the mitosome-bearing human
parasite Cryptosporidium. This suggests that the life history of Chromera may include
previously unknown periods under anaerobic conditions or, more importantly, that the
common ancestor of apicomplexans was substantially more metabolically diverse than are
nearly all of its extant descendants. Such versatility of the mitochondrion has recently
emerged in the aerobes Naegleria and Chlamydomonas, which contain a large set of
‘anaerobic’ enzymes (Miiller et al. 2012). Dinoflagellates and perkinsids (Danne et al. 2013),
and now even more prominently Chromera and Vitrella, are joining this club. In fact,
Chromera qualifies as the most trophically versatile protist, capable of phototrophy, aerobic
and strictly anaerobic osmotrophy, and maybe even predation (Obornik et al. 2012; Obornik
and Lukes 2013).

When the respiratory chains of Chromera and Vitrella are seen in an evolutionary
context (fig. 8), it is obvious that the evolution of mitochondrial genomes of alveolates is
reductive. We suppose that the mitochondrial genome of an ancestral alveolate underwent
linearization, and at a later stage was reduced in all myzozoan lineages through massive loss

of protein-coding genes and rRNA fragmentation. In Chromera, Vitrella and dinoflagellates,
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the genome has entered a fragmented and scrambled state due to extensive recombination, but
in most apicomplexans it retained its composition from monomeric linear molecules.
Chromera displays a uniquely reduced mitochondrial genome and possesses a respiratory
chain interrupted in an unprecedented fashion. Phylogeny of L and D lactate cytochrome ¢
oxidoreductases likely donating electrons to complex IV shows that these enzymes are very
probably eukaryotic in origin. We can see the same pattern in the evolution of most of
alternative ubiquinone reductases (NDH2, ETFQO, G3PDH, and G14L.DH). One of the two
DHODHSs and bacterial SQO in Chromera and Vitrella are the only genes likely of
mitochondrial origins among the detected alternative ubiquinone reductases. We have found
only a single candidate gene for horizontal gene transfer from bacteria to the Chromera and
Vitrella nuclear genome. This implies that the entire unusual enzymatic equipment found in

Chromera was already present in an ancient eukaryote.

Materials and Methods

The Chromera genome was sequenced by combining the following reads
(supplementary table S3, Supplementary Material online): single 454 reads (average length
~300 nt), paired-end Illumina MiSeq reads (filtered and trimmed reads <250 nt in length),
mate pair [llumina HiSeq reads (filtered and trimmed reads <100 nt in length, insert size 1.7-
5.5 kb), and additional paired-end Illumina reads for a fraction enriched for mitochondrial
DNA by centrifugation in a CsCl-Hoechst 33258 density gradient (supplementary fig. S14,
Supplementary Material online). All the reads were assembled simultaneously using GS De
Novo Assembler (Newbler) v.2.9 (see assembly statistics in supplementary table S4,
Supplementary Material online), and mitochondrial contigs were identified using BLAST
with the apicomplexan cox1, cox3 and cob proteins and rRNA fragments. The Newbler
assembler defines contigs as unambiguous parts of a read overlap graph, hence some contigs
can be shorter than the reads that make them, with reads flowing from one contig into another
(reads can also flow between the ends of long contigs). Therefore, extension of initial gene- or
gene fragment-containing contigs was possible by following alternative paths in a graph of
direct contig links produced by Newbler (see a detailed example of this approach in
supplementary fig. S15, Supplementary Material online). Mitochondrial origin and integrity
of the resulting ‘supercontigs’ was verified by mapping on them reads of the mitochondrial
DNA-enriched fraction (see an example in supplementary fig. S16, Supplementary Material

online) and mate pair reads with long insert size (data not shown), respectively.
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The scrambled structure of the Chromera mitochondrial genome revealed by 454 and
[llumina sequencing was further investigated by PCR and Sanger sequencing (supplementary
fig. S17, Supplementary Material online). Vitrella mitochondrial contigs were assembled from
[lumina HiSeq paired-end and mate pair reads (filtered and trimmed reads <100 nt in length)
with Velvet and CLC Genomics Workbench v. 6.5 (see contig sequences in supplementary
fig. S5, Supplementary Material online). Transcription of Chromera and Vitrella
mitochondrial contigs was assessed by mapping strand-specific transcriptome reads of poly-A
fraction on them (supplementary table S3, Supplementary Material online). The list of
transcripts identified in the extended mitochondrial contigs of Chromera is shown in
supplementary table S2 (Supplementary Material online).

Components of the respiratory chain and related enzymes in Chromera, Vitrella, and
in the reference species set (table 1) were identified using at least one hidden Markov model
(HMM) per protein, either based on MUSCLE alignments of annotated proteins in alveolates,
or taken from the Pfam database or from NCBI CDD. HMM searches were performed with
the HMMER3 software using protein-specific E-value cut-offs, depending on protein length
and the need to distinguish closely related protein families. Sources of HMM models and E-
value cut-offs for the enzymes most discussed in the paper are shown in table 3. NADH-
dependent L-lactate and malate dehydrogenases were distinguished using characteristic
residues.

Multiple alignments of cox1, L- and D -lactate: cytochrome ¢ oxidoreductases,
galacto-1 ,4-lactone: cytochrome ¢ oxidoreductase, NADH-dependent D-lactate
dehydrogenase, alternative NADH dehydrogenases, electron-transfer flavoprotein: ubiquinone
oxidoreductase, glycerol-3-phosphate: ubiquinone oxidoreductase, sulfide: ubiquinone
oxidoreductase, and dihydroorotate: ubiquinone oxidoreductase were performed using
MUSCLE (Edgar 2004). Alignments were edited, gaps and ambiguously aligned regions were
excluded from further analyses. Trees were computed using Maximum Likelihood, ML
(RAXML; Stamatakis 2014), and Bayesian inference (MrBayes 3.2; Ronquist et al. 2012). ML.
trees were constructed under the LG model (all proteins except cox1), or cpREV model
(cox1), according to ProtTest (Darriba et al. 2011). MrBayes was used to assess Bayesian
topologies and posterior probabilities (PP) using two independent Monte-Carlo Markov
chains run under the default settings for 2 million generations. We used 500,000 generations
as a burn-in and omitted them from topology reconstruction and PP calculation. Bayesian

trees were computed using the WAG model. Putative localizations of enzymes of interest
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(table 2) were predicted with TargetP (Emanuelsson et al. 2000), SignalP (Petersen et al.
2011) and MitoProt (Claros and Vincens 1996) programs.

The mitochondrial DNA-enriched sample was prepared for electron microscopy by the
cytochrome ¢ method (Ferguson and Davis, 1978). Plasmid pGEM served as a standard. The
samples were examined with a Philips CM 12 electron microscope at 80 kV, with precise
magnification determined using replica grating.

Azoxystrobin (Sigma) was dissolved in DMSO (stock solution 10 mg/ml), and a series
of five concentrations in the /2 medium ranging from 10 to 2,000 ng/ml was prepared. Each
concentration and negative controls were assayed in three replicates. Cultivation flasks
containing 20 ml of medium were inoculated with 0.5 ml of starting culture. Three replicates
of Chromera culture were observed every other day for 2 weeks by measuring absorbance
changes (ODeoo, fig. 3A) three times. Finally, after 4 weeks the resulting biomass from equal
volume of all five replicates was harvested, dried and weighted (fig. 3C). Due to extremely
tight clustering in clumps, Vitrella is suitable for neither absorbance measurement, nor cell
counting. Also, in contrast to Chromera, Vitrella culture grows much slower. Therefore, only
total biomass after 9 weeks was determined (fig. 3C).

For measurement of respiration in intact cells, exponentially growing C. velia culture
was harvested by centrifugation, cells were washed and resuspended in the /2 medium at a
concentration of approximately 3x10® cells/ml. Oxygen consumption at 26°C was determined
using a Clarktype electrode (Theta 90, Czech Republic) in the dark. After 4 min stabilization,
salicylhydroxamic acid (SHAM) was added to final concentrations of 3 and 18 mM (fig. 7B).
Cells were incubated for 2 - 4 min with each concentration of the drug and O2 consumption
was then converted to micromol/min. Respiration with no inhibitors was taken as 100%.

Sequences reported in this paper have been deposited in the NCBI BioProject
(Accession No. PRJEB6670, PRIJIEB667) database, in Short Read Archive (Accession No.
ERRS558149, ERR558150, ERR558151, ERR558152, ERR558194, ERR558195 ,
ERRS558196, ERR558197, ERR558198, ERR558199, ERR558200, ERR558201,
ERRS558202, ERR571482, ERR571483, ERR571484, ERR571485), and in NCBI Genbank
(see supplementary table S1, Supplementary Material online). The annotated nuclear genomes

of C.velia and V. brassicaformis have been deposited in EuPathDB (eupathdb.org).
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Figure legends

Fig. 1. Transcription pattern of Chromera velia nuclear and mitochondrial genes or gene
fragments revealed by Northern blot analysis of total RNA. RNA was detected by y-ATP
radiolabeled antisense oligonucleotides. In panels A-C, Ethidium bromide-stained gels with a
marker (M) and total RNA (T) are shown to the left. (A) Transcripts of a nuclear GAPDH
(glyceraldehyde-3-phosphate dehydrogenase) gene, the cox/ and cox3 genes (mature
transcripts), primary transcript of cox3 containing a part of cox! (coxI-3), and regions
flanking the cox! gene (clones C and L). (B) Transcripts of the mitochondrial rRNA gene
fragments (rnll, rnl8, rnl12, and rnsl) resolved on a high resolution 5% polyacrylamide gel.
(C) Transcription pattern of rRNA gene fragments rnl8 (detected with oligonucleotides rnl8A,
A2 and A3) and rns/ (detected with oligonucleotides rns1A and A2), as revealed in a medium
resolution 1% agarose gel. (D) Positions of labeled oligonucleotides are marked with bars;

polyadenylation sites, indicated as -AAAA, were determined by 3’ polyA RACE.
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Fig. 2. Electron microscopy of the Chromera velia mitochondrial DNA prepared from
fractions H1 and H2 obtained from ultracentrifugation of total DNA in the CsCl-Hoechst
33258 gradient (see supplementary fig. S14) and examined in a transmission electron

microscope as described previously (Yurchenko et al. 1999).

Fig. 3. The reconstructed respiratory chains in (A) Chromera velia and (B) Vitrella
brassicaformis. Protein localization is shown based on predicted targeting and on available
data. Proteins with alternative or uncertain localization are indicated in gray with a question
mark. In Chromera the respiratory chain is split into two disconnected parts. Complex II,
alternative NADH dehydrogenase (NDH2), glycerol 3-phosphate dehydrogenase (G3PDH),
electron transfer flavoprotein:ubiquinone oxidoreductase (ETFQQO) and other enzymes are
donating electrons to ubiquinone, which passes them to alternative oxidase (AOX). D-
lactate:cytochrome c oxidoreductase (D-LDH), L-lactate:cytochrome c oxidoreductase (L-
LDH, also known as cytochrome b»), and L-galactono-14-lactone dehydrogenase (G14LDH)
are donating electrons to soluble cytochrome ¢, which is oxidized by cytochrome c oxidase
(complex 1V). The NADH-dependent D-lactate dehydrogenase (D-LDH2) recycles pyruvate,
generated by the cytochrome-dependent D-LDH and L-LDH, into lactate, and consumes
NADH. The respiratory chain of Vitrella is continuous, with alternative ubiquinone
reductases, D-LDH, L-LDH, and G14L.DH also present. However, D-LDH?2 is absent and

AOX lacks a robust mitochondrial import signal. The complexes are not depicted to scale.

Fig. 4. A maximum likelihood phylogenetic tree including Chromera velia NADH-dependent
D-lactate dehydrogenase (D-LDH?2), with its eukaryotic and bacterial orthologs. Bayesian PP/
ML bootstraps are in the table. Accession number of sequences in the tree: Fracyl_207885;
Psemul_183545; Phatr2_46664; Thaps3_268453; EMIHUDRAFT_450888; Bignal_67620
(sequences downloaded from JGI http://jgi.doe.gov/); WP_012178639.1; WP_008193115.1;
WP_033467713.1; WP_028227993.1; WP_003774459.1; CED58655.1; WP_011218908.1;
WP_022589137.1; KGK78572.1; WP_012195855.1; WP_004902775.1; WP_029486096.1;
WP_014082344.1; WP_013349576.1; WP_028245171.1; WP_019617597.1 (sequences

downloaded from NCBI http://www.ncbi.nlm.nih.gov/)

Fig. 5. Bayesian phylogenetic tree as inferred from alternative NADH dehydrogenase amino
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acid sequences. Proteins from Chromera and Vitrella, which are supposed to be involved in
the respiratory chain are marked by *. Numbers above branches indicate Bayesian PP/ML

bootstrap support (1000 replicates).

Fig. 6. A part of the Bayesian phylogenetic tree as inferred from glycerol-3-phosphate
dehydrogenase amino acid sequences. (see full tree in supplementary fig. S10). Numbers

above branches indicate Bayesian PP/ML bootstrap support (1000 replicates).

Fig. 7. Growth of Chromera velia and Vitrella brassicaformis in the presence of specific
inhibitors of selected mitochondrial proteins. (A) Growth curves of Chromera cultivated in
the presence of salicylhydroxamic acid (SHAM), potassium cyanide (KCN), and
azoxystrobin. KCN, an inhibitor of cytochrome c oxidase (complex IV), slows down the
growth. Lack of inhibition by azoxystrobin supports the absence of cytochrome c reductase
(complex III). (B) SHAM, an inhibitor of alternative oxidase (AOX), is efficiently inhibiting
the growth of Chromera at concentrations that did not affect respiration in a short-term
treatment. (C) Graphs showing resulting biomass after growth curve experiments. Chromera

was harvested after reaching the stationary growth phase at 4 weeks. Due to much slower

growth, Vitrella was harvested after reaching the stationary growth phase at 9 weeks. Biomass

for each concentration was calculated as average of five repetitions (standard deviations are

shown). High concentration of DMSO in the media slightly decreases the final biomass.

Fig. 8. Overview of the mitochondrial evolution in alveolates.
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Table 1. Respiratory chain components and other enzymes typical for anaerobic species in Chromera and
Vitrella, in apicomplexan, dinoflagellate, and perkinsid datasets. Proteins typical for anaerobic species
(Ginger et al. 2010; Miiller et al. 2012) are marked with a star. A number of paralogs detected in each
genome is shown, and presence/absence only is shown for transcriptomic or proteomic data (presence is
denoted by a filled circle). If proteins show strong evidence of lateral gene transfer from bacteria (data not
shown), the respective cells are boxed. Commonly used abbreviations and EC numbers are shown, when
applicable. Phylogenetic patterns of protein occurrence are color-coded in the following way: orange,
proteins lost in Chromera only; light-green, proteins occurring exclusively in Chromera (proteins found
in Chromera and in dinoflagellates/perkinsids are included into this group as well, as transcriptomic data
cannot robustly demonstrate absence of a certain protein, the same applies to all groups below); blue-
green, proteins occurring in both Chromera and Vitrella; gray, in Chromera, Vitrella, and in
Cryptosporidium, a mitosome-bearing apicomplexan; violet, in Chromera, Vitrella, and apicomplexans

(but lost in at least 2 of 5 major apicomplexan lineages); pink, in dinoflagellates/perkinsids only.
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chromerids

Apicomplexa

name common EC number respiratory chain complex
abbreviation or metabolic process ° ® § ©
g, g5 ¢ 5 Y B
BE BE Be sP osp = P 3% §T B
S8 8E g EEEs & % g8 %% 2
S5 G 05 SE 55 § 2K ok
NADH dehydr 1.6.5.3 1
mitochondrial alternative NADH dehydrogenase 1.6.5.9 NADH dehydrogenase 3 5 3 1 2 1 1
electron transfer flavoprotein ETF alternative UQ reductases 1 2 1
electron transfer flavoprotein:ubiquinone oxidoreductase ETFQO 1.5.5.1 1 1 1
glycerol 3-phosphate:ubiquinone oxidoreductase 1.1.5.3 1 1 1 1 1 1
sulfide:ubiquinone oxidoreductase * 1.8.5.4 | 1 2
dihydroorotate:ubiquinone oxidoreductase DHODH 1.3.5.2 | 1 1 1] | 1 1 1
UbiA, UbiE, 25.1.-, 2.1.1.201,
ubiquinone bi s UbiG, UbiH 2.1.1.222, 1.14.13.-  ybiquinone
i dehydr 1.3.5.1 n
soluble fumarate reductase * 1.3.1.6 fumarate reductase 3
alternative oxidase * AOX 1.10.3.11 alternative oxidase 2 3 1
cytochrome b cob 1.10.2.2 complex Il 1 1 1 1 1
cytochrome c7 cytC1 1.10.2.2 1 1 1 1 1
mitochondrial Rieske protein 1.10.2.2 1 1 1 1 1
14 kDa protein 1.10.2.2 1 1 1 1 1
hinge subunit 1.10.2.2 1 1 1 1
cytochrome c1 heme lyase 4.41.17 complex Il y 1 1 1
L-lactate dehydrogenase (cytochrome) (cytochrome b2) 1.1.23 alternative cytochrome ¢ 2 2
D-lactate dehydrogenase (cytochrome) 1.1.2.4 reductases 2 2
L-galactonolactone dehydrogenase G14LDH 1.3.2.3 1 1
1.1.5.2;1.1.27;
glucose-methanol-choline oxidoreductase 1.1.99.1 B 1
cytochrome ¢ cytochrome ¢
cytochrome ¢ oxidase 1.9.3.1 v
ATP synthase 3.6.3.14 plex V
glycolytic enzymes glycolysis
pyruvate:orthophosphate dikinase * 2.7.9.1 2 2 I 1
2-oxoglutarate dehydrogenase * OGDH 1.24.2 TCA 1 1 1 1 1 1
aconitase 4213 3 2 2 1 1 1
citrate synthase * 2.3.3.1 4 4 2 3 1 1
fumarase * 4.21.2 1 1 1 1 1 1
isocitrate dehydrogenase (NAD) 1.1.1.41 1 1
isocitrate dehydrogenase (NADP) 1.1.1.42 2 2 2 2 1 1
malate dehydrogenase * MDH 1.1.1.37 | 1 27 1 1 | 1 1
succinyl-CoA synthetase (succinate-CoA ligase, GDP or ADP-
forming) * 6.2.1.4-5 1 1 1 4 1
phosphoenolpyruvate carboxykinase (ATP) * PEPCK-ATP 4.1.1.49 fer 1 1 1 1 1
phosphoenolpyruvate carboxykinase (GTP) * PEPCK-GTP 4.1.1.32 | 2
pyruvate carboxylase 6.4.1.1 2 1 1
malic enzyme * 1.1.1.38-40 ] ] 1
D-lactate dehydrogenase * D-LDH 1.1.1.28 1
L-lactate dehydrogenase * L-LDH 1.1.1.27 3 1 1 2 1 1
pyruvate decarboxylase * 4.1.1.1 1 2 1
acetaldehyde/alcohol dehydrogenase * AADH, AdhE 1.1.1.1;1.21.10 | 1 1 I 2
alcohol dehydrogenase, NAD-dependent * Fe-ADH 1.1.1.1 | 2 1 1 1
pyruvate dehydrogenase complex * PDC 1.2.4.1 1 1 1 1 1
pyruvate:NADP oxidoreductase * PNO 1.2.1.51 1 1 1
pyruvate:formate lyase * PFL 2.3.1.54 1 1
pyruvate:formate lyase activating enzyme * PFL-AE 1.97.1.4 1
acetate:succinate CoA-transferase * ASCT 2.8.3.18 1
acetyl-CoA synthetase, ADP forming (acetate-CoA ligase) * 6.2.1.13 1 2 | 1
acetyl-CoA synthetase, AMP forming (acetate-CoA ligase) 6.2.1.13 2 3 1 1 2 1 1
phosphate acetyl transferase (phosphotransacetylase) * PTA 23.1.8
acetate kinase * 27.21
propionate:succinate CoA-transferase * 2.8.3.- 1
propionyl-CoA carboxylase * 6.4.1.3 1 1
[FeFe] hydrogenase maturase HydE * HydE hydrogenase 1 1
[FeFe] hydrogenase maturase HydF * HydF 1 1
[FeFe] hydrogenase maturase HydG * HydG 1 1
[FeFe] hydrogenase * 1.127.2 1 1 1
nuclear prelamin A recognition factor-like protein NARFL 1 1 1 1 1 1 1
coenzyme F420 hydrogenase 1.12.98.1 1
alpha-ketoacyl reductase * 1.1.1.100 various proteins 3 1 1 2 1
alpha-ketoacyl synthase * 23.1.41 11 8 2 2 3 1
NAD(P)H:ferredoxin oxidoreductase * 1.18.1.2 1 1 1 1 1 1
flavodiiron protein *
NADH oxidase 1.6.3.4 1
nitrite reductase * 1.7.1.4 1 1 1 1
sulphite reductase 1.8.1.2 1 1
alanine racemase * 5.1.1.1 1 1 1 1 1
alanine aminotransferase * ALAT 2.6.1.2 1 3 1 1
aspartate aminotransferase * ASAT 26.1.1 1 3 1 1 1 1
glutamate dehydrogenase * GLDH 1.4.1.2 1 1 1 1 1 2
1.5.1.28; 1.5.1.17;
1.5.1.22; 1.5.1.11 3 4 1 1

opine dehydrogenases *

Perkinsus
marinus

Perkinsea

Oxyrrhis

Oxyrrhis
marina

Dinophyceae
Gonyaulacales

Lingulodinium
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Table 2. Putative localizations of enzymes of interest predicted with the TargetP, SignalP and MitoProt programs. S- ER signal peptide; C-

chloroplast transit peptide; M — mitochondrial transit peptide; Anch — signal anchor (transmembrane domain).

gene ID enzyme name signal peptide length, aa transit peptide (uncut length,aa  transit peptide (cut  length,aa  MitoProt II
signal peptide) signal peptide)

Cvel_24584 t1 NADH-dependent D-lactate dehydrogenase S 0.986 18 S 0.149 18 M 0.525 19-48 0
Vbra_2211.t1 NADH-dependent L-lactate dehydrogenase 0 0 0 0 0 0 0
Vbra_4978.t1 NADH-dependent L-lactate dehydrogenase 0 0 C0.292/M0.225 5 0 0 0
Vbra_16839.t1 NADH-dependent L-lactate dehydrogenase 0 0 0 0 0 0 0
Cvel_6082.t1 D-lactate: cytochrome ¢ oxidoreductase S0.941 17 C0.561 13 MO0.815 18-24 0.8995
Cvel_20317.t1 D-lactate: cytochrome ¢ oxidoreductase Anch 0.587 46 C 0.759/ M 0.706 52 C0.759 M 0.706 1-52 0.9959
Vbra_3212.t1 D-lactate: cytochrome ¢ oxidoreductase S$0.315 21 M 0.796 93 M 0.796 1-93 0.9946
Vbra_9909.t1 D-lactate: cytochrome ¢ oxidoreductase 0 0 M 0.806 18 0 0 0.8978
Cvel_4425t1 L-lactate: cytochrome ¢ oxidoreductase 0 0 0 0 0 0 0
Cvel_5763.t1 L-lactate: cytochrome ¢ oxidoreductase 0 0 0 0 0 0 0
Vbra_7868.t1 L-lactate: cytochrome ¢ oxidoreductase 0 0 0 0 0 0 0
Vbra_19079.t1 L-lactate: cytochrome ¢ oxidoreductase 0 0 0 0 0 0 0
Vbra_2234.t1 galacto-1 4-lactone: cytochrome ¢ oxidoreductase S$0.993 21 M 0.595 55 M 0.900 22-56 0.9863
Cvel_9992.t1 galacto-1 4-lactone: cytochrome ¢ oxidoreductase S 0.999 27 S 0.794 27 M0.738 24-54 0
Cvel_6529.t1 alternative oxidase 0 0 MO0913 35 0 0 09747
Cvel_21608.t1 alternative oxidase S0.575 34 M 0.849 29 0 0 0.9918
Vbra_7072.t1 alternative oxidase S 0.635 30 M0.782 38 0 0 0.966
Vbra_14859.t1 alternative oxidase S$0.843 23 MO0.578 57 C0.588 M 0.602 24-57 0.9786
Vbra_15987 t1 alternative oxidase S 0.848 35 M 0.544 45 0 0 0.9836
Cvel _3201.t1 alternative NADH dehydrogenase 0 0 0 0 0 0 0

Cvel _12889.t1 alternative NADH dehydrogenase 0 0 0 0 0 0 0
Cvel _17721t1 alternative NADH dehydrogenase S 1.000 18 MO0411 41 M0.824 19-41 0.951
Vbra_528.t1 alternative NADH dehydrogenase 0 0 0 0 0 0 0
Vbra_4873.t1 alternative NADH dehydrogenase $0.998 24 CO0.189/M0.134/S0.153 20 C0.795 25-75 0.9844
Vbra_8108.t1 alternative NADH dehydrogenase 0 0 0 0 0 0 0
Vbra_13793.t1 alternative NADH dehydrogenase S 0.997 25 S 0.608 19 C 0.850 20-62 0.709
Vbra_21650.t1 alternative NADH dehydrogenase S 1.000 24 S 0.869 23 C0.965 24-54 0.6591
Vbra_21162.t1 glycerol 3-phosphate: ubiquinone oxidoreductase S0.812 25 MO0.721 111 0 0 0.4891
Cvel _27966.t1 glycerol 3-phosphate: ubiquinone oxidoreductase S 0492 25 M 02872 82 0 0 0.8563
Cvel_25193.t1 dihydroorotate: ubiquinone oxidoreductase S$0.986 24 $0.698 23 S0.510 17 0
Vbra_7220.t1 dihydroorotate: ubiquinone oxidoreductase Anch 0.717 44 0 0 0 0 0
Cvel_9173.t1 electron transfer flavoprotein: ubiquinone oxidoreductase 0 0 M0.732 52 - - 0.9261
Vbra_4697 t1 electron transfer flavoprotein: ubiquinone oxidoreductase 0 0 0 0 0 0 0
Cvel_17813.t1 sulfide: ubiquinone oxidoreductase S 0.906 28 M 0439 42 0 0 0.1324
Vbra_5597 t1 sulfide: ubiquinone oxidoreductase 0 0 MO0.614 109 0 0 0.7835
Vbra_15197.t1 sulfide: ubiquinone oxidoreductase S 0.999 17 C0.247 64 C0.795 47 0.3424
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Table 3. Sources of HMMs and E-value cut-offs used for identification of alternative

ubiquinone and cytochrome c reductases, and lactate dehydrogenases with the HMMER3

software.
enzyme source of HMM: taxa or database HMM E-value
(accession) length, aa cut-off

L-lactate: cytochrome ¢ oxidoreductase (cytochrome b) fungi, Perkinsus, Karlodinium 502 10°%
D-lactate: cytochrome ¢ oxidoreductase NCBI CDD (PLN02805) 563 1010
galacto-1.4-lactone: cytochrome ¢ oxidoreductase Pfam (ALO) 260 100
NADH-dependent D-lactate dehydrogenase NCBI CDD (PRK11183) 567 100
NADH-dependent L-lactate dehydrogenase Apicomplexa* 322 10100
alternative NADH dehydrogenase Sarcocystidae 553 108
electron-transfer flavoprotein: ubiquinone oxidoreductase Pfam (ETF_QO) 110 10-%0
glycerol-3-phosphate: ubiquinone oxidoreductase Aconoidasida 625 10100
sulfide: ubiquinone oxidoreductase prokaryotes and eukaryotes 418 10730
dihydroorotate: ubiquinone oxidoreductase Apicomplexa 442 1e®0

* The model for NADH-dependent L-lactate dehydrogenase detects malate dehydrogenase as

well, and distinguishing these enzymes requires analysis of characteristic residues in the

alignment.
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Abstract The eukaryotic phylum Apicomplexa encompasses thousands of obligate intracellular
parasites of humans and animals with immense socio-economic and health impacts. We sequenced
nuclear genomes of Chromera velia and Vitrella brassicaformis, free-living non-parasitic
photosynthetic algae closely related to apicomplexans. Proteins from key metabolic pathways and
from the endomembrane trafficking systems associated with a free-living lifestyle have been
progressively and non-randomly lost during adaptation to parasitism. The free-living ancestor
contained a broad repertoire of genes many of which were repurposed for parasitic processes, such
as extracellular proteins, components of a motility apparatus, and DNA- and RNA-binding protein
families. Based on transcriptome analyses across 36 environmental conditions, Chromera orthologs
of apicomplexan invasion-related motility genes were co-regulated with genes encoding the flagellar
apparatus, supporting the functional contribution of flagella to the evolution of invasion machinery.
This study provides insights into how obligate parasites with diverse life strategies arose from a once
free-living phototrophic marine alga.

DOI: 10.7554/eLife.06974.001

elife digest Single-celled parasites cause many severe diseases in humans and animals. The
apicomplexans form probably the most successful group of these parasites and include the parasites
that cause malaria. Apicomplexans infect a broad range of hosts, including humans, reptiles, birds,
and insects, and often have complicated life cycles. For example, the malaria-causing parasites
spread by moving from humans to female mosquitoes and then back to humans.

Despite significant differences amongst apicomplexans, these single-celled parasites also share
a number of features that are not seen in other living species. How and when these features arose
remains unclear. It is known from previous work that apicomplexans are closely related to single-
celled algae. But unlike apicomplexans, which depend on a host animal to survive, these algae live
freely in their environment, often in close association with corals.

Woo et al. have now sequenced the genomes of two photosynthetic algae that are thought to be
close living relatives of the apicomplexans. These genomes were then compared to each other and to
the genomes of other algae and apicomplexans. These comparisons reconfirmed that the two algae
that were studied were close relatives of the apicomplexans.

Further analyses suggested that thousands of genes were lost as an ancient free-living algae
evolved into the apicomplexan ancestor, and further losses occurred as these early parasites evolved
into modern species. The lost genes were typically those that are important for free-living organisms,
but are either a hindrance to, or not needed in, a parasitic lifestyle. Some of the ancestor’s genes,
especially those that coded for the building blocks of flagella (structures which free-living algae use
to move around), were repurposed in ways that helped the apicomplexans to invade their hosts.
Understanding this repurposing process in greater detail will help to identify key molecules in these
deadly parasites that could be targeted by drug treatments. It will also offer answers to one of the
most fascinating questions in evolutionary biology: how parasites have evolved from free-living
organisms.

DOI: 10.7554/eLife.06974.002

Introduction

The phylum Apicomplexa is comprised of eukaryotic, unicellular, obligate intracellular parasites,
infecting a diverse range of hosts from marine invertebrates, amphibians, reptiles, birds to mammals
including humans. More than 5000 species have been described to date, and over 1 million
apicomplexan species are estimated to exist (Adl et al., 2007; Pawlowski et al., 2012). Clinically and
economically important apicomplexan pathogens, for example, Babesia, Cryptosporidium, Eimeria,
Neospora, Theileria, Toxoplasma (Tenter et al., 2000), and the malaria-causing parasite Plasmodium
wreak profound negative impacts on animal and human welfare.

Despite their diverse host tropism (Roos, 2005) and life cycle strategies, apicomplexans possess several
unifying molecular and cellular features, including the abundance of specific classes of nucleic acid-binding
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proteins with regulatory functions in parasitic processes (Campbell et al., 2010; Flueck et al., 2010;
Radke et al., 2013, Kafsack et al., 2014; Sinha et al., 2014), extracellular proteins for interactions with the
host (Templeton et al., 2004a; Anantharaman et al., 2007), an apical complex comprising a system of
cytoskeletal elements and secretory organelles (Hu et al., 2006), an inner membrane complex (IMC)
derived from the alveoli (Eisen et al., 2006, Kono et al., 2012; Shoguchi et al., 2013), and a non-
photosynthetic secondary plastid, termed the apicoplast (McFadden et al., 1996). How and when these
features arose is unclear, owing to the lack of suitable outgroup species for comparative analyses.

Chromerids comprise single-celled photosynthetic colpodellids closely associated (and likely
symbiotic) with corals (Cumbo et al., 2013; Janouskovec et al., 2013). Phylogenetic analysis
demonstrates that these algae are closely related to Apicomplexa (Janouskovec et al., 2013),
confirming the long-standing hypothesis that apicomplexan parasites originated from a free-living,
photosynthetic alga (McFadden et al., 1996, Moore et al., 2008). Two known chromerid species,
Chromera velia and Vitrella brassicaformis (Moore et al., 2008; Obornik et al., 2011, 2012), can be
cultivated in the laboratory, and their plastid (Janouskovec et al., 2010) and mitochondrial genomes
(Flegontov et al., 2015) have been described. We explored whole nuclear genomes of Chromera and
Vitrella to understand how obligate intracellular parasitism has evolved in Apicomplexa.

Results and discussion

Genome assembly and annotation

A shotgun approach was used to sequence and assemble the Chromera and Vitrella nuclear genome
into 5953 and 1064 scaffolds totaling 193.6 and 72.7 million base-pairs (Mb). The disparity in genome
size is attributable largely to the presence of transposable elements (TEs) totaling ~30 Mb in
Chromera vs only 1.5 Mb in Vitrella, as the predicted number of protein-coding genes is almost the
same at 26,112 and 22,817, respectively. Detailed characterizations of the two genomes and their
gene structures are described in Appendix 1 and Supplementary files 1, 2.

Ancestral gene content of free-living and parasitic species

We constructed a phylogenetic tree of 26 species, comprising Chromera, Vitrella, 15 apicomplexans, 2
dinoflagellates, 2 ciliates, 4 stramenopiles, and a green alga. On the phylogenetic tree (Figure 1A),
Chromera and Vitrella formed a group closest to the apicomplexan clade, consistent with previous
phylogenies (Moore et al., 2008; Janouskovec et al., 2010, 2013, 2015; Obornik et al., 2012). The
long branches from their common node are consistent with drastic differences in morphology, life cycle
(Obornik et al., 2012), plastid (Janouskovec et al., 2010) and mitochondrial genomes (Flegontov et al.,
2015) between the two chromerids (Figure 1A). Likewise, despite common origins, apicomplexans show
extensively diverse lifestyles, including host tropism and invasion phenotypes (Figure 1B).

We reconstructed the parsimonious gene repertoires for the ancestors of the 26 species, at the
nodes of the phylogenetic tree (Figure 2A; Figure 2—figure supplement 1). We note five key nodes
on the evolutionary paths to present-day apicomplexans: the alveolate ancestor; the common
ancestor of Apicomplexa and chromerids, termed the proto-apicomplexan ancestor; the apicom-
plexan ancestor; the ancestor of apicomplexan lineages, for example, coccidia and hematozoa; and
extant apicomplexans (Figure 2A). Protein-coding genes from the 26 species were clustered by
OrthoMCL (Li et al., 2003) into groups of homologous genes, hereafter defined as orthogroups. We
note that an orthogroup could have homologous genes from different species (putative orthologs) or
from the same species (putative paralogs arising from gene duplications). Gains or losses of
orthogroups are displayed as green or red sections of a pie on the phylogenetic tree in Figure 2A.
Divergence of the proto-apicomplexan ancestor from the alveolate ancestor (Stage I) was
accompanied by losses of 1668 and gains of 2197 orthogroups (sum of the two ‘pies’ in Stage I).
Transition of the free-living proto-apicomplexan ancestor to the apicomplexan ancestor (Stage ) is
accompanied by many gene losses (3862 orthogroups) but few gains (81 orthogroups) (Figure 2A).
Divergence of coccidians, for example, Toxoplasma gondii, from the apicomplexan ancestor (Stage Ill)
is characterized by modest changes (537 losses; 414 gains), whereas divergence of hematozoans, for
example, Plasmodium spp., is marked by drastic losses (1384 losses; 77 gains) (Figure 2A). Further
divergence of apicomplexan taxa beyond Stage lll is characterized by modest, lineage-specific gains
(Figure 2A). Functional composition of gained genes at various stages will be discussed in later
sections. Paucity of gained genes (81 orthogroups) during Stage Il indicates that the genome of the
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Figure 1. Phylogenetic, parasitological, and genomic context of chromerids. (A) Phylogenetic tree of 26 alveolate
and outgroup species (see Figure 1—source data 1 for the list of species). Multiple sequence alignments of 101
genes, which have 1:1 orthologs across all species (Figure 1—source data 2) were concatenated to a single matrix
of 33,997 aligned amino acids. A maximum likelihood tree was inferred using RAXML with 1000 bootstraps, with
Chlamydomonas reinhardtii as an outgroup. All clades are supported with bootstrap values of 100% except one
node (*) with 99%, and also with 1.00 posterior probability from a bayesian phylogenetic tree based on PhyloBayes
(Lartillot and Philippe, 2004) (CAT-GTR). (B) Lifestyles of the apicomplexan and chromerid species under
investigation. '?": uncertainty due to lack of relevant data.

DOI: 10.7554/elife.06974.003

The following source data are available for figure 1:

Source data 1. List of 24 species excluding Chomera and Vitrella used in this study and their data sources.

DOI: 10.7554/elife.06974.004

Source data 2. A list of 101 shared orthogroups with a single gene in all of the 26 species, used for the species
phylogenetic tree.

DOI: 10.7554/eLife.06974.005

free-living ancestor possessed most of the genes that were present in the common ancestor of
apicomplexans and survived in their present-day descendants.

Progressive, lineage-specific losses during apicomplexan evolution
Parasite evolution has been associated with genome reduction across several branches of the tree
of life (Keeling, 2004; Sakharkar et al., 2004; Morrison et al., 2007). Examples also exist,
however, where parasite genomes are not reduced (Pombert et al., 2014) but expanded
(Raffaele and Kamoun, 2012), underscoring the fact that the genome reduction process during
parasite evolution is not completely understood. We sought to characterize in detail the dynamics
of gene loss across apicomplexan evolution, particularly for components of molecular processes
that are hallmarks of free-living lifestyle. We performed a systematic analysis of the cellular
components involved in: (1) cellular metabolic pathways; (2) the endomembrane trafficking
systems, regulating the movement of molecules across intracellular compartments in eukaryotes
(Leung et al., 2008); and (3) the flagellum, a highly conserved apparatus for motility in aqueous
environment (Silflow and Lefebvre, 2001).
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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 2—figure supplement 1A). Stages |, I, and Ill (shown in blue, pink and
green, respectively) represent groups of branches from the alveolate ancestor to apicomplexan lineage ancestors. Stage Il 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 (Csures, 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 2—figure supplements 2,3,4,5, Supplementary file 3. Individual components and enzymes are listed in Figure 2—source data 1, 2. Similar
analyses were performed for components encoding flagellar apparatus (Figure 2—figure 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 | (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/elLife.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, like present-day chromerids, possessed complete
metabolic pathways for sugar metabolism, assimilation of nitrate and sulfite, and photosynthesis-related
functions (Figure 2B, Figure 2—figure 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 (Koreny 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 | (FASI)/polyketide synthase enzymes
and single-domain FASIl components (Figure 2—figure supplement 2A,B). Treatment of Chromera
with a FASII inhibitor triclosan showed decreased production of long chain fatty acids (Figure 2—figure
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 FASIl (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)
(Koreny et al., 2011; van Dooren et al., 2012; Danne et al., 2013).

Transition to an apicomplexan ancestor (Stage ) was accompanied by the loss of metabolic processes
including photosynthesis and sterol biosynthesis (Figure 2B and Figure 2—figure supplement 3). The
apicomplexan ancestor appeared to possess a significant complement of enzymes in various pathways
(Figure 2B) (Lim and McFadden, 2010). The differentiation of apicomplexan lineages (Stage ) was
accompanied by further lineage-specific losses: for example, loss of FASI in Plasmodium 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 2—figure supplement 3). These
support the notion that enzymes involved in cellular metabolism critical for free-living organisms were not
completely lost during the transition to the apicomplexan ancestor, but were further lost during
subsequent differentiation and host-adaptation 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 )
(Hager et al., 1999; Klinger et al., 2013a) (Figure 2C, Figure 2—figure supplement 4 and Appendix 3).
Differentiation of apicomplexan lineages (Stage lll) was accompanied by lineage-specific losses, for
example, loss of the Endosomal Sorting Complex Required for Transport Il (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 2—figure supplement 4 and Appendix 3). These lineage-specific losses
have led to diverse, reduced sets of endomembrane trafficking 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-specific events rather than ancient, shared events.

All known components of flagella were present in the proto-apicomplexan ancestor (Figure 2—figure
supplement 5A,B). Most of the components were retained in the apicomplexan ancestor (Stage Il), but
losses occurred as apicomplexan lineages differentiated (Stage Ill). Components of intraflagellar
transport, which are typically essential for assembling flagella, were lost in the other lineages except in
coccidians (Figure 2—figure 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 2—figure 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 apicomplexan evolution is progressive, continued loss of
components important for free-living organisms. While Stage Il was accompanied by a massive loss of such
components including those implicated in photosynthesis, the apicomplexan ancestor still possessed many
proteins, which were lost later during differentiation 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
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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
[l (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 3—source 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 3—figure supplement 4. Sequence
homology networks (Figure 2—figure supplement 5E and Figure 3—figure supplements 1B, 2B, 3B) and gene
gains and losses on the phylogenetic tree (Figure 3—figure 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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(Mundwiler-Pachlatko and Beck, 2013; Bougdour et al., 2014). Cytoskeletal proteins provide
structural support to the cell and also the molecular machinery for motility and intracellular invasion
(Baum et al., 2006; Soldati-Favre, 2008). Proteins with DNA-binding domains (DBDs) or RNA-
binding domains (RBDs) can regulate various molecular processes of apicomplexan parasites. Indeed,
proteins with AP2 (apiAP2) DBD have been shown to act as genetic control switches for diverse
apicomplexan processes (Balaji et al., 2005, Campbell et al., 2010; Flueck et al., 2010; Radke et al.,
2013; Sinha et al., 2014; Kaneko et al., 2015).

Genes encoding extracellular proteins exported into the host environments were over-represented
among those gained after Stage lll (Figure 3), suggesting that adaptation to specific hosts was
accompanied by expansion of extracellular proteins mediating host-parasite interactions (Templeton
et al., 2004a; Anantharaman et al., 2007). Stage Il was accompanied by gains of those encoding
DBD proteins, mostly apiAP2 proteins (Figure 3 and Figure 3—figure supplement 1A,B), suggesting
extensive regulatory changes mediated by apiAP2 proteins during lineage differentiation. We note
that losses of other canonical DBD proteins, for example, proteins with HSF_DNA-bind (Pfam:
PF00447) domain during transition to apicomplexan ancestor (Stage Il) and proteins with Tub (Pfam:
PF01167) domain along the piroplasm lineage, contribute to further dominance of apiAP2 among the
DBD proteins (Figure 3—figure supplement 1C). Stage Il was accompanied by over-represented
gains of various cytoskeletal components, including alveolins, those of the actomyosin complex (e.g.,
myosins) and glideosome-associated proteins with multiple membrane spans 1 and 3 (GAPM1 and
GAPM3), suggesting that the molecular machinery powering gliding motility, which is essential for
host cell invasion arose during evolution to apicomplexans (Frenal et al., 2010) (Figure 3,
Figure 3—figure supplement 2, and Appendix 4). Gene gains during Stage | were over-
represented by proteins with ‘RBD abundant in Apicomplexans’ (RAP, Pfam: PF08373) (Lee and
Hong, 2004), many of which were conserved as one-to-one orthologs across descending lineages,
suggesting development of evolutionarily conserved functions before apicomplexans and chromerids
diverged (Figure 3, and Figure 3—figure supplement 3). Chromerid genomes encode many
orthologs of apicomplexan cytoskeletal proteins (Appendix 4), including GAPM2, a member of an
important protein family for apicomplexan cytoskeletal structure and gliding motility (Bullen et al.,
2009), and the IMC sub-compartment protein family (ISP), implicated in establishing apical polarity
and coordinating the unique cell cycle of apicomplexans (Poulin et al., 2013) (Figure 2—figure
supplement 5E). These data suggest that some components existed in the free-living proto-
apicomplexan ancestor and were subsequently repurposed for parasitic processes of apicomplexans.

The Chromera and Vitrella genomes encode many proteins that are specific to chromerids yet
contain functional domains implicated in molecular processes of apicomplexan parasites. For example,
there are chromerid-specific proteins with domain architectures similar to those in apicomplexan
extracellular proteins, including those previously implicated in host interactions and described in
apicomplexans only (Figure 3—figure supplement 4 and Appendix 5, and Supplementary file 5).
Presence of such chromerid proteins implies some commonality in extracellular recognition and cross-
species interactions and this correlates well with the presumed associations with the coral holobiont
(Janouskovec et al., 2012, 2013; Cumbo et al., 2013). Importantly, chromerid genomes encode
numerous apiAP2 proteins, more abundant than dinoflagellates, suggesting that they have expanded in
the proto-apicomplexan ancestor after it split from dinoflagellates (Figure 3—figure supplement 1D).
Many of the chromerid apiAP2 proteins belong to putative paralogous clusters, suggesting that their
expansion was driven by gene duplication (Figure 3—figure supplement 1D; Appendix 6). Only a small
subset of the apiAP2 proteins are shared across apicomplexans, suggesting that the large apiAP2
complement in the proto-apicomplexan ancestor has diversified independently in descending lineages
(Figure 3—figure supplement 1A).

In summary, genes encoding critical components of the parasitic lifestyle of apicomplexans were
gained at different stages of apicomplexan evolution, some implying subsequent specialization to
particular host niches, but others suggesting early adaptations before committing to parasitic lifestyle.
This is evident by chromerid orthologs of many such proteins, for example, RAP proteins and
specialized cytoskeletal components. Further, chromerid genomes encode chromerid-specific
proteins that are not detected as orthologs of apicomplexan proteins but still have functional
domains implicated in parasitic processes in apicomplexans. Together, these data imply that
a molecular transition had occurred in free-living ancestors of apicomplexans, providing a foundation
for host—parasite interactions and further adaptation.
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Conserved gene expression programs in the proto-apicomplexan
ancestor

Chromera and Vitrella genomes allowed us to reconstruct the gene content of the free-living ancestor
of apicomplexans. To infer their putative functions using genome-wide gene expression information
(Hu et al., 2010), we cultured Chromera under 36 different combinations of temperatures, iron and
salt concentrations, and generated their gene expression profiles by RNA-seq (Box et al., 2005).
In addition, we have obtained a publicly available growth perturbation data set for P. falciparum
(Hu et al., 2010). There were 1918 orthogroups shared between the two species. We identified pairs
of orthogroups that are co-expressed, that is, showing similar expression patterns across the various
conditions, in both species (‘Materials and methods’) (Figure 4—figure supplement 1A). Such an
orthogroup pair, that is, those with conserved co-expression between the two species, would include
candidate genes that have been co-regulated together during apicomplexan evolution, from the free-
living ancestor to present-day parasites due to conserved functions. This approach, successfully
utilized by several studies in the past (Stuart et al., 2003; Mutwil et al., 2011; Gerstein et al., 2014),
led to the following two observations in this study.

Many RAP genes appeared during Stage | and have been conserved across the descending phyla
(Figure 3 and Figure 3—figure supplement 3), but their precise cellular roles are unknown. For 11
out of 12 orthogroups with RAP domains, co-expressed orthogroups overlapped significantly (Fisher's
exact test, p < 0.05) between P. falciparum and Chromera, suggesting involvement of RAP proteins in
cellular processes evolutionarily conserved across apicomplexans and chromerids (Figure 4A). RAP
and their co-expressed orthogroups encode proteins with putative mitochondrial import signals more
often than expected by chance in Chromera and P. falciparum (Fisher's exact test, p < 0.05)
(Figure 4B), and also in other apicomplexans and chromerids (Figure 4—figure supplement 1B). We
have randomly chosen three Toxoplasma RAP genes with predicted mitochondrial localization signals
(Supplementary file 6) and confirmed experimentally by 3’ endogenous gene-tagging with reporter
epitopes that all three are localized to the organelle (Figure 4C). Some of the orthogroups co-
expressed with orthogroups containing RAP domains encode protein products predicted to be
metabolic enzymes, implying possible involvement of RAPs in mitochondrial metabolism
(Figure 4—figure supplement 1C). Consistent with this, the Cryptosporidium lineage that has
a highly reduced mitochondrion lacking both the genome and most canonical metabolic pathways
(Abrahamsen et al., 2004; Xu et al., 2004) is the only apicomplexan group to have also lost its RAP
repertoire (Figure 4—figure supplement 1D). Loss of RAPs along with a set of mitochondrial
functions in this lineage is consistent with a mitochondrial role for RAPs. We speculate that the free-
living proto-apicomplexan ancestor possessed within its mitochondrion a regulatory process
mediated by RNA-binding activities of the RAP proteins, which has been retained by the extant
apicomplexans and chromerids.

As discussed earlier, the proto-apicomplexan ancestor appears to have possessed genes
implicated in invasion processes of present-day apicomplexans (Figure 3). Among the 1918
orthogroups, we identified 80 orthogroups comprising genes functionally annotated as implicated
in invasion processes. The frequency of co-expression amongst them in the free-living Chromera was
significantly higher than expected by chance (p < 0.0005), suggesting pre-existing functional
relationships before transitioning to parasites (Figure 4D). We identified several modules or groups of
co-expressed orthogroups (Figure 4E). In one of the co-expression modules (humbered 1 in Figures
4E), 9 out of 10 orthogroups are co-expressed with a gene encoding SFA (Cvel_872), a key protein for
organizing the basal bodies of the flagellar apparatus in algae and the apical complexes in
apicomplexans (Kawase et al., 2007; Francia et al., 2012) (Figure 4F). We note that SFAs are the
only flagellar components found in all apicomplexans tested (Figure 2—figure supplement 5A). Also
in this module, for 9 out of 10 orthogroups, their co-expressed orthogroups in Chromera overlapped
significantly with those in P. falciparum (Fisher's exact test, p < 0.05), indicating that their regulatory
programs have been evolutionarily conserved (Figure 4G). This module include various types of genes
implicated in host cell invasion processes of apicomplexans such as genes encoding rhoptry protein
ROP9, apical sushi protein ASP, and gliding motility components GAP40 and GAPM2. The apical
complex has been postulated to have emerged from the flagellar apparatus and associated cellular
transport systems in free-living algae, based on ultrastructural evidence (Okamoto and Keeling,
2014; Portman et al., 2014). These results suggest that, in the free-living ancestor, some of the genes
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Figure 4. Conserved transcriptional programs in apicomplexans and chromerids. (A) Boxplot showing the extent of
evolutionary conservation of transcriptional programs for all orthogroups or those with RAP domains. X-axis: ‘All" (all
orthogroups excluding RAP); ‘RAP’ (orthogroups with RAP domains). Y-axis: log-transformed odds-ratio,
representing, for each orthogroup, the degree of overlap between its co-expressed orthogroups in Chromera and
those in P. falciparum. (B) Bar chart showing the fraction of orthogroups (Y-axis) predicted to be targeted to
mitochondria in both species (‘Materials and methods’). The number of genes are displayed below each bar. X-axis:
‘All" (all orthogroups excluding the other two categories); ‘Coexpr’ (orthogroups co-expressed with RAP in both
species); 'RAP’ (orthogroups with RAP domains). The fractions in ‘Coexpr’ and ‘RAP’ groups were compared against
the fraction in 'All’, and p-values based Fisher's exact test are displayed above the bar. Files deposited in European
Nucleotide Archive are listed in Figure 4—source data 1 with corresponding conditions. (C) Sub-cellular

Figure 4. continued on next page
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Figure 4. Continued

localization of RAP proteins encoded by TGME49_237010, TGME49_269830, and TGME49_289200 was tested in T.
gondii by 3’ tagging of the endogenous genes with the coding sequence for the hemagglutinin epitope, together
with a mitochondrial marker Tom40. See Supplementary file 6 for details of the localization predictions.

(D) Distributions of Spearman’s rank correlation coefficients of gene expression between all possible pairs from the
80 orthogroups implicated in invasion processes in apicomplexans (black outline) were compared against those
from 80 randomly selected ones (histogram). The p value indicates statistical significance of the difference based on
10,000 random samplings. The 80 orthogroups and corresponding genes in Chromera and P. falciparum are listed in
Figure 4—source data 2. (E) Heatmap showing a matrix of correlation coefficients amongst the 80 orthogroups.
Based on a hierarchical clustering, we classified them into six co-expression modules, labeled as numeral 1-6.

(F) Heatmap showing correlation coefficients with striated fiber assemblin (SFA) (Cvel_872). The color scheme is the
same as in (E). (G) Heatmap indicating statistical significance of conserved transcriptional program, that is, the odds-
ratio as defined in (A) (Fisher's exact test, p < 0.05 (gray); p < 0.005 (black)).

DOI: 10.7554/elife.06974.022

The following source data and figure supplement are available for figure 4:

Source data 1. RNA-seq libraries of Chromera velia under various growth conditions.

DOI: 10.7554/elife.06974.023

Source data 2. List of genes implicated in invasion processes in apicomplexans.

DOI: 10.7554/elife.06974.024

Source data 3. Evolutionary conservation of 12 orthogroups with RAP domains (for 'RAP’ category in Figure 4A).
DOI: 10.7554/elife.06974.034

Figure supplement 1. Mitochondrial targeting of RAP and its putative role in mitochondrial metabolism.
DOI: 10.7554/elife.06974.025

implicated in the invasion process of present-day apicomplexans were functionally associated with
those implicated in flagellar motility, providing the much-needed genetic evidence for the postulate.
We speculate that a group of functionally related proteins associated with the flagellar apparatus was
repurposed as a module of the apical complex and became a foundation for the invasion machinery.

Conclusion

Analysis of Chromera and Vitrella genomes has enabled insights into how apicomplexan parasites
have evolved from free-living ancestors. The transition to parasitism was accompanied by massive
genomic loss that continued as its descendants became specialized intracellular parasites infecting
diverse hosts. The genome of free-living photosynthetic ancestors encodes many component proteins
previously assumed to be restricted to the parasitic apicomplexan lineages. Such pre-existing
components, including those of what would later become part of the invasion machinery, were co-
opted during evolution to facilitate a successful parasitic lifestyle in multiple hosts. The genome of the
proto-apicomplexan ancestor served as a molecular blueprint for evolution of the most successful
group of eukaryotic parasites known to date.

Data access

Sequencing data have been deposited in the European Bioinformatics Institute under the European
Nucleotide Archive (ENA) sample accession number ERP006228 for C. velia and ERP006229 for
V. brassicaformis for all DNA- and RNA-seq experiments. The assembly and the annotations were
submitted under accession numbers CDMZ01000001-CDMZ01005953 for C. velia and
CDMY01000001-CDMY01001064 for V. brassicaformis. Some of the Vitrella DNA-seq experiments
were done at Broad Institute and are deposited at Short Read Archive under accession numbers
SRX152523 and SRX152525. The annotations and assemblies can be viewed and queried in EupathDB
(http://cryptodb.org/cryptodb/).

Materials and methods
DNA preparation and sequencing

Genomic DNA of C. velia CCMP2878 (subsequently referred to as Chromera) and V. brassicaformis
CCMP3155 (subsequently referred to as Vitrella) was extracted and then sheared into short fragment
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size libraries (300-500 base pair (bp)) and large fragment size libraries (3-8 kbp fragments) by
focused-ultrasonication (Covaris Inc., Woburn, USA). The last 3-8 kb libraries were prepared following
Nextera mate pair protocol, following manufacturer’s instructions. We used three different methods
to generate the library: the Illlumina (lllumina, San Diego, CA) TruSeq DNA protocol LT Sample Prep
Kit (catalog no. #FC-121-2001), an amplification-free method (Kozarewa et al., 2009) (TruSeq DNA PCR-
Free LT Sample Preparation Kit catalog no. #FC-121-3001) and the lllumina Nextera Mate Pair Sample
Preparation Kit (catalog no. #FC-132-1001). The libraries were sequenced on an lllumina HiSeq2000
platform following the manufacturers standard cluster generation and sequencing protocols (Bentley
et al., 2008; Quail et al., 2012). Image analysis, base-calling, and quality filtering were processed by
lllumina software.

RNA preparation and sequencing

For isolation of RNAs, Chromera and Vitrella were grown under standard culture conditions
(Obornik et al., 2012). Total RNA was extracted from the cells using TRIzol. The polyA+ RNA fraction
was selected using oligo(dT) beads, and RNA-seq libraries were prepared using TruSeq RNA Sample
Prep kit (catalog no. FC-122-1001). Strand-specific RNA-seq libraries were prepared using TruSeq
Stranded mRNA LT Sample Prep Kit (catalog no. RS-122-2101) and sequenced as paired-end (2 x 100
bp) reads on a HiSeq2000 platform.

We performed additional RNA sequencing of Chromera subject to various environmental
perturbations, to construct a global gene expression network based on transcriptomes under various
perturbation conditions during in vitro growth. Chromera cultures were exposed to a combination of
stresses (Figure 4—figure supplement 1C). First, six different media were prepared from the
combinations of salt concentration (16.7 g/l, 33.3 g/l, 66.6 g/l) and iron deficiency by chelation
(Sutak et al., 2010). After seeding, the cultures were maintained in the normal temperature and light
condition for eleven days (Obornik et al., 2011). After randomization, the cultures were incubated at
26°C, 37°C, or 14°C for 0 (control), 0.5, or 2 hr. There were two biological replicates of each, in total 66
flasks of the cultures. Then, the cultures were processed with centrifugation at 3500 RPM for 15 min at
4°C to precipitate the cells. Total RNA was extracted from the 66 cultures after the treatments using
Norgen RNA Extraction kit based on manufacturer’s protocol (Norgen Biotek Corporation, Canada).
RNA quality was assessed using Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA). RNA
concentration was determined with a Qubit (Invitrogen, Carlsbad, CA). Strand-specific RNA-seq
libraries were prepared from extracted high-quality RNAs (RIN >8.0 as measured on an Agilent
Bioanalyser 2100) using the lllumina TrueSeq LT stranded RNA sample kit according to manufacturer’s
instructions. Prior to cluster generation, concentration and size of libraries were assayed using the Agilent
DNA1000 kit. Libraries from all samples were sequenced as single-end (1 x 50 bp) reads on the lllumina
HiSeq 2000. The RNA-seq reads were aligned to the reference genome using tophat (version 2.0.8, default
parameters) and cufflinks (version 2-1.0.2, default parameters) (Trapnell et al., 2012). The FPKM values
were log2 normalized with an offset of 1 and were further corrected for different distributions across the
samples using the quantile normalization method (Bolstad et al., 2003).

Genome assembly

For Vitrella, the reads were corrected and assembled followed by several base correction, scaffolding
and gap filling steps as briefly described below. As first step, the short insert libraries were corrected
with SGA (Simpson and Durbin, 2012) (version 0.9.19). The corrected reads were assembled with
velvet (Zerbino and Birney, 2008) (version 1.2.08). Iterating through different parameter settings, we
choose a k-mer of 75 bp as the best parameter set. The resulting scaffolds (larger than 1 kb) were
further scaffolded with SSPACE (Boetzer et al., 2011) using first the lllumina library (insert = 550 bp)
and larger insert (1 kb) lllumina library reads. Sequencing gaps were closed with Gapfiller (Boetzer
and Pirovano, 2012) (version 1.1.1) with two iterations, using the bowtie mapping option and PCR-
Free libraries. Base pair call errors were corrected in three iterations of ICORN (Otto et al., 2010),
using the amplification-free library. Furthermore, sequencing gaps were closed, using IMAGE (Tsai
et al., 2010) with the amplification-free library. The assembly was quality-controlled using REAPR
(Hunt et al., 2013), breaking the contigs at possible miss-assemblies, using the mate pair libraries.
This was followed by another scaffolding step. We systematically removed 620 scaffolds containing
25.65 Mb representing the bacterial contamination. The Vitrella CCMP3155 assembly contains 72.7
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Mb (including 931,689 N's) in 1064 scaffolds (ENA accession numbers CDMY01000001-
CDMY01001064). The scaffolds were constructed from 4177 contigs.

For Chromera, the assembly pipeline and the algorithms used were the same as Vitrella, but due to
the larger size, higher amount of low-complexity regions, and difficulties in generating high-quality
large insert size libraries, additional steps were included to the assembly process. First, the reads of
the PCR-Free library were corrected with SGA (Simpson and Durbin, 2012) and then assembled with
velvet and using a k-mer of 71 (version August 2011). Next, the contigs were scaffolded, gapfilled, and
corrected with ICORN, as described earlier. We mapped the reads of all large insert size libraries
using SMALT (ftp://ftp.sanger.ac.uk/pub/resources/software/smalt/). We excluded scaffolds smaller
than 1 kb. Different iterations with SSPACE were undertaken and the assembly was quality-checked
with REAPR. After scaffolding, gapfiller and IMAGE were run as above, followed by ICORN. The 1725
scaffolds (spanning 16.02 Mb) representing bacterial contamination were removed. The final assembly
of Chromera CCMP2878 contains 193.66 Mb (including 582,995 N's) in 5953 scaffolds (ENA accession
numbers CDMZ01000001-CDMZ01005953). The scaffolds are constructed from 13,987 contigs.

Gene prediction

We used Augustus (Stanke et al., 2006) (version 2.5.5) for gene prediction. We manually curated 716
and 245 gene models for Chromera and Vitrella, respectively, using BLAST similarity-based
approaches, and we also generated automated gene models using Cufflinks (Trapnell et al., 2012)
from RNA-seq data sets, in order to use them as a ‘training gene model set’ for Augustus prediction.
The strand-specific RNA-Seq, mapped with TopHat2 (Kim et al., 2013), was used as evidence in
Augustus for intron evidence.

In summary, from the Chromera and Vitrella genome, we ab initio predicted 30,478 and 23,503
protein-coding genes, respectively, of which 18,829 and 18,240 were detected as being expressed
from RNA-seq evidence as poly A+ transcripts (Supplementary file 1). Excluding putative TEs, 26,112
and 22,817 genes were predicted as protein-coding genes in Chromera and Vitrella. We annotated
partial genes, when a gene probably spans more than one scaffold, located at the borders of
a scaffold. We demarcated and annotated as pseudo genes if they contain in frame stop codons. We
flagged gene models as transposon elements, if they overlap with the predicted TE regions and had
no more than three and two intron for Chromera and Vitrella, respectively. To annotate untranslated
regions (UTRs) of the predicted protein-coding genes, we used CRAIG (Bernal et al., 2007) with
default parameters with mapping of the RNA-Seq data as computed by GSNAP (Wu and Nacu, 2010)
(version 2013-08-19, default parameters). The annotation of both genomes has the ENA accession
numbers CDMZ01000001-CDMZ01005953 and CDMY01000001-CDMY01001064 and is also avail-
able in EuPathDB (Aurrecoechea et al., 2013).

Functional annotations

The predicted genes were assigned putative functions based on BLASTP (E value <107°) matches
against UNIPROT (version March 2012). The predicted protein products were assigned protein
domains using hmmsearch (HMMER 3.1b1, May 2013) for Pfam A v26.0. Statistical threshold defined
by the Pfam (Finn et al., 2014) database was used. We aligned AP2 sequences in apicomplexan
species based on PfamA AP2 (PF00847), and built apicomplexan-specific AP2 (apiAP2) hidden Markov
model (HMM), and scanned the predicted protein-coding genes for apiAP2 domains; we annotated
api-AP2 DNA-binding transcription factor genes with both domain and sequence E values to be less
than 1073, The following Pfam RBDs were used to define RNA-binding proteins: ‘CAT_RBD’,
'dsRNA_bind’, 'S1’, 'DEAD’, 'KH_1’, 'KH_2', 'KH_3’, 'KH_4', 'KH_5’, 'RRM_1’, 'RRM_2', ‘RRM_3’,
‘RRM_4', 'RRM_5’, 'RRM_6é’', 'SET’, 'PUF’, and '‘RAP’. The list of DBDs was downloaded from
a database of DBDs (Wilson et al., 2008). Transmembrane domains and signal peptides were
assigned with the tools TMHMM 2.0 (Krogh et al., 2001) and signalP 4.0 (Petersen et al., 2011),
respectively, with default parameters.

We collected several categories of genes implicated in parasitic processes in apicomplexans for
two archetypal apicomplexan parasites, Toxoplasma and Plasmodium. We primarily obtained
annotations from PlasmoDB (Bahl et al., 2003) and ToxoDB (Gajria et al., 2008). Information
for sub-cellular localization of genes is obtained from GeneDB (Logan-Klumpler et al., 2012)
and Apiloc, a database of published protein sub-cellular localization for apicomplexan species
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(http://apiloc.biochem.unimelb.edu.au/apiloc/apiloc). Some putative parasite genes were inferred
based on orthology by OrthoMCL clustering (Li et al., 2003) with closely related species with results
from functional studies. We performed exhaustive literature searches to manually curate individual
genes, to define rules for in silico searches across the proteomes of this study, and to categorize the
identified genes based on their localization and function. The categories of parasite genes are
defined as follows.

Cytoskeleton

The cytoskeleton of an organism provides the necessary structural framework for the maintenance of
cell shape and integrity. We compiled two groups of cytoskeletal proteins, IMC associated proteins
and actomyosin complex. First, IMC associated proteins, comprises alveolin proteins, a membrane
occupation and recognition nexus protein (MORN), which associate with IMC and spindle poles and
are indispensible for asexual and sexual development (Ferguson et al., 2008). IMC sub-compartment
proteins (ISPs) are critical for establishing apical polarity in the parasite (Poulin et al., 2013). Second,
components of actomyosin motor complex, which powers the characteristic gliding motility (Soldati-
Favre, 2008), comprises actin, myosin, tubulin, gliding associated proteins (GAPs), aldolase, and
various actin-regulatory proteins, which will assist actin in the process of quick polymerization—
depolymerization cycles between F-actin and G-actin during this process. Examples of actin-
regulatory proteins are Arp2/3 complex and formins (FH2) for nucleation; F-actin capping for filament
regulation; coronin for cross-linking/bundling and profilin, CAP, cofilin/ADF and gelsolin for monomer
treadmilling (Baum et al., 2006).

Extracellular proteins

Extracellular proteins are defined as parasite proteins, which are localized either on the surface or
secreted off the parasite. They are released in a concerted manner to ensure successful adhesion to
the surface, entry into the host cell, multiplication, and escape. Extracellular proteins can be
categorized as (1) ‘exportome’ are proteins translocated to the host cytoplasm, membranes, and
nucleus crossing the boundary membrane parasitophorous vacuole (PV); and (2) ‘others’, which stay
on the parasite surface or released from the parasite, but not into the host intracellular space. The
exportome genes are released mostly from the parasite’s secretary organelles such as rhoptries and
dense granules (Ravindran and Boothroyd, 2008; Treeck et al., 2011; Mundwiler-Pachlatko and
Beck, 2013; Bougdour et al., 2014). Some of these genes possess host targeting or also known as
the Plasmodium export element (PEXEL). Many PEXEL-negative proteins have been identified too
(Hsiao et al., 2013; Mundwiler-Pachlatko and Beck, 2013). These genes are sorted and targeted
through a specialized structure known as Maurer’s cleft formed in the host cytoplasm (Mundwiler-
Pachlatko and Beck, 2013). These genes are mostly kinases, proteases, and surface molecules, which
modulate the host and hijack the host machinery in favor of parasitic growth and host immune evasion
(Treeck et al., 2011; Li et al., 2012; Bougdour et al., 2014). The 'other’ extracellular proteins consist
of surface antigens (e.g., MSPs), SERAs, TRAPs, AMA-1, microneme proteins, ROPs and RONs etc.

TEs

Repeat annotation was done by using the REPET pipeline (Flutre et al., 2011) and LTR finder (Xu and
Wang, 2007). The overall pipeline comprises of two steps: de novo detection and classification. In the
first step, the scaffolds are split into smaller batches (~1000 batches of 200 kb each). These genomic
fragments were aligned against each other to detect the HSPs (High-scoring pairs) using BLASTER
(Quesneville et al., 2003). HSPs are then clustered using a combination of three methods such as
GROUPER (Quesneville et al., 2003), RECON (Bao and Eddy, 2002), and PILER (Edgar and Myers,
2005). Structure-based LTR retrotransposons (RTs) detection tools such as LTRharvest (Ellinghaus
et al., 2008) and LTR finder, which are based on 100-1000 bp long terminal repeats with a 1 kb-15 kb
separation and target site duplication site at vicinity of 60 bp to the two terminal repeats. These LTRs
detected are clustered using BlastClust. Multiple sequence alignment of each cluster was performed
using MUSCLE (Edgar, 2004). Each cluster aligned was searched against Repbase (Jurka et al., 2005)
using BLASTER (Quesneville et al., 2003) and HMMER (Johnson et al., 2010). A consensus feature
was detected for each aligned cluster. Further PASTEC (Flutre et al., 2011), which is based on the
Wicker classification, was used for consensus classification.
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The repeats were annotated as follows. The genomic chunks were randomized and HSPs were
detected using BLASTER (Quesneville et al., 2003), CENSOR (Jurka et al., 1996), and RepeatMasker
(Tempel, 2012). These HSPs were filtered and combined. Again, full-length genomic scaffolds were
compared to Repbase using MATCHER. Satellite and simple repeats were detected using the mreps
(Kolpakov et al., 2003), TRF (Benson, 1999), RMSSR (RepeatMasker). Finally, a long-join procedure
was followed to combine the nested repeats. The whole annotation was exported to a genome-
browser readable GFF3 file.

Clustering homologous genes

OrthoMCL 2.0 (Li et al., 2003) was used with a default inflation parameter (I = 1.5) (Chen et al., 2006)
to generate groups of homologous genes (defined as orthogroups), which could have homologs from
different species (putative orthologs) or from the same species (putative paralogs from gene
duplications). For some genes of high interest, we manually inspected the alignments of the protein
sequences within the orthogroup, which were done with MAFFT (Katoh and Standley, 2013). We
assigned Pfam domains to an orthogroup if more than half of the genes in an orthogroup were
assigned the Pfam domains.

Sub-cellular localization prediction

There are several tools available for a general eukaryotic sub-cellular localization prediction (Du et al.,
2011), but they are not applicable to alveolates due to its unique chloroplast membrane arising from
secondary endosymbiosis. Therefore, HECTAR (Gschloessl et al., 2008), which was developed for the
bipartite sub-cellular prediction, was used. There is no stand-alone version of HECTAR, and the online
version allows only one sequence at a time. We implemented a modified HECTAR algorithm as a PERL
script for batch prediction of the whole proteomes. Each protein sequence was predicted for signal
sequence using SignalP 3.0 (Bendtsen et al., 2004), the signal sequence is cleaved, and the remaining
amino acid sequence was used as input for the transit peptide prediction by TargetP (Emanuelsson
et al., 2000). Sequences with both signal peptide and the transit peptide (either chloroplast or
mitochondria) are predicted to be in the chloroplast. Sequences without the signal peptide but with
the transit peptide (either chloroplast or mitochondria) are predicted to be in mitochondria.
Sequences with signal peptide, without transit peptide, and predicted by TargetP to be secretory are
classified as secretory proteins.

For the RAP proteins, we tested the validity of our sub-cellular localization prediction in two ways.
First, we compared our in-house algorithm with other published tools: TargetP (Emanuelsson et al.,
2000), MitoProt2 (Claros and Vincens, 1996), iPSORT (Bannai et al., 2002), and PredSL (Petsalaki
et al., 2006) (Supplementary file 6, only mitochondrial prediction is shown). We found that our
mitochondrial prediction for RAP genes is in concordance with other methods. Second, we
experimentally verified mitochondrial localization in T. gondii by 3’ tagging of the endogenous
genes with the coding sequence for the hemagglutinin epitope for three RAP proteins that were
predicted to target to mitochondria with high probability.

Statistical analysis

A statistical environment software R was used for most of the analyses and generating parts of figures.
An R package vioplot was used to generate the violin plot (Hintze and Nelson, 1998). A ward
algorithm on the distance matrix based on (1- correlation coefficients) in an R function hclust was used
for all hierarchical clustering of gene expression patterns unless noted otherwise.

Evolutionary analysis

We compiled the reference proteomes of 26 alveolate and stramenopile species (Figure 1—source
data 2) from public databases such as EupathDB (Aurrecoechea et al., 2013) and NCBI Genome
database (http://www.ncbi.nlm.nih.gov/genome/).

We generated a phylogenetic species tree using a data set composed of 101 one-to-one
orthologs across the 26 species (see Figure 1—source data 1 for gene IDs). Amino acid
sequences were aligned using MAFFT (Katoh and Standley, 2013), highly variable sites were
edited by trimAL (Capella-Gutierrez et al., 2009) and after manual inspection. The resulting
alignment of 33,997 amino acid positions was used to construct trees by a maximum likelihood
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(ML) method and Bayesian inference. The ML tree was computed using RAXML 8.1.16 by gamma
corrected LG4X model (Stamatakis, 2014; Le et al., 2012). Robustness of the tree was
estimated by bootstrap analysis in 1000 replicates. Bayesian tree was constructed by PhyloBayes
(Lartillot and Philippe, 2004) using two-infinite mixture model CAT-GTR as implemented in
PhyloBayes 3.3f. 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. All
clades in the tree were supported with posterior probability 1.00 and 100% bootstraps, except
for one node, which representing the common ancestor of human Plasmodium spp. was
supported by 99% bootstrap.

We performed the gene gain and loss analysis based on Dollo parsimony using Count software
(Csuros, 2010). This approach allows reconstructing gene contents at observed species and at
hypothetical ancestors, and gene gains and losses at branching points. The Dollo parsimony strictly
prohibits multiple gains of genes. To test for validity of this assumption, we repeated analyses based
on parsimony settings allowing multiple gene gains or on a phylogenetic birth-and-death model
(Csuros, 2010) and reached the same conclusion (Figure 2—figure supplement 1). We have also
repeated the analysis using Wagner's parsimony, allowing multiple gains per tree with gain penalty of
2 or greater, and obtained similar results (data not shown). For the analysis of metabolic enzymes,
endomembrane trafficking system components, and flagellar apparatus components, the ancestral
presence was inferred based on Dollo parsimony from the presence of components in the observed
species. For the endomembrane trafficking component analysis, we assumed that the last common
ancestor had a complete repertoire of the components.

We have inferred the evolutionary age of P. falciparum and T. gondii genes as the early node on
the phylogenetic tree where the most distant species have genes with significant sequence homology
(reciprocal BLASTP E value <107'° and clustering with OrthoMCL).

Comparison of gene expression network between Chromera velia and
Plasmodium falciparum

We studied if orthologs of Chromera and P. falciparum show similar gene expression changes to
physiologically equivalent growth conditions. Identifying equivalent conditions is difficult as the
two species have completely different lifestyles and live in different environments. Instead,
we tested if a given gene and its ortholog would show correlated expression patterns with the
same set of genes (and orthologs), allowing a way to compare gene expression behavior
measured under different conditions. To uncover gene-to-gene co-expression relationships, the
organisms from whom transcriptomes are sampled must be exposed to various growth
conditions. This approach has been successfully used in other eukaryotes (Stuart et al., 2003,
Hu et al., 2010; Mutwil et al., 2011). For Chromera, we generated RNA-seq-based transcriptome
under combinations of varying salt concentrations, iron concentrations, and temperature
changes, resulting in 36 unique combinations (see ‘Materials and methods’ and
Figure 4—figure supplement 1C). For P. falciparum, we obtained previously published
microarray-based gene expression data sets of 144 unique conditions from 23 time series,
representing stresses from various growth-inhibiting compounds (Hu et al., 2010). It has been
shown that gene expression data generated using different molecular platforms are reproducible
and accurate enough for cross-platform comparisons (Woo et al., 2004). Based on each data set,
we calculated Spearman correlation coefficients rho between all possible pairs from the 1918
orthogroups shared between Chromera and P. falciparum (1918 x 1918 matrix). We also
calculated a 1918 x 1918 weighted adjacency matrix using CLR algorithm (Faith et al., 2007) as
implemented in an R package minet (with parameters of method = ‘clr’, estimator = ‘mi.shrink’,
and disc = ‘equalfreq’) (Meyer et al., 2008). Expression level of multiple genes in a given
orthogroup was averaged. To rule out any potential systematic biases associated with averaging
expression levels of homologous, yet distinct genes, we repeated some of the analyses with 1560
orthogroups that have one-to-one orthologs between the two species and reached the same
conclusions (data not shown). A pair of genes (or orthogroup) were determined as co-expressed if
the Spearman’s correlation coefficient rho is greater than 0.3 and if the value from the weighted
adjacency matrix of the network is greater than 0.01. We calculated an odds-ratio to measure the
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extent of conservation of co-expressed genes: (# of genes co-expressed in both species) x (# of
genes co-expressed in none of the species)/([# of genes co-expressed in P. falciparum only] x [# of
genes co-expressed in C. velia only]), and Fisher’s exact test was used to assess the statistical
significance. For calculation of the odds-ratios, co-expression was determined based on
correlation coefficient to minimize count granularity in the two-by-two table.
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¢ Supplementary file 3. Genes encoding proteins involved in forming photosystems in Chromera velia
and Vitrella brassicaformis.

DOI: 10.7554/elife.06974.028

e Supplementary file 4. Genes encoding enzymes involved in heme biosynthesis in chromerids.
DOI: 10.7554/eLife.06974.029

¢ Supplementary file 5. Domains of extracellular proteins and example genes in chromerids. (a)
Species abbreviations: Perkinsus marinus, P. mar; Chromera velia, C. vel, Vitrella brassicaformis, V.
bra; and Cryptosporidium parvum, C. par. (b) Domain accession identifiers. Domain information can
be retrieved at the NCBI Conserved Domain website: (http://www.ncbi.nlm.nih.gov/cdd). (c) At the
time of publication this accession identifier was valid but the relevant entry could not be retrieved via
the NCBI Conserved Domain website: (http://www.ncbi.nlm.nih.gov/cdd). (d) A domain having two
cysteines and thus far found only as tandem arrays in proteins of Chromera velia (for example,
Cvel_967). (e) Cysteine-rich domain found in Cryptosporidium oocyst wall proteins (COWP) and in
coccidians. (f) Archaeal protease-type repeats first described in the Cryptosporidium predicted EC
protein, cgd7_4560. The domain was previously described as ‘A small domain with characteristically
spaced cysteine residues that is fused to a papain-like protease domain in the secreted protein
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AF1946 from Archaeoglobus fulgidus (Templeton et al., 2004a)'. (g) The domain was previously
described as ‘Domain typically with 6 cysteines, seen thus far mainly in animals with a few occurrences
in plants. It is found in the sea anemone toxin metridin and fused to animal metal proteases, plant
prolyl hydroxylases and is vastly expanded in the genome of Caenorhabditis elegans (Templeton
et al., 2004a)’. (h) The domain was previously described as ‘B-strand rich domain, predicted to form
a B-sandwich structure that is found in bacterial secreted levanases and glucosidases (Templeton
et al., 2004a)’.

DOI: 10.7554/eLife.06974.030
¢ Supplementary file 6.
algorithmic methods were used to identify candidates for experimental validations in Toxoplasma.
Classifications are given in the column ‘Loc’ as M-mitochondria; S- secreted; O-others.

DOI: 10.7554/eLife.06974.031

Mitochondrial localization predictions of selected RAP genes. Various

Major datasets
The following datasets were generated:

Dataset ID
and/or URL

http://www.ebi.ac.uk/
ena/data/view/
ERP006228

Database, license, and

Year Dataset title accessibility information

2015 Chromera velia DNA and
RNA sequencing reads

Author(s)
Yong H Woo et al,

Publicly available at the
EBI European Nucleotide
Archive (Accession no:
ERP006228).

2015 Vitrella brassicaformis _http://www.ebi.ac.uk/ -
DNA and RNA ena/data/view/
sequencing reads ERP006229

Yong H Woo et al, Publicly available at the
EBI European Nucleotide
Archive (Accession no:

ERP006229).

Publicly available at the
EBI European Nucleotide
Archive (Accession no:
CDMZ00000000).

2015 Chromera Velia Genome
Assembly

Yong H Woo et al, http://www.ebi.ac.uk/
ena/data/view/

CDMZ00000000

2015 Vitrella brassicaformis
Genome Assembly

Yong H Woo et al, http://www.ebi.ac.uk/

ena/data/view/

Publicly available at the
EBI European Nucleotide

CDMY01000000 Archive (Accession no:
CDMY01000000).
The following previously published dataset was used:
Dataset ID Database, license, and
Author(s) Year Dataset title and/or URL accessibility information
Hu G, Cabrera A, Kono 2010 Perturbation http://www.nature.com/  Publicly available as
M, Mok S, Chaal BK, Transcriptome of nbt/journal/v28/n1/ a part of published

Haase S, Engelberg K, Plasmodium falciparum extref/nbt.1597-S2.xIs dataset.
Cheemadan S, Spielmann
T, Preiser PR, Gilberger

TW, Bozdech Z
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Appendix 1

Genome characteristics.

The statistics of the genome assembly and annotation are shown in Supplementary file 1.
There was bacterial contamination in 20% and 80% of the sequence reads in Chromera and
Vitrella, respectively. There was a high amount of low-complexity DNA sequence repeats and
TEs in Chromera (Supplementary file 1). By various bioinformatics methods (‘Materials and
methods’), we generated assemblies containing 5953 and 1064 scaffolds for Chromera and
Vitrella, respectively. The total number of predicted genes differed between Chromera and
Vitrella primarily due to significant differences in TE gene content between the two chromerids
but the number of expressed genes was similar (Supplementary file 1).

We examined how genomes of the chromerids and other species were organized
(Supplementary file 1). The median gene length is roughly the same between the two
chromerids. The number of introns in a given gene was similar between the chromerids,
although the size of introns was larger in Chromera than in Vitrella (Supplementary file 1).
Compared to these chromerids, the number of introns in Apicomplexa was drastically less,
raising the possibility that introns were compacted and reduced during apicomplexan
evolution, which would need to be confirmed with further detailed investigation. For many
genes (13,912 and 17,569 respectively for Chromera and Vitrella), we were able to assign 5" and
3’ UTRs, using strand-specific transcriptome (RNA-seq) data sets. The distance between the
protein-coding genes in Vitrella was short (median 92 base-pairs (bp)), indicating compactness
of its genome. On the other hand, such distance was longer in Chromera (median 989 bp).
Determining whether the common ancestor of chromerids had a compact genome or not
would require analysis of genomes from more closely related species. There are three possible
orientations by closely spaced neighboring genes can be clustered, that is, those with short
intergenic spaces between the gene boundaries: tandem, head-to-head, or tail-to-tail. In both
Chromera and Vitrella genomes, closely spaced (<1000 bp) genes were in head-to-head
orientation more often than expected by chance (data not shown). It was previously shown that
many neighboring genes in head-to-head clusters showed correlated expressions across
various conditions; however, most of the co-expressions were modest; instead, head-to-head
clustering is a major mechanism for stabilizing transcription of genes in fundamental cellular
processes rather than for co-regulating the two genes (Woo and Li, 2011; Russell et al., 2013).
Head-to-head clustering probably provided evolutionary and regulatory stability to genes
involved in fundamental cellular processes. Other related species had different gene
orientations, for example, the dinoflagellate Symbiodinium microtinum has tandem clusters
driven by tandem gene duplication (Shoguchi et al., 2013). Given the dynamic nature of
genome organization, we propose that different groups of species evolved different strategies
for genome organization (Woo and Li, 2011).

Repetitive sequences constitute a significant proportion of eukaryotic genomes (Fedoroff,
2012). Thus, they play a significant role in evolution of host genomes. Systematic TE clustering,
classification, and annotation were performed on 1064 Vitrella scaffolds (72.7 Mb
genome—72,700,666 bp) and 5953 Chromera scaffolds (193.6 Mb genome—193,664,168 bp)
Chromera. In both species, Class | elements (Tempel, 2012) make up a larger proportion of the
genome than Class Il elements (Tempel, 2012) (Supplementary file 2). The RT domain
variation shows that Eimeria tenella TEs grouped separately and are not related to chromerid
TEs (Supplementary file 2), suggesting gains of TEs in E. tenella (Reid et al., 2014)
independently from chromerids. Vitrella forms a separate clade in the phylogenetic analysis of
the RT domains.
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Appendix 2

Metabolism.

Materials and methods

Reconstructing global metabolic map based on KEGG

Global metabolic pathways were mapped to KEGG metabolic pathways for the predicted
protein-coding gene sets for the 26 species. KEGG ortholog (KO) assignments for the
respective proteomes were made using the KO identification tools available on the KEGG
website (http://genome.jp/tools/kaas) (Moriya et al., 2007, Kanehisa et al., 2014), and then
the assigned KO numbers were used to identify and map metabolic pathways using the ‘Search
and color pathway' tool available on the KEGG site (http://genome.jp/kegg/tool/map_path-
way2.html). The output of this mapping exercise was then manually inspected to compile the
set of enzymes present in all major metabolic pathways (Figure 2—source data 1).

As KEGG is very strict in mapping orthologs and assigning KO numbers (so as to minimize false
positives), we found numerous pathway holes (missing enzymes), many of which were readily
apparent as false negatives. In order to resolve this, we then resorted to identifying orthologs
from OrthoMCL-DB for all the genomes compared here (Chen et al., 2006). The resulting
ortholog assignments were then used to manually verify presence/absence of missing enzymes
for filling pathway holes where possible. This curated data, based on both KEGG and
OrthoMCL assignments, were used to generate the final mapping of enzymes to pathways, and
using this info a metabolic pathway network was drawn to represent all major pathways
involved in carbohydrate, energy, fatty acid, lipid, isoprene, steroid, amino acid, nucleotide,
cofactor, polyamine, and redox metabolism (Figure 2—figure supplement 3).

Based on the enzymes mapped, we calculated the completeness of metabolic pathways by
comparing the fraction of enzymes present for each pathway in each species. The complete set
of enzymes mapped to each pathway (originally taken from KEGG and further curated to
eliminate non-specific entries) is given in column B of Supplementary file 3. The fractional
values were then color-coded and the resulting data are shown in Figure 2B. In order to
visualize the retention, loss or gain of higher level metabolic functions, the fraction of enzymes
mapped to these pathways is indicated as a pie chart for hypothetical ancestors of selected
apicomplexan groups and chromerids (Figure 2B). We used presence of enzymes across the
species and the phylogenetic relationship to infer presence of enzymes in the hypothetical
ancestors based on Dollo parsimony (Csuros, 2010). Dollo parsimony is based on an
assumption that it is unlikely that the same enzymes were gained multiple times independently
in different lineages.

Phylogeny of heme pathway enzymes, the urea pathway CPS and
enzymes involved in fatty acid biosynthesis.

Predicted proteins from Vitrella (Chromera heme pathway is already published [Koreny and
Obornik, 2011; Koreny et al., 2011]) were searched for enzymes involved in the synthesis of
tetrapyrroles (aminolevulunuic acid [ALA] synthase, ALAS; ALA dehydratase, ALAD; Porpho-
bilinogen deaminase, PBGD; Uroporphyrinogen synthase UROS; Uroporphyrinogen decar-
boxylase, UROD; Coproporphyrinogen oxidase, CPOX; Protoporphyrinogen oxidase, PPOX;
and Ferrochelatase FeCH). All genes identified were aligned to the homologs available in
public databases such as NCBI and JGI using Muscle (Edgar, 2004), with the alignments further
edited in SeaView (Gouy et al., 2010). The results from these analyses are shown in
Supplementary file 4. The same procedure but searching in the predicted proteomes of both
chromerids was used to construct the alignment of carbamoyl phosphate synthases (CPS).
Genes coding for enzymes containing ketoacyl synthase domain were searched using BLAST.
Functional domains were searched using InterProScan (Zdobnov and Apweiler, 2001).
Phylogenetic trees of all investigated enzymes were constructed using the ML approach
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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 from Vitrella (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 cm? flasks under artificial
light with photoperiod 12/12, light exposure between 70 and 120 pmol/m?/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 pl 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 ul of sample was injected into a Gemini column
250 x 2 mm i.d. 3 pm (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 pl/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? 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 MS? 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 um film; 30 m length. pl of derivatized
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sample was injected via autosampler and injector AOC—20i (Shimadzu) to the column in split
mode (split ratio 10). The temperature of the injector was 220°C. The starting temperature of the
column was 120°C holding for 4 min. Then, the temperature increased to the 180°C in at the rate
of 10°C per minute, and after that 7°C per minute to 230°C. Temperature of the flame ionization
detector was 260°C. The whole analysis takes took approximately 20 min. H, was used as

a carrier gas. For the identification of particular FAs, a mixture of 37 standards purchased from
Supelco Inc. was used.

Results and discussion

Global metabolic map

Metabolic annotations based on ortholog assignments with KEGG and OrthoMCL database
showed that chromerids contain all major primary metabolic pathways typically found in free-
living unicellular eukaryotes (Figure 2—figure supplement 3). 2918 Chromera proteins and
2985 Vitrella proteins were assigned KO numbers, from which 432 Chromera (1.3% of
proteome) and 425 Vitrella proteins (1.8% of proteome), respectively, were identified as
enzymes with a metabolic function based on EC number association.

In support of their autotrophic lifestyle, the chromerids appear to be capable of generating de
novo all primary carbon metabolites such as the various sugars and other reduced carbon
compounds (presumably via photosynthesis and associated carbon fixation pathways), amino
acids, nucleotides, fatty acids and lipids, isoprene and steroid derivatives, and most vitamins
(except biotin and vitamin B12). These organisms are also capable of assimilating both nitrate
and sulfite and can generate energy from photosynthesis as well as mitochondrial respiration. A
full complement of enzymes involved in sugar and sugar derivative metabolism, such as
glycolysis, Kreb's cycle, pentose phosphate pathway, inositol mono- and poly-phosphate
formation, polysaccharide formation, and amino- and nucleotide-sugar formation, is encoded
by the chromerids. Chromerids are also capable of synthesizing sulfoquinovosyl-diacyl-glycerol
lipids, which are found associated with the chloroplast in photosynthetic organisms.

Figure 2—figure supplement 3 illustrates a complete representation of all major pathways
mapped to chromerids in comparison to selected apicomplexan lineages.

Generally, Chromera and Vitrella have similar sets of metabolic enzymes. Enzymes for the
oxidative arm of pentose phosphate pathway, conversion of diacyl-glycerol to phosphatidyl
ethanolamine, phosphatidyl ethanolamine to phosphatidyl serine, and XppppX to XTP are
absent in Chromera, while, on the other hand, the enzymes involved in conversion of glucose-
1P to UDP-glucose, and cytidine to uridine are missing in Vitrella. One major difference
between the two chromerids is that the complex Ill of the mitochondrial respiratory chain
(cytochrome c reductase) is missing in Chromera, but present in Vitrella (Flegontov et al.,
2015). This feature of the Chromera mitochondrion, that is, absence of complex Ill but
presence of complex IV, makes it unique among all mitochondria and mitochondria-derived
organelles.

The crucial enzyme for the urea pathway, mitochondrially targeted carbamoyl phosphate
synthase (CPS) (Allen et al., 2011), is absent from both chromerids. However, while Chromera
contains single CPS involved in pyrimidine biosynthesis, Vitrella genome encodes two CPSs.
But both these genes are closely related suggesting they are recent duplicates (ML tree is
shown in Figure 2—figure supplement 2A) and they lack a mitochondrial leader sequence at
the N-terminus (data not shown). This means that Vitrella duplicated CPSs are not likely to be
involved in urea cycle. In contrast to Vitrella, Chromera lacks the gene encoding
argininosuccinate lyase (ASL), an enzyme of the ornithin cycle.
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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 were 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 Ycf54 are 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 composition of photosystems and the
number of genes encoded in the plastid genome (Janouskovec 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 (Koreny 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) in Vitrella, in contrast to Chromera, where three
orthologs originating from cyanobacteria, endosymbiont nucleus, and exosymbiont nucleus are
present (Koreny 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 | (FASI), similar to some
apicomplexan parasites, such as Cryptosporidium 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 ubiguinone, inositol-P derivatives, GPl-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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cofactors. Surprisingly, with respect to the chromerids and other apicomplexans, Cryptospo-
ridium appears to be the only apicomplexan lineage to have gained a metabolic function of
conversion of thymidine to dTMP by thymidine kinase. In addition, the type | and Il pathways for
fatty acids biosynthesis show lineage-specific distribution in apicomplexans and chromerids
(Figure 2—figure supplement 3).

We can also find example of pathways that have been lost in a lineage-specific manner. For
example, the ability to synthesize the di-saccharide trehalose is missing only in Plasmodium.
However, the most dramatic loss of metabolic function in a single lineage can be found in
cryptosporidia. These parasites are devoid of all plastid- and mitochondria-associated
metabolic functions and other pathways involved in the synthesis of ribose-P, pyrimidine, most
amino acids, heme, fatty acids (de novo), and isoprene units. It seems that the lack of
mitochondrial oxidative pathways in cryptosporidia led to loss of the ability to generate flavin
nucleotide (FMN/FAD) and lipoic acid cofactors.

In order to cope with loss of metabolic pathways, parasites have evolved various mechanisms
for scavenging the required nutrients and metabolites from their respective hosts. For example,
metabolites such as heme, fatty acids, steroids (specifically cholesterol), and sphingolipids are
known to be scavenged by various apicomplexans as needed from their respective hosts.

According to the metabolic pathway maps, certain metabolic functions, which are coupled to
each other, have been either retained or lost concomitantly in various species

(Figure 2—figure supplement 3). For example, piroplasms and cryptosporidia lack de

novo fatty acid biosynthesis along with the pyruvate dehydrogenase enzyme complex (plastid-
associated in apicomplexans), which is known to supply acetyl CoA units for fatty acid synthesis.
On the other hand, these parasites have retained the ability to convert pantothenate to
co-enzyme A, which is required for the activation of fatty acids scavenged from the hosts
(Leonardi et al., 2005). Similarly, activities of the serine hydroxyl methyl transferase and
thymidylate synthase enzymes are coupled to each other and to one-carbon folate metabolism.
Therefore, these three metabolic functions are retained in all parasites.
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Appendix 3

Endomembrane trafficking system.

Materials and methods

The predicted proteomes of the 26 species in Figure 1 have been searched for endomembrane
trafficking components. Initial homology searching was carried out using BLAST (Altschul et
al., 1990). Known sequences from human (Homo sapiens) and yeast (Saccharomyces cerevisiae)
were used to search the proteomes of each organism including Chromera and Vitrella to
identify potential homologs of proteins implicated in endomembrane trafficking. Any
sequences scoring an initial E value of 0.05 or lower were subjected to confirmation by
reciprocal BLASTP. This involved the use of candidate homologous sequences as queries
against the relevant H. sapiens or S. cerevisiae genome. Sequences that retrieved the query
sequence, or named homologs/paralogs/isoforms thereof, first with an E value of 0.05 or lower
were considered true homologs.

Additional searches were carried out using HMMER (Finn et al., 2011). The HMMs for the initial
queries were built and used to search each proteome. Top hits based on BLASTP results with E
values less than 0.05 were considered confirmed homologs, and not subjected to further
analysis. Subunits with significant HMMER hits were further investigated by the reciprocal
BLASTP as described above. Further HMMER searches were carried out with the addition of
homologous sequences from Bigelowiella natans, Phytophthora infestans, and T. gondii to the
original HMMs. Results were analyzed identically to the first round. All identified endomem-
brane components are listed in Figure 2—source data 2.

To identify homologous proteins not predicted by the gene prediction software, we used
TBLASTN with the homologous protein from the closest related organism in our data set
against scaffolds and contigs; E value cut-off was identical to BLASTP analysis. We utilized
BLASTP to search either genome with an identified homolog from the other, if it was present.
The final results are summarized in Figure 2—figure supplement 4 using the Coulson Plot
Generator software (Field et al., 2013).

Results and discussion

Apicomplexa possess numerous unusual features in their membrane trafficking systems. Non-
canonical membranous inclusions such as the invasion organelles, the micronemes, rhoptries,
and dense granules are present (Baum et al., 2008). Though canonical, stacked, Golgi bodies
are present in T. gondii (Pelletier et al., 2002), other apicomplexan species possess Golgi
bodies with aberrant morphology and unusual characteristics (Struck et al., 2008). Combined
with other organelle destinations such as mitochondria, digestive vacuoles involved in
hemoglobin catabolism in P. falciparum, and plant-like lytic vacuoles in T. gondii

(Miranda et al., 2010), specificity of protein and lipid components of these various organelles
suggest a need for unique trafficking pathways mediated by distinct protein machinery.

Interestingly, previous studies demonstrated the loss of trafficking machinery in Apicomplexa,
including three key sets of proteins in the ESCRT machinery (Leung et al., 2008), adaptor
protein complex (AP) families (Nevin and Dacks, 2009, Hirst et al., 2011), and multi-subunit
tethering complexes (MTCs) (Koumandou et al., 2007, Klinger et al., 2013a) have been
published. Several of the aforementioned families are involved in trafficking within the late
endosomal system in opisthokont models and so may be associated with the evolution of the
rhoptries and micronemes within the apicomplexan or myzozoan lineage. Consistent with this
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idea, some cases of reduction were not limited to Apicomplexa, and could be observed in the
sister phyla of the ciliates and dinoflagellates.

This pattern of loss raises the question of what losses correlate with the transition to parasitism
and which are pre-adaptive, arising more deeply in the lineage. The unique phylogenetic
position of chromerids (Janouskovec et al., 2010, 2012; Obornik et al., 2012) allows finer
dissection of the patterns of retention/loss observed previously. Hence, we chose to focus on
detailed characterization of the three previously studied sets of membrane trafficking
machinery in the predicted proteomes of Chromera and Vitrella, together with 24 closely
related organisms for comparison.

ESCRT machinery

The ESCRT machinery is a set of five sub-complexes involved in recognition of ubiquitylated
proteins and recruitment to the multi-vesicular body (MVB)/late endosome for degradation
(Leung et al., 2008). Most eukaryotes, including Chlamydomonas reinhardtii and our
representative stramenopile taxa (Thalassiosira pseudonanna, Phaeodactylum tricornutum,
Ectocarpus siliculosus, and Pythium ultimum), have a complete set of the ESCRT machinery,
suggesting that the ancestor of alveolates, and indeed the Last Eukaryotic Common Ancestor
(LECA), likely had it. Though this ancestral complement appears to have been reduced in
ciliates in the ESCRTI and lll complexes, and a few components are missing from dinoflagellate
taxa, numerous gene duplications have occurred as well, suggesting sculpting of the
machinery. By comparison, apicomplexan parasites exhibit significant reductions in their ESCRT
machinery (Leung et al., 2008). Cryptosporidia, coccidia, and plasmodia appear to lack any
subunits of the ESCRTI and Il complexes. ESCRTIII conservation is better, though no
apicomplexan encodes Vps24, and multiple taxa have lost Vps20 as well. A similar pattern is
seen for the ESCRTIII-a machinery, with piroplasmids encoding only Vps4é and Vps4. Coccidia
additionally encode Vps31, and cryptosporidia Vpsé0, whereas plasmodia encode all subunits
(rodent parasites like Plasmodium chabaudl), or lack Vps31 (human or simian parasites like P.
falciparum). Chromera and Vitrella possess all ESCRT subunits except for the ESCRT-III
component CHMP7, which is rarely found outside the opisthokont supergroup

(Leung et al., 2008). This observation suggests two conclusions regarding the evolution of the
ESCRT machinery within alveolates: massive gene loss within the Apicomplexa occurred
recently, after the split from the proto-apicomplexan ancestor, and some losses of machinery
shared between apicomplexans and other alveolates are due to independent losses. An
excellent example of this latter case is that of Vps37, which is present only in chromerids, but in
no other alveolate included in the current study, suggesting its function was dispensable in

a large number of lineages.

APs

The APs are heterotetrameric complexes that select cargo for inclusion into transport vesicles at
organelles of the late secretory system and endocytic system. AP1 and AP3 are involved in the
transport between the trans-Golgi network (TGN) and endosomes. AP2 is involved in the
transport from the cell surface. AP4 is involved in TGN transport to either endosomes or the cell
surface, while the recently described AP5 complex is involved in the transport from late
endosomes back to early endosomes. All five complexes are ancient, having likely been present
in the LECA (Nevin and Dacks, 2009; Hirst et al., 2011). However, the complexes have also
been secondarily lost on multiple occasions as well. Outgroup taxa in our data set possess
AP1-4 complexes, with the exception of C. reinhardtii lacking AP3, but only Symbiodinium
minutum possesses an AP5 complex.

Apicomplexa display higher variability in AP complex retention. With the exception of AP2M in
cryptosporidia, all taxa retain full AP1, 2, and 4 complexes. Piroplasms lack all subunits of the
AP3 complex, and together with P. falciparum and Plasmodium reichenowi, lack AP5 as well.
Other plasmodia possess all AP5 subunits with the exception of the mu subunit. This result was
unexpected, based on the usual patterns of conservation seen across Plasmodium species.
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Presence of AP5 in the majority of these organisms suggests the exciting possibility of a novel
trafficking pathway absent from the comparatively well-studied human parasite P. falciparum.
Additionally, our increased taxon sampling has suggested that AP5 may be well conserved
across Myzozoa, a result otherwise indeterminable from previous studies of this protein family
(Hirst et al., 2011). Cryptosporidia also lack AP3, but unlike piroplasmids, they possess almost
a complete AP5 complex, missing only the sigma subunit. Coccidia are the exception,
possessing all five AP complexes in their entirety. Excitingly, Chromera and Vitrella, like
coccidia, possess a complete complement of adaptin subunits, suggestive of a more complete
set of trafficking pathways to endosomal organelles in these organisms.

MTCs

The MTCs are an assembly of heteromeric protein complexes involved in the first stage of vesicle
fusion and delivery of contents from a transport vesicle to a destination organelle. Each one is
specific to an organelle or transport pathway and all eight complexes have been deduced as
present in the LECA, with some interesting cases of secondary loss. While C. reinhardtii and the
stramenopiles encode a complete set of MTC machinery, several of these MTCs have interesting
patterns of conservation, specifically in the Apicomplexa (Klinger et al., 2013a).

The conservation of the TRAPP |-Il complexes is unclear through eukaryotes and clear patterns
are difficult to draw. However, the apparent absence of the entire TRAPPII complex in Vitrella
may be due to gaps/biases/absences in sequencing, protein prediction, or analysis, but has
interesting ramifications if proven to be a real biological phenomenon.

Exocyst is involved in diverse processes, all of which involve polarized exocytosis (Liu and Guo,
2012). Tetrahymena appears to encode only four of the Exocyst subunits. None of the eight
subunits were identifiable in Chromera, Vitrella, nor in any of the Apicomplexa or
dinoflagellates. This confirms, and extends, a previous result suggesting the absence of this
complex within the Myzozoa, suggesting a bona fide ancestral loss concurrent with the
acquisition of an apical complex that could have served an analogous tethering function for
secretory organelles.

COG is an octameric complex involved in tethering at the Golgi body (Tomavo et al., 2013;
Klinger et al., 2013b). The COG complex is poorly conserved in Apicomplexa and a ciliate
Tetrahymena thermophila only encodes half of the COG subunits. In contrast, all eight COG
subunits are present in Chromera and Vitrella. The retention of a complete COG complex in
both Chromera and Vitrella contrasts with the substantial loss of subunits in Apicomplexa,
especially outside the coccidians (Klinger et al., 2013b) (Figure 2—figure supplement 4).
Notably, this conservation is consistent with the presence of robust, stacked Golgi bodies in
Chromera (Obornik et al., 2011) and T. gondii (Pelletier et al., 2002), compared to aberrant
morphology in other Apicomplexa.

The complexes of CORVET and HOPS mediate tethering at the early and late endosomes
(Tomavo et al., 2013, Klinger et al., 2013b). They share a core of four subunits with complex-
specific proteins (Vps3 and 8 for CORVET and Vps39/41 for HOPS). Though all taxa encode the
complete VpsC core of the HOPS/CORVET complex, all taxa except for T. gondii only appear
to encode the CORVET-specific interactor Vps3. Chromera and Vitrella, like Apicomplexa,
possess the entire VpsC core complements as well as the HOPS component Vps41 and both
CORVET components.

Chromerids exhibit complex life cycles, from immotile vegetative cells to multi-cellular
sporangia, and occasionally motile flagellated cells. Both lineages contain numerous potential
locales for intracellular trafficking including mitochondria, plastid, starch granules, flagella,
micronemes, and, in Chromera, the chromerosome. Additionally, vesicular traffic to the
sporangial/cyst wall has been visualized in both lineages (Obornik et al., 2012). Our results
indicate that chromerids possess an appropriately complex complement of membrane
trafficking machinery to achieve these requirements.
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Though MVBs have not been explicitly imaged or characterized in either lineage to date, both
Chromera and Vitrella encode a complete set of ESCRT machinery, suggestive of the presence
of functional MVBs. These may play a key role in modulating surface protein expression in
various life cycle stages. Importantly, the close evolutionary position of Chromera and Vitrella to
Apicomplexa suggests that the extensive decrease in ESCRT subunit conservation in
Apicomplexa occurred in the immediate ancestor and is not an ancestral feature of a more
inclusive group (Leung et al., 2008) (Figure 2—figure supplement 4). Particularly, the lack of
some ESCRT subunits such as Vps37 in ciliates and dinoflagellates is most parsimoniously attributed
to multiple independent losses. Further evidence for a complete set of ESCRT machinery in the last
common alveolate ancestor comes from the conservation of all subunits to the exclusion of CHMP7
in the outgroup stramenopile taxa and in C. reinhardtii. The absence of CHMP7 in all taxa is not
unusual, as it is lost in numerous taxa across eukaryotes (Leung et al., 2008).

Conservation of adaptin subunits is striking, particularly the complete retention of AP5 in
chromerids. In an initial study of seven organisms from the SAR supergroup (the group in which
chromerids belong to), only two (B. natans and T. gondii) were found to encode the complex;
conservation across eukaryotes was similarly sparse (Hirst et al., 2011). The presence of

a complete AP5 complex in chromerids and coccidians may be indicative of a conserved
function in both lineages. Likewise, the retention of an almost complete AP5 in cryptosporidia
and plasmodia may have functional significance or may simply represent a reductive
evolutionary process that has not yet reached completion. The complete lack of AP5 in P.
falciparum and P. reichenowi supports the latter view. As with the ESCRT complexes, the
presence of AP1-5 in chromerids suggests the loss of AP3 and AP5 observed in some
Apicomplexa is secondary, as well as the loss of AP5 in Perkinsus marinus, and in both ciliate
lineages.

Presence of a complete VpsC core along with an additional CORVET subunit Vps3 in the
majority of apicomplexan genomes suggests the potential for a modified HOPS/CORVET
complex that interacts with Rab5 to direct tethering at the micronemes/rhoptries. This is in
keeping with the view of rhoptries/micronemes as divergent endolysosomal organelles
(Klinger et al., 2013b). However, chromerids do not appear to possess rhoptries, although
chromerids possess cellular components analogous to micronemes (Obornik et al., 2011,
2012). More HOPS/CORVET subunits were found to be conserved in T. gondii, which are the
only apicomplexan to date to be described as possessing a canonical lysosome-like
compartment®, suggesting that complete complexes are retained in these lineages because
they are required for trafficking to canonical lysosome-related organelles as well. Additionally,
Chromera possesses the chromerosome, which often displays intralumenal vesicles similar to
MVBs, suggesting it may also be derived from endosome-like organelles (Obornik et al.,
2011).

In conclusion, apicomplexans possess unusual endomembrane compartments including
atypical Golgi and endosome-derived invasion organelles such as micronemes and rhoptries
(Klinger et al., 2013b). Modifications in the complement of membrane trafficking machinery,
including the loss of key protein complexes found in most eukaryotes, have been observed in
the apicomplexan lineage, potentially associated with the specialization of the endomembrane
system. The absence of some components (Exocyst, Vps39, Trs120, Tip20) within Chromera and
Vitrella suggests pre-adaptation to parasitism deeper in the apicomplexan lineage. By contrast,
the presence of near complete complements of key machinery (AP1-5, ESCRTs, COG) absent in
many apicomplexans, pinpoints the timing of the losses at the colpodellid/apicomplexan
transition.
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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 apicomplexan 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 in Cryptosporidium hominis and Cryptosporidium parvum, and
ARPC1 and ARPC2 in Plasmodium 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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apicomplexans and lack of Arp2/3 complex suggest their importance, perhaps reflecting

a switch from Arp2/3 complex to formins for actin nucleation during the evolution of
Apicomplexa. Taken together, it seems that an Arp2/3 independent actin nucleation
mechanism had already evolved before Apicomplexa and chromerids, and losses of ARP have
probably begun too, although inferring the exact timing and sequence of losses will require
studying more closely related species such as Colpodella.

We analyzed coronins, a major conserved gene family with a multifunctional role in actin
regulation and vesicular transport (Rybakin and Clemen, 2005). These are WD40-repeat
containing proteins, which represent the only candidate for actin bundling in apicomplexan
parasites. Coronins inhibit the nucleating activity of Arp2/3, unlike other known Arp2/3-binding
proteins. We observed absence of coronins in both chromerids, which is consistent with the
notion that they, functionally linked to the Arp2/3 complex, were lost (Figure 2—figure
supplement 5C). Although parasite homologs do not have the microtubule-binding domain of
canonical coronins, but essential amino acid residues are conserved (Gandhi et al., 2010).
Thus, coronin could be playing a role in stabilizing F-actin scaffolds or having an alternative role
in vesicular transport in apicomplexan parasites.

Profilins are actin-binding proteins that supply pools of readily polymerizable actin monomers
(Baum et al., 2006). Genes encoding profilins were found in all 26 species studied except for an
oomycete (P. ultimum) and diatoms (P. tricornutum, Thalassiosira pseudonana). Apicomplexa-
specific profilins have pmini1 and pmini2 domains, which provide an extended interface with
actin and formed the structural basis of their actin-binding function in Toxoplasma (Kucera
et al., 2010) and Plasmodium (Kursula et al., 2008). These domains are not found in other
eukaryotes. Sequence alignment of these profilins reveals an intriguing observation that Vitrella
(Vbra_7301.t1) had these B-domains previously thought to be specific to Apicomplexa, with
partial conservation in Chromera (Cvel_18957.t1) and in dinoflagellate P. marinus
(XP_002774080). The p-domains were not detected in other non-apicomplexan species. All
species studied has had only one profilin gene except for chromerids where we observed 2 in
Chromera and 3 in Vitrella, including an one-to-one ortholog of the apicomplexan profilin in
both chromerids.

Cyclase-associated proteins (CAPs) are evolutionary conserved G-actin-binding proteins, which
participate in filament turnover regulation by acting on actin monomers (Chaudhry et al.,
2010). CAP proteins are made up of three significant regions: N-terminal adenylate cyclase
binding domain (CAP_N, linked to the cAMP-RAS signaling), a central proline-rich segment,
and a C-terminal actin-binding domain (CAP_C). Apicomplexans do not possess the N-terminal
(CAP_N) domain altogether with few genes in stramenopiles and in Vitrella (Vbra_7026.t1) also
showing a similar pattern of loss. However, the Chromera gene Cvel_8488.t1 possesses both
domains. This suggests the dispensable nature of CAP_N domain (Figure 2—figure
supplement 5C), and we speculate that in parasites CAP functions are reduced to actin
sequestration only.

The F-actin capping, CapZ duplex, a dimer of a- and B-CPs, prevents polymerization from the
‘barbed’ (plus) end. It is conserved across Apicomplexa except for in piroplasms. It is also
conserved in most of the species studied including stramenopiles, dinoflagellates, and both
chromerids. In Apicomplexa, several gelsolin domain-containing proteins were found but they
are unlikely to be functionally related and are speculated to be Sec23/Sec24-like proteins,
which function in vesicular transport (Baum et al., 2006).

Cofilin/ADF genes promote de-branching of actin filaments and are well conserved among
species studied. However, plasmodia differ from the rest of the Apicomplexa species in having
an additional copy of the ADF gene. Phylogenetic analysis shows that ADF in plasmodia has
duplicated and diverged with respect to the rest of the Apicomplexa, and recent structural
studies explain the mechanism of action of Plasmodium ADFs (Singh et al., 2011, Wong et al.,
2014). This represents a clear example of additional innovations of actin regulation in certain
apicomplexan clades.
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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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Appendix 5

Extracellular proteins in chromerids.

We curated the chromerid genomes for genes with extracellular domains and domain
architectures like similar to those of apicomplexans (Figure 3—figure supplement 4;
Supplementary file 5). Both chromerids possess mucin-like proteins having long stretches of
threonine and serine residues with predicted O-linked glycosylation, as well as the enzyme
pathways involved in O-linked glycosylation (Templeton et al., 2004a; Anantharaman et al.,
2007). Proteins encoding combinations of von Willibrand factor A (vWA) and thrombospondin
1 (TSP1) were also observed, although none with apparent orthologous relationship to the VWA
and TSP1 domain proteins (TRAP) that serve as receptors mediating gliding motility in
apicomplexans. The chromerid genomes possess numerous secreted proteins with domains
predicted to participate in binding of sugar moieties (Figure 3—figure supplement 4).
Chromerids share FRINGE domains with Cryptosporidium, and HINT domains with
Cryptosporidium and Gregarina, to the exclusion of other apicomplexans, in support of early
divergence of these genera within the Apicomplexa (Figure 3—figure supplement 4B). Vitrella
genome contains multiple copies of proteins, which have arrays of the cysteine-rich oocyst wall
protein (OWP) domain found in Cryptosporidium and coccidians, which are associated with
forming environmentally durable walls of oocysts (Templeton et al., 2004b).

Several EC domain architectures thought to be distributed apicomplexan-wide have homologs
in the chromerids; for example, the LCCL domain-containing proteins, CCp1 and CCp2/3, as
well as the CPW-WPC domain proteins (Figure 3—figure supplement 4C). Ultrastructures
reminiscent of micronemes have been observed in both chromerids (Obornik et al., 2012);
consistent with this, we identified EC proteins having domains and architectures typical of
Toxoplasma and Plasmodium micronemal secretory proteins. Examples include expansions of
proteins containing SUSHI, EGF, TSP1, and VWA domains (data not shown). Chromerids
possess unique architectures of proteins containing the macrophage perforin (MacPerf) domain
(Figure 3—figure supplement 4E), which, previously found in apicomplexans and ciliates (as
large expansions), are thought to function in apicomplexans to mediate membrane lysis during
host cell egress and tissue traversal (Roiko and Carruthers, 2009). The Chromera MacPerf
domain proteins also contain arrays of a domain, WSC, thus far not found in other alveolates, as
well as a unique C-terminal DERM domain. Chromera possesses four MacPerf domain proteins
with various domain architectures, whereas Vitrella a single MacPerf protein with a stand alone
MacPerf domain (Vbra_18070.t1).

The ciliate genomes possess highly amplified and antigenically diverse repertoires of GPI-
linked proteins termed 'immobilization antigens’ (Caron and Meyer, 1989). We did not see
amplifications of GPI-linked gene families in either chromerid species. Lineage-specific gene
amplifications include a predicted secreted protein in Vitrella, which contains an arenylsulfo-
nase domain (Figure 3—figure supplement 4E). The chromerids possess highly amplified
gene family, annotated as 'CAST multi-domain protein’ in the ciliate, Oxytricha (e.g., UniProt ID:
OXYTRI_15408), and which comprises conserved cysteine-rich domains in the extracellular
region, a single transmembrane domain, and a conserved predicted coiled-coil region in the
cytoplasmic domain (e.g., Cvel_3066.t1). Representatives of this protein are found in the ciliate
Oxytricha, but not in Tetrahymena and Paramecium; in stramenopiles, choanoflagellates and
coccidians, but are absent from other apicomplexans such as Cryptosporidium, Theileria,
Babesia, and Plasmodium.
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Appendix 6

ApiAP2 proteins.

We examined the abundance of apicomplexan-specific AP2 (apiAP2) genes, transcription
factors that play regulatory roles in key aspects of apicomplexan biology (Campbell et al.,
2010; Flueck et al., 2010; Radke et al., 2013; Kafsack et al., 2014; Sinha et al., 2014). \We
scanned the protein-coding gene sets of the 26 species using the apicomplexan-specific
apiAP2 HMM, which was constructed with the AP2 domain sequences from apicomplexan
species. We found that apiAP2 genes were abundant in both chromerids and in all
apicomplexans. ApiAP2 genes were moderately abundant in the two dinoflagellates and rare or
absent in ciliates and stramenopiles, respectively (Figure 3—figure supplement 1D). There
were very few apiAP2 genes that were shared between apicomplexans and non-apicomplexan
species; most were shared between closely related species, that is, from the same clade
(Figure 3—figure supplement 1B). These lineage-specific apiAP2 genes in the present-day
species could have arisen from de novo gene birth or modification of the full-length sequences
of existing genes beyond recognition. In the former case, the proto-apicomplexan ancestor had
a small set of apiAP2 genes. In the latter case, the common ancestor already had a large set of
apiAP2 genes, which continued to change, giving the appearance of ‘new’ clade-specific
genes. The latter case, the turnover scenario, is more parsimonious because, according to the
de novo gene birth scenario, apiAP2 genes must have expanded independently in every
descending lineage from the proto-apicomplexan ancestor. In summary, our data support the
notion that massive apiAP2 expansion occurred in the common ancestor before Apicomplexa
and chromerids split, and the apiAP2s continued to change as the common ancestor split into
chromerids and apicomplexans, which continued to radiate and adapt to their host niches and
life cycle strategies.

We sought to determine if gene duplication and divergence was a significant mechanism for
the expansion and the turnover of apiAP2 genes. The number of apiAP2 genes that have other
homologous apiAP2 genes within the species based on OrthoMCL clustering, which are likely
mediated by paralogous expansions, was high (93 out of 136) in chromerids (Figure 3—figure
supplement 1D). In Vitrella, we identified one cluster of 50 homologous apiAP2 genes. This
means that gene duplication played an important role in expanding apiAP2 gene repertoire in
chromerids. The number was significantly less (5 out of 13) in dinoflagellates than in chromerids
(Figure 3—figure supplement 1D). We suspect that gene duplication and diversifications
drove expansion of apiAP2 genes significantly after the split of dinoflagellates. In apicomplexan
species, evidence for recent duplications was sparse, as only 4 out of 409 apiAP2 genes had
homologous copies in the same species. This does not necessarily mean that apiAP2 genes do
not duplicate readily in apicomplexans, but rather that redundant copies of apiAP2 are quickly
lost or diversified beyond recognition in part by selective pressure to reduce gene repertoires
and genome sizes (Katinka et al., 2001) and due to higher rate of sequence divergence in
parasites (Hafner et al., 1994).

Previous studies have shown that plant genomes contain a large repertoire of AP2 genes, and
that plant AP2 domains evolved from an endonuclease domain in a cyanobacteria (Magnani
et al., 2004). According to our phylogenetic analysis, AP domains among bacteria are many
and diverse, with both plant-like and apicomplexan-like AP2s (data not shown). We did not find
significant homology with bacterial AP2 genes at the full gene length level. It is not clear if the
originally transferred AP2 gene has evolved beyond recognition or if only the domain has been
transferred to these eukaryotes. The exact genetic events that led to acquisition of AP2s in
apicomplexans are not clear. However, what is the most probable scenario is that AP2 domains
in alveolates came from bacteria and have expanded in myzozoans, independent of those in
plants. Both functional studies and more taxon sampling would be required for elucidating how
AP2s in alveolates were acquired in the first place.
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Abstract: Fatty acids are essential components of biological membranes, important for the
maintenance of cellular structures, especially in organisms with complex life cycles like protozoan
parasites. Apicomplexans are obligate parasites responsible for various deadly diseases of humans
and livestock. We analyzed the fatty acids produced by the closest phototrophic relatives of parasitic
apicomplexans, the chromerids Chromera velia and Vitrella brassicaformis, and investigated the genes
coding for enzymes involved in fatty acids biosynthesis in chromerids, in comparison to their
parasitic relatives. Based on evidence from genomic and metabolomic data, we propose a model of
fatty acid synthesis in chromerids: the plastid-localized FAS-II pathway is responsible for the de
novo synthesis of fatty acids reaching the maximum length of 18 carbon units. Short saturated fatty
acids (C14:0-C18:0) originate from the plastid are then elongated and desaturated in the cytosol and
the endoplasmic reticulum. We identified giant FAS I-like multi-modular enzymes in both
chromerids, which seem to be involved in polyketide synthesis and fatty acid elongation. This full-
scale description of the biosynthesis of fatty acids and their derivatives provides important insights
into the reductive evolutionary transition of a phototropic algal ancestor to obligate parasites.

Keywords: Chromera velia; Vitrella brassicaformis; fatty acids; de novo biosynthesis; evolution;
elongation; desaturation

1. Introduction

The phototrophic alveolates Chromera velia [1] and Vitrella brassicaformis [2] (referred to as
chromerids) were isolated from stony corals in Australia using methods for the isolation of
intracellular symbionts. Both chromerids can live as free-living algae without hosts in laboratory
cultures; however, they are associated with corals in the wild [1-4]. Although they were found in the
larvae of several coral species [5], they have never been detected in adult corals [6]. It was speculated
that chromerids live as mutualists like symbiotic dinoflagellates of the genus Symbiodinium [1,7].
However, the latest transcriptomic survey of coral larvae experimentally infected by C. velia opens
the possibility that the alga can be their facultative or even accidental parasite [8]. The environmental
detection of uncultured and undescribed chromerids and related organisms (ARL-V) also implies
their probable commensal or parasitic relationship to corals [9]. Such finding is congruent with the
accumulating evidence supporting the common ancestry of phototrophic chromerids and parasitic
apicomplexans [3,4,10-14]. Analyses of plastid [11] and mitochondrial [15] and nuclear genomes
[10,13], together with the determination of ultrastructural characters such as cortical alveoli, four-
membrane plastid envelopes [1], the presence of a pseudoconoid in C. velia [16], and zoosporogenesis
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by budding in V. brassicaformis [17], support the unique phylogenetic position of chromerids at the
root of the parasitic Apicomplexa. Further molecular phylogenetic and phylogenomic analyses have
placed the predatory colpodellids within the polyphyletic chromerids (Figure 1), constituting a group
named Apicomonada [18] or chrompodellids [10].

Hematozoa
Theileria Coccidia
Eimeria
Isosopora

Adelina
Hepatozoon

Plasmodium

Cryptosporidium

Vitrella brassicaformis

Alphamonas edax N

Chromera velia

neogregarines

gregarines

Vioromonas pontica Colpodella angusta

Figure 1. Phylogenetic tree of chromerid algae and apicomplexan parasites. The white rectangles
indicate the loss of photosynthesis, the black ones indicate the loss of plastid.

Fatty acids (FAs), carboxylic acids with aliphatic chains, represent a fundamental component of
biological lipids and can be divided into several categories according to their structure [19]. Here, we
focus on the most abundant subclass—straight-chained saturated and unsaturated FAs with a
terminal carboxylic acid group. Generally, FAs are synthesized by repeated addition of two-carbon
units to a growing carboxylic acid chain attached to the acyl carrier protein (ACP) [20]. In cellular
organisms, the enzymes responsible for the de novo synthesis of FAs are either the type I FA
synthases (FAS-I) typically found in heterotrophic eukaryotes or the type II FA synthases (FAS-II)
usually referred to as bacterial-type FAS-II. Both pathways contain identical reaction steps but they
substantially differ in the architecture of the responsible enzymes. In eukaryotes, cytosolic FAS-I is a
huge multi-modular enzyme [21], while FAS-II consists of individual separate enzymes located in
the plastid [22-24]. Modules in the FAS-I multi-modular enzymes have the full set of domains needed
for the attachment of FA carbon units. If such a multi-modular enzyme contains an incomplete
module lacking some of the domains (often acyltransferase) or has some additional domains (e.g.,
methyltransferase), it usually has a different function. Such giant multi-modular enzymes known as
polyketide synthases (PKSs) are responsible for the synthesis of antimicrobial compounds called
polyketides (PK) [25]. It was proposed that FAS-I derived from FAS-II via a gene fusion [25]. Plants
and algae primarily use bacterial FAS-II located in the plastid, with the involved enzymes encoded
in the nuclear genome [24,26]. Many algae also possess FAS-I/PKS-like enzymatic equipment. Their
function is still enigmatic; however, they likely do not act as FA synthases [25]. Various lineages of
apicomplexan parasites differ in the presence of the particular FAS system. Most apicomplexan
parasites possess the apicoplast-located FAS-II for de novo production of FAs [20,27,28], with
Haemosporidia such as Plasmodium utilizing only this prokaryotic type of the synthesis. The
coccidians Toxoplasma gondii or Eimeria tenella were described to use the apicoplast FAS-II system and
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the cytosolic FAS-I in parallel, with life stage-specific FA metabolism [20,29-31]. However, the
apicomplexan minimalists Theileria parva and Babesia bigemina completely lost all the enzymes for FA
synthesis and scavenge all FAs from their hosts [20]. Current findings suggest independent multiple
FAS-II losses in apicomplexans and their relatives [32].

Last but not least, intestinal parasites of the genus Cryptosporidium do not possess the apicoplast
at all and lack any de novo FA synthesis. The huge FAS-I-like multi-modular enzyme coded in the
Cryptosporidium parvum genome is responsible for the elongation of palmitic acid acquired from the
host [13,20,33]. The high divergence of the apicomplexan sources of fatty acids reflects different stages
of reductive evolution driven by adaptations to diverse hosts [13]. Genomic analysis performed by
John and co-workers [34] revealed that some representatives among apicomplexans such as C.
parvum, E. tenella, and T. gondii possess PKS genes. However, the presence of PKS genes is not
universal among apicomplexans. For instance, in the genomes of Plasmodium falciparum and T. parva,
these sequences are lacking [34].

Here, we studied FAs and their synthesis in the chromerids C. velia and V. brassicaformis by the
combination of analytical chemistry and genomics methods. We compared chromerid and
apicomplexan FA biosynthesis and propose a scenario of their evolution.

2. Materials and Methods

2.1. Growth Experiments

Cultures of C. velia and V. brassicaformis were grown in f/2 medium in 25 cm? flasks under
artificial light, with a photoperiod of 12 h light/12 h dark and light intensities of 30-50 umol m=2 s at
a temperature of 26 °C. As an inoculum, 1 mL of C. velia (1x10¢ cells/mL) or 5 mL of V. brassicaformis
(0.3x10¢ cells/mL) stationary culture was added to each flask with 40 mL of {f/2 medium. The cultures
were grown for 50 days and harvested via centrifugation. Pellets for lipid extraction were stored at
-20 °C.

The cultures of C. velia were treated with Triclosan (TCI Europe N. V., Zwijndrecht, Belgium)
[35] in the same cultivations conditions as mentioned above. Triclosan was diluted in dimethyl
sulfoxide (DMSO, Sigma Aldrich, St. Louis, Missouri, USA). The inhibitor was added to cultures after
14 days, at six concentrations in the media (0.02, 0.04, 0.08, 0.133, 0.333, and 0.667 uM). The densities
of the cultures were periodically measured by a spectrophotometer (Infinite® 200 PRO, Tecan,
Mannedorf, Switzerland) over the course of 36 days. Fifty-day-old cultures were harvested by
centrifugation in 50 mL flacons (Hettich Micro 22R centrifuge with rotor radium 100 mm, set to 6000
rpm at the of temperature 4 °C). The obtained pellets were split; the first part was stored at =20 °C for
fatty acid analyses; the second part was subjected to transmission electron microscopy (TEM).

To investigate the effects of various levels of inorganic nitrogen in the media, C. velia cultures
were grown in standard conditions, as mentioned above (light, temperature, cultivation flasks).
Flasks containing 120 mL of f/2 solution with four different concentrations of NaNOs (from 0.000 to
0.062 g of pure nitrogen per 1 L of {/2 medium) were inoculated using 1 mL of stationary-stage culture
of C. velia (1x10¢ cells/mL). The highest concentration of nitrate in this experiment was five times
higher than in the regular f/2 medium. The cultures were harvested by centrifugation after 30 days.
The dry pellets were weighed and investigated using gas chromatography coupled with a flame
ionization detector (GC/FID).

2.2. Genomic Search

BLAST search and InterProScan in the publicly available dataset of predicted proteins [13]
(CryptoDB; https://cryptodb.org/cryptodb/) were used to search for the enzymes of the FA
biosynthesis in C. velia and V. brassicaformis. The obtained sequences were complemented with
homologs found in other public databases (NCBI, KEGG, JGI) and aligned using MAFFT [36]. The
alignment was manually edited by excluding gaps and ambiguously aligned positions using
Geneious [37]. Phylogenetic trees were computed using the maximum likelihood method (RAxML;
[38] and Bayesian inference (MrBayes 3.2.4.; [39,40]. The subcellular locations of the enzymes were
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predicted using TargetP [41,42], SignalP [43], and ASAFind [44]. Localizations were established with
the support of multiple predictors together; previously published data were also considered. For
phylogenetic analyses, we took advantage of computational resources freely provided by the CIPRES
Science Gateway [45].

2.3. Fatty Acids—Gas Chromatography Coupled with a Flame lonization Detector (GC/FID)

Lipids were extracted following the chloroform-methanol solution method [46] modified by
Kostal and Simek [47], with additions described by Tom¢ala et al. [48]. Briefly, homogenized algal
samples were dried, weighed, and extracted. The raw extracts in chloroform were dried and resolved
in 500 ul of chloroform. Then, 100 pl aliquots were transformed into methyl esters of fatty acids
(FAMESs) to allow for GC analyses. For this purpose, sodium methoxide was employed as a
transesterification reagent, as described previously [49]. FAMEs were then analyzed by GC/FID using
a gas chromatograph GC-2014 (Shimadzu, Shimadzu Scientific Instruments Inc., Kyoto, Japan)
equipped with the column BPX70 (SGE, SciTech, Prague, Czech Republic) and an autosampler with the
injector AOC —20i (Shimadzu), with the settings according to a previous work published by Tomcala
et al. [48]. For the identification of FAs, a mixture of 37 standards purchased from Supelco Inc.
(Bellefonte, Pennsylvania, USA) was used.

2.4. Transmission Electron Microscopy

Pellets were transferred to HPF (High Pressure Freeze) carriers (Leica Microsyst. Vienna,
Austria), then f/2 medium with 20% (w/v) bovine serum albumin (BSA) was added to fill the carriers
completely. The samples were immediately frozen using the high-pressure freezer Leica EM PACT2.
The frozen samples were incubated with 2% osmium diluted in 100% acetone in a freeze substitution
unit, with the following substitution program: —90 °C for 96 h; then the temperature was increased to
-20 °C (with a slope of 5 °C/h); after 24 h, the temperature was raised (3 °C/h) to the final temperature
of 4 °C. After 18 h of incubation, the samples were washed with acetone and infiltrated by 25%, 50%,
75% EMBed 812 resin (EMS)/acetone solutions, 1 h at each step, at room temperature. Finally, fresh
resin was added, and the specimens were placed overnight in a vacuum desiccator. The resin was
allowed to polymerize at 60 °C for 48 h. Images were obtained by a transmission electron microscope
(JEM 1010, JEOL Inc., USA) with an acceleration voltage of 100 kV [16].

3. Results

3.1. De novo Fatty Acid Synthesis

The presence of a FAS-II in C. velia was first described by Dahmen et al. [50] and Woo et al. [13],
who indicated the presence of FAS-I and FAS-II in both chromerids. We searched in the chromerid
genomic and transcriptomic data (CryptoDB) for all the enzymes possibly involved in the synthesis
of FAs and their derivatives (Tables 1-5). In addition to the canonical FAS-I and FAS-II enzymes, the
genome contains a large number of genes likely encoding ketoacyl synthases (36 genes), short-chain
dehydrogenases (73), or acyltransferase domains (29), present in various gene arrangements, often in
a form of multi-modular enzymes with unknown putative function in FA or PK synthesis (Tables 1-
5). We performed a phylogenetic analysis based on ketoacyl synthase (KS) domains to distinguish
FAS-I and FAS-II enzymes of chromerids and further calculated detailed phylogenies of FAS-I- and
FAS-II-type enzymes (Figures 2-4). Both chromerids possess numerous giant multi-modular
enzymes in sizes ranging from 1000 to 11,000 amino acids composed of 1-5 modules and classified
as putative FAS-I/PKS-I [13]. In general, KSs of type II FAS show two main lineages, i.e., a-
proteobacterial and cyanobacterial, with the latter genes involved in plastid-located KSs in
chromerids (Figure 3). Ketoacyl synthases from FAS-I/PKS-I enzymes of chromerids, apicomplexans,
and dinoflagellates form a sister group to PKSs responsible for the production of polyketide-based
algal toxins found in dinoflagellates, chlorophytes, haptophytes, and stramenopiles (Figure 4). Since
the evolutionary conversion between FAS and PKS function can be caused by a single amino acid
substitution affecting the functionality of the participating domain [51], it is hard to identify them



Biomolecules 2020, 10, 1102 5 of 26

just by a phylogenetic signal. One distant clade of type I multi-modular FAS-like enzymes is formed
by two genes of C. velia (Cvel_8275.t1, Cvel_22311.t1). These two genes share a multiple-domain
architecture reminding a single module of PKS as well but they are interestingly fused with an N-
terminal structure related to the AcrB-like domain family (multidrug efflux pump) or the sterol-
sensing domain, which, together with a predicted N-terminal signal anchor (Tables 1-5) implies a
probable association of the enzyme with the endoplasmic reticulum (ER).

921 cl accharop AGF54193
b—— Paenibacillus polymyxa CCI70027
Simkania WP013942349

Ralstonia CBJ51231 N
Myxococcus xanthus ABF92489 Bacterial PKS
CAN93352
Bacillus subtilis CP003783
CP000571
Dickeya CP0D1654
Beauveria bassiana EJP63694
Trichoderma reesei EGR50286
Alternaria alternata AFN68293
Aspergillus kawachii GAAB5998 Fungal PKS
NP001239013 H
Gorilla gorilla XPO04040856 Animal FASI
Canis familiaris XP005624202
Apis mellifera XP395426
:
Chromera and cyanobacterial PKS
Pianktothrix agardhii CAD29793 cyano PKS
Toxoplasma gondii CAJ20333 FASI
Cryptosp parvum AAC9407 FASI Alveolate
C

parvum AAN60755 PKS
Cryptosporidium parvum AAC99407 FASIb P KSI FASI
Toxoplasma gondii CAJ20333.1 FASIb
i ‘minutum symbB1.v1.2.012436
Ostreococcus lucimarinus ABO9467 1
Micromonas commoda XP002507643 Green Algae PKS
EDP07994

FAS I/ PKS
Cvel12437 t1
11 656 aa

1001

FAS I/ PKS

Cl
Frankia alni CAJ62713
erythraea C,

Actinobacteria PKS

y
Ell 1001y My ABRO7281
1 Mycobacterium bovis AET20228
o I_"_“:Catenuﬂspora acidiphila ACUT2452
Bl Thermobifida fusca AAZ55257 i i i
= A M Y oarerses | ACtinobacteria minPKS
058 L————_streptomyces pratensis ADWoeT 14
z C atianticus EAPS7865 ;
Bl 1 Gramella forsotii CALG6633 g Bacteroidetes FASII
L ADE10598
il Emiliania huxleyi XP005762223
Guillardia theta Guith1_63052_e
Eil Ectocarpus siliculosus CBN77813
N
F AS I I yoelii yoelit XP724752
Synechococcus sp. YP001734282
Spirulina subsalsa WP017305077
Gloeobacter kilaueensis YP008713939
Paulinella 'YP002049115
WP013788132 FASII

‘WP015756782 i iai
Solanum lycopersicum XP004243689 pIaStId orlg in

Zea mays NP001132041

Selaginella moellendorffii XP002986735

Vitis vinifera XP002265207

Physcomitrella patens XP001762048

Ostreococcus tauri XP003074998

Galdieria sulphuraria XP005707986

Chondrus crispus XP0O05715183

Chlamydia suis ESN88932

Chlamydia sp. WP020356536
81 Angomonas desouzai AGU68107

Leishmania major XP001686034

T brucei CBH09473

i ‘merolae
Mc XP001749342
 I— Chlamydomonas reinhardtii XP001690385
Micromonas pusilla XP003056203
Bigelowiella natans Bigna1_43100e
Aphanomyces astaci ETV74955

Saprolegnia diclina EQC35249
Te XP001016781 FAS"
1095 Naegleria gruberi XP002674325 A B o
9 Rickettsia typhi AFE54587 mitochondrial origin

Ehriichia canis AAZ68267

Neorickettsia risticii ACT69397

99/0.98, Polymorphum gilvum ADZ68502
Sinorhizobium meliloti AEH80950
Octadecabacter arcticus AGIT3066

Symbiodinium minutum symbB.v1.2.027279.t1
forsythia AEW21214

02

Figure 2. The phylogenetic tree as inferred from ketoacyl synthase domains to distinguish type I and
type II fatty acid synthases. Bootstrap for 1000 repetitions and Bayesian pp values (BS1000/1M,
CAT/LG models) are displayed above or below the branches. FAS, fatty acid synthase, PKS,
polyketide synthase.
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Figure 3. The detailed maximum likelihood phylogeny of ketoacyl synthase domains of type II fatty
acid synthases. Bootstrap for 1000 repetitions and Bayesian pp values (B51000/1M, CAT/LG models)
are displayed above the branches. Predicted subcellular locations are shown.
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Figure 4. The detailed phylogeny of ketoacyl synthase domains of type I fatty acid synthases and
polyketide synthases. Bootstrap for 1000 repetitions and Bayesian pp values (BS1000/1M, CAT/LG
models) are displayed above the branches. Predicted subcellular locations other than cytosolic are

shown.
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Table 1. Ketoacyl synthases (KSs), elongases, and desaturases in chromerids and their predicted subcellular location. ER — endoplasmic reticulum.

Ketoacyl Synthases Accession Length (AA) SignalP 3.0 TargetP 1.1 TargetP (trimmed SP) ASAFind Pred. Localization
Type I FAS Cvel_12437.t1 11,656 - - - Cytosol/ER Cytosol
Cvel_19857.t1 6729 - - - Cytosol/ER Cytosol
Vbra_3754.t1 7413 - - - Cytosol/ER Cytosol
Vbra_4545.t1 9001 - - - Cytosol/ER Cytosol
Vbra_18624.t1 8182 - - - Cytosol/ER Cytosol
Type I FAS Cvel _3910.t1 463 SP (1.000, L19) M (0.579, R5,L38) M (0.625, R5, L19) Plastid/mitoch ~ Plastid
Vbra_22540.t1 504 SP (0.920, L33) SP (0.968, R1, L33) M (0.653, R4, L19) Plastid Plastid
ACR-B coupled Cvel_8275.t1 4523 Anch (0.716, L26) M (0.778, R3, L26) - Cytosol/ER ER/ Microsome memb.
Cvel_22311.t1 4384 Anch (0.868, L46) M (0.706, R4, L15) - Cytosol/ER ER/ Microsome memb.
Other KSs Cvel _11706.t1 2033 - M (0.489, R5, L21) Cytosol/ER Cytosol
Cvel_12573.t1 2656 - - Cytosol/ER Cytosol
Cvel_15255.t1 2854 SP (0.877, L29) M (0.333, R5,L17) M (0.669, R3, L7) Cytosol/ER Plastid
Cvel_17953.t1 1403 - - - Cytosol/ER Cytosol
Cvel_18613.t1 1930 - - - Cytosol/ER Cytosol
Cvel _19321.t1 3353 - - - Cytosol/ER Cytosol
Cvel_19611.t1 6404 - - - Cytosol/ER Cytosol
Cvel_19874.t1 528 - - - Cytosol/ER Cytosol
Cvel_22375.t1 2562 - - - Cytosol/ER Cytosol
Cvel_23369.t1 2489 - M (0.494, R5, L50) - Mitochondrion Mitochondrion
Cvel_24220.t1 1093 - - - Cytosol/ER Cytosol
Cvel_24323.t1 782 - - - Cytosol/ER Cytosol
Cvel_26639.t1 2832 - M (0.683, R4, L11) - Cytosol/ER Cytosol/Mitochondrion
Cvel_28742.t1 2860 - SP (0.546, R5, L17) - Cytosol/ER Cytosol
Cvel _32860.t1 565 - - - Cytosol/ER Cytosol
Cvel_33368.t1 1048 - SP (0.447, R5,1L.24) - Cytosol/ER Cytosol
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Table 2. Ketoacyl synthases, elongases, and desaturases in chromerids and their predicted subcellular location.

Ketoacyl Synthases Accession Length (AA) SignalP 3.0 TargetP 1.1 TargetP (trimmed SP) ASAFind Pred. Localization

Other KSs Cvel_33369.t1 720 - - - Cytosol/ER Cytosol
Cvel _33747.t1 1598 - - - Cytosol/ER Cytosol
Cvel_3424.t1 4498 - - - Cytosol/ER Cytosol
Cvel_34436.t1 1211 - - - Cytosol/ER Cytosol
Cvel_34654.t1 1165 - - - Cytosol/ER Cytosol
Cvel_34826.t1 1174 - - - Cytosol/ER Cytosol
Cvel _35138.t1 1013 - - - Cytosol/ER Cytosol
Cvel _35394.t1 1007 - - - Cytosol/ER Cytosol
Cvel_35394.t2 968 - - - Cytosol/ER Cytosol
Cvel_36416.t1 675 - - - Cytosol/ER  Cytosol
Cvel_36618.t1 349 - - - Cytosol/ER Cytosol
Cvel_3734.t1 4498 - - - Cytosol/ER Cytosol
Cvel_6161.t1 6550 - - - Cytosol/ER Cytosol
Cvel_6212.t1 2635 - - - Cytosol/ER Cytosol
Cvel_678.t1 2469 - - - Cytosol/ER Cytosol
Vbra_1266.t1 6691 - - - Cytosol/ER  Cytosol
Vbra_1193.t1 1857 - - - Cytosol/ER Cytosol
Vbra_12045.t1 3268 - - - Cytosol/ER Cytosol
Vbra_12047.t1 1204 - SP (0.777, R4, L19) - Cytosol/ER Cytosol
Vbra_135.t1 1603 - - - Cytosol/ER  Cytosol
Vbra_14267.t1 1337 - - - Cytosol/ER Cytosol
Vbra_1496.t1 3575 - - - Cytosol/ER  Cytosol
Vbra_16257.t1 1220 - - - Cytosol/ER Cytosol
Vbra_21227.t1 6651 - - - Cytosol/ER Cytosol
Vbra_2242.t1 995 SP (0.959, L16) M (0.442, R5, L12) - Cytosol/ER  ER/Microsome lumen
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Table 3. Ketoacyl synthases, elongases, and desaturases in chromerids and their predicted subcellular location.

Ketoacyl Synthases Accession  Length (AA) SignalP 3.0 TargetP 1.1 TargetP (trimmed SP) ASAFind Pred. Localization
Other KSs Vbra_22449.t1 1668 - - - Cytosol/ER Cytosol
Vbra_23040.t1 4167 - - - Cytosol/ER Cytosol
Vbra_23145.t1 480 - - - Cytosol/ER Cytosol
Vbra_23180.t1 2233 - - - Cytosol/ER  Cytosol
Vbra_23216.t1 301 - - - Cytosol/ER Cytosol
Vbra_23250.t1 1732 - - - Cytosol/ER Cytosol
Vbra_23378.t1 1092 - - - Cytosol/ER Cytosol
Vbra_424.t1 1469 - - - Cytosol/ER Cytosol
Vbra_425.t1 1098 - - - Cytosol/ER  Cytosol
Vbra_428.t1 3041 - - - Cytosol/ER  Cytosol
Vbra_460.t1 3015 - - - Cytosol/ER Cytosol
Vbra_483.t1 2820 - SP (0.479, R4, 1L.43) - Cytosol/ER Cytosol
Vbra_50.t1 526 - - - Cytosol/ER Cytosol
Vbra_502.t1 710 SP (0.871, L20) SP (0.479, R4, L20) - Plastid Plastid/ER
Vbra_51.t1 3829 - - - Cytosol/ER Cytosol
Vbra_6248.t1 1297 - - - Cytosol/ER  Cytosol
Vbra_7032.t1 2189 - - - Cytosol/ER Cytosol
Vbra_7414.t1 461 - - - Cytosol/ER Cytosol
Vbra_8741.t1 1101 - - - Cytosol/ER Cytosol
FASII (remaining) parts) Accession Length (AA) SignalP 3.0 TargetP 1.1 TargetP (trimmed SP) ASAFind Pred. Localization
Acyl transferase Cvel_4616.t1 349 SP (0.983, L20) SP (0.729, L19, R3) M 0.526 (R5, L19) Plastid Plastid
Vbra_21812.t1 362 SP (0.996, L21) SP (0.694, L20, R3) M 0.635 (R4, L15) Plastid Plastid
Enoyl reductase Cvel _5563.t1 355 SP (0.958, L20) SP (0.785, L19, R3) M 0.912 (R2, L.23) Plastid Plastid
Vbra_11747.t1 412 SP (0.996, L22) SP (0.982, L33, R1) M 0.919 (R1, L20) Cytosol/ER  Plastid
Ketoacyl reductase (KR) Cvel_3619.t1 392 SP (0.912, L19) SP (0.915, L18, R1) M 0.700 (R3, L17) Plastid Plastid
Vbra_710.t1 338 SP (0.996, L22) SP (0.943, L21, R1) M 0.766 (R3, L10) Plastid Plastid
Dehydrogenase Cvel _14912.t1 213 SP (0.849, L18) SP (0.884, L17, R2) M 0.526 (R5, L19) Plastid Plastid
Vbra_19455.t1 225 SP (0.993, L25) SP (0.800, L22, R2) M 0.827 (R2, L43) Plastid Plastid
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Table 4. Ketoacyl synthases, elongases, and desaturases in chromerids and their predicted subcellular location. S/MUFAs, saturated and monounsaturated FAs, PUFA,
poly-unsaturated FAs.

Elongases

S/MUFA  Cvel _6334.t1 193 SP (0.960, L16) SP (0.861, R2, L16) M (0.689, R3, L5) Cytosol/ER Plastid
Cvel_13090.t1 525 Anch (0.838, L41) - - Cytosol/ER ER/Microsome memb.
Cvel_14249.t1 884 Anch (0.791, L39) - - Cytosol/ER  ER/Microsome memb.
Cvel_15641.t1 2131 Anch (0.606, L50) - - Cytosol/ER ER/Microsome memb.
Cvel_12461.t1 415 - - - Cytosol/ER Cytosol
Vbra_3929.t1 307 - - - Cytosol/ER Cytosol
Vbra_9666.t1 885 SP (0.675, 1.24) SP (0.622, R3, L40) S (0.950, R1,L16) Cytosol/ER ER/Microsome lumen
Vbra_11085.t1 281 Anch (0.560, L16) - - Cytosol/ER ER/Microsome memb.
Vbra_12050.t1 330 Anch (0.600, L41) - - Cytosol/ER ER/Microsome memb.
Vbra_13163.t1 363 - - - Cytosol/ER  Cytosol

PUFA Cvel_1604.t1 297 - - - Cytosol/ER Cytosol
Vbra_3441.t1 363 Anch (0.984, L55) - - Cytosol/ER ER/Microsome memb.
Vbra_11843.t1 306 Anch (0.986, L63) - - Cytosol/ER ER/Microsome memb.
Vbra_16961.t1 291 Anch (0.638, L62) - - Cytosol/ER  ER/Microsome memb.
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Table 5. Ketoacyl synthases, elongases, and desaturases in chromerids and their predicted subcellular location.
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Desaturases Accession Length (AA) SignalP 3.0 TargetP 1.1 TargetP (trimmed SP) ASAFind Pred. Localization

Omega Cvel_2615.t1 461 - - - Cytosol/ER Cytosol
Cvel_21003.t1 440 - - - Cytosol/ER Cytosol
Cvel_22707.t1 425 SP (0.999, L17) M/SP (0.631/0.771,L17, R5) M (0.852, R2, L71) Plastid Plastid
Vbra_7407.t1 445 - M (0.564, L12, R5) - Cytosol/ER Cytosol
Vbra_15192.t1 465 - - - Cytosol/ER Cytosol
Vbra_20615.t1 447 - - - Cytosol/ER Cytosol

Delta 9 Cvel_14249.t1 884 Anch (0.791, L39) - - Cytosol/ER ER/Microsome memb.
Cvel_21149.t1 395 SP (0.910, L37) SP (0.979, L37, R1) M 0.814 (R2, L6) Cytosol/ER Plastid
Vbra_9666.t1 885 SP (0.675, L40) SP (0.622, L40, R3) - Cytosol/ER ER/Microsome lumen
Vbra_15445.t1 565 - M (0.549, L19, R5) - Cytosol/ER Cytosol

Front-end Cvel_8966.t1 507 - - - Cytosol/ER Cytosol
Cvel_17413.t1 543 - - - Cytosol/ER Cytosol
Vbra_17659.t1 439 - - - Cytosol/ER Cytosol
Vbra_20473.t1 437 - M (0.738, L17, R3) - Mitochondrion Mitochondrion

Acetyl-CoA Carboxylases Accession Length (AA) SignalP 3.0 TargetP 1.1 TargetP (trimmed SP) ASAFind Pred. Localization
Cvel_530.12 2097 - M (0.478, L18, R5) - Cytosol/ER Cytosol
Cvel_25292.t1 1651 - - - Cytosol/ER Cytosol
Vbra_9562.t1 2702 - - - Cytosol/ER Cytosol
Vbra_15163.t1 2146 SP (0.999, L19) SP (0.828, L19, R2) M 0.833 (R2, L20) Cytosol/ER Plastid
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3.2. Elongation

The repertoire of FA elongases (Tables 1-5) differs between the two chromerids, even though
their detected FA spectra are highly similar (Figure 5). The class-specific sequence motifs [52] and
phylogenetic signal in desaturase domains allowed us to recognize two major functional classes
(Figure 6):

i) Elongases specific for the saturated and monounsaturated fatty acids (S/MUFAs), forming four
different orthologous groups. The total number of genes in each species is four, but their phylogenetic
distribution within the tree and their predicted intracellular locations appeared to be species-specific.
The first group predicted as cytosolic in location and counting one gene per species resulted to branch
with stramenopiles. The second distant clade, putatively localized to the ER membrane, was found
to be composed of V. brassicaformis (three genes) and C. velia (two genes). The remaining two S/MUFA
elongases of C. velia and V. brassicaformis share origin with chlorophytes and plants at the very base
of the S/MUFA group. A single distinct elongase of C. velia was found to form a sister long branch to
haptophytes.

ii) Elongases specific for poly-unsaturated FAs (PUFA). A single gene coding for a cytosolic
elongase (Cvel_1604.t1) of PUFA was found in C. velia, whereas V. brassicaformis appeared to encode
three paralogous enzymes putatively located in the ER membrane (Tables 1-5). The single cytosolic
PUFA desaturase of C. velia clusters with stramenopiles, while the three ER-located elongases from
V. brassicaformis branch together with apicomplexans (Figure 6).
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Figure 5. The fatty acid composition of both algae obtained by GC/FID (Chromera velia 350 + 38 mg/g
and Vitrella brassicaformis 4 + 0.8 mg/g dry mass) and enzymatic repertoire for particular fatty acid
synthesis and modification (n = 5). The concentrations of FAs are displayed in percentages with
standard deviations. C. velia tends to accumulate storage lipids and contains approximately 100-fold
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higher FAs concentrations than V. brassicaformis. The absolute concentrations of individual fatty acids
can be calculated from absolute FAs concentrations values.
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Figure 6. Bayesian phylogenetic tree inferred from elongase domains (70 taxa, 188 amino acid
residues). Numbers above the branches display ML bootstrap/Bayesian PP support (BS1000/3M,
CAT/LG). Predicted subcellular locations are displayed.

3.3. Desaturation

The desaturation of FAs is accomplished by desaturases of four different major classes defined
by the specific products of their action. In both chromerid genomes, we identified desaturases of all
functional classes. Most of the genes appeared to have no detectable N-terminal-targeting pre-
sequence (Tables 1-5), with omega desaturases making an exception (Tables 1-5). Therefore, we
presume that most desaturation processes likely take place in the cytosol. To distinguish the main
functional enzyme groups, we constructed a maximum likelihood phylogeny (Figure 7) based on the
dataset of desaturase domains from various organisms previously published by Gostincar et al. [53].
Using this initial phylogeny-based sorting, we built more detailed phylogenies focused on particular
desaturase classes (Figures S1, 52, S3).
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Sphingolipid desaturases were not an object of this study. However, they were included in the
phylogeny (Figure 7) to test the completeness of the dataset. Regarding the evolution of desaturases,
A-9 desaturases are generally considered as the ancestral group. The A-9 class is represented by two
genes in both C. velia and V. brassicaformis. The likelihood tree (Figure S1) suggested their origin
within the SAR clade (Stramenopila + Alveolata + Rhizaria). The highly divergent gene Cvel_21149.t1
forms the long branch far distant from the SAR group or any sequence data deposited in databases.
The prediction suggests a highly possible plastid targeting of Cvel_21149.t1 (Tables 1-5).

The A-5/6 (front-end) enzyme class was found to be represented by two enzymes in each
chromerid genome. The phylogenetic position of Cvel_17413.t1 is not fully resolved, likely due to
high sequence divergence. The remaining genes form C. velia (1) and V. brassicaformis (2) coding for
A-5/6 (front-end) desaturases constitute a monophyletic sister group to their chlorophyte
counterparts, branching in the proximity of perkinsids, rhizarian, haptophyte, kinetoplastids,
stramenopiles, and choanoflagellate in the well-supported eukaryotic clade. TargetP predicted
Vbra_20473.t1 as mitochondrially located (Figure 8, Figure S2).

The Al2-desaturase group found in C. velia forms two distinct clades: the first clade consists of
two genes from C. velia, branching with plants and cyanobacteria, suggesting its plastid origin. The
second clade is composed of one desaturase from C. veliz together with three genes from V.
brassicaformis and branches between stramenopiles and ciliates, within a major clade composed
mainly of SAR group members, haptophytes, and cryptophytes (Figure S3). The N-terminal pre-
sequence detected in the desaturase Cvel_22707.t1 sharing its origin with plants displays a bi-partite
architecture characteristic for targeting complex plastids (Tables 1-5). The desaturase Vbra_7407.t1
shows only a hint of mitochondrial transit peptide, with low probability and reliability for the
prediction. Thus, we considered this structure to be an artifact and this whole clade of chromerid
desaturases as cytosolic.
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genomes, as described by Gostincar 2010 [50]. The chromerid genomes contain all types of
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Figure 8. Comparison of the fatty acid profile of particular organisms and the origin of particular fatty
acids. Liver-stage of Plasmodium, intracellular stages of Toxoplasma gondii 1) Botté et al., 2013 [54], 2)
Ramakrishnan et al., 2012, 2015 [52,55], 3) Mitschler et al., 1994 [56], 4) Weng at al., 2014 [57], 5) Siron
et al., 1989; Popko et al., 2016 [58,59], 6) James et al., 2011; Puzanskiy et al., 2015 [60,61]. The position
of the last double bond was not specified in some mentioned publications; therefore, it is not included
in the table.

3.4. Fatty Acid Profile

The list of all FAs detected in chromerids and their abundances are shown in Figure 5. The
outcome of the described complex enzymatic machinery is a broad spectrum of FAs that are variable
in abundance, number of carbons, number and position of double bonds. C. velia and V. brassicaformis
have a high content of palmitic acid (C16:0), covering 25% and 33% of all FAs in the two algae. The
FA profiles of chromerids are very similar to each other, with two exceptions: the occurrence of stearic
acid (C18:0) in C. velia is three times higher than in V. brassicaformis, and V. brassicaformis contains two
times more eicosapentaenoic acid (C20:5n-3) (EPA) than C. velia. The detected FAs (Figure 8, Figure
5) indicate the presence of both PUFA pathways w6 (animals) and w3 (algae), resulting in a chain of
20 carbon units with five double bonds (EPA). However, the last enzyme of the w6 pathway, A-
17desaturase, is missing in both algae in correlation with their high content of arachidonic acid
(C20:4n-6). It seems that V. brassicaformis engages the w3 pathway preferentially, unlike C. velia, which
employs both pathways at a similar level (Figure 5, Figure S4a,b). The precursors of both pathways
occur at very low levels or below the limit of detection (e.g., C18:3n-6, C18:3n-3, and C18:4n-3). The
presence of C20:2n-6 among FAs of C. velia indicates an alternative w6 pathway (Figure 3, Figure S4a).
In contrast, C20:2n-6 is not present in V. brassicaformis, with no obvious alternative w6 pathway
(Figure S4b). The high variability of FAs detected in chromerids is also highlighted by the presence
of oleic FA (C18:1n-9) and cis-vaccenic acid (C18:1n-7). These two FAs are based on palmitic acid,
modified by only two enzymes, A-9 desaturase and elongase. C18:1n-9 is synthesized by elongation
of palmitic acid (C16:0) to stearic acid (C18:0) and subsequent desaturation at the 9th carbon position,
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in contrast to the synthesis of cis-vaccenic acid, which begins with the desaturation of palmitic acid
at the 9th carbon position followed by elongation, resulting in a shift of the double bond to the 7th
position (for details, see Figure S4a,b).

After 20 days of triclosan treatment, all cultures treated with a concentration higher than 40 uM
stopped growing (Figure S5), bleached, and died. Cells treated with solvent control (DMSO) were
not affected (data not shown). At the concentration of 40 uM, triclosan drastically inhibited the
production of unsaturated FAs and slightly affected the abundance of saturated FAs. When the
inhibitor concentration was increased up to 330 uM, we observed the vanishing of unsaturated FAs
and a dramatic downregulation of C16:0. No such drastic decrease was observed in the production
of C18:0 (Figure S6). Even a slightly higher concentration of triclosan in the medium caused a fatal
collapse of the whole membrane system, as seen by transmission electron microscopy (Figure S7a,b).

Our experiment with nitrogen repletion and depletion showed changes in the lipid profiles of
C. velia: FAs up to C18 increased in abundance by approximately 14% during nitrogen depletion,
while FAs longer than C18 were more abundant during nitrogen repletion (Figure S8). The
modulation of the FA profile by environmental conditions was also described [62].

4. Discussion

Both types of FAS have been detected in chromerids, T. gondii, and other coccidians (Figure 9).
Type I FAS enzymes are preserved mainly in organisms that have lost their plastids, such as
Cryptosporidium, or in those that never had plastids. It is possible that in plastid-bearing organisms,
the rarely present cytosolic FAS-I is employed in the synthesis of some special FAs; however, it is
more likely that FAS-I multi-modular enzymes in chromerids and coccidia are involved in the
elongation of FAs rather than in de novo synthesis, as suggested for FAS-I enzyme in C. parvum. It
was nicely shown that the multi-modular FAS-I enzyme from this plastid-lacking intestinal
apicomplexan parasite is responsible for the elongation of short fatty acids scavenged from the host
[33]. Since the acetyl-CoA (coenzyme A) carboxylase (ACC) from C. parvum, which is used for
elongation and not FA de novo synthesis branches together with the cytosolic ACCs from T. gondii
and chromerids (Figure S9), they can hypothetically do the same job. Although chromerids,
coccidians, and Cryptosporidium are known to encode numerous FAS-I-like multi-modular enzymes
in their genomes, only some of them are believed to be involved in FAS metabolism. Others more
likely represent evolutionary related genes coding for type I polyketide synthases (PKS-I) responsible
for the synthesis of polyketides, secondary metabolites known to act as antimicrobial compounds
and toxins, such as cyanobacterial toxins, dinoflagellate red-tide toxins (e.g., brevetoxin), mycotoxins
(e.g., aflatoxin), and even some compounds used as antibiotics (geldanamycin, doxycycline, and
others) [51]. All these enzymes contain at least one incomplete module lacking an acyltransferase
(AT) domain, with the absence of this domain being considered as a hallmark of most algal type I
PKSs [25]. Furthermore, one and two multi-modular FAS-like enzymes in C. velin and V.
brassicaformis, respectively, contain additional methyltransferase (MT) domains, which is also typical
for PKSs [63].
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Figure 9. Overview of FAS evolution in chromerids and apicomplexan parasites.

The coccidian T. gondii contains at least one FAS-I enzyme with four complete modules (9940
amino acids) [57] and PKS-I enzymes [22]. C. parvum contains, in addition to the FAS-I multi-modular
gene with three modules, also a PKS gene, which consists of seven modules containing 13,411 amino
acids. The exclusive feature of all FAS-I and PKS-I in apicomplexans is likely the formation of highly
resilient oocysts (Cryptosporidium, Eimeria, Toxoplasma) [30]. Since these enzymes have affinity to
similar substrates, it is speculated that FAS-I, together with multi-domain PKSs, collaborate to
produce special lipids constituting the oocyst membrane. This cooperation between FAS-I and PKS-
I has also been reported in certain dinoflagellates, fungi, and bacteria [22]. A durable cell wall is also
characteristic of certain life stages of C. velia and V. brassicaformis [1,2]. Although most multi-domain
FAS-I/PKS-I enzymes in chromerids show sequence structures typical for PKS rather than FAS-I, both
algae have two different ACCases (Figure S9, 510). The first one is related to the plastid originated
and located ACCases, similar to those of other apicomplexans, dinoflagellates, cryptophytes,
haptophytes, and chlorophytes. The second one, which is likely cytosolic, branches with that of T.
gondii and C. parvum. Since it was proposed that cytosolic acetyl CoA carboxylase could be a source
of malonyl-CoA for the elongation of fatty acids [22,64], FAS-I in apicomplexans may be involved in
elongation. As canonical elongases are also present in chromerid genomes, FAS-I multi-modular
enzymes can be involved in FA elongation in specific life stages, like in T. gondii [65] and C. parvum
[33].
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As mentioned previously [13,58], chromerids are equipped with cytosolic FAS-I multi-modular
enzymes originating from the eukaryotic heterotrophic host (exosymbiont) and with plastid-located
FAS-II, which was acquired during the complex endosymbiotic event from the endosymbiont (Tables
1-5). This pathway arrangement correlates with the elevated expression of plastidial ACCase during
nitrogen depletion, which has been described in C. velia, and in the haptophyte Isochrysis galbana [64].
The tendency of chromerids to switch metabolism towards storing energy in the form of lipids, which
is enhanced in nitrogen-poor media, is shared with other algae like the symbiotic dinoflagellate
Symbiodinium spp. [59], the eustigmatophyte Nannochloropsis gaditana [66], the diatom Phaeodactyllum
tricornutum [60,61,67], the thodophyte Cyanidioschyzon merolae, and the chlorophytes Chiorella vulgaris
[68] and Chlamydomonas reinhardtii [55,69,70]. The complete FAS-II apicoplast-located system was
recorded in T. gondii, P. falciparum, and E. tenella [22,29,54,71-75], and all these apicomplexans use it
for the de novo synthesis of saturated FAs [20,29,57,76]. The apicomplexan minimalist
Cryptosporidium does not possess the apicoplast, consequently lacks the FAS-II pathway, and fully
depends on FAs scavenged from the host and in-house elongation [33]. The blood parasites Babesia
and Theileria completely lack FAS and modification enzymes, despite the presence of the apicoplast
in their cells [20,22,33] (Figure 9). Importantly, the FAS-II pathway was found in all organisms
bearing red algal-derived plastids [23]. Based on experiments with the reportedly selective inhibitor
of FAS-II triclosan [77], it was initially suggested that it is the FAS-I system which is responsible for
FA de novo synthesis in C. velia, while FAS-II is involved in elongation and desaturation of primary
FAs to final PUFAs arising from both w-3 and w-6 pathways [13]. A similar FA biosynthetic and
modulatory system was initially proposed for T. gondii, again partly based on experiments with
triclosan and other selective inhibitors. Mazumdar and Striepen [30] deduced that T. gondii employs
FAS-I in the de novo synthesis of FAs and FAS-II in lipoic acid synthesis. However, experiments
performed in the absence of selective inhibitors finally suggested that the de novo synthesis of FAs
in T. gondii is maintained exclusively by the apicoplast-located type II FAS pathway [54,57]. After
several of our experiments with triclosan and considering the above-mentioned published results,
we doubt its inhibitory specificity. The target of triclosan is supposed to be the enoyl reductase
domain, which plays an indispensable role in both FAS-I and FAS-II systems. Thus, the inhibition
should affect both types of synthesis [78]. Since the enzymatic steps involved in the elongation
process are like those of FAS-I and II, but the growing chain is held by CoA instead of ACP [30], we
hypothesize that lower concentrations of triclosan mainly affect cytosolic enoyl reductases, while the
plastidial ones are likely protected by multiple plastid membranes. It seems that plastid membrane
protection is not efficient at triclosan concentrations of 80 uM and higher. A fatal collapse of the whole
membrane system, which is apparent in the TEM pictures (Figure S6), could be induced by the
inhibition of plastidial enoyl reductase. We assume that the specificity of triclosan is at least
questionable and that this compound non-specifically inhibits elongases and desaturases in the
cytosol and endoplasmic reticulum rather than FA synthesis in the plastid. Therefore, we propose
that the de novo synthesis of FAs occurs in the plastid using a prokaryotic type of fatty acid synthesis,
like in other phototrophic eukaryotes. The FAS-II pathway was found responsible for FA synthesis
in all organisms bearing red algal-derived plastids [23]. It also appears reasonable that one of the
most energetically expensive processes, for which also reduction equivalents are needed, is
associated with the plastid, the main ‘power station’” and producer of reduction equivalents of the
phototrophic cell. Taking all the above-mentioned facts into account, we propose that chromerids
synthesize at least the major pool of fatty acids in the plastid using the FAS-II system.

Sequence identification of the enzymes involved in FAS and their localization results (Tables 1-
5) together with GC/FID analysis of FAs (Figure 5) provided enough information for proposing a
model for FA biosynthesis, elongation, and desaturation in chromerids (Figure S4 a, b). The primary
sources of energy and carbons for the synthesis of FAs in chromerids are photosynthesis and the
Calvin cycle, as described in plants [56,79]. Based on our findings, we suggest that the plastid-located
FAS-II system de novo synthesizes short saturated FAs—mainly C16:0, followed by C18:0 and C14:0
acids—and exports them to the cytosol in the form of FAs or associated with ACP. FA-ACP
complexes are then modified by the set of desaturases and elongases. Most enzymes participating in
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the final steps of FA synthesis are either located in the cytosol or associated with the membrane of
the endoplasmic reticulum, with the exception of one plastid-targeted A9 desaturase (Cvel_21149),
one plastid-targeted w-desaturase (Cvel_22707), and one front-end desaturase (Vbra 20473), likely
located in the mitochondrion (Tables 1-5). Plastid-targeted A9 and w-desaturases were also described
in plants [24] and are the only desaturases retained in Plasmodium lacking any traces of FAS-I system
(Figure 9). It should also be pointed out that chromerids do not produce C16 fatty acids with more
than one double bond. Such poly-unsaturated C16 fatty acids are common in a broad spectrum of
non-chromerid algae; for example, the diatom P. tricornutum and the green alga C. reinhardtii contain
these FAs even with four double bonds in the 16 carbons chain (Figure 8). The presence of an
alternative pathway to produce EPA in C. velia is very common and has been previously reported in
the chlorophyte Pariechloris incista [80]. Furthermore, the diatom P. tricornutum has three [81], and
Euglena gracilis has four different pathways to produce EPA [82]. The absence of any alternative EPA
synthesis pathway in V. brassicaformis is even more interesting (Figure S4b). Chromerids lack long
FAs (longer than C20), like other mentioned eukaryotic phototrophs, except for P. tricornutum,
containing polyunsaturated FAs (22:6) (Figure 8).

Chromerids encode a broad spectrum of enzymes involved in the synthesis of short-chain
saturated FAs and their derivatives. The evolutionary diagram in Figure 9 displays differences
between chromerids and apicomplexans, which have completely lost A5/6 and A12/15 desaturases
essential for the biosynthesis of PUFAs. However, previous works dealing with fatty acid
determination showed the occurrence of PUFA in P. falciparum [76] and C. parvum [83] (for detalils,
see Figure 8.). The presence of PUFA in these two parasites can be explained by their salvage from
the host. The only known apicomplexans completely lacking the apicoplast are neogregarines (like
Gregarina niphandrodes) [84] and members of the genus Cryptosporidium [85,86]. Due to the loss of the
complete plastidial FAS II pathway and all desaturases and elongases, C. parvum displays the most
reduced enzymatic equipment for FA synthesis and modification among apicomplexans. Like C.
velia, T. gondii and E. tenella have retained the majority of the enzymatic equipment, except for A5/6
and A12/15 desaturases. While T. gondii uses three elongases and only a single A9 desaturase [54], C.
velia and V. brassicaformis encode six and eight elongases, respectively, and two A9 desaturases. The
loss of photosynthesis and switch to parasitism have been accompanied by losses of enzymes
involved in FA synthesis in a lineage-specific pattern. The ancestral state was most likely equipped
as the typical photosynthetic primary producer.

Cytosolic S/MUFA elongases branch along with stramenopiles (Figure 4), suggesting the
possible transfer from a hypothetical tertiary stramenopile endosymbiont linked to the origin of the
chromerid plastid [2,4,87,88]. The group of S/MUFA elongases branching along with apicomplexans
reflects the common origin of the chromerids and apicomplexans in the frame of the myzozoan
lineage. A single gene of C. velia (Cvel_6334.t1) constitutes a long branch, sister to haptophytes.
Similarly, a single PUFA elongase found in C. velia (Cvel_1604.t1) is related to stramenopiles, in
contrast to three genes from V. brassicaformis, with apicomplexan relatives. Long branching and
orphan phylogenetic positions are common phenomena for genes of C. velia. It appears that the alga
retained genes of ancient origin, acting as a collector of genetic fossils.

5. Conclusions

Sequence identification of particular enzymes involved in FA synthesis and their predicted
localization (Tables 1-5) together with GC analysis of particular FAs (Figure 5) provided enough
information for proposing a system of fatty acid biosynthesis, elongation, and desaturation in
chromerids (Figure S4). The primary sources of energy and carbons for the synthesis of fatty acids in
chromerids are photosynthesis and the Calvin cycle, as described in plants [56,79]. We propose that
the FAS II system localized in the plastid produces de novo short saturated fatty acids—mainly C16:0
(palmitic acid), followed by C18:0 (stearic acid) and C14:0 (myristic acid)—and exports them to the
cytosol as fatty acids or in association with ACP. Fatty acids with ACP are then modified by the set
of desaturases and elongases. Most enzymes participating in the final steps of fatty acid synthesis are
either localized in the cytosol or associated with the membrane of the endoplasmic reticulum, with
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the exclusion of one A9 desaturase (Cvel21149), one w-desaturase (Cvel22707), which are putatively
localized in the plastid (Tables 1-5), as described in plants [24], and one front-end desaturase (Vbra
20473) probably localized in the mitochondrion.

Supplementary Materials: The following are available online at www.mdpi.com/2218-273X/10/8/1102/s1: Figure
S1. The A-9 desaturases Likelihood/Bayesian tree. Figure S2. The A5/6 (front-end) desaturase
Likelihood/Bayesian tree. Figure S3. The omega (A12/15) desaturase Likelihood/Bayesian tree. Figure S4. The
model of fatty acid biosynthesis in Chromera velia (A) and in Vitrella brassicaformis (B). Figure S5. Growing curves
of Chromera velia treated by the various concentration of triclosan recorded by the Tecan instrument (1 = 5).
Figure S6. Spectra of fatty acid composition changes after triclosan treatment obtained by GC/FID. Figure S7
Transmission electron microscopy of C. velia grown in standard f/2 medium (A) and grown in f/2 medium with
333 uM triclosan (B), where the cell is deformed and the inner structure is collapsed. LD - lipid droplets; N —
nucleus; P — plastid. Figure S8. The ratio of fatty acids shorter than C18 and C18 (blue) and longer than C18
(orange) in C.velin during nitrogen deprivation and repletion (n = 5). Figure S9. Maximum-likelihood
phylogenetic tree of acetyl-CoA decarboxylases. Figure S10. The alignment of ACCases of chromerids, showing
the first 408 amino acid residues, with the N-terminal motif similarity shared between plastid-targeted gene
variants.
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