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Evolution of the heme biosynthetic pathway in eukaryotic 

phototrophs 

 

Jaromír Cihlář 

Faculty of science, University of South Bohemia; Institute of Parasitology, Biology 

centre ASCR, České Budějovice, Czech Republic. 

 

Abstract: 

Tetrapyrroles such as heme and chlorophyll are involved in energy consumption 

(oxidative phosphorylation) and fixation (photosynthesis) and therefore are crucial 

components for cell metabolism. Biosynthetic pathway responsible for tetrapyrrole 

production is present in all three domains of cellular life. In eukaryotes, the pathway was 

shaped by past endosymbioses and consecutive endosymbiotic and non-endosymbiotic 

gene transfers which turned it into a true mosaic of enzymes with diverse origins and 

often with different subcellular localization. This thesis discusses the current view on the 

heme biosynthesis in eukaryotic phototrophs, how the pathway evolved during the 

history of plastid endosymbioses and how it adapted in response to evolutionary events.   

1    Introduction 

Tetrapyrrole biosynthetic pathway is undoubtedly one of the most important 

enzymatic pathways in living organisms. Besides heme, the pathway provides 

precursors for the synthesis of other crucial tetrapyrroles (Frankenberg et al., 2003) 

(Fig. 1). In phototrophs, the substantial part of protoporphyrin IX, the last precursor of 

heme before iron chelatation, is employed in the synthesis of chlorophylls, 

photosynthetic pigments essential for the capturing of light energy (Mochizuki et al., 

2010). Uroporphyrinogen III, in eubacteria and Archaea, is needed for the production of 

cobalamin (vitamin B12), which is also an essential cofactor for enzymes involved in 

DNA synthesis and energy metabolism in all organisms (Roth et al., 1996; Scott and 
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Roessner, 2002). Furthermore, uroporphyrinogen III is also a precursor for the formation 

of siroheme, which bacteria and plants use for nitrogen and sulfur fixation (Frankenberg 

et al., 2003). The ability to synthetize (or acquire) tetrapyrroles is therefore inherently 

linked to life. This can be exemplified by the most widely spread tetrapyrrole, the heme. 

1.1    Importance of heme in living organisms 

Heme functions as a cofactor in numerous enzymes. Heme-binding proteins can 

be found in cells of nearly all living organisms, with most of them being heme autotrophs 

capable for de novo heme synthesis (Yin and Bauer, 2013). Heme auxotrophs, for 

instance trypanosomatids and many other parasites, must seek heme in their hosts 

(Kořený et al., 2009; Kořený et al., 2013). Analogously, predators (e.g. the nematode 

Caenorhabditis elegans) obtain heme from their prey (Sinclair and Hamza, 2015).        

In every way, heme is essential for survival of vast majority of living organisms. 

However, there are a few exceptions: pathogenic and anaerobic bacteria (Decker et al., 

1970) and single known aerobic eukaryote Phytomonas serpens (Kořený et al., 2012) 

are able to survive without heme.  

Heme consists of four porphyrin rings (which is how tetrapyrroles earned their 

name) attached to one another in a cyclic manner coordinated with divalent iron ion 

(Frankenberg et al., 2003) (Fig.1). Functional hemoproteins are assembled through 

interactions of the iron ion with various apo-proteins.  Hemoproteins have many different 

biological activities primarily determined by the ability of heme to exist either in oxidized 

ferric (Fe3+) or reduced ferrous (Fe2+) state that enables them to accept and donate 

electrons from/to various compounds (Frankenberg et al., 2003). Such defined 

conformational plasticity is employed by the cytochromes, the most abundant group of 

hemoproteins that participate in diverse redox reactions in the cell. Although in aerobic 

organisms the main importance of cytochromes lies in the electron transport during 

oxidative phosphorylation and photosynthesis (Beale and Weinstein, 1991), 

cytochromes also respond to oxidative stress (Chelikani et al., 2004; Bonifacio et al., 

2011) or detoxify drugs (Schenkman and Jansson, 2003; Anzenbacher and 

Anzenbacherová, 2001). As the main component of hemoglobin, heme is also 

responsible for the transport of diatomic gasses (O2 and CO2) in red blood cells (Chen 
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et al., 2008). Alternatively, other proteins benefit from interactions with heme which 

gives them the ability to sense biologically important gases such as oxygen, carbon 

monoxide, and nitric oxide (Jain and Chan, 2003).  As the nitric oxide-sensory part of 

guanylyl cyclase, heme also plays an important role in signal transduction                

(Hou at al., 2006). Although most of the intracellular heme is bound to proteins, 

probably due to its toxicity, presence of “uncommitted” or “free” heme was reported 

(Ponka, 1999).  Intracellular heme reversibly binds to numerous transcription factors 

(Creusot et al., 1989; Sassa and Nagai, 1996; Zhang et al., 1998; Zhang and Hach, 

1999) and ion channels (Tang et al., 2003; Horrigan et al., 2005). 

 

Fig. 1. General scheme of heme biosynthesis pathway. The difference is shown between C4 and C5 pathways for 

the synthesis of ALA. ALA is synthesized in the plastid via the C5 pathway in most eukaryotic phototrophs while in 
primarily heterotrophic eukaryotes, chromerids, and apicomplexans, it is produced in the mitochondrion using the C4 
(Shemin) pathway. Enzymes abbreviations are explained in the text. Gene names are shown in red.    
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2    Biosynthesis of heme 

Most organisms synthesize heme exclusively under aerobic conditions. It is 

mainly because of two oxidative steps involved in the pathway, catalyzed by 

coproporphyrinogen oxidase (CPOX) and protoporphyrinogen oxidase (PPOX), require 

oxygen for their function (Hainemann et al., 2008). However, the oxygen-independent 

counterparts of both above-mentioned enzymes were identified within genomes of some 

bacterial species (Panek and O’Brian, 2002; Frankenberg et al., 2003). Furthermore, 

several hemoproteins have been found in anaerobic organisms by Pereira and 

colleagues (1998) suggesting the possible appearance of heme pathway even before 

the emergence of oxygen in the atmosphere. Such hemoproteins might have equipped 

ancient anaerobic organisms with the ability to sense diatomic gases and to avoid 

nitrosative and oxidative stress (Poole and Hughes, 2000; Green et al., 2009). 

Heme biosynthesis is a rather complex process which requires a coordinated 

activity of up to nine different enzymes (Fig. 1). At the same time, this multi-step 

pathway is exceedingly conserved in all three domains of cellular life, though, there are 

differences in the synthesis of the δ-aminolevulinic acid (ALA), a common precursor of 

all tetrapyrroles (Fig. 1). All prokaryotes, except α-proteobacteria (Beale, 1999; Panek 

and O’Brian, 2002),  use the so-called C5 pathway for ALA synthesis, where the five-

carbon glutamate bound to its tRNA is used as a precursor for the synthesis (hence the 

name C5). Consequently, most photosynthetic eukaryotes that inherited their heme 

pathways from cyanobacterial plastid predecessors also use the C5 pathway.            

The C5 pathway consists of two enzymes: glutamyl-tRNA reductase (GTR) and 

glutamate 1-semialdehyde aminotransferase (GSA-AT) progressively converting 

glutamyl-tRNAGlu into ALA. In comparison, α-proteobacteria use so-called C4 (or 

Shemin) pathway (Jordan and Shemin, 1972; Ferreira and Gong, 1995; Duncan et al., 

1999), where ALA is synthesized through the condensation of glycine and succinyl-CoA, 

catalyzed by a single enzyme ALA synthase (ALAS). Consequently, most heterotrophic 

eukaryotes also use the C4 pathway adopted from the α-proteobacterial predecessors 

of mitochondria, where the pathway is located. 
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The consecutive steps of heme biosynthetic pathway are common to all 

organisms that are able to synthesize heme (Heinemann et al., 2008, Layer et al., 2010) 

and lead to the ultimate step of the pathway catalyzed by ferrochelatase (FeCH). The 

association of iron with the porphyrin ring of protoporphyrin IX in this step forms heme b 

(or protoheme) as the most abundant type of heme in respiratory cytochromes, 

photosynthetic electron transport chain components, peroxidases, plant cytochrome    

P-450, and other oxidative enzymes (Beale and Weinstein, 1991). Furthermore, heme b 

serves as a precursor for other types of heme that are component parts of mitochondrial 

and/or plastidial cytochromes. Heme a is present exclusively as a prosthetic group of 

cytochromes of the respiratory complex IV (cytochrome c oxidase) and is derived from 

heme b via sequential modification catalyzed by heme o synthase and heme a synthase 

(Swenson et al., 2016). Another important prosthetic group of both mitochondrial 

complex III (cytochrome b/c1) and plastidial cytochrome b6f is the heme c. It is also 

present in soluble cytochrome c and therefore the synthesis of heme c is closely 

intertwined with the synthesis of cytochrome c and represents the most complex 

modification of heme (Kranz et al., 2009). 

2.1   Biosynthesis of heme in eukaryotes and the significance of the  

endosymbiotic gene transfer  

 In comparison with prokaryotes, the eukaryotic heme biosynthesis is somewhat 

more complex. This complexity follows the evolutionary history of eukaryotes that was 

vastly influenced by multiple endosymbioses with bacterial and phototrophic eukaryotic 

cells. These endosymbiotic processes resulted in the rise of semi-autonomous 

organelles such as mitochondria and plastids (Vothknecht and Soll, 2007).                  

By extension, endosymbiosis led to different spatial organization among cellular 

compartments and to mosaic evolutionary origins of heme pathway enzymes in 

eukaryotic heterotrophs and autotrophs (Oborník and Green, 2005).  

It is believed that in the early stage of an endosymbiosis, both involved cells had 

their own heme biosynthetic pathway. During later stages many genes from the 

endosymbiont were transferred to the host nucleus by the endosymbiotic gene transfer 

(EGT) (Martin et al., 1998; Delwiche, 1999; Martin et al., 2002; Timmis et al., 2004; 
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Oborník and Green, 2005; Jiroutová et al., 2010), allowing for enhanced host control 

over the organelle and reduced functional redundancy of cellular biochemistry. In this 

manner, some of the endosymbiont genes eventually replaced original host genes and 

took over their function, which resulted in a mosaic character of eukaryotic heme 

biosynthesis pathway (Oborník and Green, 2005). In most cases, enzymes targeted to a 

given organelle originated from the bacterial ancestor of the respective organelle. In this 

logic, enzymes of cyanobacterial origin should be located in a plastid, enzymes 

originating from mitochondria (α-proteobacteria) should be located to mitochondria, and 

enzymes originating from the host nucleus should be of cytosolic location. Besides 

experimental evidence, localization of particular enzymes can be predicted based 

physicochemical properties of their N-terminus, where an organellar targeting 

presequence might be found, while cytosolic enzymes would lack such presequence. 

With that being said, in eukaryotes, the placement of enzymes does not always 

correspond to their origins (Kořený et al., 2011; Cihlář et al., 2016), which will be 

discussed in the following sections. 

2.2    Biosynthesis of heme in primary heterotrophs 

Heme biosynthesis is in primarily heterotrophic eukaryotes located in two 

different cellular compartments (Dailey et al., 2005) (Fig. 2A). The biosynthesis starts in 

mitochondria where ALA is synthesized by ALAS via C4 pathway (Jordan and Shemin, 

1972). The putative origin of the nuclear gene encoding for ALAS is in mitochondrion, 

because it is only present in α-proteobacteria and primarily heterotrophic eukaryotes. 

None of the eukaryotic ALAS examined so far have ever been proven to possess a 

predictable mitochondrial targeting presequence (termed the mitochondrial transit 

peptide, mTP); Still ALAS has never been found outside of the mitochondria (Kořený et 

al., 2011). This is very likely due to the fact that ALAS utilizes succinyl-CoA, a product of 

the mitochondrial TCA cycle, as the initial substrate. ALA is then transported to the 

cytosol where ALA dehydratase (ALAD), porphobilinogen deaminase (PBGD; also 

called hydroxymethylbilane synthase), uroporphyrinogen synthase (UROS), and 

uroporphyrinogen decarboxylase (UROD) are located. ALA export from the 

mitochondrion is probably coupled with glycine import in order to balance the amount of 
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glycine for ALA synthesis (Chiabrando et al., 2014; Guernsey et al., 2009; Hamza and 

Dailey, 2012).  

The re-location of subsequent steps of tetrapyrrole synthesis to cytosol probably 

follows the attempts to reduce oxidative stress caused by the highly reactive 

intermediates of heme biosynthesis in the mitochondrion (Vavilin and Vermaas, 2002). 

Oxidative stress posed on the mitochondrion is already high enough because of the free 

radicals generated by electrons escaping from the respiratory chain (Chen et al., 1993; 

Turrens, 2003; Murphy, 2009). There is an interesting difference between localization of 

coproporphyrinogen oxidase (CPOX) among heterotrophs: this enzyme is located inside 

mitochondria of animals, oomycetes (heterotrophic stramenopiles) and some fungi.       

It means that the genes coding for the CPOX, at some point of the endosymbiotic 

process, independently acquired N-terminal pre-sequences required for a mitochondrial 

targeting. On the other hand, CPOX of other eukaryotic heterotrophs represented by 

some fungi (e.g. yeast), rhizarians, some apicomplexans, and ciliates is likely to be 

located to the cytosol. The last two steps of heme pathway catalyzed by two closely 

interacting enzymes, the protoporphyrinogen oxidase (PPOX) and  the ferrochelatase 

(FeCH) (Ferreira et al., 1988), are again located in mitochondria of heterotrophs 

(Oborník and Green, 2005; Kořený and Oborník, 2011). Such organization probably 

reflects the highest need of heme in cytochromes of the mitochondrial respiratory chain. 

Furthermore, it is also important for the regulation of the pathway since heme is known 

to mediate the feedback inhibition of ALA synthesis (Czarnecki and Grimm, 2012; 

Masuda and Fujita, 2008).  

Regardless of their mitochondrial/cytosolic localization, ALAS and 

uroporphyrinogen synthase (UROS) seem to be the only two enzymes originating from 

the α-proteobacterial/mitochondrial genome, while genes for the other enzymes more 

likely originate from the eukaryotic exosymbiont (host) nucleus (Oborník and Green, 

2005; Kořený et al., 2011; Kořený and Oborník, 2011). 
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2.3    Biosynthesis of heme in phototrophic eukaryotes 

2.3.1    Primary phototrophs 

The evolution of heme biosynthesis in photosynthetic eukaryotes was largely 

influenced by the process of primary endosymbiosis involving a primary heterotrophic 

eukaryote (primary host, exosymbiont) and a cyanobacterium (primary endosymbiont). 

This has resulted in the emergence of primary plastids in Archaeplastida, the eukaryotic 

supergroup containing glaucophytes, rhodophytes (red algae), chlorophytes (green 

algae) and higher plants (Rodríguez-Ezpeleta et al., 2005; Archibald, 2009; Ponce-

Toledo et al., 2017). During the primary endosymbiogenesis, the cyanobacterial genes 

coding for enzymes of heme biosynthetic pathway were transferred into the host 

nucleus. Hence, they are expressed in the cytosol and their protein products need to be 

delivered back to the place of their action (Fig. 2B). The entire pathway is bound to the 

plastid stroma.  

 

Fig. 2. Origins and subcellular locations of the enzymes of heme biosynthetic pathway in primary 
phototrophs. Enzymes abbreviations are explained in the text. Colored rectangles indicate the respective origins of 

genes. Schemes of primary heterotroph and phototroph heme pathways are based on Kořený and Oborník (2011). 
Origin of glaucophyte PBGD and heme pathway of Paulinella chromatophora were revealed by phylogenetic 

analyses (see text for details).  
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Indeed, the cyanobacterial origin of most enzymes involved in heme biosynthesis 

in primary phototrophs is supported by phylogenetic analyses (Oborník and Green, 

2005; Kořený et al., 2011; Kořený and Oborník, 2011; Cihlář et al., 2016). Just like 

cyanobacteria, Archaeplastida synthesize ALA via C5 pathway and genes coding for 

GTR, GSA-AT, ALAD, PPOX and FeCH show strong affiliation to their cyanobacterial 

counterparts. Although the cyanobacterial origin of UROS genes is not well supported 

by phylogenetic analyses, they are very likely derived from the endosymbiont as well. In 

phylogenetic analyzes, all photosynthetic eukaryotes group together and some analyses 

place this group close to cyanobacteria (Kořený and Oborník, 2011; Cihlář et al., 2016). 

Some of the genes encoding enzymes of the heme pathway are duplicated in most 

primary phototrophs. One of two copies of UROD and CPOX genes are likely of 

cyanobacterial origin. The other copies of UROD and CPOX do not cluster with 

cyanobacteria, but instead they seem to represent the original eukaryotic genes 

because of their grouping with heterotrophic eukaryotes. This indicates that they were 

retargeted to the plastid by acquiring the N-terminal pre-sequence and complement with 

the original cyanobacterial enzymes in a plastid heme pathway. Another similar 

example is found in red algae as they differ from other Archaeplastida by possessing a 

FeCH that clusters among bacteria. It is likely that the original cyanobacterial gene was 

replaced by a bacterial gene via non-edosymbiotic horizontal gene transfer (Kořený and 

Oborník, 2011).  

PBGD is the last enzyme to mention and represents a special case. Most plastid 

PBGDs are clearly related to α-proteobacterial homologs (Oborník and Green, 2005; 

Kořený and Oborník, 2011; Kořený et al., 2012; Cihlář et al., 2016). It is possible that 

this gene originated in the mitochondrion of early Archaeplastida and was transferred to 

the eukaryotic nucleus of an ancestor of Archaeplastida during mitochondrial 

symbiogenesis. Curiously, this enzyme is missing from eukaryotic heterotrophs. Three 

genes encoding PBGD were supposedly present in the early primary alga, particularly 

of eukaryotic (exosymbiont), mitochondrial and cyanobacterial origins. In the lineage of 

glaucophytes, the mitochondrial PBGD was lost and the cyanobacterial gene was 

replaced by the gene originating from the exosymbiont (host) nucleus. In contrast, 

plants, primary green and red algae retained the mitochondrial (α-proteobacterial) 
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PBGD, while eukaryotic and plastid genes were lost (Cihlář et al., unpublished). Another 

possibility is that the cyanobacterial gene was never transferred to the nucleus and a 

copy of the preexisting nuclear-encoded gene was retargeted from the mitochondrion to 

the plastid (Oborník and Green, 2005). It needs to be stressed that there have probably 

been several attempts for endosymbiosis in the evolutionary history of eukaryotic 

phototrophs and those mitochondria and plastids we see today are the latest ones 

which persisted until now (Keeling et al., 2015). Accordingly, gene transfer and protein 

targeting have, probably, already been introduced with previous unstable organelles 

thus allowing host genes (the case of glaucophyte PBGD) or previously acquired foreign 

genes (the case of PBGD of remaining Archaeplastida) to be targeted to the current 

plastid endosymbiont (Larkum et al., 2007; Keeling, 2013). 

Higher plants seem to have retained remnants of the secondary host 

(exosymbiont) pathway (Fig. 2B). In 1993, Smith et al. demonstrated PPOX activity in 

mitochondrial fractions from pea leaves. Later it was reported that one of GFP-tagged 

CPOX proteins is exclusively targeted to the mitochondria of maize, suggesting a 

possible collocation of the last three enzymatic steps of the heme biosynthesis in both 

chloroplast and mitochondrion (Williams et al., 2006). On the other hand, mitochondrial 

CPOX activity in higher plants has not been observed by Smith et al. (1993) and 

Santana et al. (2002) and no further evidence for the presence of CPOX in plant 

mitochondria has been published since then. Therefore, it was suggested that portion a 

of protoporphyrinogen IX can be exported from plastids and transferred to mitochondria,  

correcting the previous assumption that only the last two enzymes (PPOX, FeCH) are 

converting mitochondrial protoporphyrinogen IX to protoheme (Lermontova et al., 1997; 

Chow et al., 1998) (Fig. 2B).  

There are two genes coding for PPOX (PPOX1 and PPOX2) in higher plants 

(Narita et al., 1996; Lermontova et al., 1997). As for phylogenetic origin, PPOX1 shows 

affinity with cyanobacteria and it is shared with other phototrophic eukaryotes. PPOX2, 

on the other hand, has been found exclusively in land plants and seems to have been 

acquired horizontally from bacteria (Kořený and Oborník, 2011; Kořený et al., 2011). 

Unlike PPOX1, which is targeted to the plastid, PPOX2 was experimentally localized to 
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the mitochondrion (Lermontova et al., 1997; Watanabe et al., 2001). Similarly, there are 

two types of FeCH present in higher plants with distinct tissue specific and 

development-dependent expression pattern (Hey et al., 2016). While type I FeCH (FC1) 

is expressed mainly in non-photosynthetic (root) tissues and is induced upon stress, 

type II FeCH (FC2) serves for heme synthesis in photosynthetic tissues (leaves and 

shoots) (Chow et al., 1998; Singh et al., 2002, Nagai et al., 2007). Although it has been 

shown that the majority of FeCH activity in plants is associated with the plastid, there 

was still some FeCH activity detectable in mitochondria (Cornah et al., 2002; Masuda et 

al., 2003).  Based on in vitro experiments Chow and coleagues (1997); Suzuki and 

coleagues (2002) reported a dual-targeting of FC1 into both plastids and mitochondria. 

However, others failed to confirm the mitochondrial localization of FC1 (Lister et al., 

2001; Masuda et al., 2003; Heazlewood et al., 2004; Huang et al., 2009). For the time 

being, the possible location of FeCH in plant mitochondria remained ambiguous. 

However, there is no obvious reason for the presence of PPOX in plant mitochondria in 

the absence of FeCH that would prevent the accumulation of protoporphyrin IX, which 

can be harmful to the cell. Quite the contrary, it would be advantageous for plants to 

import protoporphyrinogen IX into mitochondria and synthetize heme there in non-

photosynthetic respirating tissues (Watanabe et al., 2001). Indeed, recently published 

work on tobacco provided new experimental evidence for dual localization of FC1, 

because a transgenic FC1 protein was immunologically shown to be present in 

mitochondria (Hey et al., 2016). Moreover, when overexpressed, the FeCH activity in 

mitochondria significantly increased in comparison with wild-type plants, suggesting that 

FC1 contributes to mitochondrial heme biosynthesis (Hey et al., 2016). 

In primary phototrophs the establishment of a plastid tetrapyrrole biosynthesis 

inevitably led to functional redundancy with the mitochondrial/cytosolic pathway. Then 

again, some enzymes of mitochondrial and cytosolic origin have been relocated to the 

plastid. The production (and need) of chlorophyll is much higher than the production 

(and need) of heme in photosynthetic cells (Papenbrock et al., 1999), so it was 

advantageous to utilize pathway entirely localized to the plastid. Moreover, heme is also 

needed for the synthesis of plastidial cytochromes and light-harvesting pigments, so, a 

plastid is the place where the majority of heme is utilized. This mostly led to gradual loss 
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of the mitochondrial/cytosolic pathway in primary phototrophs. The placement of the 

entire pathway in plastid is again important for its regulation. However, the regulation in 

photoautotrophs that synthesize both, heme and chlorophyll, in the same compartment, 

is a rather complex process that involves negative feedback loops from both branches 

in order to inhibit the synthesis of ALA (Czarnecki and Grimm, 2012; Vavilin and 

Vermaas, 2002). A smaller portion of heme required by other cellular compartments, 

especially by the respiratory chain cytochromes in mitochondria is probably transported 

outside of the plastid by yet unknown mechanisms.  

The emergence of plastids in Archaeplastida has long been considered the only 

case of primary endosymbiosis with cyanobacteria. Based on available evidence, this 

event has been dated between 900 to 1,600 million years ago (Hedges et al., 2004; 

Yoon et al., 2004; Shih and Matzke, 2013). Nonetheless, the evidence for the 

occurrence of another, more recent primary endosymbiotic event has been reported 

(Martin et al., 2005; Yoon et al., 2006; Nowack et al., 2008). Paulinella chromatophora 

is a freshwater filose thecamoeba of cercozoan affiliation that possesses a 

cyanobacterial photosynthetically active organelle referred to as the chromatophore 

(Nowack et al., 2008). No paper has been published about the biosynthesis of heme in 

P. chromatophora. Still, we managed to identify short sequence homologs of the C5 

pathway enzymes (GTR and GSA-AT) and almost all subsequent enzymes of the heme 

pathway, except UROS, within the chromatophore genome. All the enzymes belong 

within the cyanobacterial clade with a strong affiliation to Synechococcus spp. and 

Prochlorococcus spp. This means that genes of the chromatophore heme pathway have 

not been yet transferred to the nucleus of Paulinella, which is consistent with a rather 

recent endosymbiosis in P. chromatophora, dated between 60 and 200 MYA (Marin et 

al., 2005; Yoon et al., 2009; Nowack et al., 2016), and that there must be also a host 

pathway present in Paulinella which would supply heme for remaining cellular 

compartments (Fig. 2B). However, we do not know how exactly the amoebic host heme 

pathway look like, since there is no data available so far. One can assume though that it 

is not significantly different from mitochondrial-cytosolic pathways present in other 

heterotrophic eukaryotes. 
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2.3.2    Other phototrophs 

The ability of photosynthesis among eukaryotes is not confined exclusively to 

Archaeplastida, and there are many other eukaryotic genera from different supergroups 

which were endowed with plastids. These plastids were likely acquired through the 

process of complex endosymbioses (secondary, tertiary or other advanced events), 

when a primary (or a complex) alga was engulfed by a heterotrophic eukaryote (e.g. 

Archibald, 2009; Oborník et al., 2009; Keeling, 2013) (Fig. 3). Secondary algae appear 

in three eukaryotic supergroups: Chlorarachniophytes (Rhizaria) (Fig. 5B) and 

photosynthetic euglenids (Excavata) (Fig. 5C) acquired their plastids by the engulfment 

of a green alga in two independent endosymbiotic events (Rogers et al., 2007).            

In contrast, cryptophytes, alveolates, stramenopiles, and haptophytes (the “CASH taxa”) 

(Fig. 4) acquired their plastid by an engulfment of a red alga, initially proposed to be in a 

single endosymbiotic event (Lane and Archibald, 2008; Sanchez-Puerta and Delwiche, 

2008). This was also the basic presumption of the so-called Chromalveolate hypothesis 

(Cavalier-Smith, 1999). The monophyly of red-derived complex plastids is supported by 

the phylogenies based on plastid encoded genes. However, plastids in the red lineage 

are not morphologically identical. Plastids of cryptophytes contain a remnant nucleus of 

the engulfed alga, while other red-derived plastids do not. Plastids of dinoflagellates are 

three-membrane-bound, other plastids are bound with four, etc. Accordingly, 

phylogenies based on genes from host nuclear genomes are often incompatible with 

this scenario (Janouškovec et al., 2010; Gould et al., 2015), testifying for multiple 

secondary endosymbiotic events in CASH taxa involving a red algal endosymbiont 

(Falkowski et al., 2004; Bodył et al., 2009) or even suggesting that the plastid was 

transferred horizontally between at least some of these lineages (Petersen et al., 2014).  

Furthermore, there are other examples of tertiary and/or quaternary 

endosymbiotic events in the evolution of phototrophic eukaryotes (Delwiche, 1999; 

Keeling, 2010; Archibald, 2015) related to dinoflagellates that are prone to the 

numerous plastid replacements. Some dinoflagellates replaced their ancestral peridinin-

pigmented plastids with plastids originating from serial secondary or tertiary 

endosymbioses (Inagaki et al., 2000; Saldarriaga et al., 2001; Ishida and Green 2002). 
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For example a group of dinoflagellates called dinotoms (e.g. Durinskia baltica, 

Glenodinium foliaceum) (Chesnick et al, 1996; Imanian and Keeling, 2007) harbor two 

distinct endosymbionts: the original peridinin plastid is supplemented by the newly 

obtained diatom tertiary endosymbiont (Hehenberger et al., 2014) (Fig. 4E). 

Lepidodinium chlorophorum is the only example of dinoflagellate where the original   

red-derived plastid was replaced by a secondary green plastid (Elbrachter and Schnepf, 

1996; Takishita et al., 2008) (Fig. 5A). 

 

Fig. 3. A simplified scheme of the evolution of the tetrapyrrole biosynthesis pathway in eukaryotic 
phototrophs adopted from Cihlář et al., 2016 (study II of this thesis) with an emphasis on the models from 
this review (black bars). Simplified schemes of heme biosynthetic pathways of each group are explained in the text 

and in figures 2, 4, and 5. 
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2.3.2.1    Biosynthesis of heme in algae with secondary and tertiary 

               plastids derived from the red lineage 

As inferred from phylogenies (Kořený et al., 2011; Cihlář et al., 2016), there are 

few differences in heme biosynthesis in haptophytes, stramenopiles, and most 

dinoflagellates (Butterfield et al., 2013), when compared to the primary algae (Fig. 4). 

Genes of the heme pathway were transferred from the nucleus of the engulfed alga into 

the host nucleus where they have substituted original host genes with a complete set of 

enzymes from the algal endosymbiont. On the other hand, there are also several 

exceptions. For example, a new subfamily of putative GSA-AT was identified within 

dinoflagellates with N-terminal pre-sequences putatively targeting them to the peridinin 

plastid. The new subfamily clusters with proteobacteria and therefore likely originates 

from non-endosymbiotic gene transfer (Cihlář et al., 2016). Likewise, it has been shown 

that FeCH of apicomplexans cluster with proteobacteria suggesting its possible origin 

from non-endosymbiotic gene transfer (Sato and Wilson, 2003; Kořený et al., 2011). 

FeCH of the same origin was later identified in other algae belonging to the Alveolata 

group (dinoflagellates and chromerids) (Kořený et al., 2011; Cihlář et al., 2016). Based 

on phylogenetic analyses, it seems that apicomplexans and chromerids acquired this 

enzyme independently from dinoflagellates that probably kept the bacteria-related FeCH 

which resulted from non-endosymbiotic gene transfer earlier in the evolution of 

rhodophytes. It is worth to mention that apicomplexans and some dinoflagellates 

possess only the bacterial-derived FeCH, while other dinoflagellates and chromerids 

possess also an additional enzyme of a cyanobacterial origin (Kořený et al., 2011, 

Cihlář et al., 2016).  

Cryptophytes share a similar organization of heme pathway present in the 

aforementioned algae, which was shown on the example of Guillardia theta (Cihlář et 

al., 2016) (Fig. 4D). However, in contrast with most algae of the CASH group, some 

genes originating from the primary endosymbiotic event have been duplicated, such as 

the cyanobacterial genes for GTR and UROD, and CPOX copy inherited from the 

primary endosymbiont nucleus. Interestingly, G. theta also possesses an additional 

FeCH of eukaryotic (host) origin, which is putatively targeted to the mitochondrion, like 
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its close homologs in heterotrophic eukaryotes. The same location of FeCH was also 

found in land plants. In this case, however, it is a protein of bacterial origin (Kořený and 

Oborník, 2011; Kořený et al., 2011), which is also likely to be dual-targeted to both the 

mitochondrion and the plastid (Hey et al., 2016). Moreover, in land plants, the 

mitochondrial FeCH is also coupled with PPOX, together contributing to mitochondrial 

heme biosynthesis. There is no obvious reason related to heme biosynthesis for          

G. theta to retain the mitochondrial ferrochelatase, especially if PPOX is missing from 

the mitochondrion. It is evident that protoporphyrinogen IX, the substrate for the 

ferrochelatase, would also not be available unless it is transported from the plastid. This 

could also mean that mitochondrial FeCH of cryptophytes has been evolutionarily 

conserved because of its, so far undescribed, role in the biology of the organism. 

Therefore, we thoroughly examined the protein sequence of G. theta PPOX, which 

clearly possesses a signal peptide suggesting its localization in the plastid. Judging 

from results of additional in silico predictions (Mitoprot II, TargetP) it is possible that 

PPOX is dually targeted to both the plastid and the mitochondrion. This would mean 

that G. theta is the only alga bearing plastids of red provenience that possesses two 

heme pathways (although the mitochondrial one is incomplete). Taking into account the 

presence of nucleomorph in cryptophyte plastids, such an arrangement could have 

resulted from independent and more recent plastid acquisition in cryptophytes (Burki et 

al., 2016; Cihlář et al., 2016).  

Other algae with plastids derived from the red lineage have more complex 

mechanisms of heme biosynthesis. There are two redundant heme pathways present in 

dinotoms that seem to supply tetrapyrroles in parallel to both independent symbiotic 

partners (Hehenberger et al., 2014; Cihlář et al., 2016) (Fig. 4E). While one pathway is 

located in the tertiary diatom endosymbiont and the respective enzymes cluster together 

with sequences from free-living diatoms, the other represents the original pathway of 

the peridinin plastid, which also supplies heme to cytosol and mitochondrion, and 

conversely the respective enzymes group together with other dinoflagellate sequences 

(Cihlář et al., 2016). 
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Fig. 4. Origins and subcellular locations of the enzymes of heme biosynthetic pathway in secondary/tertiary 
phototrophs with the red-derived plastids. Enzymes abbreviations are explained in the text. Colored rectangles 

indicate the respective origins of genes. The scheme of apicomplexan heme pathway is based on Kořený and 
Oborník (2011). Origins of chromerid, cryptophyte, and dinotom enzymes were revealed by phylogenetic analyses 
(studies I and II in this thesis). The localization schemes are based on in silico predictions. 
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Most of the apicomplexan parasites also carry a secondary highly reduced non-

photosynthetic red-derived plastid (apicoplast), pointing to the photosynthetic history of 

their non-parasitic ancestor (McFadden et al., 1996; Kohler et al., 1997; Maréchal and 

Cesbron-Delauw, 2001; Wilson, 2002; Janouškovec et al., 2010; Füssy and Oborník, 

20171).  The mechanism of apicomplexan heme biosynthesis was largely influenced by 

the evolutionary transition from the photosynthetic to the parasitic lifestyle (van Dooren 

et al., 2006). Apicomplexan heme pathway localizes to three different cellular 

compartments and it is a collection of enzymes of heterotrophic and photosynthetic 

origins, reflecting only a partial replacement of the host pathway genes by those of the 

endosymbiont. (Sato et al., 2004; Wu, 2006; Kořený et al., 2013) (Fig. 4C).                

The metabolic flow between the mitochondrion and the apicoplast necessary for the 

effectivity of heme pathway is probably facilitated by an intimate association between 

these organelles (Hopkins et al., 1999; Waller and McFadden, 2005; Botté et al., 2013). 

The first committed step of the pathway takes place in the mitochondrion where ALA is 

synthesized by ALAS just like in primary heterotrophs (Sato et al., 2004; Wu, 2006). 

Next four steps (ALAD, PBGD, UROS and UROD) take place in the apicoplast, with the 

exception of Toxoplasma gondii where the UROD localizes in the cytosol (Wu, 2006). 

CPOX is located exclusively in the cytosol of all apicomplexans investigated so far   

(Wu, 2006; Nagaraj et al., 2010) and last two steps (PPOX and FeCH) are again placed 

in the mitochondrion (van Dooren et al., 2006; Wu, 2006; Nagaraj et al., 2010). Despite 

the origin of the apicoplast in red-derived plastids, only a portion of enzymes (ALAD, 

PBGD, UROS, and PPOX) are derived from the red algal endosymbiont. ALAS, UROD 

and CPOX represent the enzymes derived from the secondary host pathway, and FeCH 

was probably acquired via non-endosymbiotic gene transfer from proteobacteria     

(Sato and Wilson, 2003; Oborník and Green, 2005; Kořený et al., 2011), as mentioned 

above.  

Homological pathways with the apicomplexan heme synthesis (in term of origin) 

were discovered in Chromera velia and Vitrella brassicaformis, the free-living or 

symbiotic algae with close phylogenetic relationship to apicomplexan parasites    

(Moore et al., 2008; Oborník et al., 2009; Janouškovec et al., 2010; Oborník et al., 

20111, 2; Oborník and Lukeš, 2013; Cumbo et al., 2013; Weatherby and Carter, 2013; 
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Janouškovec et al., 2015; Woo et al., 2015; Füssy and Oborník, 20172). It has been 

shown that the heme pathway of C. velia consists of enzymes present in both the 

apicoplasts and the secondary red-derived plastids, which is particularly evident in the 

example of UROD and CPOX (Fig. 4B). Both enzymes are present in multiple copies, 

one displaying the secondary host origin in C. velia enzymes like in apicomplexans, and 

the other copies showing origin in the secondary endosymbiont (Kořený et al., 2011). 

Later it was discovered that heme pathway in V. brassicaformis is homologous to that 

found in C. velia with just a small difference in the gene repertoire. UROD of                 

V. brassicaformis, just like in apicomplexans, is single-copy and originates from the 

secondary host nucleus (Woo et al., 2015). However, both algae share one principal 

and unique feature of heme biosynthesis. Unlike other phototrophs, C. velia and          

V. brassicaformis lack the enzymes of the C5 pathway.  ALA for both heme and 

chlorophyll synthesis is formed via the C4 pathway in the mitochondrion              

(Kořený et al., 2011; Oborník and Lukeš 2013; Oborník and Lukeš 2015; Woo et al., 

2015), similarly to primary eukaryotic heterotrophs and apicomplexans (Fig. 4B).        

We recently found that both algae presumably lack the gene for ferredoxin-dependent 

glutamate synthase, an enzyme synthesizing the starting substrate for the C5 pathway, 

that is predicted to be plastid-localized in green algae/plants, red algae, diatoms, and 

dinoflagellates (Cihlář et al., unpublished). Apparently, Chromera and Vitrella possess 

only the cytosolic NADH-dependent glutamate synthase as nothing but three, 

respectively two, sequences coding for this enzyme were found in their genomes. 

These sequences do not contain any N-terminal targeting pre-sequences and thus the 

enzymes are supposed to be cytosolic. The lack of plastid-targeted ferredoxin-

dependent glutamate synthase probably left the plastid-localized C5 pathway fully 

dependent on the import of the cytosolic glutamate and later could have resulted into  

re-allocation of the first step of the heme biosynthetic pathway into mitochondrion where 

the ALA is synthesized via the C4 pathway. Obviously, such metabolic bottleneck 

probably appeared already in apicomplexan, colpodellid and chromerid common 

ancestor and led to the subsequent loss of the glutamate-dependent C5 pathway in 

these lineages (Cihlář et al., unpublished). According to phylogenetic studies, the 

remaining heme pathway enzymes of chromerids have evolutionary origins mostly in 
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the plastid, and most of them possess a well predicted bipartite targeting sequences 

(BTS), suggesting their putative location in the complex plastid (Kořený et al., 2011). 

Although the spatial separation of the beginning and the end of the heme pathway was 

not found in any other organism, it seems that such an arrangement corresponds to the 

high demand of tetrapyrroles in the photosynthetic organelles of chromerids. This, on 

the other hand, necessitates a high demand on ALA transporters to cover the import of 

ALA required by the plastid tetrapyrrole synthesis. Also, the feedback regulation of the 

pathway as known from other models (Vavilin and Vermaas, 2002; Masuda and Fujita, 

2008; Czarnecki and Grimm, 2012) is probably not possible. One can easily argue that 

there might be something hidden behind the heme biosynthesis in chromerid algae.     

In order to confirm this intriguing arrangement of the tetrapyrrole synthesis in C. velia in 

vivo, Jitka Kručinská (a colleague from  Miroslav Oborník research group) 

xenotransfected sveral genes of the C. velia heme pathway (ALAS, both ALADs, 

UROS, and both FeCHs) into Toxoplasma gondii and Phaeodactylum tricornutum cells. 

These experiments, however, brought ambiguous results, especially when compared 

with in silico predictions. In fact, only the ALAS showed a suspected mitochondrial 

location in both transfection systems. In T. gondii both ALADs displayed cytosolic 

localizations, UROS was targeted in the mitochondrion, and only the two 

ferrochelatases were compatible with the apicoplast import machinery in T. gondii 

(Kručinská et al., unpublished). In P. tricornutum, all the remaining enzymes, including 

ALADs that do not possess a signal peptide, were either localized to the so-called  

“blob-like structures” (BLS) indicating periplastid localization (Kilian & Kroth, 2005) or 

the signals co-localized with ER-tracker indicating the presence of the enzyme in the 

endoplasmic reticulum, obviously due to the absence of the diatom SP cleavage site 

motif ASA↓FAP (Gruber et al., 2007) in C. velia proteins (Kručinská et al., unpublished). 

In short, all the examined enzymes (except ALAS) were recognized by the plastid outer 

membrane import machinery of P. tricornutum. Additionally, both ferrochelatases were 

targeted to the apicoplast of T. gondii. However, the observed cytosolic location of both 

ALADs and mitochondrial location of UROS in T. gondii may imply for the possible dual 

targeting of heme pathway enzymes. There is still need to clarify these results, 

particularly by performing immunofluorescence assay (IFA) based on antibodies 
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designed against each particular enzyme of heme pathway, to disclose the true 

placement and the organization of the heme biosynthesis in both chromerid algae. 

2.3.2.2    Biosynthesis of heme in algae with secondary plastids derived 

               from the green lineage 

The dinoflagellate Lepidodinium chlorophorum (Elbrachter and Schnepf, 1996; 

Takishita et al., 2008) possesses a chlorophyte-derived secondary plastid that 

supposedly replaced the original peridinin-pigmented plastid. Nearly all genes of the 

plastid heme enzymes were found in our trancriptomic data of this dinoflagellate. This 

lead to an interesting finding based on phylogenetic analyses of particular enzymes 

(Cihlář et al., 2016) (Fig. 5A). Surprisingly, some enzymes (GTR, PPOX, and FeCH) 

cluster with red algae and secondary algae with red-derived plastids. Other enzymes 

(ALAD, GSA-AT, and PPOX) group in clades with green algae and plants on the root, 

but such clade always contains also dinoflagellates appearing in a sister position to the 

L. chlorophorum sequences (Cihlář et al., 2016). The close relationship of                     

L. chlorophorum ALAD, GSA-AT, and PPOX enzymes with their orthologs from 

dinoflagellates with red-derived plastids suggests a possible red origin of these 

enzymes. Apparently, the origin of the pathway is homologous to that of Peridinin-

pigmented dinoflagellates. The original rhodophyte-derived heme pathway appears to 

be highly conserved in spite of the presence of a chlorophyte-derived plastid in             

L. chlorophorum. It is therefore very likely that the L. chlorophorum took advantage of 

red genes to function in the newly acquired plastid, so the original heme pathway, 

introduced with the peridinin plastid, remained functionally conserved. This is also in 

agreement with a mosaic evolution of plastid proteomes according to the “shopping 

bag” or plastid promiscuity hypotheses (Larkum et al., 2007). This conserved 

rhodophyte origins of the heme pathway enzymes in L. chlorophorum likely represent a 

set of enzymes originally present in the peridinin-pigmented plastids of dinoflagellates, 

which protein targeting machinery was compatible with the newly acquired plastid. Thus 

the entire heme pathway could have been relocated into the new plastid (Cihlář et al., 

2016). Here it is worth mentioning the hypothesis that algal lineages currenly 

possessing secondary plastids of red algal origin acquired green algal derived plastids 
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earlier in their evolutionary history, that were later replaced by the modern red-derived 

plastids we can see nowadays (Moustafa et al., 2009; Woehle et al., 2011). In this case, 

the close relationship of L. chlorophorum enzymes with their orthologs from secondary 

algae bearing red-derived plastids could be explained as a result of the previous 

possession of green genes in these lineages that were transferred to the host nucleus 

and later retargeted to the newly acquired plastids. Thus it could be possible that genes 

from chlorophyte-derived secondary plastid of L. chlorophorum resemble those genes 

from peridinin-pigmented plastids, which we now consider red. However, this 

explanation does not seem to be likely, since the “green endosymbiont first” hypothesis 

has been repeatedly questioned, particularly, on the basis of credibility of presented 

phylogenetic analyses (Burki et al., 2012; Deschamps and Moreira, 2012; Moreira and 

Deschamps, 2014). 

Photosynthetic euglenids and chlorarachniophytes seem to have acquired their 

secondary green plastids more recently. Especially it is evident from the example of 

photosynthetic euglenids that constitute an advanced monophyletic group and the 

presence of plastids in their phagotrophic and/or osmotrophic relatives has never been 

confirmed (Hrdá et al., 2012; Yamaguchi et al., 2012). Euglena gracilis synthesizes ALA 

by both the heterotrophic C4 and the phototrophic C5 pathway, and quite early it was 

suggested that E. gracilis possesses two independent heme pathways for the 

production of heme and chlorophyll (Weinstein and Beale, 1983), which was later 

confirmed using sequence data (Kořený and Oborník, 2011). Similarly to E. gracilis, 

Bigelowiella natans possesses two nearly complete heme pathways (Cihlář et al., 

2016). One is similar to heme synthesis in primary heterotrophs, and likely represents 

the original pathway of the host (exosymbiont), while the second pathway originates 

from the algal endosymbiont (Fig. 5B, C). Such an organization of tetrapyrrole synthesis 

probably resulted from slow reduction of the mitochondrial-cytosolic pathway, which is 

not immediately replaced by the plastid one, and denotes that both pathways may 

coexist for quite some evolutionary time within a single cell (Kořený and Oborník, 2011).  
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Fig. 5. Origins and subcellular locations of the enzymes of heme biosynthetic pathway in secondary 
phototrophs with the green-derived plastids. Enzymes abbreviations are explained in the text. Colored rectangles 
indicate the respective origins of genes. Origins of L. chlorophorum and chlorarachiophyte enzymes were revealed by 
phylogenetic analyses (study II in this thesis), the localization schemes are based on in silico predictions. The 
scheme of E. gracilis heme pathways was adopted from Kořený and Oborník (2011). 

Regardless of the independent origins of chlorarachniophytes (Rhizaria) and 

euglenophytes (Excavata) (Rogers et al., 2007), they exhibit similar trends of the 

evolution of tetrapyrrole synthesis. The reduction of the redundant mitochondrial-

cytosolic pathway has already begun in both E. gracilis and B. natans. In Euglena, two 

enzymes, UROS and UROD, of the original heterotrophic pathway have been 

functionally replaced by enzyme counterparts of plastid origin, likely via dual targeting 

(Kořený and Oborník, 2011). A similar pattern was found in Bigelowiella, where the 

plastid-derived ALAD and UROS enzymes functionally replaced their heterotrophic 

counterparts (Cihlář at al., 2016). On the contrary, paralogs of the heterotrophic UROD 

copy seem to be retargeted to the plastid in both algae. Interestingly, the above-

mentioned retargeted ALAD of B. natans is now a mitochondrial enzyme, as it contains 

a mitochondrial targeting presequence. Apart from these rather unique features and 

arrangements of tetrapyrrole synthesis present in both algae, the rest of the pathways 

correspond to what was already found in other heterotrophs and phototrophs.  
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In contrast to E. gracilis, only the plastid FeCH shows an expected chlorophyte 

origin in B. natans and, interestingly, most of the plastid heme pathway genes exhibit 

affinity to red algae. It has already been reported that B. natans possesses a large 

number of red-related genes, including photosynthesis-related genes, suggesting 

multiple horizontal gene transfers from the red lineage (Archibald et al., 2003; Yang et 

al., 2014). At any rate, the protein replacement in an established essential metabolic 

pathway via endosymbiotic or horizontal gene transfer could have interfeared with its 

function and therefore such replacements are not very likely.  At the same time, the 

similarities in origins of heme pathway genes between L. chlorophorum and B. natans 

are quite conspicuous. Hence it is possible that the rhodophyte origin of the heme 

pathway in B. natans was established similarly in L. chlorophorum, suggesting a 

previous presence of a hypothetical red-derived plastid in the ancestor of 

chlorarachniophytes (Cihlář et al., 2016). 

The presence of multiple pathways for tetrapyrrole synthesis in photosynthetic 

euglenids and chlorarachniophytes is unique and probably represents a significant 

milestone in the evolutionary history of each endosymbiotic event. It is likely that every 

extant eukaryotic phototroph passed through a similar stage of metabolic redundancy 

during the process of transformation from a heterotroph. In early stages of 

endosymbiosis when plastids were not essential for host survival and they could have 

been lost without the hassle just as it may happened in early-branching lineages to the 

recent phototrophic crown groups (e.g. ciliates and oomycetes) (Kořený et al., 2011), 

that were suggested for the ancient presence of a red algal plastid (Janouškovec et al., 

2010). In subsequent stages of the endosymbiosis, the plastid took over some essential 

metabolic processes of the cytosol/mitochondrion, such as tetrapyrrole synthesis, and 

became indispensable for the survival of the host. This is most likely a reason why 

plastids, even those that remained non-photosynthetic, are still present within cells of 

some heterotrophic or parasitic lineages i.e. apicomplexans and the parasitic algae from 

the group of Archaeplastida, i.e. Polytomella and Helicosporidium, still using the plastid-

located heme pathway for the synthesis of heme (Atteia et al., 2005; de Koning and 

Keeling, 2004). 
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3    Conclusion 

The heme pathway in phototrophic eukaryotes plays a crucial role in metabolism. 

With plastid endosymbiosis in progress, an organism suddenly faces metabolic 

redundancy that is usually resolved by plastid takeover of the cellular supply of 

tetrapyrroles. This, in most eukaryotic phototrophs, leads to the exclusive localization of 

the heme pathway and the synthesis of tetrapyrroles to the plastid compartment. 

However, some eukaryotic phototrophs possess multiple or hybrid pathways for 

tetrapyrrole synthesis. Dinotoms synthesize tetrapyrroles in parallel in both the tertiary 

diatom plastids and the peridinin plastids; Euglena gracilis and Bigelowiella natans 

possess both the mitochondrial/cytosolic and the plastid heme pathways, thus probably 

represent an intermediate state in endosymbiosis; and chromerids use a hybrid pathway 

initiated in the mitochondrion via C4 pathway, which is predicted to continue in the 

plastid.  From the phylogenetic point of view, heme pathway of all eukaryotes is a true 

mosaic, sort of an imaginary shopping bag of enzymes originating in proteobacteria, 

cyanobacteria, and eukaryotes that were collected and combined throughout the history 

of mitochondrion and plastid endosymbioses. At the same time, the pathways appears 

to be evolutionarily well conserved even following serial endosymbioses, especially 

those seen in the dinoflagellate Lepidodinium chlorophorum and the chlorarachniophyte 

Bigelowiella natans. 
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Abstract

Tetrapyrroles such as chlorophyll and heme are indispensable for life because they are

involved in energy fixation and consumption, i.e. photosynthesis and oxidative phosphoryla-

tion. In eukaryotes, the tetrapyrrole biosynthetic pathway is shaped by past endosymbioses.

We investigated the origins and predicted locations of the enzymes of the heme pathway in

the chlorarachniophyte Bigelowiella natans, the cryptophyte Guillardia theta, the “green”

dinoflagellate Lepidodinium chlorophorum, and three dinoflagellates with diatom endosym-

bionts (“dinotoms”): Durinskia baltica, Glenodinium foliaceum and Kryptoperidinium folia-

ceum. Bigelowiella natans appears to contain two separate heme pathways analogous to

those found in Euglena gracilis; one is predicted to be mitochondrial-cytosolic, while the sec-

ond is predicted to be plastid-located. In the remaining algae, only plastid-type tetrapyrrole

synthesis is present, with a single remnant of the mitochondrial-cytosolic pathway, a ferro-

chelatase of G. theta putatively located in the mitochondrion. The green dinoflagellate con-

tains a single pathway composed of mostly rhodophyte-origin enzymes, and the dinotoms

hold two heme pathways of apparently plastidal origin. We suggest that heme pathway

enzymes in B. natans and L. chlorophorum share a predominantly rhodophytic origin. This

implies the ancient presence of a rhodophyte-derived plastid in the chlorarachniophyte alga,

analogous to the green dinoflagellate, or an exceptionally massive horizontal gene transfer.

Introduction

Plastid acquisitions are rare evolutionary events that give host cells the metabolic capacities of

their new photosynthetic organelles. While there are only two documented primary plastid

acquisitions [1,2], involving a eukaryote as host and cyanobacterium as the endosymbiont, the

history of higher order eukaryote-to-eukaryote acquisitions is intensely debated [3–8]. Based

on available data, it is believed that the red plastids of cryptophytes, alveolates, stramenopiles,

and haptophytes (the “CASH taxa”) originate from a single ancient event with a rhodophyte

alga as the endosymbiont [9–14]. However, phylogenies of the host organisms are often
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incompatible with this scenario [6,15–18], suggesting that the plastid was transferred horizon-

tally in at least some of these lineages. Furthermore, higher order endosymbioses and horizon-

tal gene transfer (HGT) may be blurring our vision of eukaryotic evolution [7]. For instance,

some dinoflagellates replaced their ancestral peridinin-pigmented plastids with plastids origi-

nating from serial secondary or tertiary endosymbioses [7,19–23]. The original red plastid was

replaced by a secondary green plastid in Lepidodinium chlorophorum [24,25]; while in so-called

dinotoms (Glenodinium foliaceum, Durinskia baltica), the newly obtained tertiary endosymbi-

ont is an engulfed diatom [26,27]. Serial plastid endosymbioses are sometimes discernible by

phylogenetic signal (e.g. if a green plastid replaces a red one). However, ancient events can still

be difficult to pinpoint, which might account for the contradictory and peculiar phylogenetic

signals observed—for example, the number of green genes in the CASH taxa [28–33] and the

proposed independent origin of plastid genes in two main branches of alveolates, the dinofla-

gellates and apicomplexans [34,35]. In contrast, chlorarachniophytes and phototrophic eugle-

nids acquired green plastids and their extant relatives are heterotrophic, allowing for straight-

forward evolutionary interpretations of gene origins, based on phylogenetic clustering with

their heterotrophic kin or with the chlorophyte plastid donors [31,36,37].

The process of endosymbiosis involves endosymbiont genome reduction via gene transfer

to the host nucleus [38,39], allowing for enhanced host control over the organelle [40,41] and

reduced functional redundancy of cellular biochemistry [42]. However, the level of reduction

differs among algae possessing complex photosynthetic organelles. Most of them, such as dia-

toms, dinoflagellates or phototrophic euglenids, have a highly reduced algal endosymbiont

with multiple membranes surrounding the plastid as the only apparent morphological foot-

prints revealing past complex endosymbioses. Organelle reduction tends to be higher in cases

of older symbioses, but also depends on other factors including plastid number and evolution-

ary constraints [43,44]. For instance, cryptophyte and chlorarachniophyte plastids seem to be

evolutionarily frozen and retain a remnant nucleus (nucleomorph) that provides genetic mate-

rial required, e.g. for the maintenance of protein import mechanisms [31,45,46]. In dinotoms,

the diatom endosymbiont still contains a plastid, a mitochondrion and a nucleus and is

thought to represent an almost entirely independent cellular compartment [47,48]. Further-

more, it appears that the host dinotom cell holds a metabolically active remnant of the original

peridinin-pigmented plastid, presumably the eyespot [47,49].

One of the essential biochemical pathways carried out in plastids is tetrapyrrole synthesis.

Tetrapyrroles are cyclic porphyrins coordinated by iron (heme) or magnesium (chlorophyll).

They are essential for life, since heme is a substantial component of the respiratory chain and

chlorophyll is an indispensable compound in the conversion of light energy to chemical bonds

in carbohydrates through photosynthesis. Although the kinetoplastid flagellate Phytomonas
serpens has been shown to be able to live in the absence of heme, it is an extremely rare meta-

bolic deviation [50]. In phototrophic eukaryotes, tetrapyrroles are required in three cellular

compartments: the cytosol, the mitochondrion, and the plastid. Most phototrophs synthesize

tetrapyrrole compounds exclusively in the plastid and transport them to other compartments

(overview in Fig 1). The biosynthetic process, however, can be more complex; in the excavate

alga Euglena gracilis two independent tetrapyrrole biosynthesis pathways are present [51–55],

likely because of the recent acquisition of the secondary green plastid [36,37]. These parallel

tetrapyrrole pathways differ in both evolutionary origin and starting substrate. One pathway

derives from the heterotrophic (secondary) host and uses condensation of succinyl-CoA and

glycine (via the C4 pathway) to synthesize δ-aminolevulinic acid (ALA), the first common pre-

cursor, in the mitochondrion. The heterotrophic-type synthesis takes place partly in the mito-

chondrion and partly in the cytosol as it does in eukaryotic primary heterotrophs [55,56]. The

other pathway is located entirely in the plastid and generates ALA from glutamate (via the C5

Evolution of Tetrapyrrole Biosynthesis in Secondary Algae
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Fig 1. Arrangement of the heme biosynthetic pathway in algae with complex plastids. Inferred origins

of enzymes are represented by colored boxes with flags where applicable. Localizations of B. natans and G.

theta enzymes were predicted by SignalP and TargetP (see Material and Methods). Dashed arrows indicate a

possible dual localization of UROS in both the cytosol and the plastid of B. natans. Only key metabolites are

shown for clarity, for example the starting substrates for mitochondrial-cytosolic C4 (succinyl-CoA and

glycine) and plastid C5 pathways (glutamyl-tRNAGlu). Parts of the pathway identical to K. foliaceum are not

depicted in the D. baltica and G. foliaceum scheme. Schematic representation of organelles: N, N1 –nucleus

of the host; N2 –nucleus of the endosymbiont diatom; n—nucleomorph of the endosymbiont; mt—

mitochondrion. Enzymes: ALAS—delta-aminolevulinic acid synthase; GTR—glutamate-tRNA reductase;

GSA—glutamate-1-semialdehyde 2,1-aminotransferase; ALAD—aminolevulinic acid dehydratase; PBGD—

porphobilinogen deaminase; UROS—uroporphyrinogen-III synthase; UROD—uroporphyrinogen

decarboxylase; CPOX—coproporphyrinogen oxidase; PPOX—protoporphyrinogen oxidase; FeCH—

ferrochelatase. A typical pathway in a primary heterotroph and a primary autotroph are shown for comparison

(Kořený and Obornı́k 2011).

doi:10.1371/journal.pone.0166338.g001
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pathway). Evolutionarily, the plastid pathway originates from the green algal endosymbiont

and, ultimately, from the cyanobacterium engulfed during primary endosymbiosis. In E. graci-
lis, the two tetrapyrrole pathways do not overlap, and thus produce tetrapyrroles separately for

the cytosol and mitochondrion and for the plastid [51,54]. The presence of two redundant tet-

rapyrrole pathways is interpreted as an intermediate state in endosymbiosis [55] and would

allow for the loss of one of the pathways in order to streamline cellular biochemistry. Usually,

the mitochondrial-cytosolic pathway is lost in the course of evolution in eukaryotic photo-

trophs [55,57] and it is rare to see the plastid pathway disappear in exchange for the cytosolic

counterpart, but the parasite Perkinsus marinus [58], for example, retained the heterotrophic

heme synthesis pathway despite the continued presence of a relict plastid (reviewed in [59]).

The alveolate alga Chromera velia, on the other hand, employs a hybrid tetrapyrrole pathway.

Synthesis is initiated in the mitochondrion via the C4 pathway and is predicted to continue in

the plastid. This hybrid synthesis qualifies Chromera as the only known phototroph able to

synthesize tetrapyrroles from glycine [57], similar to heme biosynthetic processes in apicom-

plexan parasites that still possess a remnant, non-photosynthetic plastid [60].

The organization of heme synthesis is currently uncharacterized in most algae with com-

plex plastids. In order to map the level of pathway conservation, reduction or replacement in

further phototrophic lineages, we investigated phylogenetic relationships and predicted the

cellular locations of enzymes involved in tetrapyrrole biosynthesis in the cryptophyte Guillar-
dia theta, the chlorarachniophyte Bigelowiella natans, the green dinoflagellate Lepidodinium
chlorophorum and the dinotoms Durinskia baltica, Glenodinium foliaceum and Kryptoperidi-
nium foliaceum.

Results and Discussion

Bigelowiella natans possesses two heme pathways

In B. natans, we identified thirteen and nine sequences, respectively, of enzymes belonging to

the algal endosymbiont heme pathway (autotrophic pathway) and to the heterotrophic (mito-

chondrial-cytosolic) pathway. The chlorarachniophyte host pathway is typical for eukaryotic het-

erotrophs, with ALA being synthesized by the mitochondrial C4 pathway; the enzymes involved

are predicted to localize to the mitochondrion (aminolevulinic acid synthase, or BnALAS; proto-

porphyrinogen oxidase, BnPPOX2; and ferrochelatase, BnFeCH2) and cytosol (porphobilinogen

deaminase, BnPBGD2; uroporphyrinogen decarboxylase BnUROD1-4, and coproporphyrino-

gen oxidase, BnCPOX2, -3) (see Fig 1, Material and Methods and S1 Table for details). An N-ter-

minal mitochondrial transit peptide was not predicted in BnALAS, but mitochondrial transit

peptides have not been detected in any eukaryotic ALAS [57] examined so far, in spite of the fact

that an N-terminal extension is apparent when the eukaryotic protein is aligned to bacterial

homologs (not shown) and its amino acid composition resembles that of mitochondrial transit

peptides. Moreover, ALAS has never been experimentally found outside of the mitochondrion,

likely because it uses succinyl-CoA, a product of the mitochondrial citrate cycle, as the initial

substrate [57,61]. The host gene for aminolevulinate dehydratase (ALAD) was lost and was likely

replaced by a cyanobacterial (plastid) homolog (Fig 2); a predicted mitochondrial transit peptide

at its N-terminus further supports a mitochondrial location (see S1 Table for details). BnPBGD2,

responsible for the next step of the mitochondrial-cytosolic pathway, forms an unsupported but

stable clade with other eukaryotic sequences, branching as sister to E. gracilis and oomycetes

(non-photosynthetic stramenopiles). This clade, composed of animal, fungal, (phototrophic)

excavate, heterotrophic stramenopile and chlorarachniophyte sequences, very likely represents

the only PBGD enzymes originating in the eukaryotic nucleus because all phototrophic eukary-

otes utilize PBGD of α-proteobacterial origin (S1 Fig) [50,56,57].

Evolution of Tetrapyrrole Biosynthesis in Secondary Algae
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Fig 2. Bayesian phylogenetic tree as inferred from ALAD amino acid sequences. Taxa of interest in this study are

highlighted by colored bars: blue for dinotoms, green for Lepidodinium chlorophorum, ochre for Bigelowiella natans and red for

Guillardia theta. The tree shows red algal origin for B. natans and G. theta enzymes. For L. chlorophorum, we suggest a gene

duplication / loss of paralogs scenario (see text); despite branching as sister to green algae, other dinoflagellates contained in

the same clade do not possess a green algal plastid. Numbers near branches indicate Bayesian posterior probabilities followed

Evolution of Tetrapyrrole Biosynthesis in Secondary Algae
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In spite of the presence of two tetrapyrrole pathways in the chlorarachniophyte, only a sin-

gle gene coding for a putatively plastid-targeted uroporphyrinogen-III synthase (UROS) was

found in the genome database. The enzyme possesses a bipartite targeting sequence at the N-

terminus, necessary for delivering the protein into the secondary plastid (Fig 1, S1 Table).

Notably, all UROS genes in eukaryotic phototrophs form a single compact cluster, although

the origin of this phototrophic clade is not clear (S1 Fig). Since we failed to find the cytosolic

(heterotrophic) UROS in the genome, we can speculate that it was either not covered by the

sequencing or annotation methods used or the recovered B. natans protein is dual-targeted to

the cytosol and the plastid.

Most of the enzymes involved in the mitochondrial-cytosolic pathway are encoded by a single

gene in B. natans, with the exception of UROD. All six genes coding for UROD display eukary-

otic origin in B. natans; however, four of the UROD sequences (BnUROD1, -2, -4 and -5) are

obvious multiple paralogs likely originating from the secondary host nucleus, while two paralogs

originate from the endosymbiont (algal) nucleus (BnUROD3 and -6) (Fig 1 and S1 Fig). Accord-

ing to predictions, three UROD enzymes (BnUROD1, -2, -3) are cytosolic, while three other

URODs appear to be plastid-located, and heterotrophic enzyme BnUROD5 may have function-

ally replaced the cyanobacterial counterparts in the autotrophic pathway (S1 Table).

There are two genes coding for CPOX (BnCPOX2, -3) predicted to function within the het-

erotrophic pathway in B. natans; the former appeared within the clade composed of red-

derived secondary algae, and the latter has a nuclear origin with an unsupported sister position

to ciliate sequences (S1 Fig). A eukaryotic origin is also suggested for the putatively mitochon-

drion-located BnPPOX2 in B. natans. The eukaryotic clade is supported by Bayesian analysis

in this case but its internal structure is not resolved, forming numerous polytomies (S1 Fig),

with B. natans PPOX2 appearing as the earliest eukaryotic branch. The mitochondrial ferro-

chelatase 2 is derived from the chlorarachniophyte host and is phylogenetically affiliated with

heterotrophic stramenopiles (oomycetes), the only representatives of the SAR group in this

particular clade (Fig 3).

The autotrophic tetrapyrrole pathway displays mosaic origins in B. natans, similar to that in

other eukaryotic phototrophs. It is mostly composed of cyanobacterial-derived enzymes (gluta-

mate-tRNA reductase BnGTR, glutamate-1-semialdehyde 2,1-aminotransferase BnGSA-AT,

BnALAD1, -2, BnPPOX1 and BnFeCH1), but also of enzymes likely originating from the endo-

symbiont (primary host) nucleus (BnUROD6, BnCPOX1), one enzyme displaying an α-proteo-

bacterial (likely mitochondrial) origin (BnPBGD1), and an additional CPOX (BnCPOX4) of

uncertain origin (see Fig 1 for summary). Importantly, many of the aforementioned enzymes

show unexpected phylogenetic affiliations: GTR, GSA-AT, ALAD1, CPOX1, -2 and PPOX1 in

B. natans cluster with rhodophytes or algae with red secondary plastids (see Figs 1, 2, 4 and S1

for details), in spite of the chlorophyte origin of the current chlorarachniophyte plastid [62].

Only a single B. natans enzyme, one of the two ferrochelatases, displays the expected and sup-

ported chlorophyte origin (BnFeCH1, Fig 3). Although bootstrap values for the ML analyses are

moderately supported, the hypothetical scenarios for red origin of many of these proteins are

highly supported by Bayesian inference, which is more robust in analyses of data with high vari-

ability across sites. Furthermore, considering the good support for plastid genome relationship

with green algae [62], one would expect the clear and well-supported association of B. natans
sequences with either chlorophytes or heterotrophic eukaryotes; this is not observed.

by the bootstrap of respective clades from the likelihood analysis. Only support values greater than 0.85 (Bayesian) and 50

(likelihood) are shown. dt—different topology in the ML tree, see S2 Fig; a dash indicates an unsupported topology. An asterisk

marks inferred bacterial contamination in G. foliaceum data.

doi:10.1371/journal.pone.0166338.g002
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Fig 3. Bayesian phylogenetic tree as inferred from FeCH amino acid sequences. Taxa of interest in this study are highlighted by

colored bars: blue for dinotoms, green for Lepidodinium chlorophorum, ochre for Bigelowiella natans and red for Guillardia theta. We

document two orthologs, one of unresolved cyanobacterial origin and the other of eukaryotic origin, for B. natans and G. theta enzymes.

The L. chlorophorum sequence branches together with other dinoflagellates, suggesting its origin lies in the peridinin plastid repertoire.

Numbers near branches indicate Bayesian posterior probabilities followed by the bootstrap of respective clades from the likelihood
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Several enzymes of the autotrophic pathway are present in multiple copies in B. natans,
namely ALAD (Fig 2), UROD and CPOX (S1 Fig). The genome of B. natans contains two,

likely paralagous, genes encoding ALAD, at least one of them affiliated with the red lineage

(Fig 2). Three genes coding for autotrophic CPOX have been found in the B. natans genome,

and all three of them appear to be plastid-targeted (S1 Table): one gene (BnCPOX4) is recov-

ered with sequences from other phototrophs with no support; the origin of this clade is

unclear. BnCPOX1 appeared within the clade composed of red-derived secondary algae and

appeared to be related neither to chlorophytes nor to rhodophytes (S2 Fig). We propose that

these genes might originate from the endosymbiont (primary host) nucleus (Figs 1 and S1).

The putative cellular locations corresponding to all enzymes involved in tetrapyrrole bio-

synthesis in B. natans are shown in S1 Table, as inferred using SignalP [63] and TargetP [64].

The entire autotrophic tetrapyrrole pathway is likely located in the plastid stroma of the chlor-

arachniophytes; no enzyme seems to be targeted to the periplastidal space with the possible

exception of BnPBGD2, which fulfills some of the criteria described by Curtis et al. [31],

namely high number of introns, D/K amino acids at the C terminus, and transit peptide net

charge -1. The biological function of an isolated enzyme in this compartment, however, would

be unclear and this targeting is unlikely. The plastid-origin BnALAD1 is putatively retargeted

to the chlorarachniophyte mitochondrion where it is involved in the mitochondrial-cytosolic

pathway. Conversely, paralogs of heterotrophic UROD4 and -5 appear to be retargeted to the

plastid compartment (Fig 1 and S1 Table).

B. natans shares the analogous biparallel architecture of tetrapyrrole biosynthesis with

photosynthetic euglenids. Plastid acquisition occurred relatively recently in euglenids, since

phototrophic euglenids constitute a monophyletic group [36] and the previous presence of

plastids was never confirmed in phagotrophic euglenids or their osmotrophic relatives [37].

In spite of the independent origins of chlorarachniophytes (Rhizaria) and euglenophytes

(Excavata) [62], they display a similar pattern of tetrapyrrole synthesis [55]. Both algae pos-

sess two nearly complete pathways, one originating from the primary heterotrophic host,

the other from the engulfed algal endosymbiont (Fig 1). In both algae the reduction of the

redundant pathway has already begun and the mitochondrial-cytosolic pathway is partially

reduced. In Euglena, two enzymes of plastid origin functionally replaced the original hetero-

trophic pathway genes for UROS and UROD, either via dual targeting or by sharing the

products of the reactions they catalyze between compartments [55]. Similarly, in Bigelowiella,

the original ALAD and UROS from the heterotrophic pathway were likely replaced via dual

localization of the plastid-derived enzymes or through the exchange of pathway intermedi-

ates (Fig 1). Furthermore, one of the PBGD enzymes (possibly BnPBGD2) must be dually

targeted for the heterotrophic pathway to function. As in other phototrophs, both B. natans
and E. gracilis contain multiple copies (orthologs) of UROD and CPOX. In summary, the

level of metabolic reduction is comparable in Bigelowiella and Euglena, which suggests that

they acquired their green plastids at approximately the same time (assuming similar rates of

evolution) or a constraint imposed on cellular metabolism that prevents a loss of redundancy

in chlorarachniophytes.

The ultimate step of the cryptophyte pathway is bifurcated

With the exception of the ferrochelatase predicted to localize in the mitochondrion (see below),

only the set of enzymes originating from the algal endosymbiont and putatively targeted to the

analysis. Only support values greater than 0.85 (Bayesian) and 50 (likelihood) are shown. dt—different topology in the ML tree, see S2 Fig;

a dash indicates unsupported topology. An asterisk marks inferred bacterial contamination in G. foliaceum and Karenia brevis data.

doi:10.1371/journal.pone.0166338.g003
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Fig 4. Bayesian phylogenetic tree as inferred from GSA-AT amino acid sequences. Taxa of interest in this study are

highlighted by colored bars, blue for dinotoms, green for Lepidodinium chlorophorum, ochre for Bigelowiella natans and red for

Guillardia theta. Numbers near branches indicate Bayesian posterior probabilities followed by the bootstrap of respective

clades from the maximum likelihood (ML) analysis. Only support values greater than 0.85 (Bayesian) and 50 (ML) are shown.

dt—different topology in the ML tree, see S2 Fig; a dash indicates unsupported topology. The tree demonstrates the
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plastid compartment was found in Guillardia theta (Fig 1). We found three copies of UROD

(one duplicated cyanobacterial gene and one gene originating from the endosymbiont nucleus)

and CPOX (one duplicated gene from the endosymbiont nucleus and one gene of uncertain

origin, GtCPOX2; see Figs 1 and S1 and S1 Table); both multiplied sets of enzymes are conse-

quently combinations of orthologs originating from the primary endosymbiotic event (see S1

Fig for details), with one of them duplicated a second time. Gene duplication and functional

specialization are also seen in other algae and plants [65]. While the duplication of the cyano-

bacterial UROD seems to be deeply branching, paralogs of CPOX arose more recently. Most of

the enzymes involved originated from a cyanobacterial plastid ancestor related to rhodophytes

and the CASH lineage (GtGTR1 and -2, GtGSA-AT, GtALAD, GtUROD1 and -2, GtPPOX;

see Figs 2–4 and S1), supplemented by enzymes originating from the endosymbiont nucleus

(UROD3, CPOX1 and -3), α-proteobacteria (mitochondria; GtPBGD) and enzymes encoded

by algae-affiliated genes of unknown origins (GtUROS, GtCPOX2) (see overview in Fig 1).

This is in line with the presence of the rhodophyte-derived secondary plastid in cryptophytes

[66,67]. Clustering of GtUROD3 with homologs from green algae, E. gracilis and sequences

from the CASH group (S1 Fig) may be the result of gene duplication followed by lineage-spe-

cific gene loss (discussed below).

The mitochondrion-located ferrochelatase GtFeCH2 is eukaryotic in origin, as are its

homologs in heterotrophic eukaryotes and the glaucophyte Cyanophora paradoxa (Figs 1

and 4), and putatively targeted to the mitochondrion (S1 Table). The retention of mitochon-

drial ferrochelatase may be the result of slower rates of evolution in the cryptophyte plastid

when compared to other red-derived secondary plastids [55–57,68], an evolutionary

constraint placed on its role in the biology of the organism, or an independent and

more recent plastid acquisition in cryptophytes. The latter view is consistent with the pres-

ence of a nucleomorph in cryptophytes and with the growing body of evidence showing

that phototrophic cryptophytes emerged through an independent endosymbiosis event

[18,69,70].

Novel type of GSA-AT and a proteobacterial FeCH in dinotoms

We analyzed transcriptomes from the dinotoms (dinoflagellates with tertiary diatom endo-

symbionts) Glenodinium foliaceum CCAP 1116/3, Kryptoperidinium foliaceum CCMP 1326

and Durinskia baltica (available via the MMETSP initiative, see S3 Table). Two redundant

heme pathways are present in dinotoms: one is located in the diatom endosymbiont, while

the second remains in the putative remnant of the original peridinin plastid, the eye spot

[47]. These separate pathways seem to supply tetrapyrroles to the two independent symbiotic

partners. Our inferred trees display similar topologies and evolutionary relationships as

those published previously (see Fig 1 for summary; [47]); the endosymbiont pathway

enzymes are related to sequences from free-living diatoms, while the host enzymes cluster

together with other dinoflagellates. Furthermore, we identified a new biochemically

cyanobacterial origin of canonical GSA-AT, while the non-canonical GSA-AT originates in proteobacteria. Schematics of

Karenia brevis transcripts and respective proteins are shown for complete representatives of canonical and non-canonical

GSA-AT. The presence of a spliced-leader sequence at the 5’ end suggests nuclear encoding and transcription of these

genes. An N-terminal presequence of the resulting protein putatively targets both enzymes into the plastid. The canonical and

non-canonical enzymes share motifs for pyridoxal 5’-phosphate binding and a catalytical residue. UTR—untranslated region;

ORF—open reading frame; TM—transmembrane domain; SP—signal peptide; SP-TM—signal peptide predicted by the

SignalP-TM networks; yellow bar—Panther Class III aminotransferase / glutamate-1-semialdehyde 2,1-aminomutase hit;

violet bar—Pfam Class III aminotransferase hit; grey bar—PROSITE Class III aminotransferase hit; numbers represent scale

in nt or aa.

doi:10.1371/journal.pone.0166338.g004
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uncharacterized subfamily of putative GSA-AT, which is found in other dinoflagellates as

well as in Aureococcus anophagefferens, Emiliania huxleyi and the chlorophyte Micromonas.
Since the non-canonical putative GSA-AT clade contains a smaller clade composed of

proteobacteria, the possibility of bacterial contamination has to be taken into account.

However, spliced-leader sequences in the GSA-AT transcripts from Karenia brevis
(CAMNT_0032523625 and CAMNT_0032609079, see Fig 4 for details) indicate that the

genes are located in the dinoflagellate nucleus. The respective translated sequences contain

N-terminal presequences putatively targeting the protein product to the peridinin plastid

[71] (Figs 1 and 4). There is also a single sequence from G. foliaceum closely related to Pelo-
monas sp. in the bacterial cluster; this particular gene might be a bacterial contaminant (Fig

4). The origin of the novel GSA-AT clade remains unclear.

We also analyzed the last enzyme of the pathway, ferrochelatase (FeCH), not included in

previously published analyses [47]. Ferrochelatase in particular shows complex origins in

eukaryotic phototrophs, which includes non-endosymbiotic gene transfer from proteobacteria

to the ancestor of chromerids and apicomplexans (Fig 3). Two clades in the ferrochelatase tree

contain dinotoms: the genes of cyanobacterial origin came from the diatom endosymbiont;

this clade also contains the heterotrophic dinoflagellate Oxyrrhis marina, numerous cyanobac-

teria, a glaucophyte, the rhizarian Paulinella chromatophora, chlorophytes, plants, heterokonts,

eustigmatophytes, a haptophyte, Euglena gracilis and chromerids. The other clade is sister to

apicomplexans, chromerids, and E. gracilis, and contains rhodophytes, peridinin-pigmented

dinoflagellates, and a heterotrophic dinoflagellate (Cryptheconidium cohni). Its origin is

unclear but might be proteobacterial (Fig 3). The tree topology is consistent with the presence

of two ferrochelatases in chromerids [57], phototrophic euglenids [55], and dinotoms. While

in apicomplexan parasites the complex origin of ferrochelatase is a result of non-endosymbi-

otic gene transfer from proteobacteria to Apicomplexa, the ferrochelatases in dinotoms arose

from endosymbiotic association with the ancestor of the peridinin plastid and later tertiary

endosymbiosis with the diatom endosymbiont.

The heme pathway is redundant in dinotoms; however, there are putatively necessary

genes missing from their transcriptomes (Fig 1). The most striking absence is that of dinofla-

gellate-like UROS. We are unable to unambiguously discriminate between endosymbiont

and host nuclear-encoded enzymes based solely on their sequences as spliced leaders are

often missing; still, it appears that the diatom-like enzymes are exclusively used by the dia-

tom endosymbiont, mainly due to retained characteristics required for diatom-like protein

transport (the ASAFAP motif [47,72]) as well as difficulties in the hypothetical transport of

proteins from the host cytoplasm over 6 membranes (endomembrane system of the host

+ putative plasma membrane of endosymbiont + four membranes of the diatom plastid).

Conversely, any transport of UROS from inside the diatom endosymbiont compartment to

the eyespot (remnant of the original dinoflagellate peridinin plastid) is hard to imagine. The

absence of the original dinoflagellate UROS could be explained by transport of pre-uropor-

phyrinogen (hydroxymethylbilane), however, pre-uroporphyrinogen is highly unstable [73].

Furthermore, all the antecedent enzymes in the eyespot pathway (GTR, GSA-AT, ALAD,

PBGD) would become redundant and therefore should have been lost from the genome.

Insufficient sequencing and high divergence of UROS may explain the total absence of tran-

scripts of the dinoflagellate-like UROS. On the other hand, the absence of Glenodinium
orthologs of KfUROD1, KfUROD4 and the KfCPOX3+4+5 cluster and the Kryptoperidinium
ortholog of the GfCPOX3+4 cluster (S1 Fig) may also be a result of gene loss, as other func-

tional copies remained. In several cases, sequencing and assembly errors may interfere with

determining the exact number of closely related paralogs, GSA-AT being an example of high

gene copy number in dinoflagellates (Fig 4).
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The rhodophyte pathway is conserved in algae with green plastids

Using our transcriptomic data (S2 Table), we mapped the tetrapyrrole pathway in the green

dinoflagellate Lepidodinium chlorophorum [24,74]. We found most of the genes of the plastid

tetrapyrrole pathway and no traces of the mitochondrial-cytosolic pathway (see Fig 1 for

summaries), consistent with the autotrophic history of the species. Some enzymes (LcGTR,

LcPPOX2 and LcFeCH) cluster with the red lineage (S1 Fig). Other sequences branch with

green algae and plants but always also branch together with other dinoflagellate sequences

(LcALAD, LcGSA-AT1, -2, LcPPOX1). For example, sequences of canonical GSA-AT from L.

chlorophorum form a cluster with sequences from the red lineage (Fig 4); however strepto-

phytes, chlorophytes and rhodophytes are unresolved and placed in the ancestral position (see

Figs 4 and S1 for details).

Interpreting most phylogenetic trees is very complicated, mainly due to the existence of

multiple genes originating in the host nucleus, the endosymbiont nucleus, cyanobacteria

(plastid), and proteobacteria. Together these factors make the evolution of heme pathway

enzymes difficult to follow, particularly in eukaryotic phototrophs. However, the phyloge-

netic placement of L. chlorophorum GSA-AT and other enzymes together with their ortho-

logs from dinoflagellates with rhodophyte-derived plastids suggests a red origin. In LcALAD

and LcPPOX, with affinities to green algae, we presume the topology could be the result of

the duplication of cyanobacteria-derived genes and subsequent lineage-specific gene loss

(Fig 2), similar to GtUROD3. In other words, the hypothetical ancestor of the plastid con-

tained two paralogs, for clarity here denoted as red and green, and one these paralogs was

later lost in each lineage (the green one in rhodophytes and stramenopiles, the red one in the

green lineage and dinoflagellates), masking the true origin of the gene. A clear example is

seen in PPOX: the gene passed through a duplication event (S1 Fig) and L. chlorophorum
genes are present in both cyanobacterial PPOX clades, with either rhodophytes or chloro-

phytes at the root. Again, they group together with other algae possessing rhodophyte-

derived plastids. This suggests the green paralog was inherited vertically, not via endosymbi-

otic gene transfer from the green endosymbiont. It is noteworthy that the paralogs of ALAD

and PPOX retained in rhodophytes also remained in stramenopiles, haptophytes and dino-

toms, while the genes found in green algae and plants are present only in dinoflagellates.

Consequently, most of the “red-related” genes in dinotoms apparently originate from, and

reside in, the diatom endosymbiont (Figs 1 and 2, S1) and the ancestral dinoflagellate genes

appear “green-related”. An alternative hypothesis would imply horizontal (eukaryote-to-

eukaryote) gene transfer of ALAD and PPOX from green algal prey or from a putative green

plastid to the ancestor of dinoflagellates, to the exclusion of chromerids and apicomplexans

that possess a red-related gene. This putative green plastid would appear cryptic from today‘s

perspective, as it must have been later functionally replaced and partially genetically masked

by the current red-derived peridinin plastid.

Therefore, it appears that most of the enzymes considered here originate from a rhodophyte

source, in spite of the dinoflagellate’s chlorophyte-derived plastid. The chlorophyte-derived

plastid is thought to have replaced the original peridinin pigmented dinoflagellate plastid

through serial secondary endosymbiosis in this species [23]. Regardless, we observed that the

original rhodophyte-derived pathway introduced with the peridinin plastid is highly conserved

in this dinoflagellate, in agreement with the “shopping bag” or plastid promiscuity hypothesis,

resulting in a mosaic evolution of the plastid proteome [75]. This functional conservation of

tetrapyrrole biosynthesis genes might result from a predisposition of red genes to be targeted

to the new plastid (as they were already successfully targeted to the old one)–an advantage the

newcomer green genes presumably lacked.
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The predominantly rhodophyte origins of the heme pathway in L. chlorophorum likely rep-

resent a set from the previously acquired peridinin plastid, but the “purchased” old genes were

put into a newer, better shopping bag. The presence of red-derived heme pathway enzymes in

B. natans plastids could be a result of non-endosymbiotic HGT from (red) algal prey according

to the “you are what you eat” hypothesis [76]. Indeed, a rich fraction of red-related genes in B.

natans, including photosynthesis-related genes, has already been reported [77,78]. Additional

photosynthesis-related proteins were recruited from bacteria, indicating that extensive HGT

does take place in chlorarachniophytes [77]. One explanation for the ease of HGT in this case

comes from the origin of heme pathway genes; B. natans sequences often cluster with the

CASH taxa. If these genes were horizontally transferred from one of the CASH lineages, they

already coded for some plastid targeting signal as heme synthesis is presumably plastid-located

in these lineages. Bigelowiella natans does not use the same protein import complex (SELMA)

as algae from the CASH taxa [79], but plastid proteins in these groups have some structural

similarities (e.g. the presence of a bipartite N terminal extension comprising a signal peptide

plus a transit peptide) suggesting similarities also in the protein transport mechanisms. On the

other hand, the abovementioned HGT events from the red lineage must have taken place after

the green plastid acquisition but before the divergence of two basal chlorarachniophyte line-

ages comprising Lotharella amoeboformis and B. natans [78]. Altogether, it seems less probable

that massive gene replacement via non-endosymbiotic HGT would occur in enzymes forming

an essential and compartmentalized metabolic pathway. Taking into account similarities with

L. chlorophorum, we can speculate that the green dinoflagellate “heritage” scenario also applies

to B. natans. The rhodophyte origin of the tetrapyrrole pathway in B. natans may therefore

reflect the previous presence of a hypothetical red-derived plastid in the ancestor of chlorar-

achniophytes (Fig 5). Rhizarians exhibit predatory heterotrophic or parasitic lifestyles, and a

cryptic plastid could be held initially as a kleptoplast [80]. Similarly in dinoflagellates, the ori-

gins of “green” ALAD and PPOX may trace back to a cryptic endosymbiosis or gene transfer

from the green lineage in the common ancestor of extant dinoflagellates including Oxyrrhis
(Fig 2), mirroring the gene flow from the red lineage observed in B. natans [78]. However, the

number of genes significantly related to the green lineage is extremely limited in studied dino-

flagellates and Chromera velia [33,81,82] and does not necessarily imply the cryptic introduc-

tion of a green plastid. Indeed, the observed topologies might be artifacts showing false

phylogenetic affinities. However, considering balanced sampling of each higher taxon (CASH

taxa, green algae plus plants, red algae), this is less likely to happen in all cases.

In order to determine how endosymbiotic events occurred, a robust reconstruction of the

gene repertoire of photosynthetic algae is needed. Not all genes diverged at the same time and

gene multiplication and lineage-specific losses may hinder phylogenetic signal resolution.

Indeed, genes with conserved or ancient evolutionary histories display different topologies

than those acquired more recently via HGT [34] or those possessing less conserved functions

[83]. Curtis et al. [31] reported a high number of algal-related genes in G. theta that acquired

new functions and putatively also cellular localizations through endosymbiotic gene transfer

to the host nucleus, regardless of their evolutionary origin. This is in conflict with the con-

served origins implicated in this study; we suggest that enzymes of essential plastid pathways,

such as tetrapyrrole biosynthesis, resist functional replacement due to conserved localization

to a specialized compartment. The protein transport mechanism (SELMA), present in all

investigated CASH taxa, is strong molecular evidence for the monophyletic origin of the

CASH plastid [5,6,14]. During the course of evolution, proteins transported into the plastid via

this mechanism have acquired an N-terminal transport signal. This potentially enables their

lateral movement to new eukaryote hosts and allows them to maintain their original functions

inside the organelle, provided the same transport mechanism is employed in the new host.

Evolution of Tetrapyrrole Biosynthesis in Secondary Algae

PLOS ONE | DOI:10.1371/journal.pone.0166338 November 18, 2016 13 / 22



Fig 5. A simplified scheme of the evolution of the tetrapyrrole biosynthesis pathway with an emphasis on the models from this study

(black bars). Primary endosymbiosis (PE) gave rise to the Archaeplastida comprising red algae, green algae and glaucophytes. Following the

divergence of main eukaryotic lineages, secondary (SE) or tertiary endosymbiosis (TE) events equipped the ancestors of CASH taxa

(cryptophytes, alveolates, stramenopiles and haptophytes) with photosynthetic capabilities. Contradictory evidence has been debated over the

last years as for the history of CASH plastid acquisitions (e.g. [5,8,34]). A plastid-early scenario (the chromalveolate hypothesis) posits that all
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This is consistent with theories of lateral CASH plastid transfer into unrelated branches of the

eukaryote tree, giving rise to the CASH taxa [34]. Conversely in cases of serial plastid replace-

ment, a potential new plastid would encounter a pre-existing, functional set of proteins ensur-

ing the function of the original organelle. The new plastid might also be inhabited by the

original plastid’s protein compendium including the protein transport machinery, rather than

continuing to use its own proteome, which would be incompatible with SELMA. With this in

mind, we presume that proteins having the ability to be transported to the CASH plastid could

also be transported into a successor plastid, enabling the detection of serial endosymbiotic his-

tories with higher confidence than cytoplasmic proteins.

Conclusions

The tetrapyrrole biosynthesis pathway in phototrophic eukaryotes is an evolutionary mosaic

originating in proteobacteria, cyanobacteria and eukaryotes. It represents a shopping bag of

enzymes collected during the history of plastid endosymbiosis retained, due to its essential role

in metabolism, even after photosynthetic capabilities have been lost. Here we confirm that the

tertiary plastids of dinotoms represent largely independent compartments with tetrapyrrole

biosynthesis occurring parallel to biosynthesis in the peridinin plastid. The enzymes putatively

localized to the former plastid branch sister to dinoflagellate enzymes, while the tertiary plastid

contains enzymes branching sister to those of diatoms, mirroring the origin of the respective

organelles. In G. theta, the pathway is located almost entirely in the plastid, with the exception

of a eukaryotic ferrochelatase apparently localized to the mitochondrion, indicating either a

slow evolutionary rate or an evolutionary constraint. Furthermore, we observed that the

majority of the pathway is evolutionarily conserved and related to the red lineage even in

organisms that currently possess a plastid of green algal provenance, i.e. the dinoflagellate

Lepidodinium chlorophorum and the chlorarachniophyte B. natans. Hence, if the protein tar-

geting machinery is compatible with the new plastid compartment, the tetrapyrrole synthesis

pathway can be relocated “as is”, which is illustrated in the case of L. chlorophorum. Intrigu-

ingly, such a scenario may imply the existence of a cryptic red-derived plastid earlier in the

history of chlorarachniophytes. While the evolution of eukaryotes is becoming clearer with

increasing data from deeper lineages, the history of plastid acquisitions resists revealing an

unequivocal scenario due to massive gene transfer and phylogenetic bias. We suggest that a

targeted approach directed at conserved processes could result in new, relevant hypotheses

even in the genomic era.

Material and Methods

The complete genomic sequences of the cryptophyte alga Guillardia theta (http://genome.jgi.

doe.gov/Guith1/Guith1.home.html) and the chlorarachniophyte Bigelowiella natans (http://

genome.jgi.doe.gov/Bigna1/Bigna1.home.html) were searched using BLAST [84] for genes

encoding enzymes involved in the synthesis of tetrapyrroles (ALAS, GTR, GSA-AT, ALAD,

CASH taxa are monophyletic and the CASH plastid was vertically transferred (dashed red line) and lost in extant non-photosynthetic

descendants (such as ciliates and most rhizarians). Plastid-late scenarios require multiple lateral acquisitions of the CASH plastid (question

marks) but better reflect some current phylogenomic analyses of the plastid recipients (e.g. [18,69]). Loss of photosynthesis/plastids have been

documented in many sister lineages, such as oomycetes or apicomplexans, however these are in line with plastid-late scenarios as well. A

cryptic SE with a CASH alga or numerous HGT (red arrows) events are inferred before the divergence of extant chlorarachniophytes (this work,

[78]), which was masked by the acquisition of the current green algal endosymbiont. A similar situation in L. chlorophorum led to the peridinin

plastid replacement with a green plastid, however the majority of red-related heme pathway enzymes remained functionally conserved in the

successor plastid. The loss of the heterotrophic pathway possibly occurred several times independently in the stramenopile and dinoflagellate

lineages, as Perkinsus marinus, sister to dinoflagellates, still contains a functional mitochondrial-cytosolic pathway [8].

doi:10.1371/journal.pone.0166338.g005
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PBGD, UROS, UROD, CPOX, PPOX, and FeCH). Homologous sequences were those used in

Kořený et al. [57]; newly added sequences are listed in S3 Table. All alignments were made

using MUSCLE [85] and ambiguous regions were removed in SeaView [86]. Phylogenetic

trees were constructed using Maximum Likelihood (RAxML v8.2.4; [87]), Bayesian inference

(PHYLOBAYES v3.3b; [88]) and a method designed to deal with amino acid saturation (Asa-

turA v18.10.2002; [89]). ML trees were computed using the LG model with gamma distribu-

tion in 4 categories and 1000 replicates. Bayesian inferences were calculated with the following

parameters: 2 chains, 15,000 generations under the C20 model with Poisson exchange rate,

sampling every 100 generations, and a maximum divergence of 0.1.

Sequences from G. theta and B. natans were inspected for the presence of N-terminal leader

sequences by SignalP 3.0 [63] and TargetP [64], predicting localization to either the mitochon-

drion (mitochondrial transit peptide) or the plastid (bipartite leader composed of ER signal

peptide followed by a transit peptide). GSA-AT of Karenia brevis (Fig 4) were automatically

annotated using the InterProScan feature of Geneious 8.1 [90].

The transcriptome library of Lepidodinium chlorophorum (Roscoff collection no. RCC1488)

was generated using the NEBNext Ultra Directional RNA Library kit (New England Biolabs,

Ipswitch, MA, USA) according to the manufacturer‘s instructions. Quality assessment and

sequencing were performed in a specialized facility, using the Illumina MiSeq (2×250 bp) plat-

form. The generated reads were quality-trimmed using the FASTQ Toolkit (v1.0) of the Illu-

mina BaseSpace platform and then assembled using Trinity v2.1.1 [91] and SOAPdenovo2

v2.0 r240 [92] and clustered using CAP3 [93]. Gene assembly completion was assessed with

BUSCO software using the complete eukaryotic gene profile [94] on protein models generated

by the TransDecoder script of the Trinity package. Some characteristics of the obtained tran-

scriptome are listed in S2 Table. Novel sequences of interest were deposited in GenBank under

the accession no. KX344033-47.

Supporting Information

S1 Fig. Bayesian phylogenetic trees as inferred from the amino acid sequences. A) ALAS,

B) GTR, C) PBGD, D) UROS, E) UROD, F) CPOX and G) PPOX. Taxa of interest of this

study are highlighted by colored bars: blue for dinotoms, green for Lepidodinium chloro-
phorum, ochre for Bigelowiella natans and red for Guillardia theta. The tree demonstrates the

mitochondrial origin of ALAS. Numbers near branches indicate Bayesian posterior probabili-

ties followed by the bootstrap of respective clades from the likelihood analysis. Only support

values greater than 0.85 (Bayesian) and 50 (likelihood) are shown. dt—different topology in

the likelihood tree, see S2 Fig; a dash indicates unsupported topology. Asterisks mark possible

contaminations. LcPPOXa, -b, -c; LcUROSa, -b = non-overlapping protein models, putatively

fragments of LcPPOX1 and LcUROS.

(PDF)

S2 Fig. Maximum likelihood trees as inferred from amino acid sequences. Numbers near

branches indicate bootstrap values; only support values greater than 50 are shown. A, ALAS—

delta-aminolevulinic acid synthase; B, GTR—glutamate-tRNA reductase; C, GSA—glutamate-

1-semialdehyde aminotransferase; D, ALAD—aminolevulinic acid dehydratase; E, PBGD—

porphobilinogen deaminase; F, UROS—uroporphyrinogen synthase; G, UROD—uroporphyr-

inogen decarboxylase; H, CPOX—coproporphyrinogen oxidase; I, PPOX—protoporphyrino-

gen oxidase; J, FeCH—ferrochelatase. LcPPOXa, -b, -c; LcUROSa, -b = non-overlapping

protein models, putatively fragments of LcPPOX1 and LcUROS.

(PDF)
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S1 Table. Targeting presequences in Bigelowiella natans and Guillardia theta. Targeting

probabilities were determined using SignalP and TargetP as described in Materials and Meth-

ods. Respective targeting peptide sequences are listed. The presence of a signal peptide followed

by a chloroplast targeting peptide (cTP) implies localization to the plastid; mitochondrial

enzymes encode mitochondrial targeting peptide presequences, while cytoplasmic enzymes

lack presequences. If available, models with longer N-termini (e.g. Pasa, Fgenesh) were

included in pre-sequence analysis and are listed in the table.

(PDF)

S2 Table. Characteristics of the obtained transcriptome libraries of Lepidodinium chloro-
phorum. Number of reads and bases of two libraries are listed after quality trimming (two

reads per library, see Material and Methods). The resulting number of contigs and coding

sequences were analyzed using the BUSCO pipeline with a set of 429 BUSCO groups of ortho-

logs. Ortholog counts: C = complete; D = duplicated; F = fragments; M = missing.

(PDF)

S3 Table. List of sequences added to the original datasets of Kořený et al. [26, 28]. Gene

copy designation for species of interest in this study is shown in brackets according to their

designation in respective trees (an asterisk marks putative contaminant sequences). Databases:

CGP = Cyanophora Genome Project; CryptoDB = Cryptosporidium Genomic Resource;

gb = GenBank; Gruber ea. = Gruber et al. 2015 Plant J, 10.1111/tpj.12734; jgi = DOE Joint

Genome Institute; MMETSP = Marine Microbial Eukaryote Transcriptome Sequencing

Project; Nori = NoriBLAST, Porphyra Genome Project; psb = bioinformatics.psb.ugent.be;

VH = Courtesy of Vladimı́r Hampl, unpublished; Cmb = combined samples.

(PDF)
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13. Janouškovec J, Horák A, Obornı́k M, Lukeš J, Keeling PJ. A common red algal origin of the apicom-

plexan, dinoflagellate, and heterokont plastids. Proc Natl Acad Sci U S A. 2010; 107: 10949–54. doi: 10.

1073/pnas.1003335107 PMID: 20534454

14. Felsner G, Sommer MS, Gruenheit N, Hempel F, Moog D, Zauner S, et al. ERAD components in organ-

isms with complex red plastids suggest recruitment of a preexisting protein transport pathway for the

periplastid membrane. Genome Biol Evol. 2011; 3: 140–150. doi: 10.1093/gbe/evq074 PMID:

21081314

15. Hampl V, Hug L, Leigh JW, Dacks JB, Lang BF, Simpson AGB, et al. Phylogenomic analyses support

the monophyly of Excavata and resolve relationships among eukaryotic “supergroups”. Proc Natl Acad

Sci U S A. 2009; 106: 3859–64. doi: 10.1073/pnas.0807880106 PMID: 19237557

16. Brown MW, Sharpe SC, Silberman JD, Heiss A a, Lang BF, Simpson AGB, et al. Phylogenomics dem-

onstrates that breviate flagellates are related to opisthokonts and apusomonads. Proc Biol Sci. 2013;

280: 20131755. doi: 10.1098/rspb.2013.1755 PMID: 23986111

17. Yabuki A, Kamikawa R, Ishikawa S a, Kolisko M, Kim E, Tanabe AS, et al. Palpitomonas bilix represents

a basal cryptist lineage: insight into the character evolution in Cryptista. Sci Rep. 2014; 4: 4641. doi: 10.

1038/srep04641 PMID: 24717814

18. Burki F, Kaplan M, Tikhonenkov DV, Zlatogursky V, Minh BQ, Radaykina LV, et al. Untangling the early

diversification of eukaryotes: a phylogenomic study of the evolutionary origins of Centrohelida, Hapto-

phyta and Cryptista. Proc R Soc B Biol Sci. 2016; 283: 20152802. doi: 10.1098/rspb.2015.2802 PMID:

26817772

19. Delwiche CF. Tracing the thread of plastid—Diversity through the tapestry of life. Am Nat. 1999; 154:

S164–S177. Available: http://www.jstor.org/stable/10.2307/2463984 doi: 10.1086/303291 PMID:

10527925

20. Inagaki Y, Dacks JB, Ford Doolittle W, Watanabe KI, Ohama T. Evolutionary relationship between dino-

flagellates bearing obligate diatom endosymbionts: Insight into tertiary endosymbiosis. Int J Syst Evol

Microbiol. 2000; 50: 2075–2081. doi: 10.1099/00207713-50-6-2075 PMID: 11155982

21. Saldarriaga JF, Taylor FJR, Keeling PJ, Cavalier-smith T. Dinoflagellate nuclear SSU rRNA phylogeny

suggests multiple plastid losses and replacements. J Mol Evol. 2001; 53: 204–213. doi: 10.1007/

s002390010210 PMID: 11523007

22. Ishida K, Green BR. Second- and third-hand chloroplasts in dinoflagellates: Phylogeny of oxygen-evolv-

ing enhancer 1 (PsbO) protein reveals replacement of a nuclear-encoded plastid gene by that of a hap-

tophyte tertiary endosymbiont. Proc Natl Acad Sci U S A. 2002; 99: 9294–9299. doi: 10.1073/pnas.

142091799 PMID: 12089328

23. Keeling PJ. The endosymbiotic origin, diversification and fate of plastids. Philos Trans R Soc Lond B

Biol Sci. 2010; 365: 729–48. doi: 10.1098/rstb.2009.0103 PMID: 20124341

Evolution of Tetrapyrrole Biosynthesis in Secondary Algae

PLOS ONE | DOI:10.1371/journal.pone.0166338 November 18, 2016 18 / 22



24. Elbrachter M, Schnepf E. Gymnodinium chlorophorum, a new, green, bloom-forming dinoflagellate

(Gymnodiniales, Dinophyceae) with a vestigial prasinophyte endosymbiont. Phycologia. 1996; 35: 381–

393. doi: 10.2216/I0031-8884-35-5-381.1

25. Takishita K, Kawachi M, Noel MH, Matsumoto T, Kakizoe N, Watanabe MM, et al. Origins of plastids

and glyceraldehyde-3-phosphate dehydrogenase genes in the green-colored dinoflagellate Lepidodi-

nium chlorophorum. Gene. 2008; 410: 26–36. doi: 10.1016/j.gene.2007.11.008 PMID: 18191504

26. Chesnick JM, Morden CW, Schmieg AM. Identity of the endosymbiont of Peridinium foliaceum (Pyrro-

phyta): Analysis of the rbcLS operon. J Phycol. 1996; 32: 850–857. doi: 10.1111/J.0022-3646.1996.

00850.X

27. Imanian B, Keeling PJ. The dinoflagellates Durinskia baltica and Kryptoperidinium foliaceum retain

functionally overlapping mitochondria from two evolutionarily distinct lineages. BMC Evol Biol. 2007; 7:

172. doi: 10.1186/1471-2148-7-172 PMID: 17892581

28. Moustafa A, Beszteri BB, Maier UG, Bowler C, Valentin K, Bhattacharya D. Genomic footprints of a

cryptic plastid endosymbiosis in diatoms. Science. 2009; 324: 1724–6. doi: 10.1126/science.1172983

PMID: 19556510

29. Dorrell RG, Smith AG. Do red and green make brown?: Perspectives on plastid acquisitions within chro-

malveolates. Eukaryot Cell. 2011; 10: 856–868. doi: 10.1128/EC.00326-10 PMID: 21622904

30. Woehle C, Dagan T, Martin WF, Gould SB. Red and problematic green phylogenetic signals among

thousands of nuclear genes from the photosynthetic and apicomplexa-related Chromera velia. Genome

Biol Evol. 2011; 3: 1220–1230. doi: 10.1093/gbe/evr100 PMID: 21965651

31. Curtis BA, Tanifuji G, Burki F, Gruber A, Irimia M, Maruyama S, et al. Algal genomes reveal evolutionary

mosaicism and the fate of nucleomorphs. Nature. 2012; 492: 59–65. doi: 10.1038/nature11681 PMID:

23201678

32. Deschamps P, Moreira D. Reevaluating the green contribution to diatom genomes. Genome Biol Evol.

2012; 4: 683–688. doi: 10.1093/gbe/evs053 PMID: 22684208
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proteobacteria

Laccaria bicolor
Cryptococcus neoformans

Aspergillus fumigatus
Mycosphaerella graminicola

Phycomyces blakesleeanus
Homo sapiens

Drosophila melanogaster
Nematostella vectensis

Monosiga brevicolis

Seculamonas ecuadoriensis

Trichoplax adhaerens

Hartmannella vermiformis

Phytophthora ramorum
Phytophthora sojae

Hyaloperonospora parasitica
Pythium ultimum

Acanthamoeba castellani

Amycolatopsis orientalis
Streptomyces aizunensis

Streptomyces nodosus

Streptomyces ghanaensis

Bordetella petrii
Chromobacterium violaceum

Rhodospirillum rubrum
Magnetospirillum gryphiswaldense

Agrobacterium tumefaciens
Rhizobium etli

Hoeflea phototrophica

Rhodopseudomonas palustris
Methylobacterium radiotolerans

Gluconobacter oxydans

Rhodobacter sphaeroides

Nitrobacter winogradskyi
Rhodoblastus acidophilus

Oligotropha carboxidovorans
Bradyrhizobium sp. 

Xanthobacter autotrophicus
Azorhizobium caulinodans
Beijerinckia indica

Brucella melitensis
Ochrobactrum anthropi

Aurantimonas sp. 
Fulvimarina pelagi

Mesorhizobium loti
Parvularcula bermudensis

Ehrlichia canis
Anaplasma phagocytophilum

Wolbachia endosymbiont of Brugia malayi
Neorickettsia sennetsu

Rickettsia conorii
Orientia tsutsugamushi

Plamodium falciparum
Plasmodium knowlesii 

Plasmodium yoelii

Tetrahymena thermophyla
Paramecium tetraurelia

Bigelowiella natans

Dictiostelium discoideum

Neospora caninum
Toxoplasma gondii

Perkinsus marinus

Erythrobacter sp. 
Novosphingobium aromaticivorans

Sphingopyxis alaskensis
Sphingomonas sp.

Zymomonas mobilis
Parvibaculum lavamentivorans

Oceanibulbus indolifex
Sulfitobacter sp.

Roseobacter denitrificans
Roseovarius sp.

Sagittula stellata
Silicibacter sp. 

Oceanicola granulosus
Jannaschia sp. 

Rhodobacter capsulatus
Paracoccus denitrificans

Dinoroseobacter shibae

Rhodobacter capsulatus

Hyphomonas neptunium

Caulobacter sp. 
Oceanicaulis alexandrii

Maricaulis maris

Euglena gracilis

1.0

0.99/74
1.00/90

1.00/95

1.00/99

1.00/78

1.00/98

1.00/92

0.99/73

0.99/87

0.99/24

0.99/83

0.94/75

0.99/82

1.00/99

0.94/75
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1.00/1001.00/100

0.97/82
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1.00/97
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0.98/90
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0.99/dt
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0.97/33
0.97/32

0.99/60

1.00/98

0.96/dt*

1.00/100

1.00/100

*
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1.00/98
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1.00/100

1.00/100
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Glenodinium foliaceum 2 

Glenodinium foliaceum 1

1.0

Noctiluca scintillans
Karenia brevis

Lingulodinium polyedra
Gymnodinium catenatum

Gymnodinium catenatum
Crypthecodinium cohnii

Gymnodinium catenatum

Kryptoperidinium foliaceum
0.88/dt

Lepidodinium chlorophorum
Symbiodinium sp.

Lingulodinium polyedra
Durinskia baltica 1

0.99/67

Glenodinium foliaceum 3
Durinskia baltica 2

0.9/-

Phaeodactylum tricornutum
0.98/81

Thalassiosira pseudonana
0.99/91

Ectocarpus siliculosus
Oxyrrhis marina
Nannochloropsis gaditana

Durinskia baltica 30.89/54
Gymnodinium catenatum

Aureococcus anophagefferens
Emiliania huxleyi

Bigelowiella natans
Chondrus crispus
Porphyra yezoensis

0.99/88

Galdieria sulphuraria
Guillardia theta

Cyanidioschyzon merolae
0.97/dt

1.0/55

Ostreococcus lucimarinus
Micromonas pusilla

1.0/100

Euglena gracilis
0.93/52

Volvox carteri
Chlamydomonas reinhardtii

1.0/98

Chlorella variabilis1.0/99

1.0/90

Oryza sativa
Arabidopsis thaliana1.0/100

Physcomitrella patens0.99/100

1.0/100

0.99/-

Cyanophora paradoxa
Nodularia spumigena
Lyngbya sp.

0.86/57

0.86/dt

Crocosphaera watsonii

0.94/-

Thermosynechococcus elongatus
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Synechococcus sp.
Prochlorococcus marinus0.99/100

1.0/68

Staphylococcus aureus
Bacillus anthracis

0.99/64

Listeria monocytogenes0.99/100
Yersinia pestis

Shewanella baltica
0.99/dt

Vibrio cholerae0.99/100
Ralstonia eutropha

Burkholderia cenocepacia
1.0/91

Glenodinium foliaceum
0.97/67

Dechloromonas aromatica1.0/100
Magnetospirillum magneticum

Azospirillum sp.
Rhodospirillum rubrum

1.0/100

Mycobacterium tuberculosis
Corynebacterium diphtheriae

Streptomyces coelicolor
0.99/100

Sulfolobus tokodaii
Pyrobaculum arsenaticum 

Thermoplasma volcanium
Picrophilus torridus

1.0/100
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Durinskia baltica 1

1.0

Kryptoperidinium foliaceum
Glenodinium foliaceum 1

1.0/96

Crypthecodinium cohnii0.99/59

Lingulodinium polyedra
Gymnodinium catenatum

0.92/-
0.99/63

Oxyrrhis marina
Noctiluca scintillans

Toxoplasma gondii
Neospora caninum

1.0/99

Eimeria tenella
0.97/96

Guillardia theta
Vitrella brassicaformis

Chromera velia

0.93/58

Bigelowiella natans 1
Nannochloropsis gaditana

Emiliania huxleyi
Karenia brevis

0.94/97

Prymnesium parvum

0.93/97

Durinskia baltica 3
Ectocarpus siliculosus

Plasmodium vivax
Plasmodium berghei

Plasmodium falciparum
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Ostreococcus lucimarinus
Micromonas pusilla
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Chlamydomonas reinhardtii
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Arabidopsis thaliana

0.96/57

Oryza sativa1.0/70
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0.97/dt

Thermosynechococcus elongatus
Nodularia spumigena

Kamptonema
Lyngbya sp.

0.89/82

Crocosphaera watsonii
Cyanothece sp.

0.98/71

Synechococcus sp.
Prochlorococcus marinus

0.99/95

Paulinella chromatophora1.0/100

0.99/65

Cyanophora paradoxa
Laccaria bicolor

Cryptococcus neoformans
Aspergillus fumigatus

1.0/99

Homo sapiens
Drosophila melanogaster0.91/81

0.99/75

Phytophtora sojae
Phytophtora infestans

1.0/100

Euglena gracilis
Bigelowiella natans 20.88/-

Verminephrobacter eiseniae
Glenodinium foliaceum0.99/100

Ralstonia eutropha
Burkholderia cenocepacia0.99/94

1.0/100

Yersinia pestis
Vibrio cholerae

0.99/81

Shewanella baltica
0.99/98

Euglena gracilis0.85/dt

0.99/96

Staphylococcus aureus
Listeria monocytogenes

Bacillus anthracis
1.0/97

0.98/dt

Streptomyces coelicolor
Mycobacterium tuberculosis

0.90/66

Corynebacterium diphtheriae
1.0/100

Tetrahymena thermophila
Paramecium tetraurelia

1.0/100

Sulfolobus tokodaii
Pyrobaculum arsenaticum

0.97/68

Thermoplasma volcanium
Picrophilus torridus

1.0/100

*
*

α-
pr

ot
eo

ba
ct

er
ia

l /
 m

ito
ch

on
dr

ia
l o

rig
in

 

Actinobacteria

γ-proteobacteria

Archaea

β-proteobacteria

Firmicutes

eu
ka

ryo
tic

 or
igi

n

Cyanobacteria

α-proteobacteria

Lepidodinium chlorophorum

C
PBGD



1.0
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Mycobacterium tuberculosis
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Staphylococcus aureus
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1.0

Lyngbya sp.
Oscillatoria sp.

1.0/94

Thermosynechococcus elongatus
1.0/-

Nodularia spumigena
1.0/dt

Cyanothece sp.
0.98/dt

Synechocystis sp.
1.0/dt

Synechococcus sp.
1.0/-

Synechococcus sp.
Prochlorococcus marinus

Prochlorococcus marinus
1.0/78

Paulinella chromatophora
1.0/99

0.9/58

Cyanophora paradoxa

0.9/59

Oryza sativa
Arabidopsis thaliana

1.0/100

Physcomitrella patens
1.0/90

Ostreococcus lucimarinus
Micromonas pusilla

1.0/100
0.86/dt

Volvox carteri
Chlamydomonas reinhardtii

1.0/100

Coccomyxa sp.
1.0/97

1.0/93

Prymnesium parvum
Emiliania huxleyi

0.99/99

Kryptoperidinium foliaceum 1
0.99/71

Aureococcus anophagefferens
1.0/100

Guillardia theta 2
0.98/66

Nannochloropsis gaditana
Oxyrrhis marina

0.98/-

Gymnodinium catenatum
Durinskia baltica 1

1.0/91
0.99/53

Durinskia baltica 2
Kryptoperidinium foliaceum 2

0.98/69

Glenodinium foliaceum 1
0.99/98

Thalassiosira pseudonana
Phaeodactylum tricornutum

1.0/100

1.0/99

Galdieria sulphuraria
Cyanidioschyzon merolae

0.9/78

0.99/-

0.98/-

Volvox carteri
Chlamydomonas reinhardtii

1.0/100

Coccomyxa sp.
1.0/99

Ostreococcus lucimarinus
Micromonas pusilla

1.0/99

Oryza sativa
Arabidopsis thaliana

1.0/97

Physcomitrella patens
1.0/100

1.0/100

0.99/62

Glenodinium foliaceum 2
Durinskia baltica 3

Kryptoperidinium foliaceum 3
1.0/100

Thalassiosira pseudonana
Phaeodactylum tricornutum

1.0/100

Nannochloropsis gaditana
0.94/dt

Guillardia theta 1
Chromera velia

0.99/dt

Prymnesium parvum
Emiliania huxleyi0.99/94

0.97/-

Gymnodinium catenatum
Durinskia baltica 4

0.86/68

Kryptoperidinium foliaceum 4
1.0/100

Aureococcus anophagefferens
0.99/62

0.99/69

Physcomitrella patens
Coccomyxa sp.

Volvox carteri
Chlamydomonas reinhardtii

1.0/100

Ostreococcus lucimarinus
Micromonas pusilla0.99/96

0.99/80

Cyanidioschyzon merolae

0.99/100

Cyanophora paradoxa

1.0/100

Kryptoperidinium foliaceum 5
Durinskia baltica 5

Glenodinium foliaceum 3
1.0/96

Noctiluca scintillans
0.97/-

Lingulodinium polyedra
Crypthecodinium cohnii

Symbiodinium sp.
Karenia brevis

Gymnodinium catenatum
Gymnodinium catenatum

1.0/100

Oxyrrhis marina
0.93/86

Plasmodium chabaudi
Plasmodium berghei

0.99/96

Plasmodium falciparum
1.0/100

Perkinsus marinus
Vitrella brassicaformis
Chromera velia

0.99/98

Toxoplasma gondii

0.99/69

Phytophtora sojae
Phytophtora ramorum

1.0/100

Seculamonas ecuadoriensis
Paramecium tetraurelia

Paramecium tetraurelia
1.0/100

Tetrahymena thermophila
1.0/96

Monosiga brevicollis
Homo sapiens

Euglena gracilis
Euglena gracilis

0.99/98

Dictyostelium discoideum
Acanthamoeaba castellanii

Kryptoperidinium foliaceum 6
Durinskia baltica 6

0.9/59

Glenodinium foliaceum 4
1.0/99

Thalassiosira pseudonana
0.99/71

Phaeodactylum tricornutum
1.0/91

Emiliania huxleyi
Ostreococcus lucimarinus

Micromonas pusilla
0.98/97

Guillardia theta 3
Euglena gracilis

Chromera velia
Aureococcus anophagefferens

Durinskia baltica 7
Bigelowiella natans 3

0.87/82

Bigelowiella natans 6

1.0/95

Laccaria bicolor
Aspergillus fumigatus

Cryptococcus neoformans
1.0/96

Drosophila melanogaster
Bigelowiella natans 5
Bigelowiella natans 2

1.0/100

Bigelowiella natans 4
1.0/100

1.0/96

Ralstonia eutropha
Burkholderia cenocepacia

Verminephrobacter eiseniae
Glenodinium foliaceum1.0/100

1.0/100

Yersinia pestis
Shewanella baltica

0.87/75

Vibrio cholerae
1.0/99

1.0/100

Rickettsia conorii
Rhodobacter sphaeroides

0.99/-

Magnetospirillum magneticum
0.99/-

Nitrobacter hamburgensis
1.0/100

0.99/85

1

Mycobacterium tuberculosis
Corynebacterium diphtheriae

Streptomyces coelicolor
0.99/-

Listeria monocytogenes
Bacillus anthracis

0.91/77

Staphylococcus aureus
1/100

Thermoplasma volcanium
Thermoplasma acidophilum

1/100

Picrophilus torridus
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Kryptoperidinium foliaceum 3

1.0

Guillardia theta 3
Guillardia theta 1

Thalassiosira pseudonana
Durinskia baltica 4

Nannochloropsis gaditana
Durinskia baltica 1
Kryptoperidinium foliaceum 1

1.0/98

Glenodinium foliaceum 1
1.0/99

Phaeodactylum tricornutum
0.99/98

Durinskia baltica 2
Durinskia baltica 3

0.99/100

Glenodinium foliaceum 2
0.99/74

Kryptoperidinium foliaceum 2
0.99/96

Phaeodactylum tricornutum 
0.99/94

Euglena gracilis
Emiliania huxleyi

Bigelowiella natans 1
Aureococcus anophagefferens

Bigelowiella natans 2
Oxyrrhis marina

Kryptoperidinium foliaceum 4
1.0/100

Kryptoperidinium foliaceum 5
0.99/98

Durinskia baltica 5
0.93/53

Crypthecodinium cohnii
0.95/-

Symbiodinium sp.
Noctiluca scintillans

Lingulodinium polyedra0.99/86

1.0/93

Oxyrrhis marina

0.99/82

Coccomyxa sp.
Chlamydomonas reinhardtii

0.99/dt

Cyanophora paradoxa
Cyanophora paradoxa

1.0/100

Cyanophora paradoxa
Ostreococcus lucimarinus
Micromonas pusilla

1.0/100

Galdieria sulphuraria
Cyanidioschyzon merolae

Oryza sativa
Arabidopsis thaliana

1.0/100

Physcomitrella patens0.99/96

0.99/dt

Paramecium tetraurelia
Paramecium tetraurelia

1.0/100

Tetrahymena thermophila
1.0/100

Bigelowiella natans 3
Homo sapiens

Drosophila melanogaster
0.99/dt

Plasmodium yoelii
Plasmodium berghei

1.0/100

Plasmodium falciparum
1.0/100

Eimeria tenella
Toxoplasma gondii
Neospora caninum

0.99/100
0.98/64

Vitrella brassicaformis
Chromera velia

0.94/61

Phytophtora sojae
Phytophtora ramorum

1.0/100

0.87/33

Laccaria bicolor
Cryptococcus neoformans

0.96/69

Aspergillus fumigatus

0.83/-

Guillardia theta 2
Chondrus crispus

Physcomitrella patens
Ostreococcus lucimarinus
Micromonas pusilla

0.99/99

Lingulodinium polyedra
Coccomyxa sp.

Vitrella brassicaformis
Chlamydomonas reinhardtii

Euglena gracilis
0.99/67

0.99/-

Glenodinium foliaceum 3
Glenodinium foliaceum 4

0.99/100

Durinskia baltica 6
1.0/94

Thalassiosira pseudonana
Phaeodactylum tricornutum

0.96/84

Emiliania huxleyi
Aureococcus anophagefferens

1.0/100

Lepidodinium chlorophorum

0.89/dt

Chromera velia
Nannochloropsis gaditana
Bigelowiella natans 4

1.0/100

Synechococcus sp.
Prochlorococcus marinus

1.0/95

Paulinella chromatophora
1.0/100

Thermosynechococcus elongatus
0.94/75

Lyngbya sp.
Crocosphaera watsonii

Nodularia spumigena

1.0/100

Yersinia pestis
Vibrio cholerae

Shewanella baltica
0.93/89

Verminephrobacter eiseniae
Burkholderia cenocepacia

Ralstonia eutropha
1.0/100

1.0/100

1.0/98

Stigmatella aurantiaca
Myxococcus xanthus

0.99/99

Anaeromyxobacter dehalogenans
1.0/89

Nitrobacter hamburgensis
Magnetospirillum magneticum

0.99/93

Rickettsia conorii
0.99/87

Rhodobacter sphaeroides
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Fig. S1 Bayesian phylogenetic trees as inferred from the amino acid sequences.  

A) ALAS, B) GTR, C) PBGD, D) UROS, E) UROD, F) CPOX and G) PPOX. Taxa of interest 

of this study are highlighted by colored bars: blue for dinotoms, green for Lepidodinium 

chlorophorum, ochre for Bigelowiella natans and red for Guillardia theta. The tree demonstrates 

the mitochondrial origin of ALAS. Numbers near branches indicate Bayesian posterior 

probabilities followed by the bootstrap of respective clades from the likelihood analysis. Only 

support values greater than 0.85 (Bayesian) and 50 (likelihood) are shown. dt—different 

topology in the likelihood tree; a dash indicates unsupported topology. Asterisks mark possible 

contaminations. LcPPOXa, -b, -c; LcUROSa, -b = non-overlapping protein models, putatively 

fragments of LcPPOX1 and LcUROS. 
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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

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

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
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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; Janouškovec et al., 2013). Phylogenetic analysis

demonstrates that these algae are closely related to Apicomplexa (Janouškovec 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; Obornı́k et al., 2011, 2012), can be

cultivated in the laboratory, and their plastid (Janouškovec 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; Janouškovec et al., 2010, 2013, 2015; Obornı́k et al., 2012). The

long branches from their common node are consistent with drastic differences in morphology, life cycle

(Obornı́k et al., 2012), plastid (Janouškovec 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 II) 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 III)

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 III 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 II indicates that the genome of the
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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).

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
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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, II, and III (shown in blue, pink and

green, respectively) represent groups of branches from the alveolate ancestor to apicomplexan lineage ancestors. Stage III could not be determined

for Cryptosporidium lineage because of sparse taxon sampling. The area of a green or red section in a pie is proportional to the number of gained or

lost orthogroups, respectively. (B, C) Overview of metabolic capabilities (B) and endomembrane components (C) in apicomplexan and chromerid

ancestors. Gains and losses of enzymes and components were inferred, based on Dollo parsimony (Csuros, 2010). The pie charts are color-coded

based on the fraction of enzymes or components present. Additional results from analysis of individual components and enzymes can be found in

Figure 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 I (FAS I).

DOI: 10.7554/eLife.06974.010

Figure supplement 3. Summary of metabolic pathways based on KEGG Assignments.

DOI: 10.7554/eLife.06974.011

Figure supplement 4. An overview of endomembrane trafficking components.

DOI: 10.7554/eLife.06974.012

Figure supplement 5. Evolutionary history of genes encoding cytoskeleton across 26 species.

DOI: 10.7554/eLife.06974.013

The following source data is available for figure 2s5:

Figure supplement 5—source data 1. Genes encoding components of the flagellar apparatus in the 26 species.

DOI: 10.7554/eLife.06974.014
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The inferred proto-apicomplexan ancestor, 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 (Kořený et al., 2011; van

Dooren et al., 2012; Danne et al., 2013) (Appendix 2 and Supplementary file 4). Both chromerids and

apicomplexans encode modular multi-domain fatty acid synthase I (FASI)/polyketide synthase enzymes

and single-domain FASII components (Figure 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 FASII (Mazumdar and

Striepen, 2007). Likely, the proto-apicomplexan ancestor was a phototrophic alga harboring

characteristic metabolic features previously found only in apicomplexan parasites, especially with

regard to plastid-associated metabolic functions (see above and other examples in Appendix 2)

(Kořený et al., 2011; van Dooren et al., 2012; Danne et al., 2013).

Transition to an apicomplexan ancestor (Stage II) was accompanied by the loss of metabolic processes

including photosynthesis and sterol biosynthesis (Figure 2B and Figure 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 III) 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 II)

(Hager et al., 1999; Klinger et al., 2013a) (Figure 2C, Figure 2—figure supplement 4 and Appendix 3).

Differentiation of apicomplexan lineages (Stage III) was accompanied by lineage-specific losses, for

example, loss of the Endosomal Sorting Complex Required for Transport II (ESCRTII) in all lineages except

in piroplasms, whereas some components were retained across all lineages, such as the retromer complex

components and clathrin, both systems implicated in invasion processes (Pieperhoff et al., 2013; Tomavo

et al., 2013) (Figure 2C, Figure 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 II), but

losses occurred as apicomplexan lineages differentiated (Stage III). 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 II 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

Figure 3. Evolutionary history of Plasmodium falciparum and Toxoplasma gondii genes. Violin plots showing

distribution of evolutionary ages of genes (Y-axis: from species-specific (bottom) to deeply conserved (top)) in P.

falciparum (A) and T. gondii (B). Evolutionary age of a gene is defined as the earliest node on the evolutionary path

of the phylogenetic tree where homolog can be detected (‘Materials and methods’). The horizontal thickness of

a violin is proportional to the number of genes (gray) or the fraction of genes (yellow) in a functional category (X-axis)

out of all with the same evolutionary age. Selected functional sub-categories are overlaid with red, green, or blue

violin plots. The maximum width of each violin is scaled to be uniform across categories. Inner boxes in the gray

violins indicate inter-quartile ranges and circles indicate medians. Colored shades along the X-axis indicate Stages

I–III (Figure 2). Extracellular proteins include proteins targeted to host cytoplasm, nucleus, and plasma membrane

(‘exportome’) and all other proteins, which are secreted or localized on the parasite surface (‘others’). Cytoskeletal

proteins include proteins associated with ‘actomyosin motor complex’ and ‘IMC’. All extracellular and cytoskeletal

proteins are listed in Figure 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 III (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 III 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 II) 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 II 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 I 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

(Janouškovec 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 I 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 (numbered 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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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

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
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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 Illumina (Illumina, 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 Illumina Nextera Mate Pair Sample

Preparation Kit (catalog no. #FC-132-1001). The libraries were sequenced on an Illumina 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

Illumina software.

RNA preparation and sequencing
For isolation of RNAs, Chromera and Vitrella were grown under standard culture conditions

(Obornı́k 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 (Obornı́k 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 Illumina 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 Illumina

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 Illumina library (insert = 550 bp)

and larger insert (1 kb) Illumina 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

Woo et al. eLife 2015;4:e06974. DOI: 10.7554/eLife.06974 12 of 41

Research article Genomics and evolutionary biology | Microbiology and infectious disease

http://dx.doi.org/10.7554/eLife.06974


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 <10−6) 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 10−3. 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_6’, ‘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 <10−10 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 × 1918 matrix). We also

calculated a 1918 × 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

Woo et al. eLife 2015;4:e06974. DOI: 10.7554/eLife.06974 16 of 41

Research article Genomics and evolutionary biology | Microbiology and infectious disease

http://dx.doi.org/10.7554/eLife.06974


extent of conservation of co-expressed genes: (# of genes co-expressed in both species) × (# of

genes co-expressed in none of the species)/([# of genes co-expressed in P. falciparum only] × [# 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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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 I elements (Tempel, 2012) make up a larger proportion of the

genome than Class II 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 [Kořený and

Obornı́k, 2011; Kořený 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 cm2 flasks under artificial

light with photoperiod 12/12, light exposure between 70 and 120 μmol/m2/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 μl 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 μl of sample was injected into a Gemini column

250 × 2 mm i.d. 3 μm (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 μl/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 MS2 in both

polarity settings were simultaneously recorded with a 3 Da isolation window. Maximum ion

injection time was 100 ms, and normalized collision energy was 35%. Major phospholipids,

galactolipids, and neutral lipids molecular species that are detected were separated by

reversed-phase HPLC. The structure of each entity was identified by MS2 experiments in

positive or negative mode. Peak areas for each detected lipid component were summarized

and their relative contents estimated to sum of all obtained peaks.

Raw extracted lipids have to be transformed to methylesters of fatty acids (FAMEs) to enable

application of the GC technique. For this purpose sodium methoxide was employed as

a transesterification reagent, as previously described (Zahradnickova et al., 2014). FAMEs

were then analyzed by GC/FID. Hydrocarbon with 26-carbon chain was chosen as an internal

standard. The chromatography was performed using gas chromatograph GC-2014 (Shimadzu)

equipped by with column BPX70 (SGE)—0.22 mm ID; 0.25 μm film; 30 m length. μl 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. H2 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 III 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 III 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 (Janouškovec et al., 2010). In spite of substantial

reduction of photosystems, photosynthesis in Chromera is highly efficient (Quigg et al., 2012).

The heme pathway in Vitrella is homologous to that found in Chromera (Kořený et al., 2011) for

most of the involved enzymes (ALAS, ALAD, PBGD, UROS, PPOX), however, Vitrella and

Chromera do not constitute sister groups in the CPOXs and FeCH trees (trees not shown). Some

enzymes are not present in single copies (UROD) in Vitrella, in contrast to Chromera, where three

orthologs originating from cyanobacteria, endosymbiont nucleus, and exosymbiont nucleus are

present (Kořený et al., 2011). For some investigated enzymes (UROS, UROD, CPOX), only the

endoplasmic reticulum signal peptide was found with transit peptide missing from the sequence,

suggesting their possible location in the endoplasmic reticulum or periplastidal space.

Genes containing the ketoacyl synthase domain and thus likely involved in fatty acid or

polyketide synthesis were searched in the genomes of chromerids. We found that both algae

possess multi-modular enzymes responsible for fatty acid synthesis type I (FASI), similar to some

apicomplexan parasites, such 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 ubiquinone, inositol-P derivatives, GPI-anchor,

mono-, di- and tri-acyl glycerol, isoprene derivatives, and N-glycans; a subset of scavenge

reactions for purine and pyrimidine bases and their conversion to nucleotides; glycine–serine

inter-conversion; one-carbon folate cycle and S-adenosyl-methionine formation. There are

many metabolic pathways that are retained in specific apicomplexan lineages but shared with

the chromerids (see Figure 2B and Figure 2—figure supplement 3). The following are notable

examples of pathways shared between chromerids and a apicomplexan lineage: with

Plasmodium, polyamine synthesis; with Cryptosporidium, conversion of serine to tryptophan;

with Toxoplasma, branched-chain amino acid degradation, synthesis of aspartate, lysine, and

methionine; synthesis of molybdopterin, biopterin, pyridoxal-phosphate, and pantothenate
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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 I and II 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 (Janouškovec et al., 2010, 2012; Obornı́k 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 III 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 II 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 Vps46 and Vps4. Coccidia

additionally encode Vps31, and cryptosporidia Vps60, whereas plasmodia encode all subunits

(rodent parasites like Plasmodium chabaudi), 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 I–II 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 (Obornı́k 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 (Obornı́k 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 (Obornı́k 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

compartment5, 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 (Obornı́k 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 βmini1 and βmini2 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 β-domains previously thought to be specific to Apicomplexa, with

partial conservation in Chromera (Cvel_18957.t1) and in dinoflagellate P. marinus

(XP_002774080). The β-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 α- and β-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 (Obornı́k 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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3Faculty of Science, University of South Bohemia, České Budějovice, Czech Republic
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Abstract

The transition from endosymbiont to organelle in eukaryotic cells involves the transfer of significant numbers of genes to the host

genomes, a process known as endosymbiotic gene transfer (EGT). In the case of plastid organelles, EGTs have been shown to leave a

footprint in the nuclear genome that can be indicative of ancient photosynthetic activity in present-day plastid-lacking organisms, or

even hint at the existence of cryptic plastids. Here,we evaluated the impact of EGT oneukaryote genomes by reanalyzing the recently

published EST dataset for Chromera velia, an interesting test case of a photosynthetic alga closely related to apicomplexan parasites.

Previously, 513 genes were reported to originate from red and green algae in a 1:1 ratio. In contrast, by manually inspecting newly

generated trees indicating putative algal ancestry, we recovered only 51 genes congruent with EGT, of which 23 and 9 were of red

and green algal origin, respectively, whereas 19 were ambiguous regarding the algal provenance. Our approach also uncovered 109

genes that branched within a monocot angiosperm clade, most likely representing a contamination. We emphasize the lack of

congruence and the subjectivity resulting from independent phylogenomic screens for EGT, which appear to call for extreme caution

when drawing conclusions for major evolutionary events.

Key words: Endosymbiotic gene transfer, plastid evolution, protist, algae, chromera.

The photosynthetic organelles of plants and algae (plastids)

are the product of endosymbioses, where once free-living or-

ganisms were engulfed and retained by eukaryotic host cells

(Reyes-Prieto et al. 2007; Gould et al. 2008). Initially, primary

endosymbiosis involved the integration of a photosynthetic

prokaryote related to modern-day cyanobacteria, most likely

in the common ancestor of glaucophytes, red algae, and

green plants (green algae and land plants), resulting in the

Plantae supergroup (Palmer et al. 2004). Subsequently,

primary plastids spread to other eukaryotes by means of sec-

ondary endosymbioses, where a green or red alga was taken

up by another lineage, and the process was repeated yet again

as tertiary endosymbioses in some dinoflagellates (Keeling

2010).

Plastid genomes rarely encode more than 200 proteins,

which represent a small fraction of the proteins required for

full functionality, and an even smaller fraction of the few thou-

sand proteins found in modern-day cyanobacteria (Martin

et al. 1998). It is widely assumed that most endosymbiont

genes were either lost or transferred to the host nucleus

during the course of plastid integration (Lane and Archibald

2008). This migration of genes between two genomes is

known as endosymbiotic gene transfer (EGT), a special case

of horizontal gene transfer (HGT). The products of the trans-

ferred genes that are essential for plastid function are targeted

back across the plastid membranes to reside in their original

compartment, a process that played a fundamental role in the

integration of endosymbiont and host (Patron and Waller

GBE
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2007). However, not all nucleus-encoded genes inferred to be

of endosymbiotic origin are plastid targeted; in the land plant

Arabidopsis thaliana, for example, >50% of identified EGTs

have evolved functions unrelated to the plastid (Martin et al.

2002).

The impact of EGTs on the host nuclear genome is gener-

ally considered to be significant. Estimates for cyanobacterial

genes in the nucleus range from 6% in the green alga

Chlamydomonas reinhardtii (Moustafa and Bhattacharya

2008), to about 11% in the glaucophyte Cyanophora para-

doxa (Reyes-Prieto et al. 2006), and to as high as 18% in

A. thaliana (Martin et al. 2002). Secondary endosymbioses

complicate the prediction of EGTs because not only the host

nucleus potentially integrated genes from the secondary plas-

tid, but also from the nucleus of the green or red algal endo-

symbiont, itself the recipient of cyanobacterial genes

previously transferred from the primary plastid (Archibald

2009). Nevertheless, genome-scale analyses have begun to

analyze the extent of EGTs in taxa with plastids of secondary

origin, with complex and sometimes contradictory results.

Diatoms possess a red algal plastid, and in Phaeodactylum

tricornutum 171 genes (1.6% of the gene catalog) were pre-

dicted to be of red algal origin (Bowler et al. 2008). A much

less anticipated result came from another analysis of diatoms,

which suggested that over 1700 genes, representing 16% of

the nuclear genes, were derived from green algae, compared

with only about 400 genes with red algal affinity (Moustafa

et al. 2009). A green phylogenetic signal of such magnitude

led Moustafa et al. (2009) to build on other similar findings of

fewer genes (Becker et al. 2008; Frommolt et al. 2008) and

propose that these genes are in fact evidence of an ancient,

cryptic green algal endosymbiont predating the acquisition of

the red algal plastid that we observe today.

A similar approach was employed to study the phylogenetic

origins of Chromera velia expressed nuclear genes (Woehle

et al. 2011). Chromera velia has attracted much attention

because it is a photosynthetic relative of apicomplexan para-

sites, whose highly reduced, non-photosynthetic plastid has

been a puzzling evolutionary issue (Moore et al. 2008;

Janouskovec et al. 2010; Obornik et al. 2011). Woehle et al.

(2011) produced 29,856 contigs from a 454 Titanium GS FLX

(Roche) cDNA sequencing, of which they drastically reduced

the redundancy to 3,151 clusters. As expected for an alga

with a red algal-derived plastid, 263 genes were found to

indicate a red photosynthetic ancestry, but they also found

a prominent signal of 250 genes apparently reflecting a green

ancestry (Woehle et al. 2011). In this case, however, the au-

thors cautiously attributed this signal to limited sampling of

red algal genomes and phylogenetic artifacts rather than to a

green endosymbiont, as in the diatom analysis (Moustafa

et al. 2009).

In a Blast-based survey of C. velia clusters, we found indi-

cation of contamination from land plants (specifically from

monocots). This prompted us to re-evaluate the ratio of

putatively red and green genes in C. velia using a slightly dif-

ferent phylogenomic protocol (see Materials and Methods),

which allowed us to investigate how methodological varia-

tions can affect the phylogenomic profiles of the same data-

set. To identify putative red or green algal genes in C. velia, we

first generated maximum likelihood phylogenetic trees for

2,146 genes and automatically searched for topologies con-

sistent with EGT. This procedure identified 362 genes showing

exclusive affinity between secondary plastid-bearing lineages

(including C. velia) and red algae, viridiplantae (green algae

and/or land plants), or glaucophytes (bootstrap support

�80%). This represented our initial pool of candidate genes

for EGT. As controls, we also evaluated the signal uniting

C. velia with alveolates (apicomplexans, dinoflagellates, and/

or ciliates), which are closely related to C. velia and therefore

expected to be the dominant signal. We found C. velia united

with alveolates in 448 trees. Lastly, we scanned our set of trees

for monophyletic grouping between C. velia and prokaryotes,

and identified 53 cases as possible evidence of HGT.

At face value, these figures might be taken to suggest a

large contribution of EGT to the C. velia genome. However,

automated computational pipelines used for searching HGT/

EGT in genomic data can be misleading and detailed curation

of the resulting phylogenies is absolutely necessary to avoid

false positives. In the case of hypothetical EGT from red or

putative cryptic green endosymbionts, the expected relation-

ships are known: the transferred genes should be most closely

related to either red or green algae (ideally nested within

either group if a diverse sample of algal sequences is available)

to the exclusion of all other eukaryotic or prokaryotic groups. If

the genes were ancestrally derived from the cyanobacterial

progenitor that gave rise to the primary plastids in red and

green algae, a cyanobacterial outgroup should also be recov-

ered. Realistically, it cannot be expected that such theoretical

topologies will be inferred or will be robustly supported for

every real case of EGT, even with the help of complex evolu-

tionary models. Indeed, the considerable evolutionary

distances, inappropriate taxon sampling, lack of genuine phy-

logenetic signal, and various artifacts such as compositional

biases, extreme rate variation among sites, or heterotachy will

negatively impact the resolution of most trees (Philippe and

Laurent 1998; Philippe et al. 2005; Lockhart et al. 2006;

Jeffroy et al. 2006; Stiller 2011). Accordingly, the conditions

for the detailed verification of the trees were slightly relaxed so

that more than one algal type was allowed in the monophyly

(see Material and Methods).

The above conditions were applied to the initial pool of 362

candidate algal genes to refine the assessment of putative

EGT, resulting in a different picture than the automated

sort. First, 109 genes (almost one-third of the genes identified

as possibly “algal”) showed strong similarity to land plants,

with C. velia clearly belonging to a monocotyledon clade

(Supplementary fig. S1 and table S1, Supplementary

Material online). It cannot be ruled out that these represent
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HGTs from land plant to C. velia, but the high level of

sequence identity to homologs from monocotyledons

(90 C. velia sequences displayed >90% identity, among

which 22 showed 100% identity), favors the simpler explana-

tion of a contamination in the C. velia dataset.

More interestingly, out of the remaining 253 candidate

genes of algal origin, only 23 were found to support a red

algal origin (fig. 1 and supplementary fig. S2, Supplementary

Material online; table 1) and 9 supported a green algal origin

(fig. 2 and supplementary fig. S3, Supplementary Material

online; table 1). An outgroup and representatives of both

green and red algae were required to be included in the

tree, which are necessary conditions to distinguish between

red and green signals. Other genes produced more ambigu-

ous signals because C. velia fell within a clade of mixed algal

types: in 11 trees red and green algae were mixed; in 3 trees

red and glaucophyte algae were mixed; and in 5 trees red,

glaucophyte, and green algae were mixed (fig. 3 and supple-

mentary fig. S4, Supplementary Material online; table 1). The

coverage of C. velia in these putative algal genes ranged from

27% to 100% of the length of the trimmed alignments, but

for the majority (65%) C.velia covered >90%, limiting possi-

ble phylogenetic artifacts associated with incomplete genes

(table 1). Finally, 18 trees showing possible evidence of exclu-

sive HGT from bacteria remained after manual curation (sup-

plementary table S2, Supplementary Material online).

All in all, detailed inspection of automatically parsed trees

recovered a mere 51 genes in this C. velia EST dataset possibly

supporting transfers from an algal endosymbiont, although

sampling is often so limited as to preclude any strong conclu-

sions about the direction of the transfer. Interestingly, 47%

(24/51) of these EGT candidates were also predicted to

encode an N-terminal plastid targeting presequence

(Woehle et al. 2011), providing an independent evidence of

their link to the plastid (table 1). Other aspects of these trees

are not so easily explained. For example, 12 genes inferred to

be of red algal origin included chlorarachniophytes in the

“red” clade, but these algae possess green secondary plastids

(Rogers et al. 2007). Although compatible with the nested

phylogenetic position of the chlorarachniophyte host among

the red algal plastid-containing groups stramenopile, alveo-

late, and hatophytes (Burki et al. 2007; 2012), it implies addi-

tional HGT events either before or after the establishment of

its green plastid (Archibald et al. 2003).

Most importantly, however, these analyses show that

large-scale phylogenomic pipelines can result in drastic differ-

ences: from the same transcriptome data we identified 51

putative algal-derived genes, versus 513 identified by

Woehle et al. (2011). But this is only part of the problem,

because the overlap in genes identified by the two analyses

was only eight genes, meaning that 43 (84%) of the genes

that we identified were not recovered by Woehle et al.

(2011), whereas 505 (98%) of the genes they identified did

not meet our criteria (fig. 4). We see a number of explanations

for this discrepancy, some of which compound the effects of

others. (1) The database used in Woehle et al. (2011) to pop-

ulate the phylogenetic trees led to misleading results. Very

limited sampling for land plants (only two representatives, A.

thaliana and Physcomitrella patens) did not permit to recover

the monocot signal in 109 genes, 10 of which were wrongly

classified as contributing to the green signal in Woehle et al.

(2011) (fig. 4; supplementary table S1, Supplementary Mate-

rial online). The absence of prokaryotes was also problematic

and precluded the identification of several instances of com-

plicated phylogenetic patterns (including non-exclusive HGTs)

rather than evidence of red and green signals. Supplementary

figure S5 (Supplementary Material online) shows examples of

such phylogenies impacted by the inclusion of prokaryotes

that do not support an algal ancestry in C. velia, but were

inferred to do so in Woehle et al. (2011). (2) The procedure

to select the final taxa entering the phylogenetic reconstruc-

tion step in Woehle et al. (2011) interfered with the interpre-

tation of the resulting trees. Specifically, all taxa except

C. velia, red and green alga, and an outgroup were removed

from clusters of homologous sequences prior to the phyloge-

netic reconstructions, which likely exacerbated the problem

outlined above. (3) No statistical support was used to evaluate

the robustness of the trees, resulting in many trees showing

only weak affinity to red or green algae yet classified as con-

tributing to the overall photosynthetic signal.

The case of C. velia is not unique: a number of recent

studies have described contrasting reinterpretations of the

same datasets. For example, the imposing 1,700 genes in-

ferred to be of green algal origin in diatoms (Moustafa

et al. 2009) was reduced to only 144 genes after more strin-

gent criteria were applied, notably the mandatory presence of

red algal sequences in the trees (Dorrell and Smith 2011).

These differences are important, because the presence of

EGTs is not only used to infer the contribution of extant en-

dosymbiotic organelles to their host, but have also been used

as evidence for photosynthetic ancestry in plastid-lacking lin-

eages, or even the presence of cryptic plastids. Oomycetes

and ciliates are two heterotrophic groups sharing undisputa-

ble common ancestry with red algal plastid-containing line-

ages. In the case of oomycetes, the complete genomes of two

Phytophthora species revealed the existence of 855 genes

with putative red algal or cyanobacterial origins that were

presented as evidence for the ancient presence of a red

algal plastid (Tyler 2006). However, a reanalysis of this data-

set, specifically testing for EGTs, showed no such evidence for

red algal contributions to the oomycete genome (Stiller et al.

2009). Similarly, based on the identification of 16 genes of

apparent algal origin in the genomes of Tetrahymena thermo-

phila and Paramecium tetraurelia, ciliates were proposed to

have once been photosynthetic (Reyes-Prieto et al. 2008), de-

spite a previous assessment that T. thermophila displayed no

signal of plastid descent above the expected background

noise (Eisen et al. 2006).
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FIG. 1.—Examples of maximum likelihood trees congruent with EGT from a red algal endosymbiont. (a) Signal recognition particle-docking protein.

(b) Folate biopterin transporter. (c) Vitamin k epoxide reductase. Numbers at nodes represent bootstrap proportion; only values higher than 60% are shown.

For clarity, only the relevant taxa are shown (complete taxon list is available in Supplementary Material online); branches and taxa are colored according to

their taxonomy: dark blue: C. velia; red: red algae; green: viridiplantae; orange: stramenopiles; light blue: haptophytes, cryptophytes; brown: Rhizaria; pink:

alveolates; black: prokaryotes, animals, fungi, Amoebozoa. All trees congruent with EGT from a red algal endosymbiont are found in supplementary figure S2

(Supplementary Material online).
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FIG. 2.—Examples of maximum likelihood trees congruent with EGT from a green algal endosymbiont. (a) Fructose-bisphosphate aldolase c. (b) No

function prediction. (c) Gun4 domain protein. Numbers at nodes represent bootstrap proportion; only values higher than 60% are shown. For clarity, only

the relevant taxa are shown (complete taxon list is available in Supplementary Material online); branches and taxa are colored according to their taxonomy:
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FIG. 3.—Examples of maximum likelihood trees congruent with EGT from an algal endosymbiont, but the algal type could not be determined. (a) Plastid

terminal oxidase. (b) Chlorophyll synthetase. Numbers at nodes represent bootstrap proportion; only values higher than 60% are shown. For clarity, only the

relevant taxa are shown (complete taxon list is available in Supplementary Material online); branches and taxa are colored according to their taxonomy: dark

blue: C. velia; red: red algae; green: viridiplantae; orange: stramenopiles; light blue: haptophytes, cryptophytes; brown: Rhizaria; turquoise green: glauco-

phytes; black: prokaryotes, animals, fungi, Amoebozoa. All trees congruent with an algal origin are found in supplementary figure S4 (Supplementary

Material online).
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Table 1

Genes with tree topologies concordant with an algal origin

Seq. ID Seq. Function E-value Algal Origina Plastid Targetedb Coveragec

JO786647 Signal recognition particle-docking protein 7.43E-80 R Yes 0.99

JO786663 NA 1.15E-99 R Yes 0.99

JO786667 Ferredoxin (2fe-2s) 1.94E-40 R Yes 1

JO786670 ATP-dependent clp proteolytic subunit 4.89E-90 R Yes 0.98

JO786681 ATP-dependent clp protease proteolytic subunit 1.12E-72 R Yes 1

JO786748d ATP-dependent clp protease proteolytic subunit 5.54E-112 R Yes 1

JO786683 Integral membrane protein 3.24E-77 R Yes 1

JO786729 NA 6.57E-37 R Yes 0.98

JO786744 Fructosamine kinase 2.96E-87 R Yes 0.98

JO786766d Tyrosyl-tRNA synthetase 9.57E-47 R Yes 1

JO786779 NA 9.34E-102 R Yes 1

JO789192 Glycerol-3-phosphate dehydrogenase 9.79E-118 R No 1

JO790726 Adenosine trna methylthiotransferase 2.22E-70 R No 0.53

JO792696 Nad-dependent epimerase dehydratase 2.91E-51 R No 0.99

JO803234 Nad-dependent epimerase dehydratase 2.74E-140 R/Gl No 1

JO794159 Oxygen-evolving enhancer protein 5.78E-51 R No 0.47

JO795745 Aspartyl glutamyl-trna amidotransferase subunit b 1.05E-37 R No 0.5

JO800417 Peptide chain release factor 3 0 R No 1

JO805350d Peptide chain release factor 1 1.92E-130 R No 0.96

JO807105d Electroneutral sodium bicarbonate exchanger 1 7.37E-50 R No 0.34

JO807782 Aldo keto reductase 9.82E-48 R No 0.97

JO799950 Aldo keto reductase 4.99E-75 R/G No 0.87

JO812144 Vitamin k epoxide reductase 1.79E-46 R No 1

JO813336 Folate biopterin transporter 2.09E-27 R No 0.27

JO813530 Magnesium chelatase atpase subunit d 1.90E-127 R No 0.41

JO814400 Zinc-binding dehydrogenase 3.01E-46 R No 0.98

HO865203 NA 6.57E-49 G Yes 0.73

JO786726d Coproporphyrinogen iii oxidase 0 G Yes 0.99

JO786781 NA 1.12E-120 G Yes 0.97

JO786871 Gun4 domain protein 3.26E-59 G Yes 0.99

JO787575d Fructose-bisphosphate aldolase c 1.91E-75 G No 0.76

JO794110 Light-dependent protochlorophyllide oxido-reductase 7.19E-41 G No 0.93

JO798116 Vacuolar atp synthase 16 kda proteolipid subunit 8.48E-31 G No 0.51

JO803246 Glucose-methanol-choline oxidoreductase 1.04E-152 G No 0.99

JO812733d NA 1.91E-91 G No 0.54

HO865098 Flavodoxin 1.11E-38 R/G Yes 0.99

JO786648 Uroporphyrinogen decarboxylase 0 R/G Yes 1

JO786655 Uroporphyrinogen decarboxylase 0 R/G Yes 1

JO786721 Permeases of the major facilitator superfamily 3.41E-44 R/G Yes 0.96

JO786743 NA 3.42E-60 R/G Yes 0.95

JO786758 Plastid terminal oxidase 4.12E-87 R/G Yes 0.93

JO786778 Zeta-carotene desaturase 5.86E-171 R/G Yes 0.73

JO786874d Tryptophanyl-tRNA synthetase 1.72E-71 R/G Yes 0.58

JO793833 Fe-s metabolism associated 1.92E-40 R/G No 0.88

JO802386 Amine oxidase 1.48E-93 R/G No 0.47

JO803256 Chlorophyll synthetase 8.61E-160 R/G No 1

JO806278 Leucyl aminopeptidase 4.86E-59 R/G No 0.41

JO806648 Phosphoserine aminotransferase 8.53E-92 R/G No 0.98

JO807737 NA 6.40E-58 R/G No 0.99

JO814175 Methyltransferase type 11 2.48E-59 R/G No 0.65

JO786792 Methyltransferase type 11 1.20E-102 R/G/Gl Yes 1

NOTE.—Italic characters denote ancient paralogs, that is, duplication occurred in the algal donor, and both copies were possibly acquired via EGT.
aPossible origins in C. velia. R: Red algae; G: Green algae; R/G: Red and/or Green algae; R/Gl: Red and/or Glaucophyte algae; R/G/Gl: Red and/or Green and/or

Glaucophyte algae.
bAs inferred in Woehle et al. (2011).
cCoverage is defined here as the length of the C.velia gene fragment divided by the total length of the alignment after masking of the poorly aligned sites

(trimal).
dAlso recovered in Woehle et al. (2011).
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These discrepancies aside, all algae do contain some genes

of endosymbiontic origin, raising a fundamental question:

How many cases of EGT are enough to be considered evi-

dence for past presence of endosymbionts? There is no clear

answer because each lineage is different. For example, a mere

seven genes of cyanobacterial or algal origin were identified in

the apicomplexan parasite Cryptosporidium parvum (Huang

et al. 2004), which lacks a plastid (Abrahamsen 2004).

But because Cryptosporidium’s close relatives all possess plas-

tids, these few genes were interpreted as supporting the view

that Cryptosporidium evolved from a plastid-containing line-

age (Huang et al. 2004). In contrast, over 100 genes of pos-

sible algal origin were inferred in the unicellular

choanoflagellate Monosiga (Sun et al. 2010), but because

there is no other evidence to suggest that choanoflagellates

ever had a plastid, these genes were interpreted as HGT, re-

flecting feeding behaviors rather than plastid losses (Sun et al.

2010).

Another example is the chlamydial footprint found in

Plantae; two studies reported that at least 21 and 55 genes,

respectively, were transferred between chlamydiae and the

ancestor of primary photosynthetic eukaryotes, the majority

of which are putatively plastid targeted and as such were

proposed to have contributed to the establishment of the

cyanobacterial endosymbiont (Huang and Gogarten 2007;

Moustafa et al. 2008). But because there is no unambiguous

rule to distinguish between HGTs from related sources and

EGTs, Huang and Gogarten (2007) interpreted these genes as

evidence for an ancient chlamydial endosymbiont, whereas

Moustafa et al. (2008) raised the possibility that mixotrophy

and multiple HGTs may have instead played an important role.

Overall, independent phylogenomic analyses are not only

leading to different results, but often reach different conclu-

sions based on similar results.

These contrasting cases are symptomatic of the current

situation and attest that the interpretation of unexpected phy-

logenetic patterns is often subjective and influenced by a priori

expectation. They call for a better use of experimental controls

and explicit testing of predictions of HGTs/EGTs to distinguish

between genuine signal and noise (Stiller 2011). The task of

analyzing thousands of trees that genome data have made

possible is complex and improved methods need to be devel-

oped to help identifying the trees that strongly support the

HGTs/EGTs scenarios under investigation. Increasing availabil-

ity of genomic data for key taxa will permit us to specifically

test these scenarios and examine alternative explanations for

phylogenetic signal deviating from vertical inheritance.

Materials and Methods

A workflow diagram describing the procedure of sequence

retrieval, alignment, tree reconstruction, and sorting can be

found in supplementary figure S6 (Supplementary Material

online). Chromera velia 3,151 clusters from Woehle et al.

(2011) were used as query in a BLASTP search against protein

sets from complete genomes and EST datasets (see supple-

mentary table S3, Supplementary Material online for the com-

plete list of taxa included in the analysis). CDHIT (Li and Godzik

2006) was used to reduce redundancy within each protein

dataset prior to Blast in order to facilitate the subsequent

tree interpretation by removing recent paralogs (clustering

threshold: 90% identity). The Blast output was then parsed

with a stringent e-value threshold of 1e-20 to minimize the

inclusion of paralogs and hits were collected for each C. velia

protein and multiple fasta files created. To prevent the inclu-

sion of several closely related prokaryotic species, only the

three best hits in each prokaryotic group were included

(supplementary table S3, Supplementary Material online).

MAFFT-LINSI (Katoh et al. 2005) was used for aligning

sequences and TRIMAL (Capella-Gutiérrez et al. 2009) for

selecting aligned positions, with sites containing more than

10% of gaps removed. Multiple sequence alignment files

with less than five species were discarded at this stage.

RAxML 7.2.8 (Stamatakis 2006) was used to reconstruct

trees, with the LG substitution matrix + �4 + F evolutionary

model and 100 bootstrap replicates.

This approach resulted in 2,143 trees containing at least

five species (including C. velia). The pre-sorting of these trees

was first done automatically with a text-parsing Perl script

used in Chan, Reyes-Prieto, et al. (2011) and Chan et al.

(2011), with the initial condition that C. velia be monophyletic

with members of plants (red algae, green algae, strepto-

phytes, and/or glaucophytes) and/or members of secondary
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FIG. 4.—Venn diagram showing the number of overlapping genes

between this study and Woehle et al. (2011). The filled circles correspond

to the genes recovered in this study.
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plastid-bearing lineages of alveolates, stramenopiles, Rhizaria,

haptophytes and cryptophytes, and/or Cyanobacteria

(supplementary table S3, Supplementary Material online).

An arbitrary bootstrap threshold of 80% was applied to re-

strict the sorting to trees with moderate to high statistical

support. This constituted the initial pool of EGT candidates

with 362 trees. We also extended the condition to include

the plastid-lacking stramenopiles (oomycetes, Blastocystis), al-

veolates (ciliates), and Rhizaria (Reticulomyxa filosa, Gromia

sphaerica, and Paracercomonas longicauda) to account for

the prediction that endosymbioses might have occurred in

their common ancestors, but found no additional trees.

Then, we manually scanned each tree for topologies consis-

tent with EGTs and discarded the ones that did not contain at

least C. velia, red and green algal representatives, and an out-

group. We used prokaryotic lineages as outgroup when pos-

sible, or alternatively members of animals, Fungi, or

Amoebozoa. We also discarded trees with �10 taxa to

reduce potential phylogenetic artifacts associated with poor

taxon sampling (which ultimately did not contribute to the

differences between our results and those of Woehle et al.

[2011] ). In parallel, we also evaluated the extent of land plant

contamination by pooling the trees showing C. velia nested

within monocotyledons (bootstrap support �80%). Finally,

we monitored the alveolate and prokaryotic signals from the

remaining 1,781 trees by searching for exclusive monophyletic

grouping including C. velia and apicomplexans, dinoflagellates

and/or ciliates, and C. velia and prokaryotes (bootstrap sup-

port� 80%). Functional annotation of the EGT candidates

was done with BLAST2GO (Götz et al. 2008).

Supplementary Material

Supplementary tables S1–S3, figures S1–S6 and supplemen-

tary materials are available at Genome Biology and Evolution

online (http://www.gbe.oxfordjournals.org/).
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Final conclusion 

The heme pathway represents one of the most important biosynthetic processes 

in the vast majority of living organisms. It is responsible not only for the synthesis of 

heme but it also produces precursors for the synthesis of chlorophyll, which is 

particularly relevant for photosynthetic organisms. Yet, heme metabolism studies, until 

relatively recently, have been dedicated to a small portion of eukaryotes mostly 

belonging to metazoans and higher plants. However, along with the increase in the 

number of eukaryotic sequence data available, our understanding of heme metabolism 

in eukaryotes continuously grows and trends in the evolution of the heme pathway help 

us to gradually uncover the cloaks over their evolutionary mysteries.  

During my postgraduate program, I focused mainly on studying the evolution of 

the heme pathway in various secondary or tertiary algae from different lineages with a 

particular emphasis on the spatial organization and evolutionary origins of individual 

enzymes. In order to elucidate the evolution of the heme pathway in a broader spectrum 

of phototrophic organisms we focused on Bigelowiella natans and Guillardia theta, 

algae containing a remnant endosymbiont nucleus within their plastids; on 

dinoflagellates containing tertiary endosymbionts derived from diatoms – called 

dinotoms; and on Lepidodinium chlorophorum, a dinoflagellate containing a secondary 

green plastid. This research resulted in many interesting findings. We have confirmed 

that B. natans shares an interesting feature of heme biosynthesis with Euglena gracilis 

(Kořený and Oborník, 2011; Genome Biol Evol. 3:359-64). Both algae possess two 

nearly complete redundant heme pathways, one representing the original heterotrophic 

pathway of the host (exosymbiont), and the other originates from the algal 

endosymbiont. This supports the proposal of both algae acquired their secondary green 

plastids relatively recently. Similarly, dinotoms possess two redundant heme pathways 

where one is located in the tertiary diatom endosymbiont, and the other represents the 

original pathway of the remnant peridinin-pigmented plastid. In G. theta, we discovered 

one additional ferrochelatase which is putatively targeted to the mitochondrion. This 

enzyme should be functionally linked with a single-copy protoporphyrinogen oxidase, 

which is probably dually targeted to both the plastid and the mitochondrion. This 
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indicates that G. theta is the only rhodophyte-derived secondary alga that retained, 

although only partially, the secondary host (exosymbiont) pathway. However, the most 

interesting discovery that came out from this research is that the heme pathway 

appears to be evolutionarily well conserved, even following serial endosymbioses, 

which is illustrated on the example of the dinoflagellate Lepidodinium chlorophorum and 

the chlorarachniophyte Bigeloviella natans. All the results were published by Cihlář et 

al., 2016 in PLoS ONE 11: e0166338. 

I also participated in the genome analyses of chromerids (Chromera velia and 

Vitrella brassicaformis), where I focused mainly on finding and identifying genes of the 

heme pathway in these two free-living algae that are closely related to apicomplexan 

parasites. Although the heme pathway has been previously described in C. velia 

(Kořený et al., 2011; Plant Cell 23: 3454-3462), we further managed to identify one 

gene for ALA dehydrogenase and two genes for protoporphyrinogen oxidase, which had 

not been previously detected by rapid amplification of cDNA ends (RACE), within the   

C. velia genome. However, my primary goal was to describe the heme pathway of       

V. brassicaformis. We managed to find all the genes of interest and performed 

phylogenetic analyses and in silico targeting predictions to compare heme biosynthesis 

of both chromerids. These studies showed, that heme pathway in V. brassicaformis is 

homologous to that found in C. velia, and that both algae share one remarkable feature 

of heme biosynthesis, the use of the mitochondrial C4 pathway for the synthesis of the 

first precursor for the synthesis of both the heme and the chlorophyll. However, 

analyzes also revealed a difference in number and origins of the uroporphyrinogen 

synthase genes. This also supports the former proposal that chromerids form two 

independent lineages branching on the root of Apicomplexa. These findings were 

published by Woo et al., 2015 in eLife 4: e06974. 

Further, we focused on the possible reasoning for the unusual ALA formation in 

both chromerid algae. I have found that both chromerids lack plastid-targeted enzymes 

for the synthesis of glutamate, which is the precursor of the plastid C5 pathway for 

tetrapyrrole synthesis. Both algae encode only the cytosolic NADH-dependent 

glutamate synthase. The loss of ferredoxin-dependent plastid glutamate synthase could 
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have therefore contributed to the loss of C5 pathway in these organisms. Our data imply 

that this loss happened probably already in the ancestor of apicomplexans, colpodellids, 

and chromerids. These findings are to be published within the scope of other 

experimental evidence our laboratory collected on the localization of heme pathway in 

chromerids. 

Although my main topic was the evolution of the heme biosynthetic pathway in 

various eukaryotic phototrophs, at the very beginning of my postgraduate studies I 

participated in a project focused on evaluation of the impact of endosymbiotic gene 

transfer (EGT) on eukaryote genomes by re-analyzing an expressed sequence tag 

(EST) dataset for Chromera velia. We managed to substantially lower the previously 

published estimates of genes related to EGT. We also found indications of sequence 

contamination from land plants and accordingly corrected the number of genes acquired 

from red and green algae in C. velia, in the data presented by Woehle et al., 2011 

(Genome Biol Evol. 3:1220-30). This work was published by Burki et al., 2012 in 

Genome Biol Evol. 4:626-35. 

We also investigated the evolutionary origin of porphobilinogen deaminase, 

which is in most eukaryotic phototrophs related to α-proteobacterial/mitochondrial 

sequences. We have several explanation for this evolutionary distribution, and our data 

allowed us to propose a model of the PBGD starting from three genes (of 

eukaryotic/exosymbiont, mitochondrial and cyanobacterial origins) that were supposedly 

present in the ancestor of Archaeplastida. These findings are to be published.  

In conclusion, I would like to express my impression that during my Ph.D. studies 

I gained insight into the unsolved questions about the heme metabolism. That allowed 

me to recast the current view of the evolution of this pathway in phototrophic eukaryotes 

into the form of an introductory review to my Ph.D. thesis. The review is not only 

building on previous knowledge but also contains novel data as my own scientific 

contribution. 
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