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Preface 

Genetic code is a set of rules that living organisms use to translate the information from 

nucleic acids into amino acids. The canonical genetic code, which was deciphered in 1960s, 

contains 64 triplets, 61 of which code for amino acids and three are stop codons, denoting the 

end of translation. Although it is often referred to as “universal”, a more accurate term would be 

“quasi-universal”, because alterations of genetic code are lately found to be increasingly more 

widespread in extant organisms and organelles.  

In 2016, trypanosomatid Blastocrithidia and ciliates Condylostoma and Parduczia were 

shown to use new genetic code variants with all three stop codons encoding amino acids. This 

finding challenges another key feature of the genetic code – its unambiguity.  The mechanisms 

behind these reassignments and translation termination remain unclear. Arguably, Blastocrithidia 

represents an ideal model system for studying such a phenomenon for several reasons. It belongs 

to the order Trypanosomatida, a well-studied protist group, which includes model objects, such 

as Trypanosoma and Leishmania species, with available complete genomes, and a wide range of 

established methods and techniques. Unlike ciliates, which are well-known for altering their 

genetic code, all known trypanosomatids aside from the genus Blastocrithidia have canonical 

nuclear genetic code, so the reassignment must have happened in this group relatively late on the 

evolutionary scale. Thus, in trypanosomatids, we should be able to trace the main steps leading 

to the emergence of such a system. 

Originally, this weird genetic code was described from an uncultured Blastocrithidia sp. 

from a heteropteran bug Lygus hesperus. Later on, we were able to grow two other species of 

Blastocrithidia in culture. We have sequenced the genomes, transcriptomes and proteomes of 

these two strains, and the genome and transcriptome of Leptomonas jaculum (“Jaculum”), a 

closely related species with a canonical genetic code. We have created new software for 

annotation of the Blastocrithidia genome, as existing annotation programs were not able to deal 

with ambiguous stop codons. This allowed us to look at the reassigned stop codons from a wider 

perspective to see the general trends in their features and distribution. Besides, we have 

performed mass spectrometry analysis of Blastocrithidia proteins to check experimentally the 

predicted meaning of the in-frame stop codons. Also, we have predicted and experimentally 

analyzed tRNA species that are responsible for stop codon decoding. We show the unique 
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prerequisites of the Blastocrithidia lineage, which made the reassignment of all stop codons 

possible and discuss how translation termination functions in this bizarre trypanosomatid 

flagellate. 

My role in the Blastocrithidia project 

I have been responsible for the bioinformatic part of the project. I have planned, designed 

and implemented most steps of the bioinformatic analysis, and coordinated the work of two other 

bioinformaticians, postdoctoral researcher Kristína Záhonová, the first author of the original 

2016 paper, and Ph.D. student Serafim Nenarokov. I have invented the concept and the algorithm 

for our gene annotation software, capable to cope with the ambiguous stop codons of 

Blastocrithidia, and supervised Serafim, who developed the program. I also have been actively 

participating in planning, design and interpretation of the experimental part of the project. 

 

Structure of the thesis 

This thesis consists of three main parts: introduction, description of the unpublished 

work, and the full text of the publications that I have contributed to during my Ph.D. studies. 
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1 Introduction 

1.1.1 Blastocrithidia phylogenetic position, evolution and systematics 

Genus Blastocrithidia Laird, 1959 belongs to the family Trypanosomatidae, order 

Trypanosomatida, and class Kinetoplastea, which is part of the eukaryotic phylum Euglenozoa 

(Adl et al., 2019). 

Euglenozoa is a monophyletic group of mono- or bi-flagellated protists characterized by a 

set of specific morphological features, most prominent of which are a closed mitosis with an 

intranuclear spindle, a single reticulated mitochondrion with discoidal cristae, and with one or 

two flagella inserted in an apical flagellar pocket with an emergent part containing 

heteromorphic paraflagellar rod (Adl et al., 2019; Cavalier-Smith, 1981; Simpson, 1997). This 

phylum is subdivided into three classes: Kinetoplastea, Diplonemea, Euglenoidea, and a group 

with an unresolved position – Symbiontida (Adl et al., 2012; Simpson, 1997). 

The class Euglenoidea includes well-known photosynthetic representatives, such as 

Euglena viridis and a model species, Euglena gracilis. Euglenoids are characterized by two 

heterologous flagella and a rigid cover of parallel strips – a pellicula (Sommer, 1965). While it is 

the only euglenozoan group containing plastids, most euglenoids are non-photosynthetic 

(Leander et al., 2001). The photosynthetic group evolved from a predecessor that acquired a 

green alga, which was transformed into a secondary plastid (Keeling, 2009). Symbiontida, which 

is apparently a derived or a sister group of euglenids, contains only three known species found in 

the low-oxygen sea bottom and covered with a dense layer of ectosymbiotic bacteria (Yubuki et 

al., 2013).  

Diplonemids (class Diplonemea) were thought to be a rare and thus ecologically 

insignificant group within Euglenozoa, but recent studies showed that this class includes a huge 

unknown clade of marine species, which surprisingly happen to be the most diverse and the 5th or 

6th most abundant group of eukaryotic plankton in the World Ocean (Flegontova et al., 2016). 

While little is known about their morphology and cell biology, diplonemids carry two flagella of 

varying length during their life cycle (Prokopchuk et al., 2019), and contain huge amount of 

DNA in their mitochondrion equipped with giant cristae (Lukeš et al., 2018).  

Finally, the class Kinetoplastea is characterized by the presence of a kinetoplast – an 

electron-dense structure within the mitochondrion, which consists of a large amount of 
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mitochondrial DNA, usually composed of catenated DNA circles (Lukeš et al., 2002). 

Traditionally, kinetoplastids are divided into two groups: the obligatory parasitic 

Trypanosomatida and the mostly free-living Bodonida, even though the former group is 

monophyletic and has originated inside the latter group, which is thereby paraphyletic 

(Deschamps et al., 2011). 

Family Trypanosomatidae Doflein 1951 was defined as a taxon with invariably mono-

flagellar species that contain a disk-shaped kinetoplast composed of mutually interlocked mini- 

and maxicircles (Povelones, 2014). It is an extremely speciose group of obligatory parasites, 

invading invertebrates, vertebrates and plants (Maslov et al., 2013). Being the causative agents of 

severe diseases of people and livestock, members of the genera Trypanosoma and Leishmania 

are most important. African trypanosomiasis also known as sleeping sickness, is caused by 

Trypanosoma brucei, while Trypanosoma cruzi is responsible for American trypanosomiasis 

(Chagas disease), and leishmaniases are caused by various Leishmania species (Barrett et al., 

2003; Myler and Fasel, 2008). All these pathogens have a dixenous life cycle, alternating 

between a blood-sucking invertebrate primary host (usually, an insect) and a secondary host – 

human or another vertebrate. Exceptionally, the invertebrate host was eliminated when 

transmission of the trypanosomes between two vertebrates is possible (Lai et al., 2010). 

Reflecting the evolutionary flexibility of trypanosomatids, the third known dixenous genus 

Phytomonas has adapted to sap-sucking rather than blood-sucking insects as primary hosts, while 

plants serve as secondary hosts instead of vertebrate animals (Jaskowska et al., 2015). However, 

most trypanosomatids have a monoxenous lifestyle and are thus confined to invertebrate hosts 

only (Maslov et al., 2013). Abundant evidence points to the monoxenous lifestyle being 

ancestral, from which the dixenous strategy evolved independently at least three times, namely in 

the genera Trypanosoma, Leishmania, and Phytomonas (Lukeš et al., 2014). 

The genus Blastocrithidia Laird, 1959 was originally defined by a set of morphological 

features. However, already at an early stage it was shown by molecular methods that the original 

Blastocrithidia taxon was polyphyletic (Merzlyak et al., 2001), and some of the species were 

later transferred to other groups. For example, the endosymbiont-bearing Blastocrithidia culicis 

together with another endosymbiont-containing trypanosomatid Crithidia oncopelti were 

reclassified into a newly erected genus Strigomonas (Teixeira et al., 2011). Nevertheless, other 

Blastocrithidia species with available sequence data, namely B. triatomae, B. leptocoridis, B. 
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cyrtometri, B. papi, B. largi, B. miridarum, Blastocrithidia sp. 393M8 ex Lygus sp. and 

Blastocrithidia sp. ex Lygus hesperus form a well-supported monophyletic group, with the 

“Jaculum” clade (Leptomonas jaculum-like species) constituting its closest outgroup (further in 

the text referred to as “Jaculum”)  (Caicedo et al., 2011; Frolov et al., 2017; Votýpka et al., 2015; 

Záhonová et al., 2016) . This group is subdivided into two subgroups: the first one consists of B. 

triatomae, B. cyrtometri, B. leptocoridis, B. papi, and B. largi, and the second subgroup contains 

B. miridarum, Blastocrithidia sp. 393M8 ex Lygus sp. and Blastocrithidia sp. ex Lygus hesperus 

(Frolov et al., 2017; Záhonová et al., 2016) (Fig. 1). Furthermore, all Blastocrithidia species 

checked for their genetic code, namely B. triatomae from the first subgroup and Blastocrithidia 

sp. ex L. hesperus and B. miridarum from the second subgroup, use a genetic code modified in 

the same manner (Záhonová et al., 2016) (Fig. 1). Hence, this genetic code variant can be 

considered as a potential synapomorphy of the whole genus Blastocrithidia.  

  

Figure  SEQ Figure \* ARABIC 1. A phylogenetic tree of trypanosomatids. The tree was inferred from 

 

Figure 1. Phylogenetic position of Blastocrithidia and “Jaculum” (Leptomonas jaculum) 
(Záhonová et al., 2016) 
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1.2 Gene expression in kinetoplastids 

1.2.1 Genome organization, transcription and trans-splicing 

Kinetoplastids lack introns (besides the exception of two genes (Mair et al., 2000; 

Preusser et al., 2014)), though both diplonemids and euglenids have many canonical and non-

canonical introns (Gawryluk et al., 2016; Milanowski et al., 2016). Kinetoplastids and other 

euglenozoans have polycistronic transcription, which is the characteristic feature of prokaryotes, 

but not eukaryotes (Chung et al., 1990; Kozak, 1983; Worthey et al., 2003). Indeed, the 

kinetoplastid polycistronic transcription has little in common with the prokaryotic one 

(Nascimento et al., 2018). Bacterial genes are organized into small functional groups termed 

operons: proteins translated from a single operon usually act in distinct stages of the same 

process, as is the case of e.g. the lac operon (Salgado et al., 2000).  

In kinetoplastids, functionally unrelated genes are organized into several large 

polycistronic transcriptional units, separated by strand-switch regions that act as transcription 

starts, initiating bidirectional transcription by polymerase II (Fig. 2) (Berriman et al., 2005; 

Martínez-Calvillo et al., 2004, 2003; Myler et al., 1999; Teixeira et al., 2012). Some of 

polycistronic transcriptional units also have additional internal transcription starts (Fig. 2) (Kolev 

et al., 2010). Both strand-switch regions and internal transcriptional starts do not have a 

conserved nucleotide sequence but are instead specified by histone variants and modifications 

(Anderson et al., 2013; Maree and Patterton, 2014; Siegel et al., 2005; Thomas et al., 2009). 

Transcription termination sites are also defined epigenetically: by the kinetoplastid-specific 

modified thymidine base J (Maree and Patterton, 2014), histone variants (Reynolds et al., 2014), 

and/or by the subsequent loci, transcribed by other RNA polymerases (such as tRNA and small 

RNA gene clusters, transcribed by RNA polymerase III, or pre-rRNA and surface proteins 

(VSGs and procyclins), transcribed by polymerase I ) (Clayton, 2016; Martínez-Calvillo et al., 

2004; Palenchar and Bellofatto, 2006) (Fig. 2). Notably, genes of trypanosomatids are located 

non-randomly in respect to the transcription initiation sites: it was shown that in T. brucei genes 

downregulated following a heat shock are located close to the transcription start sites, while 

genes upregulated following the same trigger are distant (Kelly et al., 2012). The authors explain 

this phenomenon by the fact that during heat shock transcription initiation is arrested, while 

transcription elongation still takes place, therefore only genes remote from transcription initiation 
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sites are expressed (Kelly et al., 2012). However, not only heat shock-related genes but many 

other gene categories demonstrate positional bias. Moreover, the distance of genes from their 

polycistronic transcription starts is related to the mRNA abundance in different phases of the cell 

division cycle, thus providing a mechanism for temporal regulation of gene expression (Kelly et 

al., 2012). 

Hence, the specific gene order in polycistronic transcription units and the length of them 

provide a mechanism of transcription control in kinetoplastids, which lack canonical eukaryotic 

differential regulation of transcription (Clayton, 2016; Kelly et al., 2012). The genomes of 

kinetoplastids are highly syntenic which is believed to be the consequence of their specific 

organization (Fig. 3) (Ghedin et al., 2004; Peacock et al., 2007). 

Figure 2. Gene expression in trypanosomatids (Teixera et al., 2012). 

Arrow boxes represent genes, green line – strand-switch region, PTU – polycistronic 
transcriptional unit, grey lines (PolyPy) – polypyrimidine tracts, bend arrows – transcription starts.
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The transcriptional units are subsequently processed into individual transcripts, to the 5’ 

end of which a specific short RNA termed spliced leader (SL), transcribed from specific genome 

loci by polymerase II and capped, and attached by trans-splicing (Liang et al., 2003) (Fig. 2). 

Trans-splicing is performed in the nucleus by the spliceosome, a eukaryote-specific structure, 

which usually performs cis-splicing (Liang et al., 2003). Kinetoplastids also perform cis-splicing, 

but it is confined to only two genes with canonical cis-spliced introns: poly(A) polymerase and 

putative RNA helicase (Mair et al., 2000; Preusser et al., 2014). Polyadenylation of the 

transcripts is coupled with trans-splicing (LeBowitz et al., 1993).  

 

Figure 3. Syntenic region between L. major, T. brucei and T. cruzi (Ghedin et al., 2004). 

 

Intriguingly, these two strange features of gene expression, namely SL RNA trans-

splicing and polycistronic transcription, are not unique for euglenozoans, as both of them are 

found also in dinoflagellates and Caenorhabditis elegans (Krause et al., 1987; Lasda and 

Blumenthal, 2011). The emergence of the trans-splicing machinery is considered to be the 

premise of polycistronic transcription: trans-splicing allows the avoidance of a complex and 

labor-intensive process of transcription initiation (Lukeš et al., 2009). Indeed, this prevents fine-

tuning of gene expression on the level of transcription but provides a faster and more efficient 
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process. Therefore, being incapable of a complex regulation on the level of transcription, which 

is common to almost all other eukaryotes, kinetoplastids have instead evolved many ways to 

regulate gene expression at the post-transcriptional level (Clayton and Shapira, 2007). 

1.2.2 Post-transcriptional events and translation in kinetoplastids 

Kinetoplastids are also well-known for their mitochondrial RNA editing machinery. 

Their mitochondrion employs dozens of essential proteins to ensure proper insertions or 

deletions of uridine residues in hundreds of sites in order to correct the disrupted open reading 

frame in most mitochondrial-encoded transcripts (Read et al., 2015). The complexity of this 

unique system is considered by some an outstanding example of constructive neutral evolution 

(Lukeš et al., 2011). 

Translation process is divided into three main parts: initiation, elongation, and 

termination. In trypanosomatids, the most studied process among these is translation initiation 

(Zinoviev and Shapira, 2012). All studied trypanosomatids have five eIF4G, and six eIF4E, as 

well as two PABP paralogs (PABP1 and PABP2), while Leishmania spp. also have a third 

paralogue, PABP3 (da Costa Lima et al., 2010; Zinoviev and Shapira, 2012). In both 

Trypanosoma and Leishmania spp. PABP1 predominantly binds to poly(A) tails, while PABP2 

is more promiscuous and binds other types of RNA apart from poly(A) sequences (da Costa 

Lima et al., 2010; Zoltner et al., 2018). 
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1.3 Evolution and variations of genetic code 

1.3.1 Standard genetic code and its origin  

First pointed out by Crick, the universality of the standard genetic code (Fig. 4) is 

arguably the strongest argument for the existence of Last Universal Common Ancestor (LUCA) 

(Crick, 1968; Koonin, 2009, 2017). Any variations of it, once established, would be deleterious 

to any living organism, as postulated by a theory called “Frozen accident” (Crick, 1968).  

However, why is there only one genetic code that has been “frozen”? Why do we not see more 

genetic codes, apart from the small variations of the standard one? A brilliant explanation was 

provided by Vetsigian and colleagues: the existence of multiple genetic codes makes horizontal 

gene transfer almost impossible, and this process, still being very important in extant 

prokaryotes and certain eukaryotes, was crucial in the early stages of life (Vetsigian et al., 2006). 

Indeed, organisms capable of effective gene sharing via horizontal gene transfer were probably 

evolutionally more successful than their “individualistic” competitors (Koonin, 2017; Vetsigian 

et al., 2006). 

Figure 4. The canonical genetic code 
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In any case, the standard genetic code is exceptionally robust: the chance of getting an 

amino acid with totally different biochemical properties with a single point mutation is low. The 

probability of reaching the same robustness with random permutations of codons is below 10-6, 

yet there are many theoretical code variants that would be even more robust (Koonin and 

Novozhilov, 2009). 

1.3.2 Non-standard genetic codes in nature 

There is only one canonical genetic code, although, diverse small variations of it are 

spread across the tree of life. Until present, 32 genetic code variants have been entered into the 

NCBI Taxonomy database (Elzanowski and Ostell, 2020), with some of the genetic code 

reassignments happening many times independently, either in related or unrelated lineages  

(Cocquyt et al., 2010; de Koning et al., 2008; Inagaki et al., 1998; Ivanova et al., 2014; 

Lozupone et al., 2001; Pánek et al., 2017; Žihala and Eliáš, 2019). The derived genetic codes are 

neither equally spread in nature, nor are they equally spread functionally. We can observe 

hotspots of genetic code changes both in some codons, which have been reassigned many times 

independently, and in certain eukaryotic clades, where many departures from the canonical code 

occurred (Keeling, 2016; Knight et al., 2001a; Ling et al., 2015) (Fig. 5). Theories explaining 

unequal distribution of the codon reassignment are considered in the next chapter. Most genetic 

code changes occurred in the mitochondrial genomes (Bender et al., 2008; Sengupta et al., 2007; 

Sengupta and Higgs, 2015), since 13 of 32 known variants are confined to this organelle 

(Elzanowski and Ostell, 2020). It is worth noting that there is only a handful of cases of the 

genetic code change in the chloroplasts, which probably reflects a difference in gene expression 

and genome evolution of both organelles (Bender et al., 2008; Keeling, 2016). 

In eukaryotes, most known changes in the nuclear genetic code happened in ciliates, all 

of which are stop codon reassignments (6 out of known 32 genetic code variants are confined to 

ciliates). Although hundreds of marine protozoa transcriptomes from Marine Microbial 

Transcriptome Sequencing Project (Keeling et al., 2014) have been systematically scanned, all 

three stop codon reassignment have been found only in two ciliate species with no case of 

genetic code change documented  outside of ciliates (Heaphy et al., 2016; Swart et al., 2016). 

Figure 2. Variation in the genetic code. Schematic tree of life showing known variations in the genetic 
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A vast majority of changed genetic codes includes reassignment of one or more stop 

codons to amino acids (Elzanowski and Ostell, 2020). The most frequent change in mitochondria 

and bacteria alters the meaning of the UGA stop codon to tryptophan(Inagaki et al., 1998), while 

within eukaryotes the most frequent change is a reassignment of UAA and UAG (UAR) to 

glutamine (Keeling, 2016). Curiously, UAG and UAA are usually reassigned together to encode 

the same amino acid, while UGA is reassigned independently, though there are exceptions to this 

rule (Pánek et al., 2017). The UGA stop codon is also used to encode the non-canonical amino 

acid selenocysteine (Sec), the inclusion of which is guided by Sec-insertion sequence (SECIS) in 

an mRNA. This modification is known from bacteria, archaea, and eukaryotes, though only 

certain organisms within each group have it (Ling et al., 2015). Notably, the ciliate Euplotes 

crassus was proven to have both selenocysteine incorporation system and UGA reassigned to 

cysteine. The meaning of the UGA codon is determined by the presence or absence of SECIS in 

a particular mRNA (Turanov et al., 2009). Another example of a non-canonical amino acid 

Figure 5. Genetic codes on the tree of life. Modified from Keeling (2016).  
*, ** – new genetic codes, reported by Pánek et al., 2017 and Žihala and Eliáš, 2019, 

respectively. 
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coded by a stop codon is the UAG-coded pyrrolysine (Pyl) found in archaea and bacteria (Rother 

and Krzycki, 2010). Unlike selenocysteine, incorporation of pyrrolysine is not guided by any 

specific sequence (Rother and Krzycki, 2010). Fascinatingly, some organisms use both Sec and 

Pyl, thus encoding all 22 natural amino acids (Ling et al., 2015). 

1.3.3 Codon reassignment theories 

There are two classical theories describing the mechanism of codon reassignment. First 

of them, the codon capture model, was formulated by Osawa and Jukes in 1989. In this model, 

due to a genetic drift or a GC-content pressure on the genome, some codons become rare and can 

even disappear. The next step is a change in the translation machinery, which loses the ability to 

recognize these specific codons. Subsequently, the lost codons reappear again due to a direction 

change of GC-content pressure or just by chance and are captured by near-cognate tRNA of 

another codon. Finally, natural selection moves the system towards a more efficient and specific 

recognition (Osawa and Jukes, 1989).  

The tenets of the codon capture theory are supported by many documented cases when 

certain codons are strongly underrepresented or even absent from some genomes (Korkmaz et 

al., 2014; Nakabachi et al., 2006). Furthermore, this theory explains many known genetic code 

change cases. Why does a vast majority of genetic code changes involve the stop codons? It has 

been suggested that since when compared to codons specifying amino acid, stop codons are the 

rarest ones, they are more likely to disappear (Baranov et al., 2015; Knight et al., 2001a; Osawa 

et al., 1992).  

Why do most genetic code changes happen in mitochondria (Knight et al., 2001b)? It is 

likely that the generally small size of the mitochondrial genomes which contain only a few genes 

is prone to the loss of some codons due the genetic drift (Baranov et al., 2015; Knight et al., 

2001b; Swart et al., 2016). Moreover, many mitochondrial genomes are AT-rich or experienced 

AT-mutation pressure at some period of their evolution (Knight et al., 2001b; McCutcheon et al., 

2009). These premises are particularly useful for explaining the main steps of codon 

reassignments exclusively by the mechanisms of neutral evolution (Jukes, 1996). However, each 

theory has weak points, and this applies also to the codon capture theory. It assumes that all the 

reassigned codons must somehow disappear (Osawa and Jukes, 1989), which is plausible for the 

stop codons in small mitochondrial or endosymbiont genomes but seems to be very unlikely in 
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the case of nuclear genetic code change and sense-to-sense reassignments (Baranov et al., 2015; 

Kollmar and Mühlhausen, 2017). 

The second classical theory dealing with this question was formulated by Schultz and 

Yarus in 1994, who called it the theory of ambiguous intermediate. It postulates that mutations in 

tRNAs change their specificity and make them recognize other codons along with the main one. 

It is known that even the standard tRNAs can recognize not only their cognate codon, but also 

similar codons, albeit with lower efficiency. Modifications of the anticodon part or 

mutations/modifications of the other part of a tRNA can make recognition of the non-target 

codon(s) more efficient (Knight et al., 2001a; Schultz and Yarus, 1994). Counter-intuitively, this 

process does not necessarily lead to a lower fitness of the affected organism. Bender and 

colleagues showed that the reassignment of AUA from isoleucine to methionine, observed in 

most mitochondrial lineages, helps to cope with the oxidative stress due to the antioxidant 

function of methionine (Bender et al., 2008). Furthermore, some organisms are capable of 

regulated reassignment of certain codons, which allows them to alter their proteomes in response 

to changing conditions (Baranov et al., 2015). From the current perspective, both processes have 

their impact on codon reassignments and can represent two stages of this process in the same 

lineage. On one hand, the GC-content pressure can make some codons rare, and on the other 

hand, the mutations in corresponding tRNAs are less dreadful under such conditions.  

Additionally, several other theories of genetic code change have been proposed. The 

theory of genome streamlining assumes that selection pressure on the size and complexity of a 

genome may remove redundant components, such as certain codons and corresponding tRNAs, 

or one of the two release factors in the case of stop codon loss in a prokaryote or prokaryote-

derived organelle (Knight et al., 2001a). The theory of tRNA loss-driven codon reassignment 

suggests that tRNA or translation termination factor loss-of-function mutations or gene loss 

events may be the driving force for genetic code changes (Kollmar and Mühlhausen, 2017; 

Mühlhausen et al., 2016). Finally, the hypothesis of error resistance explains genetic code 

changes from the perspective of making it more error-prone (Knight et al., 2001a). Theories 

specifically explaining the stop codon reassignment are detailed in the next chapters. 
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1.3.4 Translation termination and stop codon reassignment 

A vast majority of genetic code changes is represented by the reassignment of one or 

more stop codons (Ivanova et al., 2014; Keeling, 2016). Stop codons are believed to be an easy 

target for reassignment because they are the rarest codons, as there is only one stop codon for 

one gene (Baranov et al., 2015). Therefore, their reassignment is not so dramatic for the genome, 

as are the reassignments of the amino acid codons. It is probable that due to the GC-content bias 

or due to the genetic drift, to which small genomes are particularly susceptible, a certain kind of 

stop codons could become very rare or disappear, and then be captured by a near-cognate tRNA 

(Blanchet et al., 2014). Moreover, stop codons outside of the open reading frames are frequent, 

so most likely the gene which has lost its stop codon will find another one in a close proximity 

and the affected protein will be only several amino acids longer than the normal version, which 

may likely not dramatically affect its function (Baranov et al., 2015). However, there is an 

alternative point of view that the stop codon reassignment may be not the most frequent one, but 

the most visible change, as open reading frames disrupted by several in-frame stop codons are 

easy to notice, while for finding a sense-to-sense change a thorough bioinformatic analysis is 

required (Keeling, 2016). 

To understand how stop codon reassignment happens, we need to consider what is known 

about the termination of protein synthesis in prokaryotes and eukaryotes. The current view 

postulates that the termination happens when the ribosome finishes translation of the coding 

sequence on a transcript and a stop codon enters the ribosomal A-site in the large ribosomal 

subunit (Dever and Green, 2012). In both prokaryotes and eukaryotes, this process is performed 

by two classes of polypeptide chain release factors (RFs): class I release factors (RF1 and RF2 in 

bacteria, aRF1/eRF1 in archaea/eukaryotes), which recognize the stop codon and release a 

nascent peptide chain, and class II release factors (RF3 in bacteria, aRF3/eRF3 in 

archaea/eukaryotes), which remove the class I RF from the ribosome after the peptide release 

(Dever and Green, 2012; Duarte et al., 2012). 

Bacteria and bacteria-derived organelles have two canonical class I release factors: RF1, 

specific to UAA and UAG codons, and RF2, specific to UAA and UGA (Duarte et al., 2012; 

Scolnick et al., 1968). Archaea and eukaryotes have only one RF of class I, recognizing all three 

stop codons, labeled aRF1 or eRF1, correspondingly. The eukaryotic/archaeal and bacterial class 

I RFs are not homologous and have dissimilar protein structure (Kisselev, 2002). Furthermore, 
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eRF1 acts in a complex with eRF3 both in vivo and in vitro, while neither RF1 nor RF2 binds to 

RF3 in bacteria (Nakamura et al., 1996; Pel et al., 1998). All this led some authors to conclude 

that the LUCA used another mechanism of translation termination, maybe including special 

RNA instead of proteinaceous RFs (Baranov et al., 2015). 

Mutations in RFs affect their efficiency and specificity for certain stop codons. This was 

shown both by site-directed mutagenesis experiments in model organisms, as well as by using 

naturally occurring RFs found in organisms with reassigned stop codons. In these experiments, 

several important conserved motifs and amino acid residues in eRF1 were identified, namely 

GTS, NIKS, YxCxxF, E55, and S70 (Blanchet et al., 2015; Conard et al., 2012; Eliseev et al., 

2011; Frolova et al., 2002; Kolosov et al., 2005; Kryuchkova et al., 2013; Lekomtsev et al., 

2007; Lozupone et al., 2001; Saito and Ito, 2015; Salas-Marco et al., 2006). Subsequent 

investigations of the structure of eukaryotic termination complex have confirmed that these 

motifs are indeed involved in the stop recognition centers of eRF1(Brown et al., 2015; Matheisl 

et al., 2015). 

When compared to elongation, translation termination is a slower and less efficient 

process (Baranov et al., 2015). Hence, especially the mutated RFs have a high chance to be 

dislodged by competing cognate or near-cognate aminoacylated tRNAs, which forces the system 

to read stop codons as sense. This so-called eRF1 mutation hypothesis has been proposed by 

Lozupone and colleagues (Lozupone et al., 2001) and reviewed by Alkalaeva and Mikhailova 

(Alkalaeva and Mikhailova, 2016). Moreover, the efficiency of termination strongly depends on 

the nucleotide context of a given stop codon, which differs in the cases of in-frame and genuine 

stop codons (Bonetti et al., 1995; Brown et al., 1990; Namy et al., 2001; Pavlov et al., 1998). 

This also explains some of the known cases of stop codon readthrough in organisms with 

standard stop codons, mostly used by viruses to produce different protein isoforms and as a 

regulatory system (Baranov et al., 2015; Dreher and Miller, 2006; Firth and Brierley, 2012). 

It is important to mention that eukaryotes have a conserved nonsense-mediated decay 

(NMD) machinery, the function of which is to remove transcripts with in-frame stop codons 

resulting from nonsense mutations (Brogna and Wen, 2009). The presence of such a system 

seemingly contradicts the scenario, in which in-frame stop codons specify amino acids. 

Nevertheless, conserved NMD components are present in some species with reassigned stop 

codons, although it is not known whether they are active (Swart et al., 2016). 
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1.3.5 Organisms with all three stop codons reassigned 

In 2016, three eukaryotic genera, namely the trypanosomatid Blastocrithidia and the 

ciliates Parduzia and Condylostoma were shown to bear genetic code with all three stop codons 

reassigned (Heaphy et al., 2016; Swart et al., 2016; Záhonová et al., 2016). In Blastocrithidia sp. 

UAR were predicted to encode glutamate, and UGA tryptophan, while UAR are also used as 

genuine stop codons. However, UAA is used more frequently as a genuine stop codon than 

UAG, although this conclusion was based on a rather small number of genes (Záhonová et al., 

2016). In Parduzia sp. UAR are used to encode glutamate, while UGA encodes tryptophan, and 

UGA is used as a genuine stop codon (Swart et al., 2016). In Condylostoma magnum UAA and 

UAG encode glutamine, UGA codes for tryptophan, and all stop codons are used as genuine 

ones in a context-dependent manner (Heaphy et al., 2016; Swart et al., 2016). This finding was 

confirmed experimentally using mass spectrometry and ribosomal profiling (Swart et al., 2016). 

Both ciliates bear ambiguous genetic codes, which are read in a context-dependent manner:  in-

frame stop codons are read as amino acids, while in the end of the genes they are used as genuine 

stop codons. However, it is not the first known case of ambiguous stop codons: another ciliate 

Blepharisma japonicum (Eliseev et al., 2011) and archaeon Methanosarcina barkeri (James et 

al., 2001) are also known to read stop codons ambiguously.  

All this raised a question about how translation termination works in such systems: they 

must have gained the ability to efficiently distinguish between in-frame and genuine stop codons, 

which have an identical triplet, but completely different sense. Two of the three above-described 

cases were found in ciliates, which had been already prominent for their stop codon 

reassignment. It was noticed that ciliates as a group have extremely short 3’-UTRs (20-40 nt), 

which means that their poly(A) tails start almost right after their genuine stop codons (Heaphy et 

al., 2016; Swart et al., 2016). Moreover, it was also noted that in the ciliate genes in-frame 

upstream stop codons are being avoided in close proximity to the genuine ones (Swart et al., 

2016). Previously, it was shown that the poly(A)-binding protein (PABP) facilitates translation 

termination in eukaryotes (Ivanov et al., 2016). Therefore, it was hypothesized that the efficiency 

of translation termination in the considered species, and maybe in ciliates in general, is 

determined by the interaction of release factors with PABP (Heaphy et al., 2016; Swart et al., 

2016) (Fig. 6). Other authors hypothesized that in these organisms most of the RF complexes are 

bound with PABP, thus the whole translation termination complex waits until the ribosome 
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arrives to the translation termination site, and there is consequently little chance that the RF will 

ever meet in-frame stop codons (Alkalaeva and Mikhailova, 2016). 

Figure 6. Model of context-dependent termination (Swart et al., 2016). 

1.3.6 Genetic code in kinetoplastids  

Blastocrithidia is the first known case of nuclear code reassignment among both 

Kinetoplastida and the whole Euglenozoa clade (Záhonová et al., 2016). However, 

trypanosomatid flagellates are known to use UGA to encode tryptophan in their mitochondrial (= 

kinetoplast) genome (De la Cruz et al., 1984). In trypanosomatids, all tRNAs are encoded 

exclusively in the nuclear genome, with a subset of tRNAs being imported into the 

mitochondrion (Hancock and Jahduk, 1990; Simpson et al., 1989; Tan et al., 2002). In the 

trypanosomatid nuclear genome, there is only one tRNATrp
 with a CCA anticodon, which 

recognizes the standard tryptophan UGG codon but cannot decode UGA (Alfonzo et al., 1999; 

Shi et al., 1994). Therefore, tRNATrp
CCA must be modified to recognize UGA, but this process 

must be confined to the mitochondrion, since it would otherwise result in the UGA stop codon 

readthrough all over the nuclear genome. This is achieved by C to U editing of the first position 

of tRNATrp
CCA anticodon (CCA to UCA) in the mitochondrion by a deaminase (Alfonzo et al., 

1999) (Fig. 7). It is worth noting that despite significant efforts this enzyme has not yet been 

identified. Notably, trypanosomatids use two distinct tryptophanyl-tRNA synthetases to charge 

tRNATrp
 in the cytosol and the mitochondrion (Charrière et al., 2006). 
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Blastocrithidia uses UGA to encode tryptophan in the nucleus and bears corresponding 

mutation in the S70 position of eRF1, which is associated with UGA recognition (Eliseev et al., 

2011; Záhonová et al., 2016). Remarkably, Swart and colleagues found specific tRNA genes for 

both reassigned UAR codons in the genome of Condylostoma magnum, but failed to find a 

tRNA-Trp gene, recognizing UGA stop codon, so tRNATrp
CCA in C. magnum may potentially 

undergo similar modification. However, RT-PCR of tRNATrp
CCA and consequential sequencing 

of the product did not show edited variants (Swart et al., 2016). 

Nonetheless, nothing is known about the UAR reassignment in Blastocrithidia, and how 

its translation termination works. In the ciliates with ambiguous stop codons, the most plausible 

hypothesis explains the differential translation of in-frame and genuine stop codons by the 

proximity of the latter to poly(A) tails. As mentioned above, the ciliates are apparently 

exceptionally prone to stop codon reassignment, likely due to their very short poly(A) tails, 

which allows direct mutual interaction among the genuine stop codon, eRF complex and 

poly(A)-binding protein (Alkalaeva and Mikhailova, 2016; Heaphy et al., 2016; Swart et al., 

2016) . However, trypanosomatids are not generally known to have short 3’-UTRs: 

Trypanosoma brucei has 3’-UTRs of mean length 587 nt (Benz et al., 2005), while their size in 

T. cruzi is 264 nt on average (Campos et al., 2008).

Figure 7. Trypanosomatid tRNATrp transcription, processing, and editing (Kapushoc et al., 
2000). 
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We have sequenced, annotated, and analyzed the genome of Ca. Pandoraea
novymonadis, a recently described bacterial endosymbiont of the trypanosomatid
Novymonas esmeraldas. When compared with genomes of its free-living relatives, it
has all the hallmarks of the endosymbionts’ genomes, such as significantly reduced
size, extensive gene loss, low GC content, numerous gene rearrangements, and
low codon usage bias. In addition, Ca. P. novymonadis lacks mobile elements,
has a strikingly low number of pseudogenes, and almost all genes are single
copied. This suggests that it already passed the intensive period of host adaptation,
which still can be observed in the genome of Polynucleobacter necessarius, a
certainly recent endosymbiont. Phylogenetically, Ca. P. novymonadis is more related
to P. necessarius, an intracytoplasmic bacterium of free-living ciliates, than to Ca.
Kinetoplastibacterium spp., the only other known endosymbionts of trypanosomatid
flagellates. As judged by the extent of the overall genome reduction and the loss of
particular metabolic abilities correlating with the increasing dependence of the symbiont
on its host, Ca. P. novymonadis occupies an intermediate position P. necessarius and
Ca. Kinetoplastibacterium spp. We conclude that the relationships between Ca. P.
novymonadis and N. esmeraldas are well-established, although not as fine-tuned as
in the case of Strigomonadinae and their endosymbionts.

Keywords: bacterial endosymbiont, Pandoraea, phylogenomics, metabolism, Trypanosomatidae

INTRODUCTION

Pandoraea is a genus of Gram-negative rod-shaped β-proteobacteria belonging to the family
Burkholderiaceae of the order Burkholderiales. Members of this genus are phenotypically diverse,
reflecting a wide spectrum of life strategies. Several species of these microorganisms were
documented as opportunistic pathogens in cystic fibrosis patients or in individuals after lung
transplantation (Coenye et al., 2000; Stryjewski et al., 2003). Besides, a number of Pandoraea spp.
(including some pathogenic ones) were isolated from environmental samples such as soils, hen
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dung, and oxic water layer above a sulfide-containing sediment
(Coenye et al., 2000; Anandham et al., 2010; Sahin et al., 2011).
These free-living species participate in the biodegradation of
various organic substances (including important pollutants) or
perform chemosynthesis by oxidation of heterotrophic sulfur
(Okeke et al., 2002; Graff and Stubner, 2003; Ozaki et al., 2007;
Liz et al., 2009; Kumar et al., 2015; Jeong et al., 2016).

Previously, we discovered a new species of Pandoraea,
which, in contrast to its relatives, is an intracellular symbiont
of the flagellate Novymonas esmeraldas (Kinetoplastea:
Trypanosomatidae) (Flegontov et al., 2016). This endosymbiosis
appears to have been established relatively recently as judged by
the fact that neither of the two participants has close relatives
involved in similar relationships. In addition, the division of
Ca. Pandoraea novymonadis is not synchronized with that of
the host cell. As a result, the number of endosymbionts per
Novymonas cell is unstable and bacteria-free trypanosomatids
appear at a relatively high frequency of ∼6%. We hypothesized
that the endosymbiosis is favorable for N. esmeraldas, since
large-scale cloning experiments did not reveal any aposymbiotic
clone (Flegontov et al., 2016).

All other studied endosymbioses in trypanosomatids are
restricted to flagellates of the subfamily Strigomonadinae
(Votýpka et al., 2014) and bacteria Ca. Kinetoplastibacterium
spp. (Burkholderiales: Alcaligenaceae). These relationships seem
to have been established earlier in evolution. As judged from
the phylogenies of the prokaryotic and eukaryotic partners, the
origin of this endosymbiosis was a single event (Du et al., 1994;
Teixeira et al., 2011). The long evolution of Kinetoplastibacterium
resulted in “one bacterium per host cell” arrangement with fine-
tuned mechanisms synchronizing their division (Motta et al.,
2010; Catta-Preta et al., 2015). The bacterium provides its host
with essential nutrients and is remunerated with a direct access
to the ATP-producing glycosomes (Motta et al., 1997; de Souza
and Motta, 1999; Alves et al., 2011, 2013a).

The free-living hypotrichous ciliates (Euplotes aediculatus
and related species) with their intracytoplasmic bacterium Ca.
Polynucleobacter necessarius (hereafter conventionally called
P. necessarius) represent yet another endosymbiotic association
in a protist, reminiscent of the Novymonas/Pandoraea system.
Although the ciliates are evolutionary extremely distant from
trypanosomatids and represent a different eukaryotic supergroup
(SAR versus Excavata), their endosymbiont P. necessarius belongs
to the same β-proteobacterial family Burkholderiaceae. This
endosymbiosis seems to be quite recent, since there is a very
closely related free-living bacterium formally attributed to a
separate species P. asymbioticus, but showing 99% identity with
P. necessarius in their 16S rRNA gene sequences (Vannini et al.,
2007). Another sign of the relatively nascent nature of these
relationships is that P. necessarius is apparently a substitute
for a more ancient symbiont (Ca. Protistobacter heckmanni),
another representative of the family Burkholderiaceae, which
can be found in some Euplotes isolates (Vannini et al., 2012,
2013).

Obligate intracellular bacterial symbionts demonstrate similar
patterns of genome evolution: reduction of its size, decrease in
GC content, elevated evolutionary rate, loss of genes from certain

functional groups (transcriptional regulation, DNA repair, etc.),
shrinkage of the repertoire of metabolic capabilities, gene transfer
to host’s nucleus, and others (Moya et al., 2008; Nowack and
Melkonian, 2010; McCutcheon and Moran, 2011). At early
phase of endosymbiosis these changes are accompanied by
the expansion of mobile genetic elements, pseudogenization,
and multiple genomic rearrangements (Ochman and Davalos,
2006; Toh et al., 2006; Burke and Moran, 2011). In the case
of Strigomonadinae/Ca. Kinetoplastibacterium, all the above-
mentioned traits typical of ancient endosymbiotic associations
can be observed (Alves et al., 2013b). The comparison of genomes
of P. necessarius and P. asymbioticus revealed only a limited
genome size reduction (∼28% on DNA and∼34% on the protein
level) with a substantial pseudogenization (∼18%), but without
any mobile elements (Meincke et al., 2012; Boscaro et al., 2013).

While the host of Ca. P. novymonadis is closely related
to that of Ca. Kinetoplastibacterium spp., the bacterium itself
is phylogenetically closer to Polynucleobacter. In order to
understand the nature of endosymbiotic relationships, their
underlying mechanisms and routes of adaptation in the
Novymonas/Pandoraea system, we analyzed the genome of Ca. P.
novymonadis and compared it with both endosymbiotic systems
discussed above.

MATERIALS AND METHODS

Establishing Aposymbiotic Strain of
Novymonas esmeraldas
The strain E262AT.01 of N. esmeraldas was cultivated at
27◦C in RPMI-1640 medium (Sigma−Aldrich, St. Louis, MO,
United States) supplemented with heat-inactivated 10% fetal
bovine serum (FBS; Thermo Fisher Scientific, Waltham, MA,
United States). At the logarithmic phase of growth, cells from the
10 ml culture aliquots were pelleted by centrifugation at 1,500× g
for 10 min and re-suspended in the fresh RPMI-1640 medium
containing 10, 50, 125, 250, or 500 µg/ml of azithromycin (Barry
et al., 2004). This macrolide antibiotic was chosen because of
its ability to cross eukaryotic plasma membrane, accumulate
in the cytoplasm at high concentration, and retain its activity
under these conditions (Maurin and Raoult, 2001; Carryn et al.,
2003). The presence/absence of bacterial endosymbionts was
monitored after 7 and 14 days of incubation by fluorescent
in situ hybridization with universal bacteria-specific probe
Eub338 (5′-GCTGCCTCCCGTAGGAGT-3′) labeled with 5′-Cy3
fluorescent dye, as described previously (Kostygov et al., 2016).
After 14 days incubation with 10 and 50 µg/ml of azithromycin,
all observedN. esmeraldas cells were free of endosymbionts, while
at the higher concentrations of the antibiotic trypanosomatid
cells died. The bacteria-free cultures were pelleted and transferred
to a fresh azithromycin-free medium. The strain obtained with
10 µg/ml of azithromycin (hereafter named E262-AZI) displayed
better growth and was used for all the subsequent experiments.
The absence of bacteria in the culture was also confirmed by PCR
with universal eubacterial 16S rRNA primers P1seq and 1486R,
with the original bacteria-containing strain (hereafter named
E262-wt) used as a positive control (Teixeira et al., 2011).
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Given the significant deceleration of E262-AZI growth
as compared to the E262-wt, for the subsequent work we
switched from RPMI to a more nutrient-rich medium, M199
(Sigma−Aldrich, St. Louis, MO, United States) supplemented
with 10% FBS, 2 µg/ml hemin (Jena Bioscience, Jena, Germany),
2 µg/ml biopterin, 100 units/ml of penicillin, and 100 µg/ml
of streptomycin (all from Thermo Fisher Scientific, , Waltham,
MA, United States). In these conditions, E262-AZI was able to
propagate at higher rate, comparable to that of E262-wt.

Genomic DNA Isolation and Sequencing
Total genomic DNA was isolated from ∼109 cells of the strains
E262-wt and E262-AZI of N. esmeraldas using the DNeasy
Blood and Tissue Kit (Qiagen, Hilden, Germany) according
to the manufacturer’s protocol. The genome of the wild-type
N. esmeraldas was sequenced using a combination of Illumina
Technologies: HiSeq 2000 (Macrogen Inc., Seoul, South Korea)
and MiSeq (Palacký University, Olomouc, Czechia), yielding
47,024,780 reads with 145× average coverage and 21,715,370
reads with 160× average coverage, respectively. The genome
of the aposymbiotic N. esmeraldas was sequenced solely with
the Illumina MiSeq technology, resulting into 17,834,848 of
reads with 136× average coverage. The lengths of the obtained
paired-end reads were 100 nt for the HiSeq and 300 nt for the
MiSeq sequences.

Genome Assembly and Annotation
DNA sequencing reads were processed using BBtools package
v.36.021. The reads were merged and quality-trimmed using
BBmerge with the quality threshold of 20. Non-merged reads
were quality-trimmed using BBduk with the same parameters.
The quality of raw and trimmed reads was assessed using
FASTQC program v.0.11.52.

The genome assembly for both strains was performed using
Spades Genome assembler v.3.9.0 with recommended options
(Bankevich et al., 2012). Genomic reads of E262-wt were
mapped onto the contigs of the aposymbiotic E262-AZI and
the remaining reads were used for assembling the endosymbiont
genome. However, a read mapping rate was low (∼50%)
and the obtained assembly contained both endosymbiont and
host contigs. Hence, we decided to use other methods for
identification of the bacterial contigs. Firstly, each of E262-wt
contigs was used as a query in BLAST searches against the custom
database composed of Pandoraea spp. and trypanosomatid
genomes. The BLASTN program from the BLAST package
v.2.2.31+ (Camacho et al., 2009) was used with an E-value
cut-off of 10−5 and other settings left as default. The total
length of a BLAST alignment per contig was calculated using
custom Ruby script. For every contig, the query coverage with
Pandoraea hits was divided by that with trypanosomatid hits. The
values above 1 were considered as evidencing the bacterial origin.
Secondly, we checked the absence of the putative endosymbiont
contigs in the E262-AZI assembly using the BLASTN program
as above. The best hits for the presumed bacterial contigs were

1https://sourceforge.net/projects/bbtools/
2http://www.bioinformatics.babraham.ac.uk/projects/fastqc/

those with low coverage (∼1×), probably representing technical
contamination during sequencing of the E262-AZI sample.
Thirdly, the read coverage was considered for distinguishing
contigs of N. esmeraldas and Ca. P. novymonadis. Typically,
a cell of this trypanosomatid bears several endosymbionts in
the cytoplasm (Kostygov et al., 2016), and each of them might
have multiple copies of the bacterial genome. Therefore, the
read coverage of Ca. P. novymonadis contigs is expected to be
higher than that of N. esmeraldas contigs. Indeed, the mean
coverage per position in the putative bacterial contigs was
∼874× while the remaining ones had only ∼25× read coverage.
In addition, the contigs of different origin could be discriminated
by their GC content. Trypanosomatid contigs had ∼65% GC,
while those of the endosymbiont were only 43–49% GC-rich.
This is in agreement with the observation that endosymbiotic
genomes usually have lower GC content than the genomes
of their hosts (Moran et al., 2008). It should be noted that
GC-rich sequences are generally harder to sequence than AT-rich,
and this effect may impact the coverage difference and result
in overestimation of the bacterial load. Lastly, the Bandage
software3, analyzing assembly using a BLAST-based approach,
was used. The program created contig graphs, showing that
all the putative endosymbiont contigs may compose a single
circular chromosome (under assumption that the two shortest
bacterial contigs having double coverage, as compared to longer
ones are duplicated). This also evidenced that our assembly was
complete. Despite the results of the Bandage analysis, we were
unable to assemble the bacterial contigs into one chromosome
due to some ambiguities. Genome completeness analysis was
performed using BUSCO software (Simão et al., 2015) with
bacteria, proteobacteria, and betaproteobacteria universal gene
datasets and the predicted Ca. P. novymonadis proteins.

Parameters of the genome assemblies were estimated using
QUAST v.4.3 (Gurevich et al., 2013). DNA reads were mapped
on the assemblies using Bowtie2 v.2.2.9 (Langmead and Salzberg,
2012), with the “–very-fast” option. The structural and functional
annotation of the Ca. P. novymonadis genome was obtained
using Prokka package v.1.12-beta (Seemann, 2014), signal
peptides were predicted using SignalP v.4.1 (Petersen et al., 2011).

This Whole Genome Shotgun project has been deposited at
DDBJ/ENA/GenBank under the accession MUHY00000000. The
version described in this paper is version MUHY01000000. The
raw reads are available at the NCBI Sequence Read Archive under
the accession no. SRR5280512.

Gene Family Inference and Analysis
The inference of protein orthologous groups (OGs) was
performed with OrthoFinder v.1.1.3 (Emms and Kelly, 2015)
using a dataset of 23 bacterial genomes, including Ca. P.
novymonadis sequenced in this study, 13 other Pandoraea
spp., 5 Ca. Kinetoplastibacterium spp., 2 Polynucleobacter spp.,
Cupriavidus basilensis, and Burkholderia cepacia available in
GenBank (Supplementary Table S1). Gene family gains and
losses were mapped on the reference species tree using the

3https://academic.oup.com/bioinformatics/article/31/20/3350/196114/Bandage-
interactive-visualization-of-de-novo
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COUNT software with the Dollo parsimony algorithm (Csuros,
2010) as described elsewhere (Flegontov et al., 2016). Using
UpSetR package for R4 and a custom Python script we found
OGs exclusively shared between Ca. P. novymonadis and the
following groups of species: (i) C. basilensis and B. cepacia,
(ii) Polynucleobacter spp., (iii) Pandoraea spp., and (iv) Ca.
Kinetoplastibacterium spp. Putative annotations for the Ca.
P. novymonadis-specific proteins were inferred using HHpred
v.2.0.16 against Pfam-A database and E-value cut-off set to 1
(Soding et al., 2005).

Phylogenomic Analysis
In the 16 bacterial strains selected for phylogenetic inference
(Supplementary Table S1) 556 shared OGs contained only
one gene. The amino acid sequences of each single gene were
aligned using L-INS-i algorithm in MAFFT v. 7.310 (Katoh
and Standley, 2013). The resulting alignments were trimmed in
Gblocks v.0.91b with relaxed parameters (−b3 = 8, −b4 = 2,
−b5 = h) and then used for phylogenetic reconstruction in IQ-
TREE v.1.5.3 with LG + I + G4 + F model and 1,000 ultrafast
bootstrap replicates (Minh et al., 2013; Nguyen et al., 2015). The
amino acid substitution model had been selected in the same
program using the supermatrix concatenated from the individual
alignments of all 556 genes (Kalyaanamoorthy et al., 2017). To
estimate the resolution power of single genes, for each of the
reconstructed trees the average bootstrap support was calculated.
Setting 70% as a threshold, we selected 119 genes, which
constituted the final dataset. The alignments of these genes were
concatenated, producing a supermatrix with 54,345 characters.
Maximum-likelihood tree was reconstructed using IQ-Tree with
LG+ I+ G4+ F model and 1,000 standard bootstrap replicates.
Bayesian inference of phylogeny was performed in MrBayes v.
3.2.6 (Ronquist et al., 2012) under mixed model prior, empirical
amino acid frequencies, and heterogeneity of rates across sites
assessed using 0-distribution and proportion of invariant sites.
The analysis was run for 100,000 generations with sampling
every 10th of them. The chains demonstrated efficient mixing
and the two runs converged at the early phase of the analysis
(after 2,500 generations). As set by default, 25% samples were
discarded as burn-in.

Metabolic Pathways Analysis
For the comparative metabolic study an automatic assignment
of KEGG Orthology (KO) identifiers to the proteins of 19
bacterial strains including Ca. P. novymonadis (Supplementary
Table S1) was completed using BlastKOALA v.2.1 (Kanehisa
et al., 2016). The search was performed against a non-redundant
pangenomic databases of prokaryotes on the genus level and of
eukaryotes on the family level. KEGG Mapper v.2.8 was used for
the reconstruction of metabolic pathways and their comparison
(Kanehisa, 2017).

The search for lipolytic enzymes was performed using
BLASTP with an E-value of 10−20 with the lipase and esterase
sequences from the study of Arpigny and Jaeger as a query and
annotated proteins of Ca. P. novymonadis and other bacteria

4https://cran.r-project.org/web/packages/UpSetR/

as a database (Arpigny and Jaeger, 1999). In the case of Ca. P.
novymonadis the E-value threshold was relaxed to 10−10.

Synteny Analysis
The overall level of synteny in Ca. P. novymonadis as compared
to other species of interest was studied using the reference dataset
of 11 bacteria (Supplementary Table S1). Syntenic regions were
inferred and visualized using SyMAP v.4.2 (Soderlund et al.,
2011). The settings were as follows: minimum number of anchors
required to define a synteny block, 7; overlapping (or nearby)
synteny blocks were automatically merged into larger blocks, and
only the larger block was kept if two synteny blocks overlapped
on a chromosome.

Search for Pseudogenes, Phages, and
Mobile Elements
Pseudogenes in Ca. P. novymonadis genome were identified
using BLASTX with an E-value cut-off of 1 against the dataset
of annotated proteins of C. basilensis, B. cepacia, and Pandoraea
spp. (Supplementary Table S1). Prior to homology searches,
Ca. P. novymonadis genes were masked with Maskfasta script
from BEDTtools package v. 2.25.0 (Quinlan and Hall, 2010).
Genomic regions with BLAST hits were manually inspected and
the coordinates of the BLAST hits were used for annotation
of pseudogenes. We also checked the presence of pseudogenes
among the features annotated with Prokka package by analyzing
the annotations of the adjacent genes and concluded that all of
them were functional.

The search for mobile elements and phages in the genome of
Ca. P. novymonadis was performed algorithmically in Phispy v.
2.3 (Akhter et al., 2012), as well as using database searches on
the online web servers Phaster (Arndt et al., 2016) and IS Finder5

using E-value cut-off of 10−2.

Analyses of Genome Sequence
Properties
Files with the genome sequences and corresponding annotations
for the species of interest were downloaded from the NCBI
Genome database (12.12.2016). Pseudogene sequences were
excluded from further analyses. Lengths of genes and intergenic
regions were calculated based on the gene coordinates within
GFF files containing annotation data.

For the analysis of GC content, nucleotide sequences of all
genes were extracted using Artemis genome browser release v.
16.0.0 (Rutherford et al., 2000). GC content was calculated with
Infoseq script from EMBOSS package v. 6.6.0.0 (Rice et al., 2000).
Statistical significance of the differences in GC content, lengths of
genes, and intergenic regions was tested using one-way analysis
of variance (ANOVA) combined with Tukey’s honest significance
test in R with p-value < 0.05.

Nucleotide composition by codon position, amino acid
composition, and codon usage bias of protein-coding genes were
analyzed using MEGA 7.0 software (Kumar et al., 2016) on
the concatenated sequences of all these genes within a genome.

5http://phaster.ca and https://www-is.biotoul.fr
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Standard deviation of relative synonymous codon usage (RSCU)
values (Sharp et al., 1986) was calculated as an integral measure
of codon usage bias in a particular species. Stop codons and
the two amino acids coded by only one codon (methionine and
tryptophan) were excluded.

RESULTS AND DISCUSSION

General Characterization of Ca. P.
novymonadis Genome
The genome of Ca. P. novymonadis was assembled into
six contigs with a total length of approximately 1.16 Mb
(Supplementary Table S1), which is smaller than in free-living
Pandoraea spp. (4.46–6.5 Mb) or in both Polynucleobacter spp.
(1.56–2.16 Mb), but larger that in Ca. Kinetoplastibacterium
spp. (∼0.8 Mb). The average coverage with the paired-end
100 nt Illumina HiSeq and 300 nt MiSeq reads was∼874× and
the largest contig had the length of 844,906 nt. The two
shortest contigs (5,920 and 1,318 bp), containing genes for
ribosomal RNA, translation factor Tu 1 and tRNAs for alanine,
isoleucine, and tryptophan had approximately doubled coverage
(1,555× and 1,864×, respectively) pointing to the probable
duplication of these fragments in the genome. The assessment
of genome assembly and annotation completeness with single-
copy orthologs using BUSCO demonstrated that 147/148 (99.3%)
universal genes from bacteria dataset, 216/221 (97.7%) from
proteobacteria, and 529/582 (90.9%) from betaproteobacteria
were present. This indicates that our assembly was complete.

Currently, there are 1,015 annotated genes, 968 of which
are protein-coding. For comparison, free-living Pandoraea spp.
have 3,960–5,342, Polynucleobacter spp. – 1,401 and 2,115, while
Ca. Kinetoplastibacterium spp. only 690–732 protein-coding
genes (Supplementary Table S1). The number of identified
pseudogenes in Ca. P. novymonadis (13) is significantly smaller
than in other species of the genus Pandoraea (76–361) but is
comparable to that in Ca. Kinetoplastibacterium spp. (2–19)
(Supplementary Table S1). Interestingly, P. necessarius possesses
a high number of pseudogenes (269), which is apparently
indicative of intense process of genome evolution and is in
agreement with a recent origin of endosymbiosis in this species
(Vannini et al., 2007).

No mobile elements were found in the genome of Ca.
P. novymonadis with any of the used tools. This appears to
be a consequence of genome minimization. The genome of
this species has lost ∼80% of its length and protein-coding
capacity compared to the genomes of its free-living Pandoraea
spp. (Supplementary Table S1). We did not find statistically
significant differences between the lengths of genes and intergenic
regions of Ca. P. novymonadis compared to other Pandoraea
spp., Ca. Kinetoplastibacterium spp., Polynucleobacter spp.,
C. basilensis, and B. cepacia (Supplementary Figure S1).

The comparison of GC content in Ca. P. novymonadis with
that of P. apista, P. necessarius, and Ca. Kinetoplastibacterium
crithidii genomes revealed significant differences both in genes
and intergenic regions between Ca. P. novymonadis and the
other analyzed species (Supplementary Figure S2). Interestingly,

these differences were most pronounced in the genomes of
trypanosomatid endosymbionts, Ca. P. novymonadis, and Ca.
K. crithidii. The average GC content of the Ca. P. novymonadis
genome (43.8%) is intermediate between that of the free-living
Pandoraea spp. (62–65%) and Ca. Kinetoplastibacterium spp.
(30–33%). However, it is similar to that of both endosymbiotic
and free-living Polynucleobacter spp. (45.6 and 44.8, respectively).
This pattern is also conspicuous when considering nucleotide
composition in protein coding genes by codon position,
with the most pronounced differences at the third position
(Supplementary Figure S3). We found 35 genes in the Ca. P.
novymonadis genome with the GC content higher than 56% and
all these genes encode tRNAs. This is in agreement with an earlier
observation that in prokaryotes the GC content of such genes
does not correlate with that of the whole genome (Kawai and
Maeda, 2009).

The amino acid frequencies in Ca. P. novymonadis differ from
those in its close relatives. The most discordant ones are for
alanine, isoleucine, and lysine (Supplementary Figure S4). As
with the nucleotide composition, the amino acids frequencies in
this species are intermediate between those of other Pandoraea
spp. and Ca. Kinetoplastibacterium spp. and appear most similar
to those in Polynucleobacter spp.

In agreement with the previously described general trend, the
codon usage bias in analyzed species correlated with genomic GC
content (Sharp et al., 2005). This relationship was represented by
a sideways parabola with the vertex (i.e., lowest value of RSCU
standard deviation) situated at about 50% GC: further from the
equilibrium nucleotide frequencies, the more pronounced was
the bias. Most of the Alcaligenaceae and Burkholderiaceae species
fitted this parabolic curve. Three notable exceptions were Ca. P.
novymonadis (possessing the least prominent codon usage bias)
and the two Polynucleobacter spp. (Supplementary Figure S5).
It was previously proposed that species under selection for rapid
growth have stronger codon usage bias (Sharp et al., 2005, 2010).
However, this is not the case here. In terms of growth rate, the
outliersCa. P. novymonadis and P. necessarius do not differ much
from Ca. Kinetoplastibacterium spp. fitting to the trend, since
all these bacteria are endosymbionts. An alternative explanation
appears to be more plausible: the bacteria that have to switch
gene expression from time to time (usually owing to the changing
environment) have a stronger bias as compared to those living
in stable conditions (Botzman and Margalit, 2011). Although
Ca. Kinetoplastibacterium spp. are endosymbionts, their close
interactions with the host, reflected by a tight coordination of
their cell divisions, may lead to similar switches. As for Ca. P.
novymonadis, its relationship with the host cell seems to be more
relaxed (Kostygov et al., 2016) and apparently does not require
complex gene expression.

Synteny analysis with free-living Pandoraea spp.
demonstrated that 62–69% of “anchors” (pairwise alignments)
in Ca. P. novymonadis genome are located within synteny
blocks with maximal values observed for P. faecigallinarum
and P. vervacti (Supplementary Table S2). The fact that the
majority of the synteny blocks are inverted (15/24 and 11/21
for P. faecigallinarum and P. vervacti, respectively), reflects a
relatively long evolutionary distances between these species
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and Ca. P. novymonadis. The pairwise synteny between Ca. P.
novymonadis and the genomes of other Pandoraea spp. available
in GenBank is presented in Supplementary Figure S6. This
analysis demonstrated the reduction of the Ca. P. novymonadis
genome compared to those of free-living Pandoraea spp. and
a high number of genome rearrangements occurring in the
evolution of this endosymbiotic bacterium.

Thus, sequencing and annotation of the Ca. P. novymonadis
genome revealed several features characteristic for other
endosymbiotic bacteria: reduced size, massive gene losses, and
decrease in GC content as compared to the genomes of its
free-living relatives (Boscaro et al., 2017). Taken together,
Ca. P. novymonadis is closer to P. necessarius than to Ca.
Kinetoplastibacterium spp.

Phylogenomic Analysis
The maximum likelihood and Bayesian trees inferred using the
supermatrix containing 119 genes displayed identical topologies
with all branches having maximal bootstrap percentage and
posterior probabilities. Previous reconstruction, based on the
16S rRNA gene sequences, placed Ca. P. novymonadis in the
very crown of the Pandoraea clade, though with a low support
(Kostygov et al., 2016). However, the results presented here,
which are based on much more extensive dataset, demonstrate
this species to be an early branch diverged next to P. thiooxidans
(Figure 1). The same position of Ca. P. novymonadis could
be observed in analyses using either 556 genes supermatrix,
or concatenated 16S rRNA and 23S rRNA genes, or a popular
bacterial marker, gyrB (data not shown). As compared to
other Pandoraea spp., the species under study demonstrated
significantly longer branch (Figure 1). This is related to multiple
amino acid substitutions in conserved sites and may be explained
by fast adaptive evolution of this species. However, in comparison
with the outgroups B. cepacia and C. basilensis, the branch of Ca.
P. novymonadis does not appear to be uniquely long (Figure 1).

Analysis of Protein Orthologous Groups
We performed OrthoFinder analysis on a dataset of 23 annotated
bacterial genomes (Supplementary Table S1). This resulted
in 12,248 OGs, of which 5,437 contained only one protein.
Similarly to the Ca. Kinetoplastibacterium spp. (Alves et al.,
2013b), the genome of Ca. P. novymonadis is minimized and
the vast majority of genes are single-copy: we found only
five OGs containing two proteins with the sequence identity
varying from 36 to 96%. These proteins were annotated as
ATP-dependent RNA helicase, NADP+ reductase, BolA family
transcriptional regulator, alanine-tRNA ligase, and threonine
synthase. According to our analysis, ATP-dependent RNA
helicase and NADP+ reductase were also duplicated in the
genomes of several Ca. Kinetoplastibacterium spp. This situation
is drastically different from that observed in the free-living
Pandoraea spp., which have a substantially higher number of OGs
containing two or more genes (e.g., 338 OGs in P. apista and 324
in P. pnomenusa).

We mapped gene family gains and losses on the phylogenomic
tree (Figure 1). Gene loss is a predominant trend for all the leaves
and most of the nodes within the Pandoraea clade. It is especially

pronounced in the endosymbiotic Ca. P. novymonadis, which
gained only 47 and lost 3,867 OGs. We used a sensitive HHpred
tool attempting to illuminate functions of the proteins within
OGs specific for Ca. P. novymonadis (Supplementary Table S3).
Only 9 out of 47 proteins could be annotated using an E-value
cut-off of 1. The following putative domains were identified:
histidine kinase-like ATPase, cytoplasmic E component of
the type III secretion system needle, myristoyl-CoA:protein
N-myristoyltransferase, and carbohydrate binding domain.

We grouped gene annotations for the 3,867 OGs lost in Ca. P.
novymonadis according to the KO system. Most of them belong
to the following categories: “environmental information
processing,” “amino acid metabolism,” “carbohydrate
metabolism,” “genetic information processing,” “xenobiotics
biodegradation,” and “energy metabolism” (Supplementary
Figure S7). Out of 3,867 OGs, 1,273 were uniquely lost in Ca.
P. novymonadis. The composition of functional categories
assigned to the proteins within these OGs according to the KO
system is similar to that assigned to all 3,867 OGs lost in Ca. P.
novymonadis. However, the proportion of proteins belonging
to the categories “genetic information processing,” “energy
metabolism,” and “lipid metabolism” is increased in case of the
annotations of OGs uniquely lost in Ca. P. novymonadis. The
largest portion of OGs lost in Ca. P. novymonadis belong to the
functional category “environmental information processing,”
and more specifically “ATP-binding cassette transporters (ABC
transporters).” Ca. P. novymonadis has lost many members
of this protein family as compared to free-living Pandoraea
spp.: mineral and organic ion transporters (e.g., for sulfate,
nitrate, taurine, molybdate), monosaccharide transporters
(e.g., for glycerol-3-phosphate), phosphate and amino acid
transporters (e.g., for phosphate, phosphonate, glutamate,
aspartate, cystine, urea, D-methionine), and transporters for
glutathione and lipooligosaccharides.

Interestingly, there were no OGs uniquely shared between Ca.
P. novymonadis and either of the endosymbiotic bacterial species
investigated here (Supplementary Figure S8).

Lipid Metabolism
We identified a full set of enzymes essential for the type-II
fatty acid synthesis (FAS) in Ca. P. novymonadis and other
Pandoraea spp., Ca. Kinetoplastibacterium spp., C. basilensis,
B. cepacia, and Polynucleobacter spp. (Supplementary Table S4).
Acetyl-CoA carboxylase, the starting enzyme of the type-II FAS,
in bacteria is composed of several polypeptides encoded by
four distinct genes: accA, accB, accC, and accD. The accB and
accC genes in Ca. P. novymonadis are located adjacent to each
other and belong to the same operon, similarly to the situation
observed in Escherichia coli (Janssen and Steinbuchel, 2014).
FabF and FabH, 3-ketoacyl-acyl-carrier-protein (ACP) synthases
II and III, which catalyze the formation of 3-ketoacyl-ACP
by condensation of fatty acyl-ACP with malonyl-ACP, are
present, while 3-ketoacyl-ACP synthase II (FabB) is absent
in all the analyzed genomes, except for P. oxalativorans and
P. vervacti. FabB participates in the synthesis of unsaturated fatty
acids (FAs), catalyzing the condensation of cis-3-decenoyl-ACP
(formed by the FabA catalyzed reaction), cis-5-dodecenoyl-ACP,
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FIGURE 1 | The maximum-likelihood phylogenetic tree of the genus Pandoraea reconstructed on a concatenated alignment of 119 conserved proteins with gains
and losses mapped using Dollo parsimony algorithm. All branches have 100% bootstrap support and posterior probability of 1.0. The scale bar denotes the number
of substitutions per site. The tree was rooted with Cupriavidus basilensis and Burkholderia cepacia. Gene gains and losses are marked with green and red color,
respectively. At all the leaves and most of the nodes within the Pandoraea clade gene losses dominate. This is especially pronounced in the endosymbiotic Ca. P.
novymonadis, which gained only 47 and lost 3,867 OGs.

and cis-7-tetradecenoyl-ACP with malonyl-ACP (Feng and
Cronan, 2009). 3-Hydroxydecanoyl-ACP dehydratase/isomerase
(FabA), another key player in the synthesis of unsaturated
FA is also missing from the analyzed genomes. Interestingly,
C. basilensis possesses three different enoyl-ACP reductases,
catalyzing the last step of the elongation cycle in the synthesis
of FA: FabI, FabK, and FabV (Massengo-Tiassé and Cronan,
2009). Ca. P. novymonadis, Ca. Kinetoplastibacterium spp.,
and Polynucleobacter spp. have only FabI-encoding gene. The
majority of the free-living Pandoraea spp. retain only FabV, while
B. cepacia, P. norimbergensis, P. oxalativorans, P. pulmonicola,
and P. thioxidans retain FabK along with FabV. The physiological
rationale for the presence of multiple enoyl-ACP reductases is
poorly understood (Zhu et al., 2013).

All Pandoraea spp., Polynucleobacter spp., C. basilensis,
and B. cepacia are able to synthesize cardiolipin,
phosphatidylethanolamine, and phosphatidyl-L-serine,
important components of the bacterial membranes
(Supplementary Table S5). In all bacteria analyzed, the
end product of the FA biosynthesis, acyl-ACP, can be
activated with an inorganic phosphate group by the
action of the PlsX component of the PlsX/PlsY/PlsC
acyltransferase system, leading to acyl-phosphate, which is
subsequently added to glycerol-3-phosphate by the action
of the PlsY component (Janssen and Steinbuchel, 2014).
The next steps to synthesize diacylglycerol-3-phosphate and
cytosine diphosphate diacylglycerol (CDP-diacylglycerol) are
performed by 1-acyl-sn-glycerol-3-phosphate acyltransferase
(PlsC) and phosphatidate cytidylyltransferase (CdsA).
CDP-diacylglycerol is the intermediate which is then used
for the formation of cardiolipin, phosphatidyl-L-serine,
and phosphatidylethanolamine by cardiolipin synthase,
CDP-diacylglycerol-serine O-phosphatidyltransferase, and

phosphatidylserine decarboxylase, respectively. All Ca.
Kinetoplastibacterium spp. lack the capacity to synthesize
cardiolipin, while Ca. K. galatii, Ca. K. oncopeltii, and Ca. K.
blastocrithidii are not able to produce any of the membrane
lipids mentioned above.

Interestingly, no lipases and esterases could be detected in
the genome of Ca. P. novymonadis even with the E-value cut-
off of 10−10. We found proteins belonging to the family VI of
bacterial lipolytic enzymes in all Ca. Kinetoplastibacterium spp.
and in P. necessarius (Arpigny and Jaeger, 1999). The lipases
and esterases belonging to the families I, IV, V, and VI are
readily identifiable in the genomes of C. basilensis and B. cepacia,
as well in the free-living Pandoraea spp., which in addition
possess proteins belonging to the family VII of the lipolytic
enzymes.

Importantly, all endosymbionts of trypanosomatids, including
Ca. P. novymonadis, are unable to oxidize FAs since all the
enzymes required for β-oxidation are missing, similarly to the
situation observed in bacterial endosymbionts of insects (Zientz
et al., 2004).

Carbon Metabolism
All species analyzed in this work preserve enzymes for glycolysis
and the central (non-oxidative) part of the pentose phosphate
pathway (Supplementary Figure S9). However, only the free-
living Pandoraea spp. have hexokinase and, thus, are able to
utilize glucose. In contrast to the endosymbiotic bacteria, they
also can use classic and alternative (i.e., non-phosphorylated)
variants of the Entner–Doudoroff pathway. Interestingly,
only P. thiooxidans possesses phosphofructokinase converting
fructose-6-phosphate into fructose 1,6-bisphosphate. Other
species must use a bypass through the pentose phosphate
pathway for hexose catabolism. Fructose 1,6-bisphosphatase, the
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enzyme catalyzing the reverse reaction, is present in all studied
species suggesting its importance for anabolic processes, in
particular, gluconeogenesis.

We were unable to trace the carbon source that Ca.
Kinetoplastibacterium spp. utilize instead of glucose. However,
for Ca. P. novymonadis and P. necessarius this appears to be
fructose. Similarly to the situation with glucose, there is no typical
phosphorylating enzyme, i.e., fructokinase (it is also absent from
all other Pandoraea spp.). In all these species we identified
the three cytoplasmic components of phosphotransferase
system (PTS), namely phosphoenolpyruvate (PEP)-protein
phosphotransferase (PTS-EI), histidine phosphocarrier protein
(HPr), and PTS system fructose-specific EIIA component
(PTS-EIIAFru). The main function of PTS is a concomitant
transfer of sugars inside the cell and their phosphorylation (Saier,
2015). In addition to the three proteins mentioned above, the
fully functional PTS must also contain juxtamembrane permease
PTS-EIIB and transmembrane PTS-EIIC (sometimes along with
PTS-EIID). The phosphate from PEP is successively transferred
to PTS-EI, then to HPr, PTS-EIIA, PTS-EIIB, and then to sugar
(Saier, 2015). Numerous proteobacteria possess incomplete PTS-
lacking EIIB and EIIC components. Such PTSs were proposed
to have only regulatory functions (Deutscher et al., 2014). We
hypothesize that the incomplete fructose-specific PTS may be
used for phosphorylation of fructose. Indeed, in addition to the
abovementioned lack of fructokinase, Ca. P. novymonadis also
does not have pyruvate kinase, the key enzyme for the production
of ATP from PEP at the end of glycolysis. Meanwhile, PTS using
PEP as a phosphate donor could substitute this missing link. The
lack of hexokinase and fructokinase along with the presence of
PTS was also documented in obligate intracellular bacteria of
insects (Zientz et al., 2004).

The complete tricarboxylic acid (TCA) cycle is present
in all considered bacteria except Ca. Kinetoplastibacterium
spp., which possess enzymes for two consecutive steps of
this cycle: transformation of 2-oxoglutarate to succinyl-CoA
and then to succinate. These steps may be preserved because
succinyl-CoA is required for lysine biosynthesis. In addition,
these bacteria possess malate dehydrogenase interconverting
malate and oxaloacetate.

In addition to the TCA cycle, the free-living Pandoraea
spp. also have the complete glyoxylate pathway, enabling usage
of short-chain compounds as a carbon source. Endosymbiotic
bacteria in their stable environment do not need such capability.
Intriguingly, P. necessarius has malate synthase interconverting
glyoxylate and malate, whereas other enzymes of this cycle are
absent from its genome.

Amino Acid Metabolism
The free-living Pandoraea spp. are able to synthesize all 20
amino acids. Meanwhile, the three groups of endosymbionts
considered here (Ca. P. novymonadis, P. necessarius, and
Kinetoplastibacterium spp.) demonstrate different phases of
gradual loss of those capabilities (Figure 2 and Supplementary
Table S6). This process starts with the loss of the pathways
for the synthesis of the non-essential amino acids such as
alanine, asparagine, and aspartate, a situation observed in

the evolutionary young endosymbiont P. necessarius. Ca.
P. novymonadis is unable to synthesize three additional
amino acids: cysteine, methionine, and proline. Ca.
Kinetoplastibacterium spp. exhibit the most advanced state,
lacking enzymes for the synthesis of 13 amino acids (Figure 2).
As judged from previous studies, the metabolic pathways of
these endosymbionts and their hosts are interlaced and, for
most of the amino acids, the enzymes missing in the bacterium
can be substituted by those of the trypanosomatid (Alves et al.,
2013a; Alves, 2017). Although the metabolism of N. esmeraldas
has not been studied yet, it is likely similar to that of its
relatives – trypanosomatids of the subfamily Leishmaniinae.
This group of flagellates is auxotrophic for arginine, histidine,
isoleucine, leucine, phenylalanine, serine, tryptophan, tyrosine,
and valine (Opperdoes et al., 2016). Therefore, it is not surprising
that Ca. P. novymonadis retained the ability to synthesize them.
In return, N. esmeraldas may provide the six amino acids, which
its symbiont is unable to produce.

In addition to losing the ability to synthesize particular
amino acids, the endosymbionts are devoid of some biochemical
bypasses. Thus, phenylalanine-4-hydroxylase, converting
phenylalanine to tyrosine, is present in free-living Pandoraea
spp., but absent in all endosymbionts analyzed here. The
same concerns arginase, the enzyme transforming arginine to
ornithine (Figure 2).

Histidinol-phosphate phosphatase (HPpase), responsible for
the penultimate step of histidine biosynthesis, was not found
by BlastKOALA in any of the analyzed genomes. Nevertheless,
HPpases are present in GenBank genome annotations of all free-
living Pandoraea spp. Homologous proteins in Polynucleobacter
spp. and Ca. Kinetoplastibacterium spp. are annotated as
inositol monophosphatases. The same result was obtained
for Ca. P. novymonadis in Prokka annotation. It is known
that inositol-monophosphatase-like enzymes may exhibit
histidinol-phosphatase activity (Mormann et al., 2006; Petersen
et al., 2010; Nourbakhsh et al., 2014). Of note, none of the
bacteria analyzed here has other enzymes of inositol metabolism,
so it is unlikely that the protein in question is an inositol
monophosphatase. Thus, we argue that all analyzed species
possess divergent histidinol-phosphatases.

Urea Cycle/Polyamine Synthesis
All free-living Pandoraea spp. have complete set of enzymes
for the urea cycle and synthesis of important polyamines.
Ca. P. novymonadis and P. necessarius lack arginase, while
preserving ornithine carbamoyltransferase, argininosuccinate
synthase, and argininosuccinate lyase (Figure 3). They also
possess arginine decarboxylase converting arginine to agmatine,
the first intermediate in the synthesis of polyamines, but for
the rest of this pathway these bacteria apparently rely on their
respective hosts. Ca. Kinetoplastibacterium spp. showed the most
reduced state with only two enzymes remaining in their arsenal:
carbamoyltransferase and arginine decarboxylase (Figure 3).

Vitamins and Cofactors
All bacteria analyzed here are able to synthesize a number
of porphyrins, including heme, an essential compound for
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FIGURE 2 | Amino acid metabolism in Ca. P. novymonadis, free-living Pandoraea spp., Polynucleobacter necessarius, and Ca. Kinetoplastibacterium spp. The 20
standard amino acids are shown in violet.

FIGURE 3 | Urea cycle and polyamine synthesis in Ca. P. novymonadis, free-living Pandoraea spp., Polynucleobacter necessarius, and Ca. Kinetoplastibacterium
spp.

most trypanosomatids (Kořený et al., 2012). The free-living
Pandoraea spp., Ca. P. novymonadis and P. necessarius, are
prototrophic for all vitamins. As for Ca. Kinetoplastibacterium
spp., their metabolism of vitamins was previously scrutinized
by others (Klein et al., 2013). It has been demonstrated that in

contrast to the rest of bacteria considered here, they are unable
to synthesize thiamine, nicotinic acid, and biotin, which are
apparently acquired by the trypanosomatid host from the insect’s
gut content. All enzymes needed to produce folic acid, vitamin
B6, and riboflavin essential for the trypanosomatid host are
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encoded in the genomes of Ca. Kinetoplastibacterium spp., but
the pathway of pantothenic acid biosynthesis is interrupted at the
very end (Klein et al., 2013). The missing enzyme (ketopantoate
reductase) is encoded in the genome of the trypanosomatid host,
thus representing an example of deep integration of metabolic
pathways in this symbiotic association.

CONCLUSION

Here, we sequenced and analyzed the genome of Ca. P.
novymonadis, the bacterial endosymbiont of the trypanosomatid
N. esmeraldas. To better understand the evolution and biology
of this bacterium, we compared its genome to those of
related prokaryotes, namely the free-living Pandoraea spp.,
two sister Polynucleobacter spp., from which one is free-
living and the other is endosymbiotic, as well as with Ca.
Kinetoplastibacterium spp., which are the only other known
endosymbionts of trypanosomatids. The genome of Ca. P.
novymonadis revealed all hallmarks of an endosymbiont genome:
size reduction, massive gene losses, decreased GC content, and
lowered codon usage bias. At the same time, this genome
preserves main metabolic pathways, including biosynthesis
of vitamins and heme, essential for the trypanosomatid
host. The bacterium does not produce some amino acids,
which are likely provided by the host, but retains the
ability to synthesize those, for which the trypanosomatid is
auxotrophic.

Our data allow first comparative analysis of the
endosymbionts of trypanosomatids and strongly indicate
that their evolution followed different scenarios, reflected
by the fact that they do not have uniquely shared traits.
Importantly, from the perspective of both its general genomic
features and metabolism, Ca. P. novymonadis is closer to the
ciliate-dwelling P. necessarius, which belongs to the same family
Burkholderiaceae, than to Ca. Kinetoplastibacterium spp., the
only other known endosymbionts of trypanosomatids.

Previously, we proposed that the endosymbiosis between
Ca. P. novymonadis and N. esmeraldas was established
relatively recently (Kostygov et al., 2016). This opinion
was based on the phylogenetic position of the bacterium
and seemingly unsophisticated relationships in this symbiotic
association. However, the phylogenomic analysis presented here
demonstrates that the endosymbiont diverged earlier than as
inferred from its 16S rRNA gene. As judged from its genomic
characteristics, Ca. P. novymonadis has already passed the
intensive period of host adaptation, which can still be observed
in P. necessarius, the best candidate for a recent endosymbiosis.
As judged by the extent of the overall genome reduction and
the loss of particular metabolic abilities correlating with the
increasing dependence of the symbiont on its host, Ca. P.
novymonadis occupies an intermediate position P. necessarius
and Ca. Kinetoplastibacterium spp. We conclude that the
relationship between Ca. P. novymonadis and N. esmeraldas is
already well-established, although not as fine-tuned as in the case
of related flagellates of the family Strigomonadinae and their
endosymbionts.
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FIGURE S1 | Graphs showing length distribution for genomic features in Ca. P.
novymonadis and other bacteria with various lifestyles. (A,C) Distribution of gene
lengths; (B,D) distribution of the lengths of intergenic regions. Pnov, Ca. P.
novymonadis; Bcep, B. cepacia; Cbas, C. basilensis; Papi, Pandoraea apista;
Pfae, Pandoraea faecigallinarum; Pnor, Pandoraea norimbergensis; Poxa,
Pandoraea oxalativorans; Ppno, Pandoraea pnomenusa; Ppul, Pandoraea
pulmonicola; Pspu, Pandoraea sputorum; Pthi, Pandoraea thiooxidans; Pver,
Pandoraea vervacti; Kbla, Ca. Kinetoplastibacterium blastocrithidii; Kcri, Ca.
Kinetoplastibacterium crithidii; Kdes, Ca. Kinetoplastibacterium desouzai; Kgal,
Ca. Kinetoplastibacterium galatii; Konc, Ca. Kinetoplastibacterium oncopeltii;
Pasy, Polynucleobacter asymbioticus; and Pnec, Polynucleobacter necessarius.

FIGURE S2 | Graphs showing GC content distribution for genomic features in Ca.
P. novymonadis and other bacteria with various lifestyles: solid lines for genes and
dotted lines for intergenic regions. Abbreviations of bacterial species names are as
in Supplementary Figure S1; “ir” stands for intergenic regions.

FIGURE S3 | Nucleotide composition of protein-coding genes by codon positions.
Abbreviations of bacterial species names are as in Supplementary Figure S1;
nucleotides in a particular codon position are denoted below the figure.

FIGURE S4 | Amino acid frequencies. Abbreviations of bacterial species names
are as in Supplementary Figure S1.

FIGURE S5 | Relationship of codon usage bias and GC content in protein coding
genes averaged over the whole genome. The dotted line represents a sideways
parabola fitting the distribution of values. Akas, Advenella kashmirensis; Tequ,
Taylorella equigenitalis; Axyl, Achromobacter xylosoxidans;
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Aspa, Achromobacter spanius; Bbro, Bordetella bronchiseptica; Bhol, Bordetella
holmesii; Pnoe, Pusillimonas noertemannii; Pind, Pelistega indica; Oure, Oligella
urethralis; Lisp, Limnobacter sp. CACIAM 66H1; Ggig, Ca. Glomeribacter
gigasporarum; Csor, Caballeronia sordidicola. All other abbreviations of bacterial
species names are as in Supplementary Figure S1.

FIGURE S6 | Schematic representation of two-way synteny between Ca. P.
novymonadis and other Pandoraea spp. with sequenced genomes. The four
longest Ca. P. novymonadis contigs are colored according to the legend. Only
scaffolds with synteny blocks are shown. Direct synteny blocks are displayed in
red, inverted ones – in green. The contigs are drawn proportionately to their actual
length. The genomes of Pandoraea spp. shown on the figure are fully assembled
to the level of circular chromosomes depicted as the longest colored bars. For
some species the shorter colored bars representing plasmids are shown in
addition to the chromosomal scaffolds.

FIGURE S7 | A pie chart showing gene annotations for 3,867 OGs lost in Ca. P.
novymonadis (Pnov) categorized according to the KEGG Orthology system.
Pandoraea pnomenusa (Ppno), Pandoraea norimbergensis (Pnor), and Pandoraea
vervacti (Pver) are shown for comparison.

FIGURE S8 | Analysis of OGs sharing between free-living Pandoraea spp., Ca.
Pandoraea novymonadis, Ca. Kinetoplastibacterium spp., Polynucleobacter spp.,
Burkholderia cepacia, and Cupriavidus basilensis. OGs were categorized
according to their presence in the analyzed species. Depicted bars indicate
number of OGs that are unique or shared among the genomes of the organisms
listed, as indicated by the black dots.

FIGURE S9 | Carbon metabolism in Ca. P. novymonadis, free-living Pandoraea
spp., Polynucleobacter necessarius, and Ca. Kinetoplastibacterium spp.

TABLE S1 | Genomic characteristics of species used in analyses.
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Metabolic adaptation during Trypanosoma brucei’s life cycle

Trypanosoma brucei is a parasitic protist that causes significant health burden in sub-Saharan

countries endemic for the tsetse fly (Glossina spp.). During the bloodmeal of this insect vector,

the flagellate is transmitted to a variety of mammals, including humans, in which T. brucei
subs. gambiense and T. brucei subs. rhodesiense cause human African trypanosomiasis. During

its life cycle, T. brucei encounters and adapts to very diverse environments that differ in avail-

able nutrients. In the mammalian host, it exists in two major forms: the replicating long-slen-

der bloodstream form (LS-BSF) and the nondividing short-stumpy bloodstream form

(SS-BSF), the latter being pre-adapted to infect the insect vector [1]. While the BSF flagellates

primarily colonize the mammalian bloodstream and utilize the plentiful glucose for their

energy needs, they can also be found in the cerebrospinal fluid and in extracellular spaces of

several tissues, including the brain, adipose tissue, and skin [2,3]. In the insect vector, trypano-

somes occur in three major forms occupying different locations within the fly: the procyclic

form (PCF) resides in the midgut and proventriculus, while epimastigotes and metacyclic try-

pomastigotes are found in the salivary glands. During the fly’s bloodmeal, the latter form

infects the mammalian host. All three forms experience the glucose-poor and amino acid–rich

environment within the insect host. These drastic environmental changes encountered by T.

brucei during its development require significant morphological and metabolic changes and

adaptations [4,5].

The seminal work of Keith Vickerman led to the widely accepted model of a highly reduced

mitochondrial metabolism in the BSF [6,7]. Its single mitochondrion is incapable of oxidative

phosphorylation, and the active electron transport chain (ETC) is minimized to an alternative

pathway composed of glycerol-3-phosphate dehydrogenase (Gly-3-PDH) and the so-called

trypanosome alternative oxidase (AOX), which are linked to each other via a ubiquinol/ubi-

quinone pool [8]. The cytochrome-containing ETC is absent, and the mitochondrial trans-

membrane proton gradient is generated by the reverse activity of the FoF1-ATP synthase

complex at the expense of ATP [9–11]. The proton gradient across the mitochondrial inner

membrane is essential for protein import and transport of metabolites and ions so that vital

mitochondrial processes such as Fe-S cluster assembly [12], RNA editing and processing

[13,14], and cellular Ca2+ homeostasis are maintained [15,16]. The seemingly simplified bio-

chemical composition of the BSF organelle is underlined by its tube-shaped cristae-poor
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morphology, which is in striking contrast to the extensively reticulated cristae-rich mitochon-

drion of the PCF flagellates (Fig 1).

Because no indications have been obtained yet for the presence of a mitochondrial ATP-

producing system in the BSF, the entire cellular ATP pool is considered to be generated solely

by highly active glycolysis [17]. The glycolytic pathway in trypanosomes is unique in the sense

of sequestration of most of its enzymes within peroxisome-like organelles called glycosomes

[18]. Because the glycosomal membrane is impermeable to large solutes like NAD(H), the

essential reoxidation of glycolytically produced intraglycosomal NADH occurs by a shuttle

mechanism involving the oxidation of glycerol 3-phosphate to dihydroxyacetone phosphate by

the mitochondrial Gly-3-PDH [8].

Classical metabolic studies performed with trypanosomes purified from the blood of

infected rodents or with in vitro–cultured BSF supported the original hypothesis of a drasti-

cally simplified mitochondrial metabolism because under aerobic conditions, glucose is almost

completely catabolized to pyruvate that is excreted from the cells, indicating no need for the

mitochondrial enzymes of the tricarboxylic acid cycle. In the absence of oxygen or when AOX

is chemically inhibited, glycerol 3-phosphate is converted into glycerol that is produced in a

1:1 ratio with pyruvate [19,20]. Occasionally, the production of small amounts of other com-

pounds such as acetate, succinate, and alanine has been reported; however, these products

were instead attributed to the presence of a minor fraction of SS-BSF, a life cycle stage possess-

ing a more elaborated metabolism, with some traits characteristic of the metabolically complex

PCF [21].

In preparation for differentiation into PCF, the SS-BSF up-regulates a subset of mitochon-

drial and other proteins [21]. Moreover, these cells are metabolically active, motile, regulate

their internal pH [22], and excrete end products of glucose metabolism in ratios different than

Fig 1. Pie charts showing distribution of mass spectrometry–identified mitochondrial proteins in PCF (left)

and BSF (right) trypanosomes in terms of molecular functions. A total number of 1,195 and 956 proteins were

assigned to PCF and BSF mitoproteome, respectively. Different colors show different metabolic pathways and

categories. See also S1 Table. IFA-mito in PCF (left) and in BSF cell (right). BSF, bloodstream form; Hsp70, heat

shock protein 70; IFA-mito, immunofluorescence analysis of a mitochondrial Hsp70; mitoproteome, mitochondrial

proteome; PCF, procyclic form.

https://doi.org/10.1371/journal.ppat.1006679.g001
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the LS-BSF and PCF cells [21]. Differentiation of LS-BSF into SS-BSF is triggered by the

stumpy-inducing factor, and only pleiomorphic strains (e.g., AnTat 1.1) are able to sense this/

these yet-to-be-identified molecule(s) [23]. Extended passaging of pleiomorphic parasites in in

vitro cultures or by syringe between laboratory animals leads to the loss of responsiveness to

the stumpy-inducing factor and thus a failure to differentiate into SS-BSF. Consequently, such

strains (e.g., Lister 427) are called monomorphic, i.e., they exist only as a single form [24].

Interestingly, recent analyses employing the monomorphic LS-BSF strain Lister 427 showed

that, in addition to pyruvate, appreciable amounts of other carbon products (i.e., alanine, ace-

tate, and succinate) are excreted into the cultivation medium [25], implying a need not only

for cytosolic and glycosomal but also for mitochondrial enzymes thus far considered to be

absent (Fig 2). An additional metabolomics study involving heavy-atom isotope-labeled glu-

cose determined that a substantial fraction of succinate, as well as metabolic intermediates

such as malate and fumarate, are glucose-derived and originate from phosphoenolpyruvate via

oxaloacetate. Importantly, phosphoenolpyruvate carboxykinase, a glycosomal enzyme respon-

sible for this conversion, is essential for the BSF parasites [26]. Moreover, the majority of

excreted alanine and acetate is also derived from glucose. Alanine is most likely produced

from pyruvate by the transamination reaction of alanine aminotransferase, a potentially essen-

tial enzyme [27], while glucose-derived acetate is produced from pyruvate by the mitochon-

drial pyruvate dehydrogenase (PDH) complex and additional subsequent enzymatic steps. A

fraction of the acetate produced this way is exported to the cytosol for the de novo synthesis of

fatty acids, which is an essential process (Fig 2) [25]. In addition to glucose, the BSF seems to

uptake and metabolize amino acids such as cysteine, glutamine, phenylalanine, tryptophan,

and threonine [28], implying the existence of an unexpectedly complex metabolic network in

their mitochondrion.

The BSF mitoproteome

To map the BSF mitochondrial proteome (mitoproteome), we first used the available mass

spectrometry data of purified PCF mitochondria [29–37] in order to assemble a comprehen-

sive list of mitochondrial proteins. Next, we asked how many of these proteins were identified

in any mass spectrometry data obtained from BSF cells [38–43]. To our surprise, out of 1,195

constituents of the PCF mitoproteome, 956 were also identified in at least one study of the

BSF, suggesting that, when qualitatively measured, the corresponding mitoproteome is

reduced by only approximately 20% (Fig 1; S1 Table). The surprisingly high, approximately

80% overlap with the PCF mitoproteome might also be a consequence of the heterogeneity of

the examined BSF populations. The heterogeneity may be related to the experimental proto-

cols, the environmental variations (cells grown in vivo versus in vitro), or variations within the

cell cycle (e.g., ATP requirements vary between different cell cycle stages) as well as to the

form type (monomorphic versus pleiomorphic). Indeed, some authors analyzed monomor-

phic strains grown in vitro [40,41], and others examined the pleiomorphic AnTat 1.1 strain

grown either in immunosuppressed rats [43] or in vitro (S1 Table) [38]. Therefore, some

LS-BSF cells may have a mitochondrion that is close to the “classical” version, while a subset of

these flagellates may express an extended mitoproteome. However, no apparent differences

were detected between the mitoproteomes from the pleiomorphic and monomorphic BSF

cells, suggesting that, regardless of their status, a surprisingly large repertoire of mitochondrial

proteins is expressed in the BSF stage.

All proteins were then organized into groups based on their Kyoto Encyclopedia of Genes

and Genomes (KEGG) annotations. No striking qualitative differences were observed in the

categories “oxidative phosphorylation” and “core metabolic pathways” comprising many
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enzymes involved in the carbon, amino acid, and energy metabolism (Fig 1, S1 Table). Typical

examples are components of the tricarboxylic acid cycle and subunits of the ETC complexes,

most prominently of respiratory complexes III and IV (Fig 2, S1 Table). Nonetheless, when

quantitative information was available, these proteins were often present in much lower

amounts than in the PCF. While some of these proteins may not perform their expected func-

tion(s) under BSF steady state growth conditions, this finding strongly suggests that the para-

site is capable of swift alterations or adjustments of its metabolism in response to various

environments and differentiation cues. This ability can be exploited during environmental

changes, for example when the LS-BSF migrates from the peripheral blood circulation to other

Fig 2. Schematic representation of carbon source metabolism in the bloodstream form of T. brucei. Red arrows represent enzymatic steps that were

experimentally shown to be active in BSF. Green arrows represent enzymatic steps that might be active in BSF because the enzymes (in green) were identified

in BSF proteomic data. Glucose-derived metabolites (acetate, pyruvate, succinate, alanine, aspartate) are on a blue background. NADH molecules are on a

pink background. Dashed arrows indicate enzymatic steps for which no experimental proof exists. The glycosomal and mitochondrial compartments are

indicated. 2-OGDH, 2-oxoglutarate dehydrogenase; AAC, ADP/ATP carrier; AAT, amino acid transporter; ACH, acetyl-CoA thioesterase; AKCT, 2-amino-

3-ketobutyrate coenzyme A ligase; Ala TR, alanine transaminase; AOX, alternative oxidase; ASCT, acetate:succinate CoA-transferase; Asp TR, aspartate

transaminase; BSF, bloodstream form; cI, complex I (NADH:ubiquinone oxidoreductase); cII, complex II (succinate dehydrogenase); cIII, complex III

(cytochrome bc1 complex); cIV, complex IV (cytochrome c oxidase); cV, complex V (FoF1 ATPase); cyt, cytosolic; DHAP, dihydroxyacetone phosphate; FH,

fumarate hydratase (i.e., fumarase); FR, fumarate reductase; G3P, glyceraldehyde 3-phosphate; GluDH, glutamate dehydrogenase; gly, glycosomal; Gly3P,

glycerol 3-phosphate; Gly-3-PDH, glycerol-3-phosphate dehydrogenase; m, mitochondrial; MDH, malate dehydrogenase; PDH, pyruvate dehydrogenase;

PEP, phosphoenolpyruvate; PEPCK, phosphoenolpyruvate carboxykinase; PiC, phosphate carrier; ProDH, proline dehydrogenase.

https://doi.org/10.1371/journal.ppat.1006679.g002
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extravascular spaces (e.g., in adipose tissue, spinal and cerebral fluids) and during the differen-

tiation to SS-BSF. Therefore, the BSF trypanosomes may uptake different substrates from the

available nutrients according to their immediate needs and metabolize them via a variety of

pathways.

Complex metabolic pathways in the BSF mitochondrion: Does

presence equal activity?

The current metabolic model for BSF excludes a role of the mitochondrion in the ATP produc-

tion by either oxidative or substrate-level phosphorylation [44]. In contrast to this premise,

succinyl-CoA synthase (SCoAS), an enzyme responsible for substrate-level phosphorylation of

ADP to ATP, has been detected in BSF cells, and more importantly, its RNA interference

(RNAi)–mediated silencing produced a severe growth phenotype [45]. This enzyme can be

involved in two ATP-producing pathways. The first one includes activity of 2-oxoglutarate

dehydrogenase (2-OGDH) producing succinyl-CoA from 2-oxoglutarate that originates from

amino acids such as proline and glutamine or can result from transamination reactions by

mitochondrial alanine and aspartate transaminases (Fig 2). While all the enzymes involved in

these reactions were detected in the LS-BSF mitoproteome (Fig 2 and S1 Table), the activity of

2-OGDH remains contradictory because some authors failed to detect it in the pleiomorphic

cells [46], while others recorded its low activity in culture-adapted monomorphic LS-BSF cells

[47]. Puzzlingly, the 2-OGDH subunits E1 and E2 were shown to be essential in BSF not

because of their role in carbon metabolism but rather due to their moonlighting roles in glyco-

somes and mitochondrial DNA maintenance [46,48]. However, in an untargeted metabolo-

mics study using isotope-labeled glucose, up to 30% of excreted succinate remained unlabeled,

supporting its nonglucose origin [26] and making the occurrence of this substrate-level phos-

phorylation reaction even more plausible (Fig 2).

The second phosphorylation pathway includes the acetate:succinate CoA transferase/

SCoAS cycle that contributes to acetate production in the BSF mitochondrion. A substrate for

this reaction—acetyl-CoA—is produced by PDH, an enzymatic complex that is present and

active in the BSF mitochondrion [15,25]. Moreover, PDH was shown to be indispensable for

BSF cells but only in the absence of threonine because under these artificial conditions, PDH

was the only system supplying acetyl-CoA for the essential acetate production [25]. Nonethe-

less, the mitochondrial pyruvate transporter was demonstrated to be essential for BSF in vivo,

supporting PDH’s vital role for the parasite [49]. These results imply that the BSF mitochon-

drion may become an ATP producer under certain conditions, perhaps just for intramito-

chondrial needs (Fig 2).

The presence and potential activity of the aforementioned dehydrogenases that produce

NADH within the mitochondrion imply that the organelle would require reoxidation of this

cofactor. Several possible scenarios for such a capacity can be deduced from the available data

(S1 Table). Although complex I (NADH:ubiquinone oxidoreductase) was shown to be neither

essential for BSF nor contributing to the observed NADH:ubiquinone oxidoreductase activity

[50], it is still assembled in the BSF mitochondrion and may participate in NADH reoxidation

under certain conditions. Reoxidation of reduced NADH molecules can also be achieved by

the activity of the alternative dehydrogenase 2 (Ndh2), an enzyme shown to be important but

not essential for maintaining the mitochondrial redox balance [51]. Last but not least, another

scenario includes the activities of the mitochondrial malate dehydrogenase, fumarate hydra-

tase (i.e., fumarase), and NADH-dependent fumarate reductase, with all three being present in

the BSF mitoproteome (Fig 2, S1 Table). These enzymes reduce glucose-derived oxaloacetate

via malate and fumarate to succinate. Indeed, 3-carbon–labeled succinate was identified in an
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untargeted metabolomics study, implying that this pathway might be active [26]. Still, it should

be noted that it is so far impossible to discriminate between the mitochondrial, glycosomal,

and cytosolic derivations of this metabolite and that only a systematic deletion of the corre-

sponding enzymatic isoforms followed by metabolomics would illuminate the cellular com-

partment in which this glucose-derived succinate is produced. To sum up, the collective

activity of the aforementioned reoxidation enzymes is most likely responsible for the mito-

chondrial NADH regeneration. Possibly, RNAi silencing of the mitochondrial malate dehy-

drogenase and fumarate reductase in the background of complex I and Ndh2 null mutants

would shed light on the quantitative role of each of these enzymes in mitochondrial NADH

reoxidation.

The possible occurrence of the mitochondrial substrate-level phosphorylation reactions

raises an interesting question regarding the mitochondrial bioenergetics of BSF and questions

the origin of ATP that is needed by mitochondrial FoF1 ATPase in order to maintain the mito-

chondrial membrane potential. The classical model presumes that ATP is imported into the

organelle via the activity of the ATP/ADP carrier [52,53]. However, the available data—such as

low sensitivity of BSF to treatment with bongkreic acid, an inhibitor of this carrier—raise

some doubts about this assertion. Interestingly, the BSF does not respire when the mitochon-

drial transmembrane proton gradient is dissipated upon treatment with the FoF1 ATPase

inhibitor oligomycin or by addition of carbonyl cyanide-4-(trifluoromethoxy)phenylhydra-

zone (FCCP). However, when treated with bongkreic acid, which should halt the activity of

FoF1 ATPase by restraining its substrate, the parasite consumes oxygen at the same rate as

untreated cells [54,55]. On one hand, it is possible that the mitochondrial inner membrane

harbors another ATP/ADP carrier; on the other hand, it is a plausible speculation that, when

specific conditions emerge, the BSF mitochondrion has the capacity to employ its complex

enzymatic network to produce ATP by substrate-level phosphorylation to power the FoF1

ATPase.

Concluding remarks

Combined, the available data reveal that the metabolic flexibility and adaptability of the BSF

mitochondrion are much larger than appreciated so far. Mitochondrial metabolism appears to

be controlled at various levels; a developmental program seems to be a major contributor, but

recent advances in the field suggest that other cues may also play a role through fine-tuning

mechanisms. However, the triggers and signaling pathways of these mechanisms remain to be

identified. Furthermore, it should be realized that almost all metabolic studies have been per-

formed with strains well adapted to laboratory conditions. While the proteomic data do not

show any significant differences between the monomorphic and pleiomorphic strains, future

work combining proteomics and metabolomics with functional genomics should be extended

to the mitochondrion of trypanosomes isolated not only from blood but also from other tissues

to determine whether their metabolism is tissue specific and, if so, what is/are the mechanism

(s) that control(s) the changes. Therefore, the virtually unexplored array of pathways and

enzymes begs for attention because it may have important implications for drug target identifi-

cation and future novel chemotherapeutics. Moreover, a decreased morphological complexity,

which is apparently not reflected in metabolic complexity, is an interesting and novel phenom-

enon that can now be efficiently addressed with emerging, increasingly sensitive methods.

Supporting information

S1 Table. List of mitochondrial proteins that were identified in proteomic analysis of PCF

cells (columns F, G, and H) and of BSF cells (columns I, J, K, L, M, and N). The column
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color coding is green for PCF, dark grey for monomorphic BSF, and light gray for pleio-

morphic BSF cells.

1, identified; 0, not identified; BSF, bloodstream form; PCF, procyclic form.

(XLSX)
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SUMMARY

Fungi, nematodes and oomycetes belong to the most prominent

eukaryotic plant pathogenic organisms. Unicellular organisms

from other eukaryotic lineages, commonly addressed as protists,

also infect plants. This review provides an introduction to plant

pathogenic protists, including algae infecting oomycetes, and

their current state of research.

Keywords: algae, protist, plant pathogens, plasmodiophorids,

stramenopiles, phytomonas, phytomyxae.

INTRODUCTION

Molecular Plant Pathology has published a series of the Top 10

most important plant-pathogenic viruses (Scholthof et al., 2011),

fungi (Dean et al., 2012), bacteria (Mansfield et al., 2012), nemat-

odes (Jones et al., 2013) and oomycetes (Kamoun et al., 2015).

The reviews of these major groups of plant pathogens do not

cover a selection of protists that infect plants and algae leading to

economically important diseases. These ‘non-standard’ plant

pathogens are dispersed across the eukaryotic phylogenetic tree

(Fig. 1), often in taxa unfamiliar to many plant pathologists as

they are usually not associated with plant infections. In this

review, we would like to introduce and raise awareness of such

phylogenetically diverse eukaryotic plant pathogens.

We describe diseases caused by these organisms, and the cur-

rent state of research, especially with respect to their molecular

biology and host interactions. We start with Phytomonas, plant

pathogens in the trypanosomatids in the Excavata supergroup, a

group better known as human and animal pathogens. They are

followed by Phytomyxea, which are part of the Rhizaria super-

group and include agriculturally important plant pathogens,

vectors of phytoviruses and species that infect marine plants and

algae (Bulman and Braselton, 2014). Next, Labyrinthula are

described, plant pathogens in the Stramenopiles, which are phylo-

genetic basal to oomycetes. Our review also includes marine

oomycete parasites of red and brown algae, which impact on the

fast growing aquaculture sector (Gachon et al., 2010). Advancing

research in this field will benefit aquacultural sustainability and

our understanding of higher oomycetes because of their basal

phylogenetic position inside the oomycetes (Beakes et al., 2012).

Whole-genome or in-depth transcriptomic data for the species

presented here are rare, with the exception of the Phytomyxea

and Phytomonas. The organisms outlined reflect existing molecu-

lar knowledge; nevertheless, we emphasize that there are further

important ‘unusual’ pathogens, especially on cultivated algae.

EXCAVATA – KINETOPLASTEA

TRYPANOSOMATIDAE – PHYTOMONAS

Trypanosomatids are a species-rich monophyletic group of obli-

gate parasitic flagellates that are usually transmitted by insects.

They are best known as agents of human and livestock diseases,
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such as sleeping sickness, Chagas disease and leishmaniosis,

caused by Trypanosoma brucei, T. cruzi and Leishmania spp.,

respectively (Luke�s et al., 2014). Trypanosomatids also include the

monophyletic genus Phytomonas (Fig. 2), which contains all

known plant-dwelling trypanosomatids, some of which are patho-

genic (Seward et al., 2016). The ancestral monoxenous lifestyle

(development restricted to one host species) of trypanosomatids

evolved at least three times independently into a dixenous strat-

egy (Maslov et al., 2013) in Trypanosoma, Leishmania and

Phytomonas (Luke�s et al., 2014). Phytomonas spp. are adapted to

sap-sucking insects as primary hosts and plants as secondary

hosts (Jaskowska et al., 2015). Phytomonas spp. were first

described from the latex of Mediterranean spurge (Euphorbia

pilulifera) (Lafont, 1909). Currently, the genus Phytomonas

includes more than 200 species that colonize over 20 plant fami-

lies (Camargo, 1999, Jaskowska et al., 2015).

Phytomonas spp. can be separated into four ecological sub-

groups based on whether they inhabit the latex ducts, fruits,

phloem or flowers of their host plants (Camargo, 1999). Most

commonly, Phytomonas spp. reside in latex ducts, yet the most

pathogenic species are phloem dwelling, such as P. leptovasorum

and P. staheli, which cause coffee phloem necrosis (CPN) and

palm wilts, respectively (Jaskowska et al., 2015). Phytomonas lep-

tovasorum infection triggers multiple divisions of the sieve tubes

in coffee roots, leading to CPN. The disease is a potential threat

to Brazil as the world’s largest coffee exporter, from which CPN

has been reported, but never spread (Camargo, 1999). This dis-

ease occurs either acutely (plants wither and die within 2 months)

or chronically (plants gradually die within a year) (Stahel, 1931).

Phytomonas staheli causes wilts of coconut (Cocos nucifera)

and oil palms (Elaeis guineensis) (McGhee and McGhee, 1979).

Both deadly wilts, ‘hartrot’ of coconut palms and ‘marchitez sorpre-

siva’ of oil palms, are characterized by progressive leaf browning,

followed by rapid rotting of fruits, spears and roots (Kastelein,

1987; Lopez, 1975). Slow wilt of oil palms (‘marchitez lenta’) mani-

fests as additional chlorosis (Di Lucca et al., 2013). Symptomless

plants and wild hosts can harbour Phytomonas flagellates (Di Lucca

et al., 2013). Potential disease outbreaks constantly threaten palm

cultivation in South and Central America. In one Surinamese dis-

trict, Phytomonas destroyed half of the coconut population (Kaste-

lein, 1987). The latex-inhabiting P. françai is linked to empty roots

disease (‘chochamento de raizes’) of the Unha cassava (Manihot

esculenta) variety, although its pathogenicity remains unclear

(Jaskowska et al., 2015; Kitajima et al., 1986).

The first Phytomonas draft genome came from the tomato

fruit-inhabiting P. serpens (Ko�ren�y et al., 2012), which produces no

significant systemic disease, but causes yellow spots on fruit

(Camargo, 1999). The genomes of the pathogenic phloem-specific

Phytomonas strain HART1 from Guyanan coconut and the non-

symptomatic latex-specific strain EM1 from Euphorbia were gener-

ated shortly after (Porcel et al., 2014). Recently, the genome of the

cassava latex-inhabiting P. françai has been announced (Butler

et al., 2017), which will enable comparative genomics of Phytomo-

nas spp. with different host and ecological lifestyles in the future.

The Phytomonas genomes are compact, consisting of single-

copy genes, and are almost free of transposable elements and

repeats. Therefore they are smaller (ffi18 Mb) than most trypano-

somatid genomes (26–33 Mb). Phytomonas spp. contain only

about 6400 protein-coding genes versus approximately 10 400

found typically in trypanosomatids.

As in other biotrophs, Phytomonas metabolism is highly

adapted to parasitic lifestyles. These plant pathogens contain

Fig. 1 A schematic current

eukaryotic tree of life indicating

the phylogenetic positions of the

eukaryotic plant pathogens

outlined in this review. The

hexagons show examples of the

host species for each pathogen

group. The phylogenetic tree was

created by S. Baldauf (Uppsala

University, Uppsala, Sweden) and

reproduced with permission.
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fewer genes involved in amino acid synthesis and energy metabo-

lism and fewer protein kinases than the related Leishmania and

Trypanosoma spp. Fatty acids (FAs) are synthesized via elongases

instead of de novo, as FA synthases are missing (Porcel et al.,

2014). Phytomonas spp. have the unique capacity amongst trypa-

nosomatids to live in the total absence of haem, although they

might be able to scavenge it (Ko�ren�y et al., 2012). In addition,

they have lost several cytochrome subunits of respiratory com-

plexes. For energy production, Phytomonas may depend solely on

glycolysis, whereas other trypanosomatids (at least in part of their

life cycle) rely on mitochondrial amino acid metabolism as their

main energy source (Jaskowska et al., 2015; Porcel et al., 2014).

As their insect vector(s) feed on carbohydrate-rich plant juices,

Phytomonas might not require a switch from carbohydrate to

amino acid metabolism. Phytomonas spp. contain complete sets

of glycolytic enzymes and large numbers of glycosomes, into

which glycolysis is compartmentalized (Hannaert et al., 2003; Por-

cel et al., 2014). Also unique amongst trypanosomatids, Phytomo-

nas spp. possess the capacity to feed on plant polysaccharides

using glucoamylase and a-glucosidase enzymes. In addition, an

a,a-trehalose phosphorylase, acquired by horizontal gene trans-

fer, enables feeding on trehalose, a common sugar in the plant

and insect hosts of Phytomonas (Porcel et al., 2014).

The Phytomonas HART1 and EM1 isolates share a majority of

genes. However, only the phloem-restricted pathogenic HART1

encodes invertase genes for the degradation of sucrose (Porcel

et al., 2014), probably as an adaptation to the abundance of

sucrose in the phloem. For both the HART1 and EM1 isolates, 282

secreted proteins were predicted. Their secretomes contain no

plant cell wall-degrading enzymes, which reflects the feeding of

Fig. 2 Phytomonas sp. and palm infections. (A, B) Scanning electron micrographs of Phytomonas serpens cells in culture (scale bars, 10 and 1 lm). (Courtesy of

Martina Tesa�rov�a.) (C) Transmission electron micrographs of Phytomonas sp. flagellates in the phloem of coconut palms affected by hartrot. C, companion cell; F,

fibre; M, immature metaxylem; P, phloem parenchyma cell; S, sieve elements free of flagellates. (a) Transverse section of a differentiating vascular bundle, showing

recently matured sieve elements filled with flagellates (scale bar, 10 lm). (b) Transverse section of the phloem in palm with advanced symptoms (scale bar, 5 lm). (c)

Transverse section of a dividing flagellate (scale bar, 0.5 lm). (d) Longitudinal section of a sieve element filled with flagellates. Arrows indicate the kinetoplast DNA

(scale bar, 1 lm). (Reproduced from Parthasarathy et al., 1976.) (D) Coconut palms with symptoms of hartrot. (Photograph: Monica L. Elliott, Professor, Plant

Pathology, University of Florida, Institute of Food and Agricultural Sciences (UF/IFAS), Gainesville, FL, USA.)
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the pathogens on extracellular plant fluids. It is unknown whether

Phytomonas spp. secrete protein effectors, which modulate host

plant immune responses. However, several aspartyl proteases that

are absent from the genomes of Leishmania and Trypanosoma are

secreted in both Phytomonas strains (Porcel et al., 2014). These

proteases may be involved in Phytomonas–host interactions, as

seen for oomycete and fungal plant pathogens (Jashni et al.,

2015). The pathogenic HART1 strain carries five copies of a

cathepsin-like aspartyl protease, derived from duplication events,

whereas EM1 has only a single copy. This implies that these

enzymes are potential virulence factors (Porcel et al., 2014). The

gene family of major surface proteases, which are involved in the

pathogenicity of Leishmania, underwent an expansion in the

genus Phytomonas (Jackson, 2015). The surface glycoprotein 63

subfamily is present in 20 copies in HART1 and only twice in EM1,

a putative adaptation of HART1 to the phloem environment (Jas-

kowska et al., 2015; Porcel et al., 2014).

Although the procyclic stage of Phytomonas spp. can be easily

cultivated, an experimental system including their plant host is

not available. Hence, our understanding of how these plant-

dwelling or plant-parasitizing flagellates interact with their plant

hosts is only at an early stage.

Currently, there is no treatment or prevention of the diseases

caused by Phytomonas, except for the simple extermination of

infected plants (Jaskowska et al., 2015). However, it has been

observed that the tomato (Solanum lycopersicum) is relatively

resistant to P. serpens, as the parasite only causes yellow spots on

its fruits, resulting in their lower commercial value. Interestingly,

the tomato defensive alkaloids tomatine and tomatidine, surface-

active saponin-like compounds, induce permeabilization and vacuo-

lization of the parasite (Medina et al., 2015). Both alkaloids inhibit

the growth of P. serpens and therefore represent potential thera-

peutic agents against these phytopathogens (Medina et al., 2015).

RHIZARIA

Phytomyxea – plasmodiophorids

The obligate biotrophic Plasmodiophorida (plasmodiophorids)

belong to the Phytomyxea (phytomyxids) in the eukaryotic super-

group Rhizaria (Fig. 1) (Adl et al., 2012; Burki and Keeling, 2014;

Burki et al., 2010). These organisms infect a wide variety of hosts,

including oomycetes and brown algae (Neuhauser et al., 2014).

Plasmodiophorids cause substantial damage to crops, including

brassicas (Plasmodiophora brassicae), potatoes (Spongospora sub-

terranea) and as vectors of viruses to beets, peanut and monocots

(e.g. maize, rice, sugarcane, wheat, sorghum) (Polymyxa spp.) and

potatoes (S. subterranea).

The plasmodiophorid life cycle consists of two phases: a spor-

angial stage leading to short-lived zoospores, and a sporogenic

stage leading to the formation of persistent resting spores (Figs

3–5). Resting spores give rise to biflagellate primary zoospores

which inject their cellular contents into host cells via a ‘Rohr und

Stachel’ (Aist and Williams, 1971) (Fig. 3), initiating the sporangial

life cycle stage. Multinucleate plasmodia develop and produce

(mitotic) secondary zoospores, which can infect host cells and

develop sporogenic multinucleate plasmodia that mature into rest-

ing spores. In the sporogenic stage, gall-causing plasmodiophorids

induce division and massive enlargement of host cells (for greater

detail, see Bulman and Braselton, 2014).

The durability of resting spores and inconsistent chemical con-

trol make the management of plasmodiophorid diseases difficult,

and biological control efforts are only beginning (Ludwig-M€uller,

2016; O’Brien and Milroy, 2017). Current management mostly

relies on the use of resistant host varieties and crop rotation (Bit-

tara et al., 2016; Ludwig-M€uller, 2016). Pathogen detection and

quantification in soil and in planta are important. Sequences of

Fig. 3 Phytomyxid infection and clubroot. (A) Phytomyxean parasites infect

their host via a specialized extrusosome, called a ‘Rohr (R) and Stachel (S)’.

The image shows a zoospore (Z) of the phagomyxid Maullinia ectocarpii

infecting a female gametophyte of Macrocystis pyrifera (host). The

M. ectocarpii spore was stained with calcofluor white and the host is visible

via autofluorescence. Bar, 5 mm. (B) Clubroot symptoms on Chinese cabbage.

(C) Laser scanning micrograph of Plasmodiophora brassicae resting spores

(arrowheads) and plasmodia (arrows) in clubroot tissue. Plasmodia of different

ages can be distinguished by the presence of typical vacuoles (asterisks),

which disappear when the plasmodia start to differentiate into resting spores.

Overlay of a light microscopic image and the signal of a Plasmodiophora-

specific fluorescence in situ hybridization (FISH) probe (green: excitation,

488 nm; emission, 510–550 nm). Bar, 20 mm.
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the ribosomal operon [i.e. 18S, 28S and internal transcribed spacer

(ITS) ribosomal DNA (rDNA)] are widely used for these purposes

(Bulman and Marshall, 1998; Faggian and Strelkov, 2009; van de

Graaf et al., 2007; Vaianopoulos et al., 2007; Ward et al., 2004,

2005). Comparison of ITS and rDNA sequences has revealed vari-

ous degrees of interspecific and intraspecific variation in plasmo-

diophorid species (Gau et al., 2013; van de Graaf et al., 2007; Qu

and Christ, 2004; Schwelm et al., 2016).

Plasmodiophora brassicae

Plasmodiophora brassicae causes clubroot, a disease that leads to

significant losses of Brassica oilseed and vegetable crop produc-

tion worldwide (Dixon, 2009). Rapeseed cultivation for the pro-

duction of biofuels, vegetable oils, industrial lubricants and

rapeseed meal is of great economic importance, with a worldwide

production of 27 million tonnes in 2012 (Carr�e and Pouzet, 2014).

Clubroot has long been a major constraint for Brassica cultivation.

A severe outbreak in 1872 in Russia led to the discovery of

Pl. brassicae (Woronin, 1877). Clubroot causes crop losses of

approximately 10% worldwide, but local losses are often greater

(Dixon, 2009). Best practices for control are long crop rotation

periods (although resting spores remain infective for decades),

liming or cultivation of tolerant Brassica crops (Diederichsen et al.,

2009; Ludwig-M€uller, 2016). Clubroot resistance genes have been

identified in Brassica genomes (Hatakeyama et al., 2013).

However, resistance mechanisms are unclear and breakdown of

‘resistance’ has been repeatedly observed (Diederichsen et al.,

2009; Strelkov et al., 2016; Zamani-Noor, 2017). Breeding for

clubroot resistance is complicated as several pathotypes of

Pl. brassicae exist. Genetic differences exist between Pl. brassicae

strains, even within individual root galls, and chromosome

polymorphism between strains has been suggested (F€ahling et al.,

2003; Graf et al., 2004; Klewer et al., 2001). However, molecular

markers for Pl. brassicae pathotypes have yet to be established.

The genome of a European Pl. brassicae single-spore isolate

has been generated recently (Schwelm et al., 2015), followed

Fig. 4 Potato infection by

Spongospora subterranea. The

potato pathogen Spongospora

subterranea infects host tubers,

roots and stolons, resulting in the

development of powdery scab

lesions (A) and galls (B). These

usually appear in potato crops 2–

3 months after planting, and

mature to release sporosori

(conglomerations of resting

spores). A sporosorus contains

500–1000 resting spores, each

containing a primary zoospore (D;

bar, 10 mm). Secondary zoospores

formed in zoosporangia (C; bar,

20 mm) emerge through root cell

walls, disrupting host nutrient and

water uptake.

Fig. 5 Resting spores of Polymyxa graminis in Poa sp. Resting spores are

arranged in typical, long and cylindrical cytosori (arrowheads). The sample was

stained with acridine orange, showing the nuclei of the fully developed resting

spores. Epifluorescence micrograph obtained using blue excitation with long-

pass emission (Nikon B-2A filter) allowing for the detection of DNA. Bar, 20 mm.
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shortly after by genomic data for isolates from Canada and China

(Bi et al., 2016; Rolfe et al., 2016). The Pl. brassicae genome is

small (24.2–25.5 Mb), as a result of a high gene density and few

repetitive elements (2%–5%) (Rolfe et al., 2016; Schwelm et al.,

2015). The first single-nucleotide polymorphism (SNP) cluster

analyses of the available Pl. brassicae genomes indicated relation-

ships between SNPs, host ranges and regional origins (Rolfe

et al., 2016). Additional genome sequencing of Pl. brassicae iso-

lates should shed light on Pl. brassicae genomic diversity and

pathotype-specific features.

The Pl. brassicae genomes show similar features to those of

other biotrophic plant pathogens. Host dependence is evident, i.e.

from a reduced number of biosynthesis genes for thiamine and cer-

tain amino acids (Rolfe et al., 2016; Schwelm et al., 2015). Trans-

porter proteins may aid nutrient acquisition from the hosts (Rolfe

et al., 2016). The Pl. brassicae genome encodes few carbohydrate-

active enzymes (CAZymes). Genes encoding for plant cell wall-

degrading enzymes are also rare, possibly a consequence of the

mechanical penetration strategy via a ‘Rohr und Stachel’. However,

chitin-related enzymes are enriched (Rolfe et al., 2016; Schwelm

et al., 2015), which are probably involved in building the chitinous

resting spore cell walls (Moxham and Buczacki, 1983).

In root galls, different life cycle stages of Pl. brassicae occur

simultaneously (Fig. 3), making time course experiments difficult.

The transcriptomics of isolated plasmodia show a highly active

metabolism, i.e. the high expression of glyoxylate cycle-related

genes suggests a high turnover from carbohydrates and lipids in

the plasmodia (Schwelm et al. 2015). Lipids start to accumulate in

the plasmodial stage and are stored in organelles in the plasmodia

and resting spores (Bi et al., 2016; Moxham and Buczacki, 1983).

The lipids are potential energy sources for resting spores and, as

Pl. brassicae, like Phytomonas, does not contain an FA synthase

(Schwelm et al., 2015), it might synthesize the lipids from host-

derived precursors.

Depending on the strain sequenced, 553–590 secreted

Pl. brassicae proteins were predicted. Effector candidates including

the amino acid motif RxLR, known from Phytophthora effectors

(Kamoun et al., 2015), are rare in Pl. brassicae (Rolfe et al., 2016;

Schwelm et al., 2015). Crinkler (CRN)-related proteins were found in

Pl. brassicae (Zhang et al., 2016a), but their functions are unknown.

No effector candidates containing the chitin-binding LysM-motif,

known to interfere with chitin detection in fungal-plant interactions

(Kombrink and Thomma, 2013), were detected in Pl. brassicae.

Plasmodiophora brassicae infection results in a heavily altered

host metabolism (Jubault et al., 2013): transcriptional and proteo-

mic changes occur in pathways involved in lipid, flavonoid and

plant hormone metabolism, defence responses, and carbohydrate

and cell wall synthesis of the Brassica hosts (Agarwal et al., 2011;

Chen et al., 2015, Ludwig-M€uller et al., 2009; P€asold et al., 2010;

Siemens et al., 2009; Zhang et al., 2016b). In Arabidopsis, gall

formation results from increased host vascular cambium activity

combined with significant reduction of xylem development

(Malinowski et al., 2012). Conversely, higher activity of

lignification-related genes occurs in less susceptible plants (Chen

et al., 2015; Song et al., 2016).

On inoculation, amino acid transport and metabolism vary

between tolerant and susceptible hosts, i.e. arginine and proline

metabolism are less active in less susceptible B. rapa than in sus-

ceptible genotypes (Chen et al., 2015; Jubault et al., 2008; Song

et al., 2016). Arginine and proline biosynthesis in Pl. brassicae

also seems to be incomplete (Rolfe et al., 2016; Schwelm et al.,

2015). Similar to other gall-forming plant diseases, galled roots

also provoke hypoxic responses (Gravot et al., 2016). Infections

by Pl. brassicae and morphogenic changes within roots leading to

gall formation are accompanied by changes in phytohormone

homeostasis of auxin, cytokinin and brassinosteroids (Agarwal

et al., 2011; Ludwig-M€uller et al., 2009; Schuller et al., 2014), but

the exact mechanisms are not yet known. The contributions of

plant hormones in clubroot have been addressed using Arabidop-

sis mutants altered in phytohormone biosynthesis, metabolism

and signalling (Ludwig-M€uller et al., 2017). In Arabidopsis, ele-

vated cytokinins are associated with increased cell division early

during infection. When galls are formed, the expression of host

cytokinin biosynthetic genes is repressed, as is the expression of

host cytokinin oxidases and dehydrogenases (Devos et al., 2006;

Siemens et al., 2006). Plasmodiophora brassicae-produced cytoki-

nins probably play a minor role in cytokinin homeostasis in

infected tissues (Malinowski et al., 2016). Arabidopsis mutants of

auxin conjugate synthesis, as well as auxin receptors, were more

susceptible to the pathogen (Jahn et al., 2013), whereas nitrilase

mutants were more tolerant (Grsic-Rausch et al., 2000). A

Pl. brassicae protein can conjugate auxin and jasmonic acid to

amino acids in vitro (Schwelm et al., 2015), but whether it manip-

ulates host hormones in clubroots is unknown.

Effector-triggered immunity is likely to be important in host

resistance to Pl. brassicae. During infection, resistance (R) genes and

pathogen-related (PR) genes are expressed more strongly in tolerant

than in susceptible plants, whereas the pathogen-associated molec-

ular pattern (PAMP)-triggered immune response appears to be simi-

lar in both host types (Chen et al., 2015; Zhang et al., 2016b).

One Pl. brassicae effector candidate is a predicted secreted

methyltransferase, PbBSMT. Biochemical expression assays have

shown that this protein can mediate the methylation of salicylic

acid (SA) (Ludwig-M€uller et al., 2015). PbBSMT might interfere with

SA signalling in infected root tissue. SA-mediated pathways are

involved in resistance to Pl. brassicae (Agarwal et al., 2011; Lemari�e

et al., 2015; Lovelock et al., 2013). Accordingly, SA-responsive gene

expression is increased in tolerant hosts (Chen et al., 2015; Song

et al., 2016) and higher SA levels during early infection correlate

with resistance (Chen et al., 2015; Zhang et al., 2016b).
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Spongospora subterranea

Spongospora subterranea causes powdery scab of potato tubers

(Solanum tuberosum) (Fig. 4A), an important blemish disease in

most major potato-growing regions worldwide. This disease can

result in the rejection of whole seed potato lots. The pathogen

also causes root galling (Fig. 4B) and is the vector for the Potato

mop top virus (PMTV, Pomovirus, Virgaviridae) (Merz and Falloon,

2009; Tamada and Kondo, 2013). Root membrane dysfunction,

which reduces water uptake and plant growth, has also been

attributed to S. subterranea (Falloon et al., 2016). All of these dis-

eases devalue potato crops, causing potato tuber yield losses of

>20% in severely diseased crops (Johnson and Cummings, 2015;

Merz and Falloon, 2009; Shah et al., 2012). Mature tuber lesions

and root galls are filled with clusters of resting spores (sporosori;

Fig. 4D), each containing a primary zoospore. Root infection results

in the development of zoosporangia (Fig. 4C) producing secondary

zoospores. Both types of zoospore infect the host tuber, root epi-

dermis cells and root hairs, and can transmit PMTV.

Disease management is mainly preventative through the use

of disease-free seed tubers and non-contaminated fields. Powdery

scab and root galling susceptibility differ across potato cultivars

(Bittara et al., 2016; Falloon et al., 2003), but no genetic basis of

resistance has yet been identified. Metabolites of potato root exu-

dates induce S. subterranea resting spore germination, but as

L-glutamine and tyramine have the strongest effects, this might

not be host specific (Balendres et al., 2016). This may explain

reports of primary infection by S. subterranea in a range of non-

solanaceous host plants (Merz and Falloon, 2009).

Spongospora subterranea ITS rDNA and microsatellite analyses

indicate much greater genetic diversity in South American strains

(the presumed origin of this pathogen) than elsewhere (Bulman

and Marshall, 1998; Gau et al., 2013). After the initial dispersal

from South America, Europe was probably the main source of

spread of S. subterranea (Gau et al., 2013). Molecular data sug-

gest possible substructures between root gall and tuber scab caus-

ing S. subterranea lineages from South America (Gau et al.,

2013). Evidence for recombination in S. subterranea is limited,

and there is little understanding of sexual recombination in phyto-

myxids (Bulman and Braselton, 2014).

Limited genomic sequences, including an assembled mitochon-

drial genome, are available from S. subterranea (Bulman et al.,

2011; Guti�errez et al., 2014, 2016). By comparison, relatively com-

prehensive S. subterranea transcriptomic datasets are available

from root galls (Burki et al., 2010; Schwelm et al., 2015). As for

Pl. brassicae, the current data suggest intron-rich genes, a paucity

of CAZymes, but an enrichment of chitin-related enzymes in

S. subterranea. By contrast, transposable elements are likely to

be more common and expressed in S. subterranea than in

Pl. brassicae (Bulman et al., 2011; Guti�errez et al., 2014; Schwelm

et al., 2015). For S. subterranean, 613 secreted proteins were

predicted – enriched in ankyrin and protein domains – typical of

effectors from other plant pathogens. Few are shared with

Pl. brassicae, but a putative PbBSMT homologue was detected.

Although no genome has been published, genome sequences

from S. subterranea are being generated. These will identify

S. subterranea-specific features and allow research of the tran-

scriptional interaction with its hosts.gg

Polymyxa spp

The genus Polymyxa includes two morphologically indistinguish-

able agriculturally important species: Polymyxa graminis (Fig. 5)

and Polymyxa betae. Both differ in their rDNA sequences and host

ranges. The host range of Px. betae is restricted to Chenopodia-

ceae and related plants, whereas Px. graminis infects mainly gra-

minaceous plants (Legreve et al., 2000, 2002). Infection by these

obligate root endoparasites is asymptomatic (Desoignies, 2012).

Unlike Pl. brassicae and S. subterranea, Polymyxa spp. do not

cause root galls on infected hosts, but indirectly cause damage as

vectors of plant viruses. Polymyxa graminis transmits viruses

belonging to Benyvirus, Bymovirus, Furovirus and Pecluvirus. They

include economically important viruses of different grain crops,

such as Barley yellow mosaic virus (BaYMV) and Soil-borne wheat

mosaic virus (SBWMV), and also cause virus diseases on other

cereals, sugar cane and peanuts [Peanut clump virus (PCV)]

(Dieryck et al., 2011; Tamada and Kondo, 2013). Polymyxa betae

transmits Beet necrotic yellow vein virus (BNYVV), causing

‘rhizomania’ in sugar beet (McGrann et al., 2009).

Polymyxa betae is a well-defined species, whereas, in

Px. graminis, five formae speciales or six ribotypes exist, with sub-

type classifications based on ecological, molecular and biological

characteristics, including specificity in virus transmission

(Cox et al., 2014; Dieryck et al., 2011; Kanyuka et al., 2003;

Legreve et al., 2002; Smith et al., 2013; Vaianopoulos et al., 2007;

Ward et al., 2005; Ziegler et al., 2016).

Obtaining genomic data from Polymyxa spp. is more difficult

than for the gall-forming plasmodiophorids as high-density infec-

tions with substantial amounts of parasite DNA cannot be identi-

fied. Polymyxa betae cultures on sugar beet hairy roots

(Desoignies and Legreve, 2011) and in its non-natural host

A. thaliana (Desoignies and Legreve, 2011; Smith et al., 2011)

were tested, but were difficult to maintain. A suppression subtrac-

tive hybridization experiment identified most currently known

Polymyxa gene models (Desoignies et al., 2014), including 76

Px. betae and 120 sugar beet expressed sequence tags (ESTs)

putatively involved in the early stages of the host–pathogen inter-

action. The Px. betae ESTs included chitin synthase, polysaccha-

ride deacetylases, ankyrins and galactose lectin domain-encoding

transcripts, proteins which are also enriched in Pl. brassicae and

S. subterranea (Bulman et al., 2011; Desoignies et al., 2014;

Schwelm et al., 2015). Genes encoding for profilin and a von
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Willebrand factor domain-containing protein were also highly

expressed. The sugar beet response to Px. betae infection, espe-

cially during the plasmodial stage, includes the over-expression of

some defence genes, including those that encode PR proteins or

lectins (Desoignies et al., 2014).

Other Phytomyxea

Other phytomyxids infect freshwater and marine organisms

(Neuhauser et al., 2011). Maullinia ectocarpii (Fig. 3) and

M. brasseltonii are plasmodiophorids infecting brown algae.

Plasmodiophora diplantherea, Pl. bicaudata, Pl. halophile and Tet-

ramyxa parasitica cause galls on seagrasses, and, in the case of

T. parasitica, also other estuarine plants (Bulman and Braselton,

2014; Neuhauser et al., 2010). Spongospora nasturtii causes crook

root on watercress and transmits the Watercress yellow spot virus

(Walsh et al., 1989), impacting watercress cultivation.

Stramenopiles – Labyrinthula

Labyrinthula spp. are protists in the Labyrinthulida (Stramenopila),

and are phylogenetically basal to oomycetes (Pan et al., 2017;

Tsui et al., 2009). High-throughput environmental DNA sampling,

ITS and ribosomal sequences suggest that Labyrinthula spp. are

highly diverse, and globally distributed (Bockelmann et al., 2013;

Collado-Mercado et al., 2010; Martin et al., 2016; Pan et al.,

2017). These organisms are saline tolerant, and can be saprobes,

coral inhabitants, endosymbionts of amoebae or endophytic facul-

tative parasites of marine and terrestrial plants (Amon, 1978;

Bigelow et al., 2005; Pan et al., 2017; Sullivan et al., 2013).

Marine Labyrinthula, such as L. zosterae, which causes sea-

grass wasting disease (SWD) (Sullivan et al., 2013), are usually

associated with mangrove, macroalgal and seagrass ecosystems

(Lindholm et al., 2016; Pan et al., 2017). Rapid blight disease

(RBD) in turfgrasses is caused by the terrestrial species L. terrestris

in high-salinity environments, such as salt lakes and golf course

turf (Douhan et al., 2009; Kerrigan et al., 2012). This pathogen

may have become important in specialized turfgrass because of

increased salinity in irrigation or the use of reclaimed water, caus-

ing increased turf salinification (Olsen, 2007; Stowell et al., 2005).

Both L. zosterae and L. terrestris vary greatly in virulence to their

hosts (Chitrampalam et al., 2015; Douhan et al., 2009; Martin

et al., 2016). Although the exact mechanism is uncertain, SWD

and RBD manifest through the penetration of host leaf epidermis

cells of individual Labyrinthula cells.

After infection, Labyrinthula spp. destroy the host chloroplasts

and advance to neighbouring cells. This creates lesions, some-

times killing entire leaves or plants through interruption of photo-

synthesis (Fig. 6). These pathogens are therefore found on the

edges of progressing infections rather than within the host lesions

(Muehlstein, 1992; Olsen, 2007; Sullivan et al., 2016). They can

be isolated from infected leaf tissues as they emerge from tissues

plated onto serum seawater agar solutions (Fig. 6). The individual

spindle- to oval-shaped Labyrinthula cells move through colonies

of self-generated ectoplasmodic networks or ‘slimeways’, which

are thought to originate from specialized organelles called bothro-

somes. In conjunction with pseudopodium extension, a net-like

tube is created within which the cells move. The movement of

cells occurs through the utilization of an actomyosin system

Fig. 6 Labyrinthula and disease symptoms.

(A) Single fusiform cells of the unicellular

Labyrinthulomycota Labyrinthula protist.

(B) Labyrinthula cells emerging from a

seagrass leaf on serum seawater agar. Cells

move through colonies of self-generated

ectoplasmodic networks or ‘slimeways’, a net-

like tube within which Labyrinthula are able to

move. (C) Symptoms of the seagrass wasting

disease 4 days following the artificial infection

of seagrass blades.
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(Preston and King, 2005). The slimeways are also thought to aid

nutrient absorption (Vishniac, 1955). Labyrinthula cells contain

two vacuoles, thought to serve as excretory organs in the cell and

may also regulate osmotic pressure, as their presence depends on

the environmental salinity (Young, 1943).

The seagrass–Labyrinthula pathosystem is the best-studied

relationship for this group. Quantitative polymerase chain reaction

(PCR) has shown that Labyrinthula spp. occur in most marine eel-

grass populations in Europe, but pathogenic species may only

cause disease when infection is coupled with host stress (Bockel-

mann et al., 2013; Brakel et al., 2014). However, the potential

impact of SWD was observed in the 1930s, when Labyrinthula

killed up to 90% of Zostera marina, the most abundant Northern

Hemisphere seagrass (reviewed in Muehlstein, 1989; Sullivan

et al., 2013). Seagrass meadows are ecologically rich and produc-

tive marine ecosystems, and important carbon sinks (Christianen

et al., 2013; Fourqurean et al., 2012). They support commercial

fish nurseries (Jackson et al., 2001) and influence bacterial patho-

gen populations (Lamb et al., 2017). Despite the important eco-

logical and economic roles of their hosts, and widespread

evidence of their cause of severe disease, research in Labyrinthula

pathology is still under development.

Labyrinthula spp. tolerate high temperatures up to 28 �C, but,

in tropical and subtropical seagrasses, increased temperature

results in reduced virulence (Olsen and Duarte, 2015). Low salinity

also inhibits Labyrinthula growth (Muehlstein et al., 1988), and so

seagrass meadows in high-salinity waters may have an advantage

compared with those in truly marine locations (Vergeer et al.,

1995). The transcriptomic host response to a Labyrinthula infec-

tion of seagrasses includes the down-regulation of genes related

to reactive oxygen species (ROS) and chitinases, whereas a phe-

nolic acid synthesis gene is highly expressed (Brakel et al., 2014).

Phenolic metabolites may produce ‘synergistic’ host benefits.

Resistance to Labyrinthula is density dependent, and diseased

leaves have enhanced phenolic metabolite concentrations and

these may reduce host susceptibility to Labyrinthula (Groner et al.,

2016; McKone and Tanner, 2009; Trevathan-Tackett et al., 2015).

The first seagrass genome (of Z. marina) has been published

recently (Olsen et al., 2016). As a host for Labyrinthula, this

expands the ability to investigate the genetic and molecular inter-

actions between Labyrinthula and seagrass, and to improve our

understanding of this potentially devastating pathogen.

Stramenopiles – oomycetes as algal parasites

Oomycetes cause considerable damage in aquatic crops, including

red (Rhodophyta) and brown (Phaeophyceae) algae. Worldwide

algal industries have increased dramatically (Loureiro et al., 2015).

In 2012, global macroalgal production was more than 23 million

tonnes (dry weight), with a market value greater than six billion

US$ (FAO, 2014). Most of this production (approximately 80%) is

used for human consumption, and the remainder for fertilizers,

animal feed additives and in medical and biotechnological applica-

tions, including biofuel production (Loureiro et al., 2015; Stengel

and Connan, 2015). Seaweed farming is also often integrated into

fish and shellfish aquaculture (Loureiro et al., 2015). The total

market value for red seaweed reached 3.8 billion US$ (FAO,

2014). Best known in the form of Nori (sushi wrap), Pyropia (for-

merly Porphyra) spp. are the most common cultivated red algae.

Brown algae are often the predominant primary producers in tem-

perate and cold marine coastal ecosystems (Rodgers and Shears,

2016), and are phylogenetically distant from plants, green and red

algae. They differ from red and green algae in cell wall composi-

tion (Michel et al., 2010), halogen metabolism (La Barre et al.,

2010), oxylipin synthesis (Ritter et al., 2008) and life cycles

(Coelho et al., 2011). Brown algae include edible seaweeds (e.g.

kombu – Undaria pinnatifida, wakame – Saccharina japonica and

sugar kelp – Saccharina latissima), and some species are commer-

cially used to produce alginate. Collectively, red and brown algae

are affected by many diseases (reviewed in Gachon et al., 2010).

Because of the economic importance of Pyropia cultivation, and

the growing economic burden of diseases for this crop (up to 50%

of farm costs are spent on disease management: Kim et al.,

2014), this review focuses on Pythium porphyrae and Olpidiopsis

sp., the two main oomycetes that cause diseases on this crop.

Olpidiopsis diseases (previously ‘chytrid rot’) caused Korean

Nori farms to lose nearly 25% of their resale value in 2012–2013

(Kim et al., 2014), but local losses can be greater (Klochkova

et al., 2012; Loureiro et al., 2015). Environmental factors, such as

temperature and seasonality, affect the severity of disease

outbreaks.

Pythium porphyrae causes red rot disease, which is one of the

most damaging diseases affecting Pyropia farming (Fig. 7) with

production losses being greater than 20% (Kawamura et al.,

2005). Distinct bleached patches on the algal blades characterize

the initial infections. The diversity of Olpidiopsis is beginning to

be described using molecular tools, with the recognition of new

species, such as O. pyropiae from Korean farms (Klochkova et al.,

2016; Sekimoto et al., 2008), in addition to the Japanese

O. porphyrae.

Olpidiopsis spp

Olpidiopsis pathogens are obligate intracellular pathogens with

biotrophic lifestyles. During the off-season of algal cultivation,

Olpidiopsis may survive in alternative red algal hosts (e.g. Hetero-

siphonia sp.) or as dormant cysts (Klochkova et al., 2012, 2016).

Germinating zoospores form germ tubes which penetrate algal

cell walls. Within the cells, multinucleate walled thalli form, which

quickly develop into sporangia, which release zoospores. With

advancing infection, host cells break down and lesions in the

blades become prominent.
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The establishment of Olpidiopsis sp. and Pyropia pathosystems

for research is difficult as the infected host disintegrates in a mat-

ter of days. However, with alternative hosts, such as Heterosipho-

nia japonica, stable dual cultures can be achieved (Klochkova

et al., 2012). Olpidiopsis infection in this system is cell type spe-

cific, and occurs on the extended rhizoid-like apical cells. This

specificity has been attributed to D(1)-mannose in host cell walls,

indicating a specific lectin–carbohydrate interaction during host–

parasite recognition, necessary for zoospore attachment to host

cells (Klochkova et al., 2012). Until recently, the only available

treatment for these diseases was to wash algal blades with acid,

a practice now banned because of environmental concerns (Kim

et al., 2014).

Pythium porphyrae

Red rot disease, caused by Py. porphyrae, was first described by

Arasaki (1947). The disease spreads via zoospores and starts with

distinct, small, red patches on the host blades in which the zoo-

spores germinate. The pathogen develops extensive cell-to-cell

spreading mycelium. Dead host cells change colour to violet–red

and green before they degenerate, generating holes that finally

destroy entire blades (Fig. 7). Red rot disease management is only

effective during the early stages of infection, and PCR methods

are important to detect the pathogen early during the algal culti-

vation period (Park et al., 2001, 2006). Disease control involves

immersion of cultivation nets into organic acid, freezing of

infected cultures and the application of fungicides (Amano et al.,

1995; Hwang et al., 2009; Park et al., 2006). These treatments

have significant costs and environmental impacts (Park and

Hwang, 2015). Disease-resistant host cultivars are an alternative

control strategy. Partially resistant Pyropia yezsoensis cultivars,

generated from living cells in lesions of infected tissue, have

altered cell wall polysaccharide contents (Park and Hwang, 2015).

Sulfated galactans (e.g. porphyran) of the algal cell walls may be

essential for cyst attachment and infection of Py. porphyrae,

although the attraction and contact of zoospores are independent

of host exudates (Uppalapati and Fujita, 2000). On resistant Pyro-

pia sp., cysts with germ tubes frequently grow on the host thallus

surfaces without penetration, and show no or delayed induction

of appressoria (Uppalapati and Fujita, 2001). Although

Py. porphyrae zoospores attach and encyst on a number of red

algal species, red rot disease only develops on Pyropia yezoensis

and Bangia atropurpurea (Uppalapati and Fujita, 2000).

Pythium porphyrae grows best in low-salinity water, possibly

explaining why red rot occurs in farms near river banks (Klochkova

et al., 2017). The pathogen can also infect and grow on land

plants, including Chinese cabbage and rice. Pythium porphyrae

carried from the land into coastal waters may increase damage in

seaweed farms close to river inlets (Klochkova et al., 2017). This

could enable molecular research on Py. porphyrae using the model

hosts rice and A. thaliana. Genomic data are already available for

Pyropia hosts (http://dbdata.rutgers.edu/nori/index.php)

Fig. 7 Oomycete phylogeny, Pyropia farming, Pythium porphyrae and Olpidiopsis symptoms. (A) Schematic phylogenetic tree of Oomycetes based on Beakes et al.

(2012) indicating the positions of the discussed pathogens of marine algae. (B) Pyropia seaweed harvest on a commercial farm in South Korea (photograph: H. Kim).

(C, D) Pyropia blade with lesions caused by Pythium porphyrae (C) and Olpidiopsis (D) infection. Photographs were originally published in Kim et al. (2014) which

includes more detailed descriptions of Pyropia diseases.
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(Nakamura et al., 2013; Wu et al., 2014) and are currently being

generated for Py. porphyrae and Olpidiopsis sp.

Eurychasma dicksonii

The most frequently recorded eukaryotic pathogen of brown algae

is the biotrophic oomycete Eurychasma dicksonii. This phyloge-

netically basal oomycete (Beakes et al., 2012) is geographically

widespread, tolerates a broad temperature range (4–23 8C) and

infects at least 45 different species of brown algae in laboratory

cultures (M€uller et al., 1999). Similar to Olpidiopsis spp.,

Eu. dicksonii is a holocarpic endoparasite (Sekimoto et al. 2008).

Zoospores attach, encyst and build adhesorium-like structures at

the host surfaces. The parasite cytoplasm is transferred into the

host via a needle-like structure which is associated with the for-

mation of the adhesorium chamber at the host–spore contact

point (Tsirigoti et al., 2015), similar to the plasmodiophorid ‘Rohr

und Stachel’. After penetration, multinucleate non-walled imma-

ture thalli, with double membrane envelopes of host and parasite

(Sekimoto et al., 2008), develop and expand in the infected host

cells, until each cell is almost filled. The plasmodial thallus devel-

ops into a sporangium with peripheral primary cysts (Fig. 8),

which release biflagellate zoospores through apical exit tubes.

The empty cyst walls form a net-like sporangium, which is a dis-

tinctive morphological feature of this pathogen (Petersen, 1905).

Eurychasma dicksonii can be cultured in Ectocarpus siliculosus,

the first brown alga to be genomically sequenced (Cock et al.,

2010), explaining why the Eurychasma–Ectocarpus pathosystem is

the most thoroughly investigated parasitic interaction in brown

algae. A cDNA analysis of Ec. siliculosus infected with

Eu. dicksonii identified 3086 unigenes of oomycete origin. The

dataset of Eu. dicksonii included 351 proteins predicted to be

secreted, but contained no CRN or RxLR effector candidates

(Grenville-Briggs et al., 2011). The Eu. dicksonii genes included

glucanases and a potential alginate lyase, for which no homo-

logues in land plant-infecting oomycetes have been identified.

Alginates and glucans are key components of brown algal cell

walls. Similar to higher oomycetes, which secrete cell wall-

degrading enzymes involved in host penetration, this lyase is

probably an adaptation to the marine host. In brown algae, b-1,3-

glucans are usually not part of the cell walls, but are storage poly-

saccharides. Cell wall modification is a putative host defence

mechanism against Eu. dicksonii. On infection, cell wall thickening

and increased amounts of b-1,3-glucans at the penetration site

may build physical barriers to pathogen invasion. Large amounts

of b-1,3-glucan occur at cell surfaces of partially resistant Ectocar-

pus strains (Tsirigoti et al., 2015).

Although the infection mechanisms remain largely unexplored,

molecular data exist on the host response to infection by

Eu. dicksonii. Host genes differentially expressed during infection

include those encoding for proteins involved in the detoxification

of ROS and halogen metabolism (Strittmatter et al., 2016). The

host genome includes candidate immune receptors of the leucine-

rich and tetratricopeptide repeat families, which quickly evolve via

an original exon shuffling mechanism (Zambounis et al., 2012).

Fig. 8 Life cycle of Eurychasma dicksonii in

its brown algal host Ectocarpus siliculosus. (A)

A spore (arrow) attaches to the algal surface

and injects its content into the host. (B) Within

the algal cytoplasm, the Eu. dicksonii thallus

(arrow) develops which, at the early stage of

infection, is unwalled. (C) Later, the pathogen

thallus (arrow) has a cell wall and causes

hypertrophic expansion of the algal host cell.

(D) At the final stage, the complete thallus

differentiates into a sporangium from which

motile zoospores (arrow) are produced,

completing the life cycle of the pathogen.

Scale bars equal to 25 lm. (Figure reproduced

from Strittmatter et al. 2016.)
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Different hosts display different levels of susceptibility to Eury-

chasma (Gachon et al., 2009), and the resistance mechanisms are

currently being investigated using cytological and molecular

approaches. A targeted movement of host nuclei to pathogen pen-

etration sites has been observed (Grenville-Briggs et al., 2011),

and microtubule disorganization in the host occurs only when zoo-

sporogenesis of the pathogen begins (Tsirigoti et al., 2015).

OUTLOOK

Our understanding of eukaryotic plant pathogens is built on

studies of fungi, animals (both opisthokonts) and oomycetes (stra-

menopiles). For the plant pathogens introduced here, the bio-

chemical interactions with their plant hosts are just beginning to

be unravelled through the introduction of study systems (e.g. the

Eu. dicksonii–brown algae interaction) or the generation of refer-

ence genomes (Pl. brassicae, Phytomonas spp.). This will allow

the presented pathogens to take a more prominent place in the

molecular plant pathology field in the coming years, create deeper

insights into how these pathogens interact with their hosts and

how they have evolved. This should finally lead to new strategies

for the control of these pathogens.
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Abstract

Parasitic trypanosomatids diverged from free-living kinetoplastid ancestors several hundred
million years ago. These parasites are relatively well known, due in part to several unusual
cell biological and molecular traits and in part to the significance of a few – pathogenic
Leishmania and Trypanosoma species – as aetiological agents of serious neglected tropical dis-
eases. However, the majority of trypanosomatid biodiversity is represented by osmotrophic
monoxenous parasites of insects. In two lineages, novymonads and strigomonads, osmo-
trophic lifestyles are supported by cytoplasmic endosymbionts, providing hosts with macro-
molecular precursors and vitamins. Here we discuss the two independent origins of
endosymbiosis within trypanosomatids and subsequently different evolutionary trajectories
that see entrainment vs tolerance of symbiont cell divisions cycles within those of the host.
With the potential to inform on the transition to obligate parasitism in the trypanosomatids,
interest in the biology and ecology of free-living, phagotrophic kinetoplastids is beginning to
enjoy a renaissance. Thus, we take the opportunity to additionally consider the wider rele-
vance of endosymbiosis during kinetoplastid evolution, including the indulged lifestyle and
reductive evolution of basal kinetoplastid Perkinsela.

Introduction

Kinetoplastids are one of three major groups of organisms that belong to the evolutionarily
divergent protist phylum Euglenozoa (Cavalier-Smith, 2016). Although divergent, euglenozo-
ans are ubiquitous; representatives from all three groups are easily isolated from many fresh-
water, marine and soil environments and, in part due to their overall abundance, contribute
significantly to ecosystem ecology (von der Heyden et al., 2004; Edgcomb et al., 2011;
Lukeš et al., 2015; Mukherjee et al., 2015; Flegontova et al., 2016; Flegontova et al., 2018).

Systematically, the kinetoplastids separate into the monophyletic, obligatory parasitic trypa-
nosomatids and a wide diversity of free-living, bi-flagellate phagotrophs, with occasional exam-
ples of parasites and symbionts populating three major clades (von der Heyden et al., 2004;
Simpson et al., 2006; Kaufer et al., 2017; Yazaki et al., 2017). It is the uniflagellate trypanoso-
matids that are the best known due to the role of some as the aetiological agents of serious,
neglected tropical diseases (Nussbaum et al., 2010). The defining characteristic common to
both free-living and parasitic kinetoplastids is the coalescence (in trypanosomatids the caten-
ation) of several thousand circular DNA molecules to form distinctive mitochondrial genome
architectures, known more commonly as kinetoplasts, and which give rise to the class name
Kinetoplastea (Lukeš et al., 2002). Uridine-insertion and -deletion editing of mRNA on a mas-
sive scale is essential for gene expression from these genomes and provides a second example of
extreme or unusual biology that defines and pervades throughout the kinetoplastids
(Aphasizhev and Aphasizheva, 2014; David et al., 2015; Read et al., 2016). For further examples
of extreme kinetoplastid biology that have peripheral relevance for this review – peroxisome-
compartmentalized carbohydrate metabolism, loss of transcriptional control on protein-coding
gene expression, flagellar pocket dynamics – readers are directed towards articles by Haanstra
et al. (2016), Morales et al. (2016a), Clayton (2014), and Field and Carrington (2009).

Although trypanosomatid species are widely known as the causative agents for diseases of
medical, veterinary and agricultural importance (Jaskowska et al., 2015; Giordani et al., 2016;
Field et al., 2017; Kaufer et al., 2017), most members of the family are simply monoxenous
parasites of insects (Podlipaev et al., 2004; Maslov et al., 2013; Lukeš et al., 2014; Kaufer
et al., 2017) with not always a clear indication that these protists are pathogenic towards
their invertebrate host(s). Also less widely recognized is that at least twice, the symbiosis
between a bacterial endosymbiont and a host trypanosomatid has occurred (Du et al., 1994;
de Souza and Motta, 1999; Votýpka et al., 2014; Kostygov et al., 2016) (Fig. 1).
Trypanosomatid taxa involved in these events are not particularly closely related, and different
evolutionary trajectories are possibly evident for each symbiosis: in the Strigomonadinae,
growth and division of a single bacterial endosymbiont is entrained within the cell cycle of
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the host cell (Motta et al., 2010), whereas in recently discovered
Novymonas less stringent regulation on the number of
β-proteobacterial Pandoraea endosymbionts could reflect either
symbiont farming or a snap-shot of an early transitional phase
in the establishment of a novel endosymbiont–host relationship
(Kostygov et al., 2016, 2017). In this mini-review, we consider
metabolic advantages conferred by bacterial endosymbionts to
their partner trypanosomatids, how the biology of the host cell
potentially influences the establishment, reductive evolution and
subsequent entrainment of the endosymbiont(s), and we survey
the literature with regard to endosymbioses within free-living
phagotrophic kinetoplastids. Finally, we also consider the

fascinating example of Perkinsela, a basal kinetoplastid and itself
an endosymbiont of Paramoeba sp. (Dyková et al., 2003; Tanifuji
et al., 2011). Here, the evolutionary path from protist to obligate
endosymbiont has been accompanied by streamlining and loss of
much cell biology that defines and characterizes the Kinetoplastea
(Tanifuji et al., 2017).

Independent origins of endosymbiosis among
trypanosomatids

Species belonging to four trypanosomatid genera, spanning two
monophyletic groups (Fig. 1), are characterized by the presence

Fig. 1. Kinetoplastid phylogeny and a history of endosymbiosis. Taxa in possession of bacterial endosymbionts are highlighted in bold. Filled circles denote pres-
ence of a cytostome–cytopharynx complex in some trypanosomatid taxa; open and dashed circles denote uncertainty (as defined by an absence of data) or an
unlikeliness (based on extensive, published electron microscopy studies), respectively, with regard to the presence of these structures in others; – denotes absence
of a cytostome–cytopharynx from Leishmania and African trypanosome species.
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of a bacterial endosymbiont. Phylogenetic analyses indicate
Novymonas esmeraldas, the most recently characterized
endosymbiont-bearing trypanosomatid isolated in Ecuador from
a scentless plant bug (Niesthrea vincentii) (Kostygov et al.,
2016), is closely related to the genus Leishmania that encompasses
more than 30 species of dixenous parasites found variously in
tropical and sub-tropical countries across the New and Old
World and include the aetiological agents of cutaneous, mucocu-
taneous and visceral human disease (Akhoundi et al., 2017).
Novymonas esmeraldas is considered to be monoxenous and non-
pathogenic, despite its close relatedness with Leishmania. It con-
tains a β-proteobacterial endosymbiont, Candidatus Pandoraea
novymonadis (order Burkholderiales; family Burkholderiaceae)
(Kostygov et al., 2017). Environmental DNA reads corresponding
to 18S rRNA and trypanosomatid spliced leader RNA gene
sequences point to the presence of trypanosomatid taxa very
closely related to N. esmeraldas in Central Africa (Kostygov
et al., 2016), raising the question of whether such taxa also con-
tain similar Pandoraea-related endosymbionts.

In contrast, strigomonads form a discrete monophyletic clade
most closely related to the genera Wallacemonas and Sergeia and
some distance removed from the leishmanias (Teixeira et al., 2011;
Votýpka et al., 2014). In the common ancestor of the three gen-
era-forming Strigomonadinae – Angomonas, Strigomonas and
Kentomonas – an endosymbiotic association with a different mem-
ber of the Burkholderiales (family Alcaligenaceae) occurred.
Considered to be a more ancient relationship than the endosym-
biosis occurring in N. esmeraldas, the cell cycle of the endosym-
biont in strigomonads is firmly entrained within that of its host
cell. The peptidoglycan and outermost layers of the endosymbiont
cell envelope are absent or heavily reduced (Motta et al., 1997; de
Souza and Motta, 1999), potentially facilitating easy metabolite
transfer between host and endosymbiont (discussed further in
the ‘Interface with host cell biology’). Bacterial endosymbionts in
Strigomonadinae are known as Candidatus Kinetoplastibacterium
spp. (Alves et al., 2013). The known distribution of strigomonads
is also more cosmopolitan than that of Novymonas, as they are vari-
ously found in heteropteran and dipteran insects. Moreover, differ-
ent Angomonas species have been isolated from Europe, the
Americas, Africa and Australia, while Kentomonas has been iso-
lated from Ecuador and the Philippines, and Strigomonas was
encountered in different regions of the Americas (Maslov et al.,
2013; Votýpka et al., 2014).

Classic hallmarks of the transition to an obligate endosymbiotic
life cycle are evident in all trypanosomatid endosymbionts: a reduced
GC-content (in comparison with free-living relations), reduced gen-
ome size, a paucity of mobile elements, and a reduced gene content
(Table 1). Among different Candidatus Kinetoplastibacterium spp.
from the strigomonads there are only slight variations in overall
gene content and near-complete preservation of synteny (Alves
et al., 2013; Silva et al., 2018) indicating reductive evolution of
these endosymbionts had progressed nearly to completion prior

to the divergence of the last common Strigomonas/Angomonas/
Kentomonas ancestor(s) or that reductive evolution of endosym-
bionts followed parallel trajectories in each strigomonad lineage
(Alves et al., 2013). We pick up briefly in the discussion of the
‘Interface with host cell biology’ how the reductive evolution of
trypanosomatid endosymbiont gene content commonly incorpo-
rates loss of processes associated with a free-living lifestyle and
perception of environmental change.

Common metabolic gains in endosymbiont-containing
trypanosomatids

A consequence of any endosymbiosis is conferment of new meta-
bolic capability for the host cell. Taken to extremes, an endosym-
biont’s cell cycle can become entrained within that of its host and
the advent of translocon-mediated protein targeting from host to
endosymbiont classically marks the transition from endosymbiont
to ‘organelle’ (Cavalier-Smith and Lee, 1985; Theissen and
Martin, 2006; Keeling et al., 2015; McCutcheon, 2016). Among
eukaryotes, the most easily recognizable products of endosymbi-
otic relationships are mitochondria, which conferred cytochrome-
dependent oxidative phosphorylation upon an archaeal host cell
of ill-defined metabolic capability (Sousa et al., 2016; Eme
et al., 2017; Zachar and Szathmáry, 2017), and chloroplasts
responsible for photosynthesis; they have evolved independently
twice as the consequence of a primary endosymbiotic event
(Nowack and Grossman, 2012; Singer et al., 2017). These orga-
nelles were pivotal in the radiation of eukaryotic diversity with
chloroplasts, notably of red algal origin, also becoming widely
established in many protist lineages as consequences of secondary
and tertiary endosymbiosis (Keeling, 2013). On a global scale,
chloroplast functions remain integral to carbon cycle dynamics
(Pan et al., 2011; Phillips and Lewis, 2014; Worden et al.,
2015). At a species level, a few taxa are also secondarily photosyn-
thetic owing to transient retention of chloroplasts (and transcrip-
tionally active nuclei) from their algal prey (Dorrell and Howe,
2012). This phenomenon is termed ‘kleptoplastidy’; such oppor-
tunistic oxygenic photosynthesis potentially confers several
advantages, including aerobic respiration within anoxic environ-
ments (Esteban et al., 2009). A wide variety of other endosym-
bioses also exist in eukaryotic evolution that confer alternative
physiological advantage(s) for the host cell as consequences of
different metabolic gains, e.g. N2 fixation and N2 recycling
(from waste host urea, ammonium products) occurring in termite
gut-dwelling parabasalid and oxymonad flagellates and in some
diatoms or, among anaerobic (non-photosynthetic) ciliates, CO2

fixation by methanogenic bacterial endosymbionts that utilize
H2 produced as a metabolic end-product by the host cell
(Nowack and Melkonian, 2010; Allen et al., 2011; Carpenter
et al., 2013; Tai et al., 2016).

Among the Trypanosomatidae, endosymbiosis likely con-
fers physiological advantage within nutritionally challenging

Table 1. Genome properties of trypanosomatid endosymbionts and related taxa

Characteristic Ca. Pan. Nov fl Pan. spp. Ca. Kin. Tay. equ Ach. xyl

Genome size (Mb) 1.16 4.46–6.50 0.74–0.83 1.70 7.36

GC-content (%) 44 63–65 25–33 37 66

No. of protein-coding genes 968 4181–5342 670–742 1556 6815

No. of pseudogenes 13 76–361 1–20 0 0

Reference Kostygov et al. (2017) Alves et al. (2013)
Silva et al. (2018)

Ca. Pan. nov, Candidatus Pandoraea novymonadis; fl Pan. spp., free-living Pandoraea species; Ca. Kin, Candidatus Kinetoplastibacterium; Tay. equ, Taylorella equigenitalis (pathogenic
bacterium closely related to Ca. Kinetoplastibacterium; Alves et al., 2013); Ach. xyl, Achromobacter xylosoxidans (free-living bacterium closely related to Ca. Kinetoplastibacterium; Alves et al., 2013).
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environments offered by the digestive tracts of their invertebrate
vectors (or hosts). However, it is neither N2 nor CO2 fixation or
an ability to utilize or provide alternative carbon sources or
electron acceptors for energy generation that differentiate
endosymbiont-bearing trypanosomatids from other trypanoso-
matids. Instead, their endosymbionts render strigomonads and
Novymonas autotrophic for vitamins (or cofactor precursors),
amino acids, purines, and heme which are all essential nutrients
in other trypanosomatids (Table 2). The curious exception is
the endosymbiont from Kentomonas sorsogonicus, which is miss-
ing the haem biosynthetic pathway and the host cell is thus reliant
upon an exogenous source of haem within its culture medium
(Silva et al., 2018). As highlighted in Table 2, in many instances
complete biosynthetic pathways are encoded within endosymbi-
ont genomes; in other instances, metabolite exchange between
endosymbiont and host is required to complete amino acid,
haem or vitamin provision. For Angomonas deanei, Strigomonas
culicis and S. oncopelti, predictions for autotrophy arising from
genome annotations are consistent with early descriptions of min-
imal culture media (Newton, 1957; Mundim et al., 1974; De
Menezes et al., 1991).

Whether the enhanced autotrophies of endosymbiont-
containing trypanosomatids serve to widen the range of vectors
that can be colonized and/or offers these trypanosomatids a com-
petitive edge over other microbiota that may compete for the gut
niche is not known. At first glance, the relative rarity of
endosymbiont-containing trypanosomatids in ecological surveys
argues against either of these possibilities. However, it is moot
whether susceptibility to antibiotics typically applied during isola-
tion into the culture of trypanosomatids from ecological surveys
limits the frequency with which endosymbiont-bearing taxa are
found. Insect digestive tracts colonized by trypanosomatids are
ill-understood environments, but although they clearly provide
sufficient haem, purines, vitamins of the group B and other pre-
cursors to support parasite replication in different regions of the
alimentary tract, they are also unequivocally nutritionally challen-
ging environments. Several pieces of evidence support this asser-
tion of a nutritional ‘knife-edge’: (i) with rare exception,
trypanosomatid species present (in comparison with other para-
sites) complex and robust metabolic networks for central energy
metabolism and anabolism (notably in the extent of sterol and
other lipid biosynthetic pathways) (Ginger, 2006; Kraeva et al.,
2015; Opperdoes et al., 2016); (ii) retention in some trypanoso-
matids of enzymes to (a) complete biosynthetic pathways for
which gut microbiota can provide initial precursors – e.g. the

importance of homoserine kinase coupled to the expression of
threonine synthase in tsetse-dwelling forms of the African tryp-
anosome Trypanosoma brucei (Ong et al., 2015) or (b) catabolize
carbon sources likely specific to the insect vectors of some trypa-
nosomatids – e.g. histidine in the reduviid vector of the American
trypanosome T. cruzi (Berriman et al., 2005); (iii) the extensive
reductive evolution of central metabolism that does occur in try-
panosomatids when they become adapted to live in particularly
nutrient rich environments – e.g. Phytomonas in sugar-rich
plant sap (Kořený et al., 2012; Porcel et al., 2014) or kinetoplast
loss in mechanically – rather than tsetse-transmitted African try-
panosomes (Lai et al., 2008). Intriguingly, the loss of respiratory
complexes III and IV in Phytomonas (Nawathean and Maslov,
2000) may have helped facilitate an ability of P. françai to colonize
its cyanide-rich cassava host. Comparative analysis of proteome
and annotated genomes of endosymbiont-containing A. deanei
and S. culcis have indicated no obvious moderation of the central
metabolic networks seen in better studied Leishmania or
Trypanosoma parasites (Motta et al., 2013).

Interface with host cell biology I: strigomonads the slavers;
Novymonas the farmer

Despite some variations in cell shape, all endosymbiont-
containing trypanosomatids adopt liberform morphologies
where the flagellum is not attached for an extended region to
the cell body following exit from the flagellar pocket (Fig. 2).

In strigomonads, their endosymbiont is positioned proximate
to the nucleus and its replication and division in the cell cycle
entrained (Motta et al., 2010): endosymbiont duplication occurs
early in the cell cycle preceding the host cell’s discrete kinetoplast
S-phase and segregation, which is coupled to flagellar basal body
segregation (Ogbadoyi et al., 2003); endosymbiont division is
followed by movement of the endosymbionts such that each is
positioned on opposite outer-faces of the nucleus; mitosis (with
each nucleus associated with a single endosymbiont) and new fla-
gellum elongation beyond the flagellar pocket exit point conclude
the latter stages of the cell cycle prior to cytokinesis. Annotation
of Ca. Kinetoplastibacterium genomes reveal they lack much of
the machinery associated with bacterial cell division, indicating
involvement from the host cell in that regard (Alves et al., 2013;
Motta et al., 2013). The co-ordination of endosymbiont division
within that of the host cell is illustrated further by the effect of
the addition of aphidicolin, an inhibitor of eukaryotic replication
DNA polymerases, or the eukaryotic translation inhibitor cyclo-
heximide to A. deanei or S. culicis (Catta-Preta et al., 2015).
Application of either eukaryotic growth inhibitor resulted in ces-
sation of host cell growth and division and also blocked endosym-
biont division but not endosymbiont replication. Application of
aphidicolin in S. culicis additionally caused filamentation of bac-
teria indicating re-entry of the endosymbiont into subsequent cell
cycles and continued DNA replication but without any comple-
tion of cytokinesis (Catta-Preta et al., 2015).

Candidatus Pandoraea novymonadis replicates more readily
within the cytoplasm of its host cell (Fig. 3A and B). In multi-
plicative N. esmeraldas promastigotes, ∼70% of the population
contain between two and six endosymbionts, with 10 or more
present in ∼5% of cells (Kostygov et al., 2016). Approximately
6% of Novymonas cells are aposymbiotic although the extreme
difficulty in cloning such cells, the retention of intracellular bac-
teria in cultures since their isolation, and the significant deceler-
ation of an aposymbiotic cell line growth as compared with
wild-type highlight the importance of Ca. Pandoraea to host
cell fitness (Kostygov et al., 2017). This contrasts with strigomo-
nads where aposymbiotic populations, albeit replicating more
slowly than parental lines and with increased nutritional

Table 2. Metabolic gains for endosymbiont-containing trypanosomatids

Metabolic gain RT Ne A/K/S

Haem biosynthesis − + +a

Purine provision − + +

Branched chain a.a. synthesis (leu, iso, val) − + +b

Aromatic a.a. synthesis (phe, trp, tyr) − + +

Lys biosynthesis − + +

De novo folic acid production − + +

Thiamine, nicotinic acid, biotin provision − + −

Riboflavin, pantothenic acid, vitamin B6
provision

− + +c

RT, regular trypanosomatids; Ne, Novymonas esmeraldas; A/K/S, Angomonas/Kentomonas/
Strigomonas.
aWith the exception of the endosymbiont from the sole characterized Kentomonas species
(K. sorsogonicus) where the haem biosynthetic pathway is absent from both host and its
endosymbiont (Silva et al., 2018).
bRequires use of host cell branched-chain amino acid aminotransferase.
cPantothenic acid synthesis utilizes enzymes from host and endosymbiont.
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requirements, can be readily obtained by treatment of cultures
with chloramphenicol (de Souza and Motta, 1999). Intriguingly,
studies of aposymbiotic strigomonads reveal another possible
dimension to the host-endosymbiont interface with differences
evident in cell surface carbohydrate composition between
symbiont-containing and symbiont-lacking S. culicis cultivated
in equivalent media and the indication that altered surface com-
position negatively influences interaction of the trypanosomatid
with permissive insect hosts (Dwyer and Chang 1976;
Catta-Preta et al., 2013; d’Avila-Levy et al., 2015). Significantly,
culture conditions have been shown to influence the composition
of the cell surface of other trypanosomatids, demonstrating com-
mon links between nutritional status and cell surface properties
(Vassella et al., 2000; Morris et al., 2002).

Fusion of Novymonas lysosomes with Ca. P. novymonadis pro-
vides an indication that the host ‘farms’ its endosymbiont, pre-
sumably taking amino acids, haem, purines and other molecules
liberated in lysosomes to satisfy dietary requirements. In

agreement with the ‘lax’ control on endosymbiont multiplication
evident in Novymonas, Ca. P. novymonadis retains more genes as-
sociated with bacterial cell division than Ca. Kinetoplastibacterium
(Kostygov et al., 2017). However, other findings from Ca.
P. novymonadis genome annotation point to a well-established
host–endosymbiont relationship and provide a note of caution
for any assumption of how readily Ca. P. novymonadis might
multiply free from the host cell in different, commonly used bac-
terial growth media. For instance, cellular characteristics asso-
ciated with perception and response to environmental change
are either absent (genes for pilus and flagellum assemblies,
‘wsp’ chemotaxis proteins, ‘pel’ proteins involved in biofilm for-
mation) or minimalized (two-component signalling). There is
also a drastic reduction in the number of nutrient transporters/
exporters present, including members of ABC-transporter and
major facilitator superfamilies and in the ability of Ca.
P. novymonadis to catabolize diverse carbon sources in compari-
son with free-living Pandoraea (Fig. 4).

Fig. 2. Morphology and nucleus–mitochondrial genome–endosymbiont organization in endosymbiont-containing kinetoplastids. Cartoons (not to scale) are based
on images shown in Kostygov et al. (2016), Teixeira et al. (2011) and Votýpka et al. (2014) or original drawings in Brooker (1971a) and Vickerman (1977). Relative
positions of several organelles discussed in the main text are shown. Shading: black, bacterial endosymbionts; dark grey, nuclei; light grey, mitochondrial genomes
[kinetoplasts (kDNA) or (in Cryptobia) pan-kDNA and (in Bodo saltans) pro-kDNA].
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However, metabolic dependencies in endosymbiotic relationships
go both ways. In the trypanosomatid examples, owing in large part
to the close proximity of strigomonad endosymbionts to host cell
mitochondria and glycosomes, strigomonads have for many years
been considered to provide ATP to their intracellular partners (see
Loyola-Machado et al., 2017 for recent consideration of this
topic). This assertion is supported by the paucity of options for effi-
cient oxidative phosphorylation by Ca. Kinetoplastibacterium spp.

Genomes of both Ca. Kinetoplastibacterium and Ca.
P. novymonadis contain genes for nuo-type NADH:ubiquinone
oxidoreductases (Kostygov et al., 2017), but in the former its elec-
tron transport chain is truncated to a cytochrome bd terminal oxi-
dase for transfer of electrons from ubiquinone to O2 – the type of
terminal oxidase favoured by numerous bacteria, including
Escherichia coli under low O2 availability. In contrast to Ca.
Kinetoplastibacterium spp., however, whilst the carbon source(s)

Fig. 3. Electron microscopy of the endosymbiont–host cell association and cell form in Novymonas and Kentomonas. (A and B) Longitudinal sections through N.
esmeraldas promastigotes showing the presence of multiple endosymbiont profiles (e). Also highlighted are the kinetoplast (K), nucleus (N) and cross-sections
through the mitochondrion (m). (C) Longitudinal section through a Kentomonas sorsogonicus choanomastigote illustrating (i) a dividing bacterial endosymbiont
and (ii) mitochondrial hypertrophy and loss of typical microtubule spacing within the sub-pellicular array. (D) Sessile N. esmeraldas choanomastigote attached
to the substrate surface via a modified flagellum (asterisk). Inset, the modified flagellum of a sessile choanomastigote revealing a possible open collar structure
to the flagellar pocket exit point. Scale bars (A) and (B) 2 µm; (C) 1 µm; (D) 2 µm (inset, 400 nm). Images in (D) are reproduced from Kostygov et al. (2016) under the
terms of a Creative Commons Attribution-Noncommercial-ShareAlike 3.0 Unported licence.
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utilized by Novymonas endosymbionts remains enigmatic – fruc-
tose, common in the diet of plant-feeding insects, is the most likely
carbon source (Kostygov et al., 2017) – the novymonad endosymbi-
ont appears more self-sufficient for energy generation. Perhaps as a
consequence of their greater autonomy with regard to their rate of
cell division, and thus a greater need for intra-symbiont ATP gener-
ation, Ca. P. novymonadis retains a more expansive electron trans-
port chain. Here the metabolism includes a capacity for oxidative
phosphorylation from c-type cytochrome-dependent respiration.

Currently, the least explored facet of the interface from host to
endosymbiont is the degree to which the host cell targets nuclear-
encoded proteins to the symbiont. One example is known for A.
deanei (Morales et al., 2016b), but this is a long way short of the
number of host-targeted proteins that might be required to question
whether trypanosomatid endosymbionts begin to blur boundaries
between endosymbiont and organelles.

Interface with host cell biology II: symbiont acquisition by
closed-mouth, osmotrophic trypanosomatids – how?

In contrast to phagotrophic bodonids and other free-living kine-
toplastids, trypanosomatids are obligate osmotrophs. A robust
sub-pellicular mono-layer of microtubules cross-linked to one
another and the over-laying plasma membrane provides a corset
that defines characteristic trypanosomatid cell morphologies and
prevents general endocytosis or membrane invagination across
the cell surface. Membrane invagination occurs only at points
where the sub-pellicular corset is absent which, in well-studied
African trypanosomes and Leishmania, is where the flagellar
pocket forms around the single flagellum emerging from the
cell body. In these trypanosomatids, the flagellar pocket is the
site of endo- and exocytic traffic (Field and Carrington, 2009).
At the flagellum exit point, an essential collar marks the flagellar

Fig. 4. In silico annotated proteomes illustrate the reductive evolution of Ca. Pandoraea novymonadis and Ca. Kinetoplastibacterium. Predicted protein repertoires
for Ca. P, novymonadis, 5 Ca. Kinetoplastibacterium spp. and 11 free-living Pandoraea species (Kostygov et al., 2017) were analysed according to within the KEGG
Orthology (KO). 2728 KO functions were analysed. For Ca. Kinetoplastibacterium spp. and Pandoraea spp. annotation of gene products in 3 or 5 genomes, respect-
ively, were required for inclusion in the chart shown. Known nearest free-living relatives of Ca. Kinetoplastibacterium are evolutionarily more distant than for Ca.
P. novymonadis, and were not therefore included in the analysis although we note the closest Ca. Kinetoplastibacterium free-living relative, A. xylosoxidans, is more
gene-rich than free-living Pandoraea spp. (Table 2). Individual gene products were scored once and appear in only one of the following categories. Central metab-
olism: category 1, carbohydrate usage (including lipopolysaccharide and peptidoglycan assembly); 2, amino acid catabolism; 3, amino acid biosynthesis (including
glycolysis); 4, fatty acid and terpenoid metabolism; 5, inositol phosphate and glycerophospholipid metabolism; 6 butanoate and propanoate metabolism; 7, pyru-
vate, glyoxylate, and dicarboxylate metabolism; 8, degradation of aromatics; 9, pentose phosphate and antioxidant metabolism; 10, Krebs cycle; 11, respiration and
oxidative phosphorylation. Accessory metabolism: 12, porphyrin metabolism; 13, miscellaneous (including carbon fixation, sulphur and methane metabolism,
urease); 14, vitamin and cofactor biosynthesis; 15, transporters and ATPases. Information processing: 16, replication and DNA repair; 17, purine and pyrimidine
metabolism (including tRNA processing and core transcription); 18, ribosome and translation; 19, chaperones. Environmental responses: 20, two-component sig-
naling, transcriptional regulation, quorum sensing and phosphate metabolism; 21, cell division; 22, secondary metabolism and antibiotic defence/attack; 23, fla-
gellum, pilus, biofilm formation.
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pocket boundary (Bonhivers et al., 2008) limiting the size and rate
of macromolecular traffic into the pocket lumen (Gadelha et al.,
2009). Given these constraints, how, following radiation of various
trypanosomatid lineages, have trypanosomatid–endosymbiont
associations occurred on at least two occasions?

Several possibilities can explain the conundrum of how
Novymonas and a strigomonad ancestor acquired their respective
bacterial endosymbionts. Conserved in free-living kinetoplastids
and present in some trypanosomatids (Brooker, 1971a, 1971b;
Brugerolle et al., 1979; Attias et al., 1996; Alcantara et al., 2017;
Skalický et al., 2017) is a cytostome–cytopharynx complex, sitting
in close proximity to the flagellar pocket (Figs 1 and 5). In T. cruzi
(Porto-Carreiro et al., 2000) and apparently in Crithidia fascicu-
lata (Brooker, 1971b) the cytostome is a site of endo- and

pinocytosis. In free-living kinetoplastids, the cytostome leading
to the cytopharynx, in conjunction with the anterior flagellum,
is used for phagotrophic feeding on bacterial prey. Early micros-
copy analyses indicate extensive distension of the feeding appar-
atus in order to ingest large prey (Brooker, 1971a; Burzell, 1973,
1975). Enzymatic machinery necessary for digestion of complex
macromolecular structures from live prey is considered to have
been lost at an early point following divergence of the last com-
mon trypanosomatid ancestor (Skalický et al., 2017), coincident
with the advent of obligate osmotrophy but also indicating that
fortuitous uptake of a bacterium by a cytostome-bearing trypano-
somatid would not necessarily be followed by its digestion.

Although clearly absent from African trypanosomes and
Leishmania (Skalický et al., 2017), a paucity of data cannot

Fig. 5. Relative positions of flagella, cytostome, cytopharynx and other cellular features in free-living Bodo and Cryptobia kinetoplastids. Images were adapted from
original drawings in Figs 4–6 from Brugerolle et al. (1979). Abbreviations (translated from the original French): Cr, oral ridge; Fas, ‘microtubule fibre’ associated with
the ‘striatal plaque’; Fd, ‘dorsal fibre’; Fr, recurrent flagellum; Fv, ‘ventral fibre’; Fa, anterior flagellum; G, Golgi; K, kintetoplast; M, mitochondrion; mb, microbodies;
mtr, ‘reinforced microtubules; N, nucleus; Pf, flagellar pocket; Vc, contractile vacuole; Vd, food vacuole.
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yet allow insight into how often and when the cytostome–cyto-
pharynx was lost during trypanosomatid evolution. Whilst this
organelle complex has never been seen from detailed ultrastruc-
tural analyses of extant strigomonads (Bombaça et al., 2017;
Loyola-Machado et al., 2017) or analysis of Phytomonas sp. (e.g.
Postell and McGhee, 1981; Milder et al., 1990) and functionality
of the Crithidia ‘cytostome’ has not, to our knowledge been revis-
ited since the early 1970s, the critical questions are whether an
ancestral cytostome was present and could have played a role in
endosymbiont uptake by strigomonad and/or novymonad ances-
tors. A cytostome–cytopharynx is retained in the basal trypanoso-
matid Paratrypanosoma confusum (Skalický et al., 2017); coupled
to the monophyly of the trypanosomes, plus the relatively close
relationship between the leishmanias and C. fasciculata, the pat-
tern of organelle degeneration and thence loss was likely complex.
The observation that cytostome–cytopharynx assembly in T. cruzi
is stage-regulated (Vidal et al., 2016) also leaves open the possibil-
ity of a cryptic or hidden cytostome in other extant trypanosoma-
tids. Thus, cell entry via a cytostome is a plausible route for the
acquisition of Novymonas or strigomonad endosymbionts.

To consider alternative acquisition routes, a hypertrophied
mitochondrion is a diagnostic trait for the Strigomonadinae and
its invasion of the spacing between sub-pellicular microtubules
(Fig. 3C) is often considered to be a consequence of endosymbi-
osis with the ATP requirements of the endosymbiont driving
mitochondrial expansion and an increased rate of energy gener-
ation by the host cell. Looser organization of the kinetoplast, rela-
tive to other trypanosomatids, is another strigomonad-specific
characteristic (Teixeira et al., 2011; Votýpka et al., 2014), conceiv-
ably facilitates high rates of mitochondrial gene expression, and,
thus, potentially an enhanced capacity for oxidative phosphoryl-
ation relative to some other trypanosomatids (careful, cross-
species quantitative assessment of metabolic rate as a function
of growth rate(s) under equivalent conditions will be necessary
to determine if this is the case). Considered less often, however,
is the possibility that mitochondrial hypertrophy and/or disrup-
tion of sub-pellicular microtubule spacing preceded endosymbi-
ont acquisition. In this instance, a release of constraints on
plasma membrane invagination would facilitate another route
for endosymbiont uptake in the ancestor of the Strigomonadinae.

Looking further at the influence(s) of mitochondrial hyper-
trophy, rather than the endosymbiont itself might exert on host
cell biology, then another strigomonad synapomorphy is the
extensive reduction of paraflagellar rod (PFR) architecture. This
results in a vestigial structure extended along only the proximal
third of the axoneme (Gadelha et al., 2006). Reductive PFR evo-
lution was driven, at least in part, by the loss of genes encoding
the major PFR2 protein. The extreme alteration of PFR form is
intriguing not least because of the essentiality of this flagellar
structure in other trypanosomatids (Maga et al., 1999; Ginger
et al., 2013; Lander et al., 2015). If the view that the PFR provides
an important function in maintaining intraflagellar nucleotide
homeostasis is correct (Pullen et al., 2004; Ginger et al., 2008),
then a significant increase to the efficiency of mitochondrial
ATP production in strigomonads could have provided a selective
driver for the enigmatic reduction of PFR form seen in this trypa-
nosomatid group.

Mitochondrial hypertrophy is not so evident in Novymonas
with sub-pellicular microtubules having a spacing reminiscent
of that found in most trypanosomatids. Acquisition of its sym-
biont is thus unlikely to have occurred via invagination of the
plasma membrane. Sessile N. esmeraldas choanomastigotes, how-
ever, attach to surfaces via their flagellum and attached in this way
exhibit a drastically altered flagellum structure (Fig. 3D) reminis-
cent of the flagellum surface attachment remodelling seen also in
P. confusum (Skalický et al., 2017). In scanning electron

micrographs of detached N. esmeraldas choanomastigotes
(Fig. 3D; inset) the altered flagellum morphology hints at a more
open flagellar pocket collar through which a flagellum
membrane-attached bacterium could putatively be ingested.

Endosymbioses within free-living phagotrophic
kinetoplastids

There is currently sparse data with regard to endosymbionts and
their role(s) in free-living phagotrophic kinetoplastids. This is not
surprising given that attention to their molecular cell biology
using modern approaches is only recently forthcoming (Gomaa
et al., 2017). However, constraints that leave the conundrum of
how at least two trypanosomatids acquired their endosymbionts –
arrayed sub-pellicular microtubules; a closed flagellar pocket – are
not conspicuous among free-living kinetoplastids. Plus, there are
likely significant insights to be made with regard to niche adapta-
tion and exploitation; anoxic environments provide an obvious
example with kinetoplastids being one of the few protist groups
for which there is only limited evidence of adaptation (Priya
et al., 2008). The current lack of known anaerobic kinetoplastids
contrasts with observations of obligately aerobic metabolism in try-
panosomatid and Bodo saltans genomes that nonetheless showcases
several anaerobic hallmarks (Michels et al., 1997; Annoura et al.,
2005; Opperdoes et al., 2016).

Surveying the literature indicates that the presence of endo-
symbiotic bacteria is not an obligate characteristic of free-living
kinetoplastids, e.g. an absence from Rhynchomonas metabolita
(Burzell, 1973). When present, however, endosymbionts are
found in the anterior region of the cytoplasm or in close proxim-
ity to the nucleus of other kinetoplastids, albeit far from the pos-
terior cell region that tends to be dominated by food vacuoles
containing bacteria ingested via the cytostome–cytopharynx
(Fig. 2) (Brooker 1971a; Burzell, 1975; Vickerman, 1977). Likely
bacterial epibionts have been noted on the surface of Cryptobia
vaginalis (Vickerman, 1977) and in others endosymbiont multi-
plication keeps pace with host cell division and a reduced peptido-
glycan layer of the endosymbiont cell wall is in evidence, again
indicative of the establishment of long-term endosymbioses.

Only distantly related to the kinetoplatids, but nonetheless of
interest, another clade of euglenozoans – Symbiontida – is char-
acterized by a dense layer of ectosymbiotic bacteria, present on
their surface. This poorly studied group of flagellates, consisting
of only three known species, inhabit low-oxygen sea environ-
ments. The function of the ectosymbionts is not known
(Yubuki et al., 2013).

Perkinsela: the enslaved kinetoplastid

The ancestor of Perkinsela, which is most closely related to the
fish ectoparasite Ichthyobodo, is thought to have diverged early
in kinetoplastid evolution (Fig. 1). Extant Perkinsela is an obligate
endosymbiont of lobose amoebae genus Paramoeba (phylum
Amoebozoa), which are pathogenic to a variety of marine ani-
mals, including farmed fish. GC-content in Perkinsela is not
reduced in comparison with other sampled kinetoplastids
(Tanifuji et al., 2017) even though the Perkinsella–Parmoeba
endosymbiosis is a long time established association (Sibbald
et al., 2017). In contrast, gene content of Perkinsela is significantly
reduced in comparison with free-living B. saltans and parasitic
trypanosomatids – 5252 protein-coding genes in Perkinsela vs
18 943 genes in B. saltans; 6381 in Phytomonas sp.; 9068 in T.
brucei (although this includes expansion of its critical antigenic
variant surface glycoprotein gene repertoire); and 8272 genes in
Leishmania major. This reductive evolution reflects the secondary
loss of much of the cell biology that characterizes kinetoplastid
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cell form (Tanifuji et al., 2017). Ichthyobodo, in contrast, displays
the biflagellate morphology typical of non-trypanosomatid kine-
toplastids (Grassé, 1952).

Lost from the genome of Perkinsela are all the genes required
for basal body/flagellum assembly and architecture, together with
an absence of genes encoding homologues of trypanosomatid
cytoskeletal proteins. The absence of sub-pellicular microtubules
relieves the constraints on the surface siting of endocytosis and
leaves the endosymbiont able to readily ingest cytoplasm from
the host (Tanifuji et al., 2017). Metabolism of Perkinsela is also
minimized: glycolysis occurs but obvious metabolic routes from
pyruvate to acetyl-CoA are lacking; a truncated Krebs’ cycle run-
ning from α-ketoglutarate to oxaloacetate likely uses a
(host-derived) glutamate carbon source and provides electrons
to fuel a mitochondrial respiratory chain truncated by the loss
of complex I (NADH:ubiquinone oxidoreductase). It is likely
that the benign environment offered by the Paramoeba host,
with respect to carbon provision, facilitates the reductive evolu-
tion of intermediary metabolism. An absence of sterol metabol-
ism potentially reflects either absence of sterol from
endosymbiont membranes (similar to a few other eukaryotes)
or a possibility that the host provides an easy availability of the
ergosta- and stigmasta-type sterols found in other amoebozoans
and trypanosomatids (Raederstorff and Rohmer, 1985; Nes
et al., 1990; Roberts et al., 2003). A lack of sugar nucleotide bio-
synthesis possibly indicates a reduced requirement for protein gly-
cosylation or limited need for investment in a protective cell
surface glycocalyx.

Benefits arising from an intracellular lifestyle for Perkinsela are
clear, although this is not to suggest that the lifestyle is lazy: the
kinetoplastid makes a huge investment in RNA editing, perhaps
as a consequence of the neutral evolutionary ratchet discussed
by Lukeš (2011), for the expression of the six (essential) respira-
tory chain components encoded on the mitochondrial genome
(David et al., 2015) and the nuclear genome hints at the presence
of a sexual cycle that is perhaps integrated within that of its host
(Tanifuji et al., 2017).

Apart from Paramoeba and Perkinsela, all known endosym-
bioses involving only eukaryotes bring the provision of photosyn-
thesis to the host partner (David et al., 2015). What Parameoba
derives from its unusual endosymbiont is currently a mystery
and a source only for speculation.

Concluding remarks

Endosymbiosis is a feature of kinetoplastid evolution. Several case
examples provide tractable opportunities to understand how, at
the host–endosymbiont interface, long-lasting endosymbiotic
relationships become established in microbial eukaryotes and
leave other questions that will likely be more challenging to
address. Of the latter, until more robust culture systems for
Paramoeba are forthcoming, it will be difficult to establish what
Perkinsela provides for its host. Similarly, without relevant traits
being revealed in continuing surveys of trypanosomatid diversity,
the chronology and interplay between endosymbiont acquisition,
mitochondrial hypertrophy, altered kinetoplast structure and PFR
reduction cannot realistically be addressed. However, we now
work in an era of easy next-generation sequencing. Thus, parallel-
ing combined genomic, transcriptomic and proteomic studies of
environmentally sourced protists such as the breviate Lenisia
limosa (Hamann et al., 2016), there is much scope to reveal
what endosymbionts (and epibiotic bacteria) contribute to free-
living kinetoplastid hosts. Similarly, and in contrast to many
other examples of protists with endosymbionts, the tractability
of trypanosomatids towards genetic manipulation (Morales
et al., 2016b) leaves huge opportunity to dissect at a molecular

level the regulatory influences on endosymbiont growth and div-
ision in strigomonads and Novymonas. Genetic tractability also
provides the means to probe the extent to which protein targeting
from host-to-symbiont (and perhaps vice versa) also eclipses the
biology of trypanosomatid–endosymbiont associations.
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Abstract

Background: Photosynthetic euglenids are major contributors to fresh water ecosystems. Euglena gracilis in particular
has noted metabolic flexibility, reflected by an ability to thrive in a range of harsh environments. E. gracilis has been a
popular model organism and of considerable biotechnological interest, but the absence of a gene catalogue has
hampered both basic research and translational efforts.

Results: We report a detailed transcriptome and partial genome for E. gracilis Z1. The nuclear genome is estimated to be
around 500Mb in size, and the transcriptome encodes over 36,000 proteins and the genome possesses less than 1%
coding sequence. Annotation of coding sequences indicates a highly sophisticated endomembrane system, RNA
processing mechanisms and nuclear genome contributions from several photosynthetic lineages. Multiple gene families,
including likely signal transduction components, have been massively expanded. Alterations in protein abundance are
controlled post-transcriptionally between light and dark conditions, surprisingly similar to trypanosomatids.

Conclusions: Our data provide evidence that a range of photosynthetic eukaryotes contributed to the Euglena nuclear
genome, evidence in support of the ‘shopping bag’ hypothesis for plastid acquisition. We also suggest that euglenids
possess unique regulatory mechanisms for achieving extreme adaptability, through mechanisms of paralog expansion
and gene acquisition.

Keywords: Euglena gracilis, Transcriptome, Cellular evolution, Plastid, Horizontal gene transfer, Gene architecture, Splicing,
Secondary endosymbiosis, Excavata

Introduction
Euglena gracilis, a photosynthetic flagellate, was first de-
scribed by van Leeuwenhoek in 1684 [1]. There are over
250 known species in the genus Euglena, with around 20
predominantly cosmopolitan, including E. gracilis [2–5].
Euglena spp. are facultative mixotrophs in aquatic envi-
ronments [6] and many possess a green secondary
plastid derived by endosymbiosis of a chlorophyte algae
[7]. Amongst the many unusual features of euglenids are

a proteinaceous cell surface pellicle [8] and an eyespot
[9–14]. Euglenids, together with kinetoplastids, diplone-
mids and symbiotids, form the Euglenozoa subgroup of
the Discoba phylum [15]. Kinetoplastids are best known
for the Trypanosoma and Leishmania lineages [15], im-
portant unicellular parasites, while diplonemids have
been little studied, yet represent one of the most abun-
dant and diverse eukaryotic lineages in the oceans [16].
E. gracilis is thus of importance due to evolutionary

history, divergent cellular architecture, complex metab-
olism and biology, together with considerable potential
for biotechnological exploitation [17]. However, the full
complexity of euglenid biology remains to be revealed,
and the absence of a complete genome sequence or an-
notated transcriptome has greatly hampered efforts to
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study E. gracilis or to develop genetic tools [17, 18]. Two
transcriptomes have been published, one derived from
cells grown in light and dark conditions plus rich versus
minimal media [17] and a second examining the impact
of anaerobic conditions on gene expression [19]. For the
most part, these studies focused on the biosynthetic
properties of E. gracilis and not cellular systems or as-
pects of protein family evolution. Most recently, a study
of low molecular weight RNA populations identified
over 200 snoRNAs [20].
Comparisons between euglenozoans such as the

free-living bodonids, early-branching trypanosomatids
(Paratrypanosoma confusum), and parasitic forms have
uncovered many genetic changes associated with parasit-
ism [21–24]. Both the cell surface and flagellum of eu-
glenoids are of significant importance to life cycle
development, interaction with the environment and, for
parasitic trypanosomes, pathogenesis and immune eva-
sion [25, 26]. The surface macromolecules of trypanoso-
matids are highly lineage-specific with roles in life cycle
progression [23, 27–31], but it remains to be determined
to what extent E. gracilis shares surface proteins or other
aspects of biology with the trypanosomatids or how cel-
lular features diverge. Such information is invaluable for
determining how parasitism arose in the kinetoplastids.
E. gracilis produces a wide range of secondary metabo-

lites, and many of which are of potential commercial
value [17]. Furthermore, E. gracilis is of considerable
promise for biofuel production [32–34], and extremely
resistant to conditions such as low pH and high metal
ion concentrations, fueling interest as possible sentinel
species or bioremediation agents [19, 35–37]. In parts of
Asia, E. gracilis is cultivated as an important food sup-
plement [38].
E. gracilis possesses a complex genome, with nuclear,

plastid and mitochondrial components, an overall archi-
tecture known for decades. The coding potential of the
mitochondrial genome is surprisingly small [39, 40],
while the plastid is of more conventional structure [41].
The plastid is the result of a secondary endosymbiotic
event, which is likely one of several such events occur-
ring across eukaryotes [42]. Uncertainties concerning
the origins of the plastid have remained, and not least of
which has been the presence of genes from both red and
green algae in the E. gracilis nuclear genome [19, 43].
Such a promiscuous origin for photosynthetic genes is
not restricted to the euglenids and has been proposed as
a general mechanism, colloquially the ‘shopping bag’
hypothesis, whereby multiple endosymbiotic events are
proposed and responsible for the range of genes
remaining in the nuclear genome, providing a record of
such events and collecting of genes, but where earlier
symbionts have been completely lost from the modern
host [44].

The E. gracilis nuclear genome size has been estimated
as in the gigabyte range [45–48] and organization and
intron/exon boundaries of very few genes described
[49–54]. In the kinetoplastids, unusual transcriptional
mechanisms, involving the use of trans-splicing as a near
universal mechanism for maturation of protein-coding
transcripts and polycistronic transcription units, have
been well described. As E. gracilis supports multiple spli-
cing pathways, including conventional and
non-conventional cis- [52, 53] and trans-splicing [55],
there is scope for highly complex mechanisms for con-
trolling expression, transcription and mRNA maturation
[56], but how these are related to kinetoplastids is
unclear.
We undertook a polyomic analysis of the Z1 strain of

E. gracilis to provide a platform for improved under-
standing of the evolution and functional capabilities of
euglenids. Using a combination of genome sequencing,
together with pre-existing [17] and new RNA-seq ana-
lysis, proteomics and expert annotation, we provide an
improved view of E. gracilis coding potential and gene
expression for greater understanding of the biology of
this organism.

Results and discussion
Genome sequencing of Euglena gracilis
We initiated sequencing of the E. gracilis genome using
Roche 454 technology. The early assemblies from these
data indicated a large genome in excess of 250Mb and
that data coverage was low. We turned to the Illumina
platform and generated data from multiple-sized librar-
ies, as well as a full lane of 150 bp paired-end sequences.
These data were assembled as described in methods and
as previously [48] and latterly supplemented with PacBio
data generously donated by colleagues (Purificatión
Lopéz-García, David Moreira and Peter Myler, with
thanks). The PacBio data however failed to improve the
assembly quality significantly, presumably due to low
coverage.
Our final draft genome assembly has 2,066,288 se-

quences with N50 of 955 (Table 1), indicating significant
fragmentation. The estimated size of the single-copy
proportion of the genome is 140–160 mb and the esti-
mated size of the whole haploid genome is 332–500 mb.
This is consistent with several estimates from earlier
work (e.g. [57]), albeit based here on molecular sequence
data rather than estimates of total DNA content. Using
the core eukaryotic genes mapping approach (CEGMA)
[58], we estimate that the genome assembly, or at least
the coding sequence proportion, is ~ 20% complete.
Hence, this assembly could only support an initial ana-
lysis of genome structure and is unable to provide a full
or near full open reading frame catalog (Table 2). The
heterozygosity, size and frequency of low complexity
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sequence hampered our ability to assemble this dataset
(see the “Materials and Methods” section for more de-
tails). The size and frequency of low-complexity se-
quence clearly precluded assembly of our dataset from
Illumina reads, and significantly, PacBio data had no sig-
nificant impact on assembly quality. Due to the large
proportion of low-complexity sequence, any estimate for
the size of the genome is very much an approximation.
Restricting analysis to contigs > 10 kb, where some fea-

tures of overall gene architecture could be inferred, we
identified several unusual aspects of genome structure
(Table 3, Fig. 1, Additional file 1: Figure S1). These con-
tigs encompassed about 22Mb of sequence, but with

Table 1 Statistics of genome assembly

Parameter

Number of sequences 2,066,288

Median sequence length 457

Mean sequence length 694

Max sequence length 166,587

Min sequence length 106

No. sequence > 1kbp 373,610

No. sequence > 10kbp 1459

No. sequence > 100kbp 2

No. gaps 0

Bases in gaps 0

N50 955

Combined sequence length 1,435,499,417

Following the assembly process, over two million sequences were retained,
with a median sequence length of 457 bp

Table 2 CEGMA analysis of selected datasets

Assembly Organism Gene status Prots %Completeness Total Average %Ortho

Genome E. gracilis Complete 22 8.87 37 1.68 54.55

Partial 50 20.16 89 1.78 56

T. brucei Complete 196 79.03 259 1.32 24.49

Partial 205 82.66 282 1.38 28.29

L. major Complete 194 78.23 220 1.13 11.34

Partial 204 82.26 245 1.2 15.69

Transcriptome E. gracilis Complete 187 75.4 390 2.09 65.78

Partial 218 87.9 506 2.32 69.72

T. brucei Complete 190 76.61 393 2.07 60

Partial 205 82.66 448 2.19 63.41

L. major Complete 133 53.63 275 2.07 64.66

Partial 194 78.23 405 2.1 64.43

Comparisons for CEGMA scores between E. gracilis, T. brucei and L. major as an estimate of ‘completeness’ based on 248 CEGs. Prots number of 248 ultra-
conserved CEGs present in genome, %Completeness percentage of 248 ultra-conserved CEGs present, Total total number of CEGs present including putative
orthologs, Average average number of orthologs per CEG, %Ortho percentage of detected CEGs that have more than 1 ortholog, Complete those predicted
proteins in the set of 248 CEGs that when aligned to the HMM for the KOG for that protein family, give an alignment length that is 70% of the protein length. i.e.
if CEGMA produces a 100 amino acid protein, and the alignment length to the HMM to which that protein should belong is 110, then we would say that the
protein is “complete” (91% aligned), Partial those predicted proteins in the 248 sets that are incomplete, but still exceeds a pre-computed minimum alignment
score. Keys are as described [58]

Table 3 Characteristics of contigs assembled with length
exceeding 10 kb

Contigs Total contigs analysed > 10 kb 1459

Total nucs in contigs analysed 22 Mb

Contigs with CDS 53

Percent contigs with CDS 3.6

CDS Number analysed 135

Average length 3790

Total length 481,369

Exons Number of exons analysed 421

Average Length 174.54

Median Length 112

Total Length 73,482

Average per predicted CDS 3.85

Introns Total introns analysed 271

Average length 1027.14

Median length 598

Total length 278,354

Introns per predicted CDS 2.01

Number/percent conventional 218/80.1

Number/percent intermediate 30/11.1

Number/percent non-conventional 23/8.5

Percent nucleotides in CDS (exon) 0

The contigs were ranked by size and those exceeding 10 kbp extracted and
analyzed for length, coding sequence, exon structure and other features
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only 135 genes predicted based on Exonerate [59], this
suggests an extremely low gene density of < 1%, similar
to that in Homo sapiens. In those contigs that possess
predicted coding sequence, there was frequently more
than one open reading frame (ORF), suggesting gene
clusters present within large expanses of non-coding se-
quence (e.g. Contig11343926, Fig. 1c), but with the cav-
eat that we have sampled a very small proportion of
total ORFs (Table 3). It is also possible that some genes
were not predicted due to absence of expression under
the conditions we used for RNA-seq, though we con-
sider this likely a minor contribution as multiple cultur-
ing conditions were included within the final RNA-seq
dataset (see below). Most identified genes are predicted
to be cis-spliced and most introns are conventional, with

a smaller proportion of intermediate and non-
conventional splice sites (consistent with [57]). Some in-
trons appear very large compared to the coding se-
quence contained between them (Contig 1102348,
Transcript 588, Fig. 1d). Furthermore, some genes are
apparently unspliced (Fig. 1a; Contig 056576, Transcript
109) and there is evidence for alternate splicing (Fig. 1b;
Contig 1193787, Transcripts 326, 454 and 524). Evidence
for alternate spicing was described earlier [19], but it
was based on RNA-seq data without a genomic context,
unlike here. The near complete absence of cis-splicing
from bodonids and trypanosomatids clearly reflects loss
post-speciation of these lineages from euglenids and re-
moved a considerable mechanism for generation of
proteome diversity [60]. The biological basis for the

A

B

C

D

Fig. 1 a–d Euglena gracilis exon structure. The predicted gene structure of several selected contigs is shown, including the mapped transcripts (red),
predicted splice sites and intergenic regions. Note that transcripts 524 and 326, (panel b) which encompass essentially the same portions of the genome,
demonstrate possible differential exon inclusion, indicating differential open reading frame organisation and possible alternate splicing. Black boxes
indicate exons, with predicted splice site dinucleotides indicated above. Transcripts are shown as arrows with the arrowhead indicating the predicted
direction of transcription. Protein product annotations are indicated in parentheses. Contig sizes are shown in kilobase; note that each contig is not drawn
to the same scale. Further examples of predicted contig gene organisation are given in Additional file 1: Figure S1
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extreme genome streamlining in the trypanosomatids
versus Euglena is unclear.
We also sequenced and assembled an E. gracilis tran-

scriptome using a combination of in-house generated se-
quence and publicly available data [17]. This strategy
had the advantage of focusing on coding sequence, as
well as including data from multiple environmental con-
ditions (see [17], which used dark, light conditions and
rich or minimal media and data from here that used dis-
tinct media and also light and dark conditions), to in-
crease the likelihood of capturing transcripts, and
represents a third analysis, albeit incorporating raw
reads from previous work [17].
Over 32,000 unique coding transcripts were predicted

by [17], which compares well with this new assembly
and which accounted for 14Mb of sequence overall. Of
these transcripts, approximately 50% were annotatable
using UniRef, and over 12,000 were associated with a
GO term. In a second report, Yoshida et al. [19], assem-
bled 22Mb of coding sequence within 26,479 likely
unique components, with about 40% having assignable
function based on sequence similarity to Swiss-Prot.
The total number of coding sequence nucleotides in our

new assembly was > 38Mb, with a mean length of 869
bases and 36,526 unique coding sequences (Table 4). This
is a significant improvement over 391 bases reported by
[17], and comparable to [19], albeit with a significant in-
crease in total sequence assembled. Transcriptome cover-
age of ORFs was, as expected, significantly superior to the
genome, and CEGMA indicated 87.9% recovery (the Try-
panosoma brucei genome is 82.66%) (Tables 2 and 4).
We also compared the completeness of our transcrip-

tome with the two published transcriptomes of E. graci-
lis [17, 19]. We used TransDecoder (v2.0.1) [61] to
translate nucleotide transcripts to proteins and then ex-
cluded duplicated proteins with CD-HIT utility (v4.6)
with standard parameters [62]. The final comparison,

made by BUSCO (v2.0.1) [63] with the eukaryotic data-
base, is shown as Additional file 1: Figure S12. Note that
all three studies report similar statistics, including con-
cordance in the cohort of BUSCOs not found; these may
have failed to be detected or genuinely be absent. Given
that 19 BUSCOs were not found in concatenated data
(i.e. all three assemblies), with between four to eight
missing BUSCOs specific to individual assemblies, it is
highly likely that these datasets are robust while also in-
dicating saturation in terms of achieving ‘completeness’,
together with possible limitations with BUSCO for diver-
gent species such as E. gracilis.
Comparisons between genome and transcriptome

assembly sizes confirmed the very small coding com-
ponent, with genome contigs containing significantly
less than 1% coding sequence, despite the total num-
ber of E. gracilis ORFs (36526) being two to three
times greater than Bodo saltans (18963), T. brucei
(9068) or Naegleria gruberi (15727) [64–66]. This is
in full agreement with earlier estimates of genome
versus transcriptome size [17] as well as estimates of
the proportion of coding and total genomic sequence
discussed above. This is also similar to other large ge-
nomes and, specifically, Homo sapiens. Blast2GO and
InterProScan annotated over 19,000 sequences with
GO terms, a proportion similar to previous reports
(Additional file 1: Figure S2, [17, 19]).
In addition to the formal analysis and calculation of

the numbers of unique sequences, our annotation of the
transcriptome adds additional confidence that the data-
set is a good resource:

(i) Most expected metabolic pathways could be
reconstructed, with very few exceptions,

(ii) Major known differences between kinetoplastids
and Euglena were identified, supporting sampling to
a deep level,

Table 4 Assembly statistics for the transcriptome

Transcripts Coding sequence (CDS) Proteins

Number of sequences 72,509 Number of sequences 36,526 Number of proteins 36,526

Median sequence length 540 Median sequence length 765 Median protein length 254

Mean sequence length 869 Mean sequence length 1041 Mean protein length 346

Max sequence length 25,763 Max sequence length 25,218 Max protein length 8406

Min sequence length 202 Min sequence length 297 Min protein length 98

No. sequence > 1kbp 19,765 No. sequence > 1kbp 13,991 No. proteins > 1kaa 1290

No. sequence > 10kbp 25 No. sequence > 10kbp 24 N50 471

No. sequence > 100kbp 0 N50 1413

No. gaps 0 Combined sequence length 38,030,668

Bases in gaps 0

N50 1242

Combined sequence length 63,050,794

Ebenezer et al. BMC Biology           (2019) 17:11 Page 5 of 23

139



(iii)For most analyzed protein complexes, all subunits
or none were identified, indicating that partial
coverage of components is likely rare.

Overall, we conclude that the transcriptome is of suffi-
cient quality for robust annotation and prediction and
encompasses more than previous datasets.

Post-transcriptional control of protein expression
Trypanosomatids exploit post-transcriptional mechanisms
for control of protein abundance, where essentially all
genes are produced from polycistronic transcripts via
trans-splicing. To improve annotation and investigate
gene expression in E. gracilis, we conducted comparative
proteomic analysis between light and dark-adapted E. gra-
cilis but retained in the same media and temperature. Pre-
vious work suggested that control of protein abundance
may be post-transcriptional [67, 68], but analysis was lim-
ited and did not consider the entire proteome, while a sep-
arate study identified some changes to mRNA abundance

under low oxygen tension [19]. Under these
well-controlled conditions, however, significant changes to
the proteome were expected. We confirmed by UV/VIS
spectroscopy and SDS-PAGE that photosynthetic pig-
ments were lost following dark adaptation and that ensu-
ing ultrastructural changes, i.e. loss of plastid contents,
were as expected (Additional file 1: Figure S3). Total pro-
tein extracts were separated by SDS-PAGE with 8661 dis-
tinct protein groups (representing peptides mapping to
distinct predicted ORFs, but which may not distinguish
closely related paralogs) identified. Ratios for 4681 protein
groups were quantified (Additional file 2: Table S1) in-
cluding 384 that were observed in only one state (232 in
light and 152 in dark). In parallel, we extracted RNA for
RNA-seq analysis; comparing transcript hits with protein
groups identified 4287 gene products with robust infor-
mation for both protein and RNA abundance.
Correlations between changes to transcript and protein

abundance were remarkably poor (Fig. 2, Additional file 1:
Figure S3, Additional file 2: Table S1), consistent with

Fig. 2 Expression level changes induced by light are mainly post-transcriptional. Alterations to the transcriptome and proteome in response to
ambient light or complete darkness were analysed using RNA-seq and SILAC/LCMS2 proteomics respectively. Data are plotted for individual
transcripts/polypeptides as the log10 ratio between the two conditions, light (L) and dark (D), with protein on the y-axis and RNA on the x-axis.
The presence of a number of proteins that were detected exclusively under one or other condition (hence infinite ratio) are indicated in green
(for light) and blue (for dark). With the exception of a few transcripts, which are plastid encoded (green dots), there is little alteration to RNA
abundance, but considerable changes to protein levels. Raw data for transcriptome/proteome analysis are provided in Additional file 3
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some much smaller earlier studies [67, 68] and broadly
with the more extensive study reported in [19]. BLAST
analysis revealed that those transcripts where differential
abundance did correlate with protein abundance are
encoded by the chloroplast genome, including several
photosystem I proteins, i.e. P700 chlorophyll apoprotein
A1, the large subunit of ribulose-1,5-bisphosphate carb-
oxylase/oxygenase (RuBisCO) and chloroplast encoded
EF-Tu. Nuclear elongation factors are not influenced by
switching growth conditions from dark to light [69], con-
sistent with our finding of no differential expression of nu-
clear EF-1α, while both the chloroplast EF-Tu protein and
corresponding transcript (EG_transcript_1495) are highly
upregulated by light. This absence of transcriptional con-
trol for proteome changes between these two conditions is
highly similar to that reported for the kinetoplastids, des-
pite the presence of widespread cis-splicing and a sparse
genome that likely precludes extensive polycistronic tran-
scription. It remains to be determined if this is a general
feature for E. gracilis or only for certain environmental
cues; a cohort of genes are strongly impacted at the RNA
level when comparing aerobic to anaerobic transcripts for
example, but in that instance none of these transcripts
were plastid-encoded nor was a protein analysis per-
formed [19].

Ancestry of Euglena gracilis genes
We used two different approaches to analyze the evolu-
tionary origin of genes predicted from the E. gracilis
transcriptome. Firstly, we used OrthoFinder [70] to iden-
tify E. gracilis ortholog gene families shared across eu-
karyotes and those restricted to specific taxonomic
groupings (Fig. 3a, Additional file 1: Figure S4). As ex-
pected, the largest proportion was represented by all su-
pergroups and dominated by core metabolic, structural
and informational processes, consistent with previous
work [19]. A second cohort is shared between E. gracilis
and other excavates. These classes are broadly within the
relative frequencies of previous analyses of excavate ge-
nomes [19, 71]. A third cohort represents nuclear trans-
fer of endosymbiotic genes from acquisition of the
plastid, and consequently, the genome is a complex mo-
saic as all eukaryotic genomes also harbour genes driven
from the mitochondrial endosymbiont. GO terms associ-
ated with orthogroups indicated increased frequency of
regulatory function genes in green/secondary plastid
orthogroups (Additional file 1: Figure S2). Previous tran-
scriptome studies reported the presence of
pan-eukaryotic genes and cohorts shared with kineto-
plastids and plants [17, 19], but these were not analyzed
in detail, and specifically did not determine which plant
taxa were acting as potential gene donors. This is im-
portant in terms of understanding the origins of the Eu-
glena plastid and where earlier data suggested the

presence of a diverse set of genes from at least green,
red and brown algae ([43, 72]). Particularly relevant here
is that plastid acquisition in euglenoids is relatively re-
cent [73].
To address this question, we employed a second ap-

proach, in which we performed exhaustive analysis to es-
tablish phylogenetic ancestry of individual proteins from
the predicted Euglena proteome by generating
single-protein phylogenies. Unlike the analyses of
orthogroup sharing, this second approach can be used
only for a subset of proteins with a sufficiently robust
phylogenetic signal, but also allows determination of the
gene ancestry; moreover, this is applicable for members
of complex gene families. From all predicted E. gracilis
proteins only 18,108 formed reliable alignment (> 75 po-
sitions) with more than two sequences from our custom
database, which comprised 207 taxa in total (Add-
itional file 3 Table S2) and was used for tree construc-
tion. In 4087 trees, E. gracilis formed a robust (bootstrap
support > = 75%) sister relationship with a taxonomically
homogeneous clade (Fig. 3b). Of these, 1816 (44%) were
related to one of the lineages of Excavata and 1420
(35%) were related specifically to kinetoplastids. This
major fraction represents mostly the vertically inherited
component of the genome. The largest non-vertical
component forms a group of 572 (14%) proteins related
to green plants and green algae, likely representing genes
acquired by endosymbiotic gene transfer from the Eu-
glena secondary chloroplast, but it should be noted that
the direction of transfer cannot be objectively deter-
mined. This category is followed by four groups related
to the algal groups: haptophytes, cryptophytes, ochro-
phytes and chlorarachniophytes. While many proteins
within the chlorarachniophyte group may represent
mis-assigned genes related to green algae, these rela-
tively large numbers related to the three brown-algal
groups (723 in total) suggests that these algae contrib-
uted considerably to the E. gracilis genome and that the
process of chloroplast endosymbiosis was complex (see
below). On the other hand, the number of proteins re-
lated to red algae and glaucophytes (50 and 53) is near
negligible. Proteins in groups shared with prokaryotes
(220) and non-photosynthetic eukaryotes, e.g. Metazoa
(149) and Amoebozoa (145), are most probably the re-
sult of horizontal gene transfers, differential gene losses
or artifacts caused by biased phylogenetic reconstruc-
tions or contaminations in the data sets used to con-
struct the custom database. The robust nature of our
analysis, being restricted to phylogenetically well-
resolved trees, provides an additional level of confidence
to the concept of multiple origins for LGT genes.
It was initially thought that plastid-possessing organ-

isms would overwhelmingly possess nuclear genes de-
rived by transfer from the endosymbiont corresponding
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Fig. 3 Euglena gracilis shares orthologs with a diverse array of lineages. Panel a (top): Histogram of E. gracilis orthologous groups clustering with selected
eukaryotic lineages as determined with OrthoFinder. The x-axis shows the number of orthogroups and y-axis shows the taxon groupings representative of
selected eukaryotic groups. Histogram bars highlighted in green indicate orthogroups shared with photosynthetic organisms. Panel a (lower): taxa sharing
orthogroups with E. gracilis, where black circles correspond to the presence of orthogroup members while light gray circles correspond to the absence of
orthogroup members in the genome. Black tie bars linking black circles are for clarity only. Eukaryotic taxon groupings are colored accordingly: gray, Euglena
and kinetoplastida; white, other members of the Excavata excluding Euglenozoa; brown, SAR, pink, red algae; light green, green algae; dark green, land
(vascular) plants and dark gray, Unikona. An expanded version of this figure, broken down by species is given as Additional file 1: Figure S4. Panel b: The
number of E. gracilis proteins that clustered (BS > 75%) in their single-protein phylogenetic tree with taxonomic group are indicated on the x-axis
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to the plastid currently present, but this has been chal-
lenged [74, 75]. While contributions from multiple algal
lineages could be explained by incomplete phylogenetic
sampling, this is also consistent with the ‘shopping bag’
hypothesis, which proposes an extended process of tran-
sient endosymbiosis and gene acquisition by the host
prior to the present configuration [44, 75] and which is
likely a quite general phenomenon and occurs in many
lineages. Our analysis strongly supports the concept of
sequential endosymbiotic events.

Expansive paralog families
Several orthogroups consist of an expansive cohort of E.
gracilis sequences, and a selected few were analyzed phylo-
genetically and annotated for protein architectural/domain
features (Additional file 1: Figure S5, Additional file 4: Table
S3). Firstly, highly significant in terms of size and evolution-
ary history is a family of nucleotidylcyclase III (NCIII)-do-
main-containing proteins widely distributed across
eukaryotes. In African trypanosomes, adenylate cyclases are
mediators of immune modulation in the mammalian host
[71]. One nucleotidylcyclase subfamily is restricted to kine-
toplastids and organisms with secondary plastids and con-
tains photosensor adenylate cyclases [12] that possess one
or two BLUF domains (blue light sensor) with a double
NCIII domain (Fig. 4). These nucleotidylcyclases are phylo-
genetically similar to the NCIII-family of N. gruberi [66]. A
second subfamily is pan-eukaryotic and possesses one
NCIII domain and several trans-membrane domains, a
HAMP (histidine kinases, adenylate cyclases, methyl-
accepting proteins and phosphatases) domain as well as
cache 1 (calcium channel and chemotaxis receptor) do-
mains. These domains are associated with proteins in-
volved, as their name implies, in signal transduction,
particularly chemotaxis [76, 77]. Again, this subfamily is
closely related to NCIII-family genes from N. gruberi. The
third subfamily represents a kinetoplastid cluster with
trans-membrane proteins and frequently also HAMP and
cache1 domains. This complexity indicates considerable
flexibility in nucleotidylcyclase evolution and that many
lineage-specific paralogs have arisen, with implications for
signal transduction, suggesting an extensive regulatory and
sensory capacity in E. gracilis.
A second example is a large protein kinase C-domain

containing a group of protein kinases, which also exhibit
extensive lineage-specific expansions in E. gracilis (sev-
eral orthogroups contained a very large number of E.
gracilis sequences, and a few selected were analysed
phylogenetically and annotated for architecture (Add-
itional file 1: Figure S5)). A third orthogroup possess a
signal receiver domain (REC) with clear lineage-specific
E. gracilis paralogs present (Additional file 1: Figure S5).
The E. gracilis members possess an H-ATPase domain,
which is distinct from the Per-Arnt-Sim (PAS) domain

present in many orthologs from other lineages. The
presence of independently expanded signaling protein
families in E. gracilis suggests both highly complex and
divergent pathways. These very large families likely
partly explain the expanded coding potential in E. graci-
lis, as well as provide some indication of how sensing
and adaptation to diverse environments is achieved.

Conservation and divergence of systems between E.
gracilis and kinetoplastids
To better understand the evolution of Euglena and its
relationship to free living and parasitic relatives, we se-
lected multiple cellular systems for detailed annotation.
These were selected based on documented divergence
between kinetoplastids and other eukaryotic lineages
and encompass features of metabolism, the cytoskeleton,
the endomembrane system and others (Additional file 5:
Table S4). Additional annotations of systems not dis-
cussed here are available in Additional file 5: Table S4
and provided in Additional file 6: Supplementary
analysis.
A unique feature of energy metabolism in kinetoplastids

is compartmentalisation of several glycolytic enzymes
within peroxisome-derived glycosomes and the presence
of additional enzymes for metabolism of the glycolytic
intermediate phospho-enolpyruvate to succinate [78]. Gly-
cosomes have been recently reported in diplonemids, the
second major euglenozoan group, suggesting an origin
predating kinetoplastida [79]. Using 159 query protein se-
quences for experimentally supported glycosomal T. bru-
cei proteins [80], we found candidate orthologs for the
majority, but based on the absence of detectable PTS-1 or
PTS-2 targeting signals, no evidence that enzymes linked
to carbohydrate metabolism are (glyco)peroxisomal. Of
the 159 queries, 49 are annotated as hypothetical or
trypanosomatid-specific and none had a detectable ortho-
log in E. gracilis (Additional file 5: Table S4). Collectively,
this suggests that peroxisomes in E. gracilis most likely
function in diverse aspects of lipid metabolism rather than
glycolysis or other aspects of carbohydrate metabolism
and distinct from kinetoplastids.
The surface membrane of E. gracilis is in close associ-

ation with a microtubule corset, and with some structural
similarity to the subpellicular array of trypanosomatids,
but with very unique architecture [81]. While the plasma
membrane composition of kinetoplastids is lineage-
specific, in terms of many major surface proteins and a
major contributor to host-parasite interactions [82], trans-
porters and some additional surface protein families are
more conserved. To compare with E. gracilis, we pre-
dicted membrane proteins using the signal peptide to-
gether with orthogroup clustering, which will encompass
both surface and endomembrane compartment constitu-
ents. Many genes have significant similarity to
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Fig. 4 (See legend on next page.)
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kinetoplastids (1103), B. saltans (32) or non-kinetoplastida
(487) (Additional file 7: Table S5). About 698 proteins
with a signal peptide appear to be E. gracilis specific, and
most of these are a single copy (87.5%), while there are
clear large families that possess conserved features (see
above). Notably, we were unable to identify a rhodopsin
homolog, in contrast to several biochemical analyses sug-
gesting the presence of retinal, the rhodopsin cofactor,
which has been interpreted as evidence for a
rhodopsin-like light sensor. It remains possible that the
euglenid rhodopsin was not represented in the transcrip-
tome or is too divergent to detect [83].
In common with B. saltans, E. gracilis has a distinct

class of amastin, a major kinetoplastid surface protein
and which arose from a single ancestor shared with the
last euglenozoan common ancestor (Additional file 1:
Figure S6). E. gracilis also possesses enzymes for the syn-
thesis of lipophosphoglycan (LPG), a glycoconjugate first
described in Leishmania and implicated in defense and
disease mechanisms, together with the pathways for syn-
thesis of GPI protein anchors and free lipids. These data
suggest that LPG predates the evolution of parasitism
and that the ancestral role was possibly more general,
for example, a defense against proteases or predation, or
in cell-cell/cell-substrate interactions. Significantly, gp63,
a major surface protein present in the vast majority of
eukaryotes and also involved in Leishmania pathogen-
esis, is absent and represents a secondary loss following
separation from the kinetoplastid lineage.
The endomembrane system is responsible for biosyn-

thesis, degradation and targeting of proteins and lipids
and can be considered as a proxy for intracellular com-
plexity. Compartments and transport routes can be pre-
dicted with accuracy based on the presence of genes
encoding proteins mediating these routes. Using such an
analysis, it has been predicted that the complexity of
endomembrane compartments in trypanosomatids is de-
creased compared with free-living bodonids [23, 84]. E.
gracilis possesses a relatively complete set of
membrane-trafficking proteins, extending this trend fur-
ther (Additional file 1: Figure S7). Two key adaptin fam-
ily complexes involved in vesicle coat formation and
post-Golgi transport, AP5 and TSET, are absent from
kinetoplastids, and while AP5 is also absent from E. gra-
cilis, a near complete TSET is present. Significantly,

endosomal pathways are predicted as more complex
than kinetoplastids, with multiple Rab7 (late endosome/
lysosome) and Rab11 (recycling endosome) paralogs, to-
gether with ER-associated paralogs for Rab1 (early an-
terograde transport) and Rab32, respectively. Rab32 may
also be associated with the contractile vacuole, an endo-
lysosomal organelle responsible for osmoregulation in
many freshwater protists, but these aspects of E. gracilis
biology remain to be explored.
In kinetoplastids, an unusual cytoskeletal element, the

bilobe, plays a central role in Golgi, flagellar pocket col-
lar and flagellum attachment zone biogenesis [74]. All of
the structural proteins (MORN1, RRP1, BILBO1,
Centrin-2 and Centrin-4) were found [85–90] (Add-
itional file 5: Table S4). Therefore, the potential for the
synthesis of a bilobe-like structure in E. gracilis is sup-
ported, although clearly experimental evidence is needed
for the presence of such a structure, but which suggests
an origin predating the kinetoplastids.
The considerable size of the E. gracilis genome and

complex splicing patterns suggests the presence of sophis-
ticated mechanisms for organizing chromatin, mRNA
processing and transcription [53, 57]. Furthermore, the E.
gracilis nucleus has somewhat unusual heterochromatin
morphology, with electron-dense regions appearing as nu-
merous foci throughout the nucleoplasm (Additional file 1:
Figure S8). Nucleoskeletal proteins related to lamins,
NMCPs of plants or kinetoplastid-specific NUP-1/2 are all
absent from E. gracilis, suggesting that anchoring of chro-
matin to the nuclear envelope exploits a distinct mechan-
ism [91]. Further, while much of the nuclear pore complex
(NPC) is well conserved across most lineages, orthologs
for DBP5 and Gle1, two proteins involved in mRNA ex-
port in mammalian, yeast and plant NPCs, but absent
from trypanosomes, are present. This is consistent with an
earlier proposal that the absence of DBP5/Gle1 is
connected to the loss of cis-splicing in kinetoplastids, but
indicates that this is not due to the presence of trans-
splicing per se as this is common to E. gracilis and the
kinetoplastids [92]. Finally, kinetochores, required for
engagement of chromosomes with the mitotic spindle, are
also highly divergent in trypanosomes (Additional file 1:
Figure S8) [93, 94]. Of the trypanosomatid kinetochore
proteins, only KKT19 and KKT10 are obviously present in
E. gracilis; as these are a kinase and phosphatase,

(See figure on previous page.)
Fig. 4 Large paralog gene families are present in the Euglena gracilis genome. Several orthogroups contain many E. gracilis paralogs. The phylogenetic
distribution of one large orthogroup, the nucleotidylcyclase III domain-containing proteins, is shown. Lineage groupings are colour coded: gray, all
eukaryotes (and collapsed for clarity); red, N. gruberi; amber, B. saltans; and green, E. gracilis. Clades containing only Euglena sequences are boxed in
green. Each sequence has been assigned a domain composition (colour gradient black to teal to blue), number of predicted trans-membrane
domains (colour coded red to orange to black gradient). To obtain this phylogenetic tree, sequences with likely low coverage (less than 30% of the
length of the overall alignment) were removed during alignment to avoid conflicting homology or artefact generation. Domain compositions
identified are nucleotidylcyclase III, BLUF, NIT, P-loopNTPase, HAMP and Cache1
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respectively, they may not be bona fide kinetochore pro-
teins in E. gracilis. Further, very few canonical kinetochore
proteins were found, suggesting possible divergence from
both higher eukaryote and trypanosome configurations.
Overall, these observations suggest unique mechanisms
operate in the E. gracilis nucleus, which may reflect transi-
tions between conventional kinetochores, lamins and nu-
clear pores into the more radical configuration present in
kinetoplastids. Additional systems are discussed in supple-
mentary material (Additional file 6).

The Euglena mitochondrion
In kinetoplastids, unique mitochondrial genome struc-
tures are present [95]. Typically, kinetoplastid mitochon-
drial genomes comprise ~ 40 copies of a maxicircle
encoding several mitochondrial proteins and several
thousand minicircles encoding guide RNAs for editing
maxicircle transcripts [40, 95]. In trypanosomatids, this
structure is attached to the flagellum basal body via a
complex cytoskeletal element, the tri-partite attachment
complex (TAC) [95]. We find no evidence for RNA edit-
ing in E. gracilis, nor for the TAC, both of which are
consistent with the presence of a mitochondrial genome
composed of only short linear DNA molecules and a
conventional mitochondrial mRNA transcription system
[39]. Specifically, only 16 of 51 proteins involved in RNA
editing in T. brucei [96] had reciprocal best BLAST hits,
and only one predicted protein contained a mitochon-
drial targeting signal. No homologs to TAC proteins
were found (Additional file 5: Table S4).
The E. gracilis mitochondrial proteome is predicted to

exceed 1000 proteins and encompasses 16 functional
categories (Additional file 1: Figure S9A). The kineto-
plastid mitochondrion possesses a non-canonical outer
mitochondrial membrane translocase (A)TOM (archaic
translocase of the outer membrane). The major compo-
nent is (A)TOM40, a conserved beta-barrel protein that
forms the conducting pore, but which is highly diverged
in kinetoplastids [97–99]. We identified homologs of
two specific receptor subunits of (A)TOM, namely
ATOM46 and ATOM69 [100], and two TOM40-like
proteins; both these latter are highly divergent and could
not be assigned unequivocally as TOM40 orthologs.
We also identified canonical subunits of respiratory

chain complexes I–V and 27 homologs of
kinetoplastid-specific proteins, together with the widely
represented alternative oxidase, consistent with earlier
work [101]. Moreover, an ortholog of T. brucei alterna-
tive type II NADH dehydrogenase (NDH2) was detected.
We found only 38 of 133 canonical and only three of 56
kinetoplastid-specific mitoribosomal proteins, which
suggests considerable divergence. Hence, the E. gracilis
mitochondrion has unique features, representing an
intermediate between the mitochondria familiar from

yeast or mammals and the atypical organelle present in
kinetoplastids (Fig. 5).

The Euglena plastid
The Euglena chloroplast, as a secondary acquisition, rep-
resents a near unique configuration for studying funda-
mental aspects of organelle origins and evolution. The
predicted E. gracilis plastid proteome contains 1902 pro-
teins (Fig. 6, Additional file 1: Figure S9B; Additional file 8:
Table S6). Typical plastid metabolic pathways and en-
zymes are present, including 70 proteins involved in the
chloroplast electron transport chain and light harvesting
antennae. A few expected genes were absent, such as
glycolytic glucose-6-phosphate isomerase and carotenoid
synthesis 15-cis-phytoene desaturase; as both pathways
are known to be present, these likely arise from incom-
plete sequence data [41]. The C5 tetrapyrrole pathway was
completely reconstructed, while the C4 pathway for ami-
nolevulinate synthesis is absent, consistent with previous
findings [102]. Enzymes connecting the cytosolic/mito-
chondrial mevalonate and plastid methyl-D-erythritol
pathway (MEP/DOXP) pathways of terpenoid synthesis
were not found, in accordance with separate plastid and
cytosolic pools of geranylgeranyl pyrophosphate. Caroten-
oid and non-plastid isoprenoid (e.g. sterols, dolichols) bio-
synthetic pathways appear unconnected [103].
Significantly, over 50% of the predicted plastid proteome
represent proteins with no homology in the databases,
suggesting considerable novel metabolic potential.
Protein targeting to the E. gracilis plastid involves trafficking

via the Golgi complex. Since the plastid was newly established
in the euglenoid lineage, this implies that at least two novel
membrane-trafficking pathways should be present, one an-
terograde trans-Golgi to plastid and a retrograde pathway op-
erating in reverse. The relevant machinery for such pathways
could be produced via either gene transfer from the green
algal host or duplication of host membrane-trafficking ma-
chinery. We found no reliable evidence for contributions to
the endomembrane protein complement by endosymbiotic
gene transfer, but there are extensive gene duplications within
the endomembrane machinery. Specifically, additional para-
logs of key factors involved in post-Golgi to endosome trans-
port, e.g. AP1 and Rab14, are present, as are expansions in
retromer and syntaxin16 that specifically serve to retrieve ma-
terial from endosomes to the trans-Golgi network. Overall, we
suggest both a period of kleptoplasty prior to stable establish-
ment of the secondary green plastid and a model whereby
novel transport pathways were established by gene duplica-
tion, as proposed by the organelle paralogy hypothesis [44].

Conclusions
We present here a detailed analysis of the
protein-coding complement of E. gracilis, together with
insights into genome organization. The genome is very
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large for a unicellular organism, consistent with many
earlier estimates and has exceptionally low coding con-
tent, similar to large metazoan genomes. BUSCO,
CEGMA and also annotation of many metabolic path-
ways, complexes and systems indicate that both our data
and that from previous work attained very high coverage
of the transcriptome. Significantly concatenation of all
three datasets resulted in essentially negligible improve-
ment to BUSCO scores, suggesting that the data ap-
proach a complete sampling.
We predict a highly divergent surface proteome with ex-

panded signal transduction capabilities likely present at
the plasma membrane. E. gracilis possesses machinery for
synthesis of lipophosphoglycan, suggesting the presence of
a defensive phosphoglycan sheath [104]. Significantly, we
find evidence for gradual loss of conventional

kinetochores, cis-splicing and complex RNA processing at
the NPC during Euglenozoa evolution. Unexpectedly,
there is little evidence for transcriptional control, highly
similar to kinetoplastids. Reliance on post-transcriptional
processes has been recognized as a feature of E. gracilis
[105] with mounting evidence that translational and de-
gradative processes are crucial determinants of protein
abundance and in agreement with this work [106]. An ex-
tensive endomembrane system indicates complex internal
organization and multiple endosomal routes representing
mechanisms for the sorting, uptake and digestion of ma-
terial from a range of sources. We also find evidence for
novel trafficking pathways between the endomembrane
system and the chloroplast; this, together with analysis of
the nuclear genome and likely origins of many genes, pro-
vides insights into the processes by which secondary

Fig. 5 Euglena gracilis has flexible and fault-tolerant mitochondrial metabolism. Proteins involved in mitochondrial pathways and complexes are
shown, including: tricarboxylic acid (TCA) cycle, pyruvate dehydrogenase, fatty acid metabolism, complexes I-V of respiratory chain, ubiquinone
biosynthesis, sulfate assimilation pathway, Fe-S cluster assembly and export, TIM/TOM complex and mitochondrial import machinery. Colour
codes: dark blue, nucleus encoded, present in predicted mitochondrial proteome; light blue, present in transcriptome without evidence for
mitochondrial localization; light blue/white, mitochondrion-encoded proteins identified previously [39]; grey, expected in nuclear transcriptome
and not found; grey/white, expected in mitochondrial genome and not found. The E. gracilis mitochondrion can produce energy under both
aerobic and anaerobic conditions and has workarounds for the main mitochondrial pathways, such as TCA cycle and respiratory chain, which
may in part explain the outstanding adaptability of this organism
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plastids become enslaved, and is consistent with a pro-
tracted period of plastid acquisition.

Materials and methods
Cultivation
E. gracilis strain Z1 was provided by William Martin (Düs-
seldorf). Cells were cultivated at ambient temperature
under continuous illumination from a 60-W tungsten fila-
ment bulb at 20 cm from the culture vessel, in Hutner’s
media [107]. Cells were collected in exponential growth
phase at ~ 9 × 105 cells/ml, measured using a haemocyt-
ometer. For light and dark adaptation, cells were adapted
to Hutner heterotrophic medium [107] for 16 days prior
to the initiation of a light or dark growth period. Cultures
were subcultured and dark-adapted cultures transferred to
a light proof box adjacent to the light cultures. Subcultur-
ing was done under low light conditions periodically and
cultures maintained for up to 2 weeks prior to harvesting.
The impact of a prolonged period under dark conditions
was assessed by microscopy (Zeiss LSM 700 confocal

microscope; × 40 Plan-Neofuar NA1.3 lens under phase
contrast, by UV/VIS spectroscopy using a Shimadzu
UV-2450, wavelength scan of 190–800 nm and
SDS-PAGE).

Isolation of RNA and proteins for gene expression studies
Equivalent numbers (1 × 107 cells) of dark or light cul-
tured cells were harvested by centrifugation at 25 °C,
1000g for 10 mins. RNA extraction was performed using
the Qiagen RNeasy Mini Kit (Cat. No. 74104). Genomic
DNA contamination was eliminated by performing
on-column DNase digestion. Extracted RNA was pre-
served at − 80 °C for RNA sequencing. For proteomics,
cells were washed with PBS containing complete prote-
ase inhibitors (Roche), extracted with NuPAGE sample
buffer (3X), sonicated and lysates containing 1 × 107 cells
fractionated on a NuPAGE Bis-Tris 4–12% gradient
polyacrylamide gel (Thermo Scientific, Waltham, MA,
USA) under reducing conditions. The sample lane was

Fig. 6 The Euglena gracilis plastid possesses broad metabolic potential. Proteins involved in core plastid metabolic pathways were identified and
include glycolysis/gluconeogenesis, carbon fixation, fatty acid biosynthesis, carotenoid biosynthesis, isoprenoid biosynthesis, and chlorophyll
biosynthesis. Colour codes: green, nucleus encoded, present in predicted chloroplast proteome; amber, plastid encoded, present in predicted
chloroplast proteome; light green/white, combination of green and amber in case of multiple subunits/isoforms; and gray, expected but not found
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divided into eight slices that were subjected to tryptic di-
gestion and reductive alkylation.

Proteomics analysis for gene expression studies
Liquid chromatography tandem mass spectrometry
(LC-MS2) was performed in house at the University of
Dundee, UK. Samples were analyzed on a Dionex UltiMate
3000 RSLCnano System (Thermo Scientific, Waltham,
MA, USA) coupled to an Orbitrap Q-exactive mass spec-
trometer (Thermo Scientific) at the University of Dundee
proteomics facility. Protein mass spectra were analyzed
using MaxQuant version 1.5 [108] searching the predicted
E. gracilis proteome from the de novo transcriptome as-
sembly reported here. Minimum peptide length was set at
six amino acids, isoleucine and leucine were considered in-
distinguishable and false discovery rates (FDR) of 0.01 were
calculated at the levels of peptides, proteins and modifica-
tion sites based on the number of hits against the reversed
sequence database. Ratios were calculated from label-free
quantification intensities using only peptides that could be
uniquely mapped to a given protein. If the identified pep-
tide sequence set of one protein contained the peptide set
of another protein, these two proteins were assigned to the
same protein group. P values were calculated applying t
test-based statistics using Perseus [109]. There were 8661
distinct protein groups identified by MaxQuant analysis.
For further analyses, data were reduced to 4297 protein
groups by rejecting those groups not identified at the pep-
tide level in each of the three replicates for one state. Add-
itionally, a cohort of 384 protein groups was extracted that
were observed in only one state (232 light and 152 dark).

Ultrastructure of E. gracilis cells in light and dark
conditions
Two populations of E. gracilis cells cultured in either
light or dark conditions were initially fixed using 2.5%
glutaraldehyde and 2% paraformaldehyde in 0.1 M so-
dium cacodylate buffer pH 7.2. Both samples were
post-fixed for an hour in buffered 1% (w/v) OsO4 and
embedded in molten agarose prior to incubating over-
night in 2% (w/v) uranyl acetate. Agarose pellets were
dehydrated through a graded acetone series and slowly
embedded in Low Viscosity resin (TAAB Ltd.) over
4 days. Following polymerization, 70–90-nm-thin sec-
tions were cut by ultramicrotome, post-stained using 2%
(w/v) uranyl acetate and Reynolds lead citrate [110] and
imaged with a Hitachi H-7650 transmission electron
microscope. Image resolution varied between 20 and 0.3
nm per pixel, depending on the magnification.

Transcriptome analysis for gene expression studies
Extracted RNA was sequenced at the Beijing Genomics
Institute (https://www.bgi.com/global/). Analysis and
comparisons of the data were performed using standard

pipelines. An estimated 62M clean reads were generated
which were subject to quality filtering using Trimmo-
matic [111], to remove low-quality bases and read pairs
as well as contaminating adaptor sequences, prior to as-
sembly. Sequences were searched for all common Illu-
mina adaptors and settings for read processing by
Trimmomatic were LEADING:10 TRAILING:10 SLI-
DINGWINDOW:5:15 MINLEN:50. The trimmed filtered
reads were then used to quantify the de novo-assembled
transcriptome using Salmon [112] with the bias-
correction option operating. Expected counts were inte-
gerised before being subject to differential expression
testing using DESeq2 [113] using default parameters. In
the transcriptomics analysis, 66,542 distinct sequence
classes were detected and the data was reduced to
41,045 applying the same rejection criteria as the prote-
ome (minimum three replicates).

Nucleic acid isolation and purification for genomic and
transcriptomic studies
E. gracilis genomic DNA was isolated using the Qiagen
DNA purification system to obtain low and high molecu-
lar weight DNA for Illumina paired-end and mate-pair
read libraries (100-bp paired-end libraries with insert sizes
of 170 bp, 500 bp and 800 bp, and mate-pair libraries with
insert sizes of 2 kbp, 5 kbp and 40 kbp). For the shorter
length libraries (≤ 5 kbp), cells were harvested by centrifu-
gation for 10 mins at 1000 g and DNA extracted using the
Qiagen DNAeasy blood and tissue kit (Qiagen Inc.,
Cat.No. 69504). The cultured animal cell protocol was
modified and involved firstly, using 1 × 107 cells, and sec-
ondly, prior to adding Buffer AL, 200 μl of RNase A was
added to eliminate RNA contamination. Immediately after
the washing step with Buffer AW2, centrifugation was
performed for 1min at 20,000g to eliminate traces of etha-
nol. To obtain high molecular weight DNA fragments for
the ≥ 40 kb insert size library, the Qiagen Genomic-DNA
isolation kit (blood and cell culture DNA kit - Maxi, Cat.
No. 13362) was used. In this case, 1 × 108 cells were har-
vested. Prior to adding Buffer C1, samples were ground in
liquid nitrogen using a planetary ball mill (Retsch) [114] at
300 rpm for 3min (the grinding was limited to two cycles
to minimize DNA shearing). Four wash steps were
performed to remove contaminants including traces of
RNA. To determine molecular weight, 400 ng of DNA
was loaded onto a 0.45% agarose gel in TAE buffer, stained
with Thermo Scientific 6X Orange Loading Dye, and
electrophoresed at 80 V for 2 h. A NanoDrop spectropho-
tometer (DeNovix DS-11+) was used to determine
concentration and purity. Total RNA from E. gracilis was
isolated using the Qiagen RNeasy Mini kit (Cat. No.
74104), and the protocol for the purification of total RNA
from animal cells using spin technology was employed as
above.
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Library preparation and sequencing for genomic and
transcriptomic studies
Genome and transcriptome library preparation and se-
quencing were performed at the Beijing Genomic Insti-
tute, using Illumina Genome Analyzer HiSeq2000 and
MiSeq. In the former case, paired-end genomic sequence
of multiple read lengths (49 bp and 100 bp) correspond-
ing to eight insert size libraries (170 bp, 250 bp, 500 bp,
540 bp, 800 bp, 2 kbp, 5 kbp, and 40 kbp) were generated
with a combined length of ~ 57 Gbp. Additional PacBio
libraries were generated at the University of Seattle
(5.5 Gbp combined length) and Université Paris-Sud
(3.3 Gbp combined length), and the data were kind gifts.
A combined total of 305,447 PacBio circular consensus
reads (CCS) were generated with estimated average
length of 8870 bases and estimated coverage of ~ 1X.

Genome and transcriptome assembly
Multiple routes were explored for the generation of an
acceptable assembly [48]. The most successful strategy,
as assessed by core eukaryotic gene mapping analysis
(CEGMA) and the proportion of RNAseq reads that
mapped to the genome assembly [115, 116], utilised Pla-
tanus [117], SSPACE [118] and String Graph Assembler
(SGA) [119]. Here, the two MiSeq paired-end read li-
braries (150 bp paired-end and 300 bp paired-end librar-
ies) and 100 bp (170 bp insert size) paired-end HiSeq
read libraries were used for the Platanus assembly. Each
of the paired-end read libraries was subject to overlap-
ping paired-end read joining using the ErrorCorrec-
tReads.pl algorithm of the ALLPATHS assembly package
[120]. This step in ALLPATHS reduces the complexity
of the input data by combining overlapping paired-end
reads into single larger reads and performs well on inde-
pendent benchmark tests of real and simulated data
[120]. No other steps in the ALLPATHS assembly algo-
rithm were used. These joined paired-end reads were
provided to Platanus as single-end reads. The 500 bp
and 800 bp insert size read libraries, which could not be
subject to read joining as their insert sizes were too
large, were included as single-end reads. This collective
set of reads was provided to Platanus, and the method
was run using its default parameters. The combined Illu-
mina read data provided an estimated 25x coverage of
the single-copy component of the genome by k-mer
spectrum analysis using ALLPATHS (Additional file 1:
Fig. S11). The resulting contigs from the Platanus [117]
assembly were subject to six rounds of scaffolding and
gap filling using the SSPACE [118] and SGA [119] algo-
rithms. SSPACE was run with the following settings –a
0.7 –m 30 –n 50 –o 20 using the 500 bp and 800 bp in-
sert size paired-end read libraries and the 2000 bp, 5000
bp and 40,000 bp insert size mate pair read libraries. Fol-
lowing each round of scaffolding, SGA was run on the

scaffolds in gap filling mode (“-gapfill”) using the same
combined input read library as Platanus above. This re-
sulted in a de novo assembly with an N50 of 955 bp,
comprising 2,066,288 scaffolds (Table S1).
A k-mer spectrum for the genome was calculated from

the highest coverage read library (150 bp paired-end read
library). It generated a single peak at 8.8× coverage, cor-
responding to the homozygous single-copy portion of
the genome (Additional file 1: Figure S11A). Assuming a
Poisson distribution that would be observed if all regions
of the genome were single copy and homozygous, the
estimated genome size of the single-copy proportion of
genome is 487.2Mb and the estimated size of the whole
genome 2.33 Gb. The discrepancy between the Poisson
model and the observed corresponds to multi-copy se-
quences, with a large proportion of low to medium copy
number sequences represented at high frequency. There
are more than 80,000 unique k-mers of length 31 that
appear more than 10,000 times. These high copy num-
ber repeat sequences are those we refer to in the results
and are most likely responsible for the difficulty with
progressing an assembly further than we have been able
to achieve.
To estimate the genome size and the proportion of the

genome that is comprised of repetitive unique sequence a
k-mer spectrum analysis was conducted (Additional file 1:
Figure S11A). The largest Illumina paired-end read library
(150-bp paired-end) was used for this analysis. Canonical
k-mers were counted using jellyfish (Marçais et al. Bio-
informatics 27(6): 764–770) at a range of different k-mer
sizes (19, 21, 27 and 31). The resulting k-mer count histo-
grams were analysed using GenomeScope [121]. Using
these methods the haploid genome size was estimated to
be between 330 mb and 500 mb (Additional file 1: Figure
S11A). The repetitive component of the genome was esti-
mated to be between 191 and 339 mb, and the unique
component of the genome was estimated to be 141 mb to
160 mb (Additional file 1: Figure S11A). Heterozygosity
was estimated to be between 2.2 and 2.6%.
The transcriptome assembly was generated by com-

bining multiple different read libraries into a single tran-
scriptome assembly. These included two 100 bp
paired-end read libraries generated on an Illumina
HiSeq2500 (200 bp insert size) that were previously pub-
lished in [17]. Euglena transcriptome (PRJEB10085, 17)
and the six 100-bp paired-end read libraries (200 bp in-
sert size) were generated on an Illumina HiSeq2000 gen-
erated in this study (Additional file 2: Table S1,
PRJNA310762). These read libraries were combined to
give a total of 2.05 × 108 paired-end reads that were pro-
vided as input for transcriptome assembly. Illumina
adaptors and low-quality bases were trimmed from the
reads using Trimmomatic. Ribosomal RNA sequence
was removed using SortMeRNA [122] using default
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settings, before read error correction using BayesHam-
mer [123] with default settings. Reads were normalized
using khmer [124] with settings –C 20 –k 21 –M 8e9,
and overlapping paired-end reads joined using
ALLPATHS-LG [120] and all reads subject to de novo
assembly using SGA, minimum overlap size of 80 nucle-
otides, no mismatches. These filtered, normalized, and
joined reads were then mapped to this assembly using
Bowtie2 [125]. Reads that were absent from the assembly
were identified and placed with the assembled contigs
into a new input file. This file containing the unassem-
bled reads and assembled contigs was subject to assem-
bly using SGA with an overlap size of 70. This process
of identifying unmapped reads and reassembling with
SGA was repeated each time, decreasing the overlap size
by 10 nucleotides until a minimum overlap size of 40
was reached. This strategy was taken to minimize the
occurrence of assembly errors that are commonly ob-
tained when a default small k-mer size is used in de
Bruijn graph assembly. Contigs were then subject to
scaffolding using SSPACE and the full set of
non-ribosomal, corrected, normalized paired-end reads
using the settings –k 10, −a 0.7, −n 50, −o 20. Scaffolds
were subject to gap filling using the SGA gap filling
function. Finally, the assembled contigs were subject to
base-error correction using Pilon [126] with the default
settings. CEGMA [58] suggests ~ 88% completeness in
terms of representation of coding sequence.

Genome and transcriptome structural and functional
automatic annotation
In silico analysis such as open reading frame (ORF) de-
termination, gene predictions, gene ontology (GO) and
KEGG (biological pathways) and taxa distribution were
performed as part of an automatic functional annotation
previously described [127] with minor modifications. Six
frame translation and ORF determination of assembled
transcriptome sequences were predicted using TransDe-
coder prediction tool [61] and Gene MarkS-T [128], and
the longest ORF with coding characteristics, BLAST
homology, and PFAM domain information extracted
[129]. The predicted ORF was queried against the NCBI
non-redundant protein database using BLASTp hom-
ology searches, and the top hit for each protein with an
E value cutoff < 1e−10 retained. Using the Blast2GO
automatic functional annotation tool [130], the GO an-
notations of the best BLAST results with an E value cut-
off < 1e−10 were generated from the GO database. The
protein domain, biological pathway analyses, and top
species distributions were determined using InterPro,
BLAST, enzyme code and KEGG [131]. To greatly re-
duce run times, BLASTp and Interpro scans were proc-
essed locally prior to uploading to Blast2GO in .xml file
formats.

Assembling sequence data, data mining and phylogenetic
inference
Homology searches for orthologs and paralogs of specific
biological annotations were performed against the pre-
dicted proteome for E. gracilis using BLASTp. Clustering
at 100% identity was performed for the predicted E. graci-
lis proteins using the Cluster Database at High Identity
(CD-HIT) [62] algorithm to remove gapped/incomplete
and redundant sequences. Sequences with significant
BLASTp top hit search (E value = 1e−10) were subjected to
both Reversed Position Specific BLAST RPS-BLAST and
InterProScan [132]. The annotated sequences with do-
main and/or protein signature matches were extracted
using a combination of custom UNIX commands and Bio-
Perl scripts and clustered to 99% identity using CD-HIT.
CD-HIT outputs a set of ‘non-redundant’ (nr) protein
representative sequences which were aligned to known
eukaryotic protein reference sequences using ClustalX2
[133] and MAFFT [134]. Poorly aligned positions or gaps
were removed using the gap deletion command prior to
alignment, and the final alignments processed locally for
phylogenetic inference with the PhyML Command Line
Interface (CLI) using default settings [135], RAxML [136],
FastTree [137] and MrBayes [138]. Annotations of the
trees were performed using TreeGraph2 [139] and Adobe
Illustrator (Adobe Inc.).

Contigs > 10 kbp in the E. gracilis genome
For an initial insight into the architecture of the genome
contigs > 10 kbp were analyzed. These contigs were in-
terrogated using tBLASTn with the E. gracilis proteome
predicted from the transcriptome. Sequences with hits
were further interrogated using the Exonerate algorithm
[59] for insights into splicing mechanisms and coding
regions using the --protein2genome and --showquerygff
and --showtargetgff options. Sequences, and their re-
spective splicing coordinates in gff3, were uploaded to
the Artemis genome viewer [140] for visualization. Cod-
ing regions in gff formats were extracted and translated
using a combination of BEDtools getfasta [141] and the
EMBOSS getorf [142] tools.

Orthologous group clustering
To identify orthologous genes in E. gracilis shared across
eukaryotic taxa, we clustered the E. gracilis predicted
proteome with 30 selected eukaryotic taxa using Ortho-
Finder [70] with taxa distribution including kinetoplas-
tids, other members of the excavates, unikonts, bikonts,
green algae, land plants and red algae.

Phylogenetic analyses of ancestry of Euglena genes
All 36,526 predicted nucleus-encoded proteins were
searched (BLASTp 2.2.29) against a custom database
containing 207 organisms (Additional file 3: Table S2).
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Homologues with E value < 10−2 were retrieved. Since
an unrooted phylogenetic tree can be calculated only for
three or more organisms, all proteins with less than
three recovered homologues (16,636 proteins) were ex-
cluded. The remaining (19,890 proteins) were aligned
(MAFFT 7.273; default parameters) and trimmed (tri-
mAl 1.2 [143], default parameters). Alignments longer
than 74 amino acid residues and with all sequences de-
termined, i.e. there was no sequence containing only un-
determined characters, (18,108 alignments) were used
for tree reconstruction. The trees were calculated with
RAxML [136] (v8.1.17; 100 rapid bootstraps) in Meta-
centrum (The National Grid Infrastructure in the Czech
Republic). Custom scripts (Python 3.4) were used to sort
the trees into bins based on the taxonomic affiliation of
the clan in which E. gracilis branched. The tree was in-
cluded in a bin if a bipartition supported by bootstrap
75% and higher comprised of E. gracilis and members of
one defined taxonomic group only. In 34 cases, in which
E. gracilis was contained in two such bipartitions con-
taining taxa from different defined group, the tree was
assigned to the two respective bins.

Mitochondrial proteome prediction
The predicted proteins were subjected to Blast2GO
[130] and KEGG automatic annotation server (KAAS
[144]) automatic annotation, BLASTp searches against
the T. brucei, Homo sapiens, Saccharomyces cerevisiae
and Arabidopsis thaliana reference mitoproteomes and,
finally, targeting signal prediction using TargetP [145]. E.
gracilis protein was predicted as mitochondrial if (i) Tar-
getP mitochondrial score was higher than 0.9 (607 pro-
teins), or (ii) there was an ortholog in at least one
reference mitoproteome, not associated with
non-mitochondrial functions (343 proteins), or (iii)
assigned mitochondrial by Blast2GO (with the exception
of the MTERF family) (62 proteins). The missing mem-
bers of the found mitochondrial pathways and modules
were identified by a manual search (81 proteins). To
streamline the final annotated output and to ensure re-
tention of only the most reliable predictions, we chose
the most confident annotation between Blast2GO,
BLASTp and KAAS for each protein. The final mito-
chondrial dataset includes 1093 proteins.

Plastid proteome prediction
The translated E. gracilis transcriptome (predicted prote-
ome) was subjected to signal prediction pipeline using a
combination of SignalP [146] and PrediSI [147] while
chloroplast transit peptide prediction was performed
using ChloroP [148]. The sequences which scored posi-
tive by either SignalP (2551 sequences) or PrediSI (4857
sequences) were cut at the predicted signal peptide
cleavage site. The sequences were then truncated to

maximum length of 200 amino acid residues for faster
calculation and analyzed by ChloroP. The preliminary
dataset of E. gracilis plastid targeted proteins (1679 se-
quences) consisted of transcripts which scored positive
in SignalP + ChloroP (59 sequences), PrediSI + ChloroP
(1002 sequences) and SignalP + PrediSI + ChloroP (618
sequences) analysis. In the second step, model dataset of
920 sequences of Arabidopsis thaliana proteins localized
to the plastid envelope, stroma, thylakoid, grana and la-
mellae obtained from the public AT_CHLORO prote-
omic database [149] were searched by BLAST against
the whole translated E. gracilis transcriptome and the
identified orthologs were then combined with the results
of orthogroup clustering performed by OrthoFinder (see
above). Based on these searches, an additional 144 se-
quences representing orthologs of A. thaliana chloro-
plast proteins were added to the dataset of E.
gracilis-predicted plastid proteome regardless of their
targeting sequences. This enriched dataset of 1823 pro-
teins was annotated automatically using BLAST at
NCBI, KOBAS [150] and KAAS [144] independently. All
automatic annotations including KO and EC numbers
were then revised and edited or corrected manually and
used for metabolic map reconstruction. The missing en-
zymes and subunits of otherwise chloroplast pathways
and complexes were investigated and eventually added
manually to the set regardless of their targeting se-
quences during the manual annotation and pathway re-
construction. This approach resulted in inclusion of
another 79 sequences. The final set of predicted E. graci-
lis chloroplast proteins consisted of 1902 entries.

Additional files

Additional file 1: Figure S1. Organisation of open reading frames in
the E. gracilis genome. Figure S2. Functional analysis of E. gracilis coding
capacity by Gene Ontology. Figure S3. Dark adapted cells have altered
proteomes and transcriptomes. Figure S4. Orthogroup clusters in E.
gracilis and selected eukaryotes. Figure S5. Phylogeny of selected shared
large paralog families. Figure S6. Surface families of E. gracilis. Figure S7.
The E. gracilis endomembrane system. Figure S8. The E. gracilis nuclear
pore and kinetochore complexes. Figure S9. The predicted proteomes of
E. gracilis organelles. Figure S10. Metabolism in E. gracilis. Figure S11.
Additional assembly features. Figure S12. BUSCO comparisons between
the present work and prior transcriptomes. (PDF 10993 kb)

Additional file 2: Table S1. Raw data for proteomics and
transcriptomics of E. gracilis under adaptive conditions. Cells were grown
under dark or light conditions as described in methods and subjected to
protein or RNA extraction and analysed by mass spectrometry or RNAseq.
Each condition was analysed in triplicate (n = 3) and data for individual
samples together with the merged data are provided (Transcripts,
Proteome), together with BLAST annotation of altered transcripts
(additional tabs). (XLSX 19876 kb)

Additional file 3: Table S2. Analysis of phylogenetic relationships of E.
gracilis proteins. The sheet contains three tables. First table summarizes
the taxon composition of the custom database used for the search of
homologues of E. gracilis proteins. Second table summarizes the number
of items in each step and the pipeline. The third table gives exact
numbers of trees that fell into defined taxonomic bins. (XLSX 16396 kb)
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Additional file 4: Table S3. Analysis of GO term frequency, domains
and large orthogroup architecture. Sheet 1: GO terms in orthogroups.
The sheet has two subtables. In one the GO terms represented above 5%
in each orthogroup are shown - all other GO terms with less than 5%
frequency have been omitted as the numbers of sequences included are
very small. The second shows the number of annotated and non-
annotated sequences of each taxonomic group selected. Yellow highlight
shows the GO terms of interest belonging to molecular process that are
analyzed in this study. Sheet 2: Conserved domains from NCBI database
(CDD) detected in those sequences with the GO terms of interest
highlighted in sheet 1. Output provided by CDD searches. For the
sequence identifiers, note that first field separated with “_”, represents
the taxonomic group to which it belongs. Sheet 3: Incidence of
conserved domains detected in CDD searches and orthogroups. This
table summarizes the output of the CDD searches. Gray highlight
represents the conserved domains in parallel with the respective
orthogroup (OG number) of the sequences for which we provide
phylogenetic analyses. Sheet 4: Data for annotation of NCIII tree. Trans-
membrane domains and conserved domains. Sheet 5: Data for
annotation of REC tree. Trans-membrane domains and conserved
domains. (XLSX 127 kb)

Additional file 5: Table S4. Accessions of genes associated with
specific cellular functions. Each worksheet contains details of the
orthologs and their accession numbers for a specific subset of predicted
ORFs associated with an indicated cellular function, metabolic process or
organelle. The first two sheets show the overall predictions (all annotated
transcripts) and a summary graphic (Distributions). (XLSX 870 kb)

Additional file 6: Supplementary analyses. (DOCX 17 kb)

Additional file 7: Table S5. Surface/endomembrane proteome
predictions. Panel A: Predicted numbers of ORFs encoded in the E. gracilis
predicted proteome that contain a signal sequence (SS) together with
additional determinants for stable membrane attachment (i.e. a
glycosylphosphatidylinositol anchor (GPI) or trans-membrane domain
(TMD)). Panel B: Frequency distribution of predicted Euglena-specific
surface gene families, shown as number of families according to size. 608
(87.5%). Euglena-specific surface genes are predicted to be single-copy,
whereas five families are predicted to have more than seven members.
Panel C: PHYRE 2.0 summary results for an element of each multi-copy
family (n > 4) of E. gracilis, including family size, residues matching the
model and correspondent coverage of the sequence, percentage identity,
confidence of prediction, and description of top template model.
(XLXS 44 kb)

Additional file 8: Table S6. Predicted proteomes for the E. gracilis
plastid and the mitochondrion. Panels include summaries for each
organelle for numbers of genes in functional categories found,
annotations for transcripts predicted as mitochondrial or chloroplastic
and finally a reconstruction of major mitochondrial complexes and
pathways. (DOCX 141 kb)
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Vyacheslav Yurchenko,e,f Julius Lukeša,b

aInstitute of Parasitology, Biology Centre, Czech Academy of Sciences, České Budějovice, Czech Republic
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ABSTRACT We report frequent losses of components of the classical nonhomolo-
gous end joining pathway (C-NHEJ), one of the main eukaryotic tools for end joining
repair of DNA double-strand breaks, in several lineages of parasitic protists. More-
over, we have identified a single lineage among trypanosomatid flagellates that has
lost Ku70 and Ku80, the core C-NHEJ components, and accumulated numerous in-
sertions in many protein-coding genes. We propose a correlation between these two
phenomena and discuss the possible impact of the C-NHEJ loss on genome evolu-
tion and transition to the parasitic lifestyle.

IMPORTANCE Parasites tend to evolve small and compact genomes, generally en-
dowed with a high mutation rate, compared with those of their free-living relatives.
However, the mechanisms by which they achieve these features, independently in
unrelated lineages, remain largely unknown. We argue that the loss of the classical
nonhomologous end joining pathway components may be one of the crucial steps
responsible for characteristic features of parasite genomes.

KEYWORDS DNA repair, genome size, parasite

While DNA integrity and genome stability are crucial for all living organisms, they
are permanently challenged by various factors causing DNA damage. The most

deleterious DNA lesions are double-strand breaks (DSBs), since accurate repair of one
strand using the other one as a template, as occurs in other types of DNA damage, is
not possible in this case. To fix such an extreme type of damage, cells have evolved
repair mechanisms known as homologous recombination (HR) and nonhomologous
end joining (NHEJ).

HR, which relies on the presence of a homologous intact template, starts with
5=-to-3= resection at the DSB, producing 3= overhangs usually longer than 100 nucle-
otides. At least one of the single strand ends invades the homologous region of an
intact chromosome, preferentially the sister chromatid (1). This strand invasion of
single-stranded DNA into a template sequence produces a displacement loop (D-loop)
and is mediated by recombinases of the RecA/Rad51/RadA family, found in all three
domains of life (2). Upon invasion, the free 3= end of the strand is then extended by
DNA polymerase(s). Subsequent steps diverge into one of the three pathways with
various mutagenic potentials: (i) the double Holliday junction (dHJ) pathway engages
both ends of the DSB and can lead to sequence crossover between the broken and
intact molecules, (ii) synthesis-dependent strand annealing initially involves only one
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DSB end, and (iii) break-induced replication employs only one end of the break and can
copy many kilobases from the donor sequence (3–5).

In contrast to HR, NHEJ repairs a DSB by religating the broken ends without
engaging an unbroken homologous template. It is divided into two main types,
classical (C-NHEJ) and alternative (A-NHEJ) NHEJ. Unlike A-NHEJ, C-NHEJ has no enzy-
matic overlap with HR and in mammals is directed by five core components: Ku70/Ku80
heterodimer (Ku), DNA-dependent protein kinase catalytic subunit (DNA-PKcs), DNA
ligase IV (Lig4), and the XRCC4 and XLF proteins (6–8). The Ku heterodimer first
recognizes and binds a DSB in a sequence-independent manner, preventing extensive
DSB end resection and serving as a scaffold on which other components of the C-NHEJ
machinery are subsequently assembled.

Ku recruits DNA-PKcs, with which it forms a stable complex, tethers the broken DNA
ends, and blocks access of other proteins. The lesion is processed, and DNA ends are
sealed by the Lig4-XRCC4-XLF complex. Depending on the type of DNA end (overhang
or blunt end), other factors (such as the endonuclease Artemis and DNA polymerases)
and processes (end resection and DNA synthesis) may also be involved in this repair
mechanism (6, 7).

The C-NHEJ machinery is conserved from bacteria to higher eukaryotes, although
the levels of conservation of its components differ. In eukaryotes, the Ku heterodimer
and Lig4 represent its core. Other components are less conserved and may even be
absent. While retained in animals (9, 10), DNA-PKcs is absent in the yeast Saccharomyces
cerevisiae, in which its roles are carried out by the MRX complex (11). Whether the
absence of DNA-PKcs results in a reduced use of C-NHEJ is unclear, though yeasts
certainly use HR as the main mechanism for DSB repair (12). Bacterial C-NHEJ employs
a reduced enzymatic machinery, which comprises a Ku homodimer, homologous to
eukaryotic Ku70 and Ku80, and a DNA ligase often fused to other functional domains
(13–16). C-NHEJ in Archaea also utilizes a Ku homodimer, but with a different DNA
ligase, DNA polymerase, and phosphodiesterase, all of which nonetheless appear
closely related to their bacterial homologues (17).

Although the C-NHEJ pathway is often considered more error-prone than the HR
pathway, this view has been challenged recently by emerging evidence that the latter
can often be erroneous as well, especially in large and repetitive genomes (3, 18),
whereas the C-NHEJ is often robust and accurate (19). However, such fidelity does not
apply to the A-NHEJ pathways, named microhomology-mediated end joining (MMEJ)
and single-strand annealing (SSA). Both are frequently associated with deletions, since
they rely on short regions of homology around a DSB, revealed by more extensive DSB
processing than in the case of C-NHEJ. The SSA pathway is independent of Rad51 but
operates by annealing 25- to 400-bp-long stretches of high sequence homology in a
Rad52-dependent reaction, suggesting at least some functional overlap with the HR
machinery (3–5). Since such long stretches of homology are relatively rare, SSA nor-
mally generates large deletions around the DSB and is often associated with tandem
repeats. MMEJ also results in deletions (20), but the shorter lengths of homology
needed for strand annealing, allied to the reaction’s tolerance of mismatches, ensure
that deletions are normally less extensive. However, the same substrate requirements
also imply that MMEJ can cause translocations, as well as complex deletions/insertions,
where insertions are usually 2- to 30-bp-long, reiterating either adjacent or distant
sequences (21, 22).

In metazoans, MMEJ is facilitated by poly(ADP-ribose) polymerase 1 (23), while DSB
recognition requires additional proteins. Six- to 20-bp-long microhomologies are used
to allow annealing around the processed DSB (24, 25), the overhangs are cleaved off,
and single-stranded gaps are filled in and ligated by DNA ligases I and/or III (26, 27).
Another key component of metazoan MMEJ is DNA polymerase theta (Pol �), which
possesses both polymerase and helicase domains, tethers DSB ends, anneals the
broken ends at microhomology sites, and synthesizes DNA in template-dependent and
-independent manners to allow DSB religation (21, 28–31). Despite this central role in
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MMEJ, Pol � is not present in all organisms. For example, yeasts employ other poly-
merases for this purpose (32).

The HR pathway predominates in the S and G2 phases of the cell cycle, when newly
replicated, homologous sister chromatids are present. In contrast, Ku-dependent
C-NHEJ operates during the whole cell cycle, being the major DSB repair mechanism in
multicellular eukaryotes (12, 33, 34). Whether MMEJ or SSA is limited to specific parts
of the cell cycle is unclear.

Parasites tend to lose C-NHEJ. Perhaps because C-NHEJ is not the sole mechanism
of end joining in eukaryotes, the pathway has been lost in several lineages (32, 35, 36).
Prominent among the organisms lacking C-NHEJ are parasites. The absence of C-NHEJ
components has been documented for the human parasitic protists Trypanosoma spp.
(37), Plasmodium spp. (38), and Encephalitozoon cuniculi (39). Experimental analysis of
DSB repair has shown that only A-NHEJ and not C-NHEJ is used in at least two of these
genera (40–45).

To understand the phylogenetic distribution of C-NHEJ across eukaryotes, we
searched for the orthologues of Ku70, Ku80, and Lig4, since these are the main widely
conserved factors (Fig. 1).

From 230 eukaryotic genomes present in the EggNOG database (the genome of
Aspergillus oryzae, in which Ku70 and Ku80 were artificially deleted to make HR more
effective, was not included), 181, 26, and 3 genomes encoded all three, two, and one
component, respectively, and in 20 genomes, all three components were missing
(Table S1). The analysis revealed an overall trend of parasitic protists to lack the C-NHEJ
pathway. For example, C-NHEJ is lost in microsporidia and Entamoeba spp., yet it is
retained in free-living fungi (46) and Dictyostelium spp. that form their sister clades,
respectively. Nonetheless, this rule is not without exceptions. Among apicomplexan
parasites, all C-NHEJ components were retained in the genera Toxoplasma and
Neospora yet lost in Plasmodium, Cryptosporidium, and Theileria. Moreover, C-NHEJ is
absent in the red alga Cyanidioschyzon merolae, the only known free-living protist

FIG 1 Distribution of main C-NHEJ components across eukaryotes. Median genome size is represented as black
circles of corresponding size.
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lacking it (Fig. 1). Such a sporadic absence of C-NHEJ is most readily explained by
multiple independent losses during eukaryotic evolution.

Why parasites? Two important questions arise from the observation that multiple
eukaryotic lineages have discarded C-NHEJ. What processes and forces triggered the
loss of such an important DNA repair pathway? What consequences might it have for
genome stability and structure?

It has been suggested that the distribution of C-NHEJ in bacteria is connected with
their life cycle, with the pathway present in species with a prolonged stationary phase
(47, 48), during which there is no available sister chromatid to perform HR. This is also
consistent with the observed predominance of C-NHEJ in the haploid cells of eu-
karyotes, as well as in the G1 or G0 phase of the cell cycle, when HR cannot be
implemented and the cell has to rely on the nonhomologous DSB repair pathways (49,
50). Vice versa, the organisms that divide often and spend long time in the diploid state
tend to rely on HR and lose C-NHEJ.

Alternatively, the loss of C-NHEJ may be triggered by an attempt to limit or even
eradicate transposons that rely on it for their movement (51). Finally, the patchy
distribution of different DSB repair pathways may reflect their relative impact on
genome changes. For example, C-NHEJ can be mutagenic, contributing to sequence
diversity during maturation of vertebrate immune genes (52). Consequently, the bal-
ance between the beneficial and detrimental aspects of C-NHEJ-associated mutagen-
esis (53) may dictate the need for its loss, facilitating use of the more faithful HR.
However, the absence of C-NHEJ also results in a higher dependence on the A-NHEJ
pathway, as appears to be the case during DSB repair in trypanosomatids and other
organisms without C-NHEJ (40–45, 54, 55). Such prominence of A-NHEJ may become
useful because of additional functions that C-NHEJ cannot perform, such as enhanced
genome rearrangement, due to the reliance of A-NHEJ on annealing short, imperfect
regions of homology. However, at least in the case of trypanosomatids, the extensive
synteny of the Trypanosoma brucei, Trypanosoma cruzi, and Leishmania genomes (56)
argues against the function of A-NHEJ in genome rearrangements, although we cannot
exclude its reclusive role in localized genome variation, such as in multigene families
(57–59).

Instead, loss of C-NHEJ can be better correlated with reduced genome size. For
instance, the chordate Oikopleura (54), the red alga Cyanidioschyzon (60), and the
prokaryote Mycobacterium leprae (61) have undergone a process of genome compac-
tion and, unlike their relatives, notably lack C-NHEJ. Similarly, the size range from 8 to
23 Mb of the C-NHEJ-lacking genomes of the apicomplexans Theileria parva (62),
Cryptosporidium spp. (63), and Plasmodium spp. (64) is significantly smaller than the
80-Mb genome of the related Toxoplasma gondii (65) (Fig. 1). The loss of C-NHEJ and
subsequent gradual compaction of the genome were also observed in the evolution of
microsporidians (46, 66). Importantly, Deng and colleagues associated the genome
compaction in Oikopleura with the loss of C-NHEJ machinery (54). Consistent with this
suggestion, our comparative analysis of eukaryotic genomes lacking and containing
C-NHEJ machinery revealed a mean size of 29.2 Mb for the former and 667.9 Mb for the
latter, a remarkable difference of �20 times (P � 1.0 �10�8). While this cannot be the
sole explanation of size differences, since the �165-Mb genome of Trichomonas
vaginalis (67) also lacks C-NHEJ machinery (although its close relative Trichomonas
tenax has a genome of only 46 Mb [68]), it is highly plausible that when genome
streamlining is advantageous, C-NHEJ tends to be discarded, either due to its dispens-
ability or because this step further accelerates sequence loss.

Selective pressure makes parasites fast, concise, and economic, preferably exceed-
ing their hosts in these parameters. Moreover, compared with their free-living relatives,
parasites typically have smaller and streamlined genomes and are more susceptible
to gene loss. All this is beneficial, since smaller genomes allow parasites to multiply
faster and with lower metabolic costs (69, 70). In this context, we posit that the
observed multiple independent losses of the C-NHEJ components in parasitic
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lineages provide evidence that loss of this DSB repair mechanism leads to genome
compaction and, in turn, provides parasites with a number of selective advantages
detailed below.

At a DSB, the Ku heterodimer binds promptly to the broken DNA ends (71),
protecting them from further degradation and resection by nucleases, which would
lead to deleterious deletions (72). In the absence of C-NHEJ, the organism uses A-NHEJ
pathways, such as MMEJ and SSA, which inevitably triggers sequence deletions (20).
Moreover, the HR-based break-induced replication and SSA pathways can also produce
deletions at the breakpoint flanks (73, 74). Thus, following the loss of C-NHEJ, a
eukaryotic genome undergoes chromosome aberrations, including deletions and trans-
locations, leading to loss of genetic material and consequent genome shrinkage
(75–77). For instance, it has been experimentally demonstrated that A-NHEJ causes
novel indel mutations in Oikopleura, and this process was implicated in the mechanism
of genome shrinkage (54).

We may speculate about the potential mechanisms behind the genome shrinkage.
Keeling and Slamovits considered two principal ways leading to the shrinkage of a
genome, which are not mutually exclusive: reduction and compaction (78). Reduction
is a process of elimination of some functional elements, such as protein-coding genes,
whereas compaction is a process of rearranging the existing functional elements in a
denser way, for instance, by removing the parts of the noncoding sequences. Both
processes operate in the eukaryote genomes: they can occur together or separately.
The smallest known nuclear genomes are those of parasitic microsporidia (2.5 Mb) and
nucleomorphs (0.373 Mb). They represent extreme cases of both processes, having the
highest gene density and the smallest number of genes among eukaryotes (78).

The physical mechanism of genome shrinkage is the loss of whole chromosomes
(aneuploidy) or their parts (deletion mutations). Aneuploidy occurs due to the errone-
ous cell division when the chromosomes do not distribute correctly between the
daughter cells. Large deletions originate as a result of DSB without rejoining, translo-
cation of mobile elements, or erroneous, unequal, and ectopic recombination, such as
between repeated regions. It is probable that this recombination is more likely to occur
in the noncoding parts of genome, which have more repeated elements than protein-
coding sequences, causing genome compaction (79). Small deletions occur as a result
of DNA polymerase errors, such as slippering on repeats (80). Comparative studies of
various animal genomes showed that on the level of small (�400-bp) indels, deletions
prevail over insertions both in the protein-coding genes (81) and in the noncoding
sequences (82), which may also lead to gradual loss of genetic material.

Still, we cannot exclude the possibility that loss of the C-NHEJ pathway is not the
cause but rather the consequence of genome shrinkage. Even though HR occurs in
mammals, C-NHEJ acts as their main DSB repair pathway (12, 33, 34). However,
eukaryotes with smaller genomes and functional C-NHEJ, such as S. cerevisiae, prefer-
ably employ HR for DSB repair (12). There is at least one reason for C-NHEJ being the
main DSB repair pathway in large eukaryotic genomes. The search for a homologous
sequence during HR occurs across the entire genome, raising the risk of invading
homologous ectopic sequences, which is especially high given the abundance of
almost identical retrotransposon repeats in such genomes (3, 18, 83). In contrast, HR
may be the mechanism of choice in small, nonrepetitive genomes, such as those of
most bacteria and some unicellular eukaryotes, including parasites. The dependence of
HR on the presence of homologous chromatids implies that during haploid cell cycle
stages, organisms without C-NHEJ must rely on other repair pathways, such as MMEJ
and/or SSA. However, as mentioned above, these pathways are highly error-prone, with
a tendency to generate indel mutations (20, 75, 84–86). While deleterious for free-living
eukaryotes, this sloppiness in repair mechanisms may be beneficial for parasites. By
depending on these mutagenic pathways, they increase their mutation rate, thus
benefiting in the arms race with the host’s immune system (69, 70).

The nonrandom loss of the Ku proteins in parasitic lineages might be also associated
with function(s) of the heterodimer in telomere maintenance. Ku is known to protect
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telomeres from abnormal fusions and has an inhibitory effect on the recombination of
normal telomeres. The Ku heterodimer also controls telomere length by recruiting
telomerase and is involved in the telomere silencing effect (87–89). Furthermore,
chromosomal ends and adjacent subtelomeric regions are of particular importance for
parasites, as this is where factors involved in host cell interaction and immune escape
mechanisms are frequently located (90, 91). Genes specifying variant surface antigens
that allow parasites to evade the hosts’ immune response are often found in the
(sub)telomeric regions. Such surface variation systems are known for Plasmodium and
Babesia spp. (64, 92), T. brucei (93, 94), and the fungus Pneumocystis carinii (95). Similar
strategies have also been described for several prokaryotic pathogens, such as Neisseria
spp. (96), Haemophilus influenzae (97), and Borrelia spp. (98). Importantly, variation of
these polymorphic and fast-evolving surface proteins is promoted by DSBs, at least in
the case of T. brucei (99). In the (sub)telomeric regions of P. falciparum, antigenic
variation occurs via homologous and ectopic recombination (100–102), which is inhib-
ited by Ku in the organisms that have it (10, 103). In this regard, the retention of Ku in
T. brucei and other trypanosomatids, in the absence of other C-NHEJ components, is a
notable anomaly.

Why is Ku retained in trypanosomatids? The human parasites Trypanosoma and
Leishmania (Trypanosomatida, Kinetoplastida) retain Ku70 and Ku80 (104, 105) but have
lost Lig4. This is an unusual combination, since other organisms lacking Lig4 usually
also do not possess the Ku proteins (Fig. 1). Recently, we have sequenced and
annotated the genomes of two unnamed insect flagellates belonging to the “jaculum”
clade, a novel trypanosomatid lineage (106, 107); the raw sequencing data and the draft
assembly are available at NCBI (www.ncbi.nlm.nih.gov) under BioProject PRJNA543408.
Their genome sizes are 19.8 Mb and 24.9 Mb in the draft genome assemblies, and the
numbers of predicted proteins are 6,163 and 7,571, correspondingly. Unexpectedly,
unlike for other trypanosomatids, both Ku genes were ablated from these genomes,
proving that the Ku heterodimer is not indispensable for these organisms. Interestingly,
a detailed inspection of the genomes of both “jaculum” species revealed a high
frequency of specific insertions in protein-coding genes, while deletions were rare
(Fig. 2; see also Fig. S1 in the supplemental material). Since “jaculum” is not a basal
trypanosomatid clade, but rather one from the crown (106, 107), and the insertions are
specific for this group, the most parsimonious scenario is that the insertions appeared
de novo in the common ancestor of “jaculum.”

Insertions were present in the majority of examined coding sequences, although
they were underrepresented or completely absent from the most conserved genes,
such as ribosomal proteins and glycolytic enzymes (Table S2). In 247 analyzed align-
ments in the two “jaculum” species, inserted sequences constituted 14.9% and 17.4%
of the alignments, whereas in T. brucei only 8.9% of the alignment were represented by
insertions (P1�4.3 � 10�11; P2�1.4 � 10�13) (Table S2). We compared the amino acid
compositions of insertions and sequences without insertions, and we found that some
amino acids were overrepresented or underrepresented in the inserted sequences;
however, this pattern was similar in all the analyzed species (Table S3). Mass spectrom-
etry confirmed that the insertions were indeed retained in mature proteins (Fig. 2 and
Fig. S1).

Next, we investigated whether the observed insertions are neutral with respect to
the function of the affected proteins. For that purpose, we mapped the insertions in
selected conserved “jaculum” proteins on experimentally determined structures of their
orthologues in T. brucei (Fig. 3). The inspected insertions either formed terminal
extensions or were located to the external loops, but they never occurred in regions
involved in ligand binding, ion coordination, or interaction with other molecules. This
observation is fully consistent with the hypothesis that all insertions are functionally
neutral.

We propose that the observed features are a consequence of the loss of the Ku
heterodimer. Moreover, our data suggest an additional, so far unexplored, role(s) of Ku
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in trypanosomatid parasites. In all examined species, with the sole exception of the
“jaculum” lineage, Lig4 is absent but both Ku70 and Ku80 are retained (Fig. 1). Data
available from Trypanosoma cruzi, T. brucei, and Leishmania spp. indicate that the Ku
heterodimer does not participate in C-NHEJ and that in the corresponding genomes
DSBs are predominantly repaired via HR and MMEJ (37, 43–45, 108). However, it is
possible that the Ku70/80 complex plays a role in DSB repair even without its partner
Lig4, because it may act as “first aid,” binding within seconds to the disrupted DNA ends
(71), holding them together and protecting them from further damage until the slower
HR or A-NHEJ proteins come to serve. Such a role may be important in Leishmania spp.
and T. brucei, in which pronounced levels of genome rearrangements are observed,
either genome-wide or in the subtelomeric region for immune evasion, and might
involve DNA DSBs (109, 110). Alternatively, Ku70 and Ku80 are involved in other DNA
repair pathways, such as base excision and DNA alkylation repair (111), although a role
for Ku in these processes has so far not been examined in trypanosomatids. Moreover,
together with the MRN complex, the Ku heterodimer may serve as a signaling molecule,
modulating activity of the ATM kinase, which phosphorylates other factors and initiates
a signaling cascade in the DNA damage response pathway (10). Again, the function of
the ATM kinase has not yet been scrutinized in trypanosomatids. Finally, the Ku
proteins play an important role in telomere maintenance (104, 105, 112). Data obtained
from the analysis of the “jaculum”genomes may shed light on the genome-wide roles
of these conserved and multifunctional proteins not only in trypanosomatids but also
in other eukaryotes.

Taking the alternative end joining pathways into consideration may give us a hint
regarding the origin of the insertions that are prominent in “jaculum.” In metazoan
MMEJ, DNA polymerase � uses only one to four complementary nucleotides to initiate
polymerization, frequently producing short templated and nontemplated insertions
(113, 114), reminiscent of those pervading the “jaculum” genome. We consider as highly
plausible a hypothesis that in the “jaculum” trypanosomatids, the insertions may result
from the erroneous A-NHEJ and HR repair processes, unconstrained by the Ku proteins.
Similarly, in tunicate Oikopleura dioica, which lacks Ku70/80 and other components of
C-NHEJ, DSB repair by A-NHEJ results in acquisition of multiple novel insertions (54).

FIG 2 Multiple insertions are present in “jaculum” proteins. The N-terminal part of the poly(A)-binding protein alignment of chosen trypanosomatids is shown
(full-length alignment is available in Fig. S1). Insertions present in “jaculum” proteins are highlighted by yellow background. Peptides identified by mass
spectrometry are underlined in black. Two dots represent regions of the sequence alignment that are conserved among the species and were omitted for
simplicity.
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An interesting question is why the observed insertions in “jaculum” and other
trypanosomatids were significantly prevalent over deletions (Fig. 2 and Fig. S1). It is
known that insertions in protein-coding sequences are usually several times more
frequent than deletions, apparently because the latter are generally more deleterious
and more susceptible to purifying selection (115). We also noticed that amino acids are
predominantly altered in the flanking regions of the insertions and may represent
remnants of the deletions, rendering these parts of the alignment to be inaccurately
aligned. Moreover, the lengths of the inserted region are often variable in different
species, which may be explained by consequent insertions and deletions (Fig. 2 and
Fig. S1).

A comparably high incidence of indel mutations, accompanied by loss of all main
C-NHEJ components, has been reported for the causative agent of human malaria,
Plasmodium falciparum (42) (Fig. 1). In this protist, the occurrence of indels is over
10-fold higher than that of base substitutions (116). It is therefore worth pointing out
that in most other organisms, base substitutions are much more frequent than indels.
For example, the substitution-to-indel ratios are approximately 10:1 in primates and
20:1 in bacteria (117). While P. falciparum is known to be a highly polymorphic and
fast-evolving parasite (116), these features are so far not associated with the absence of
C-NHEJ. The above-described circumstantial evidence makes the putative connection
between the DNA repair pathways and the unique features of the Plasmodium ge-
nomes worth exploring.

Concluding remarks. We have found that the C-NHEJ pathway, which is a highly
conserved key eukaryotic DNA repair pathway, has been independently lost multiple

FIG 3 Mapping of insertions in the “jaculum” proteins onto structures of dihydrofolate reductase in complex with
pyrimethamine (118) (A), leucyl aminopeptidase (119) (B), the phosphatase domain of phosphoglycerate mutase
(120) (C), and adenosine kinase in complex with adenosine and AMPPNP (121) (D) from T. brucei. The positions and
lengths of insertions in the “jaculum” proteins are shown in red.
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times in several parasitic protist lineages. We provide several alternative explanations
for these seemingly nonrandom losses. Moreover, we raise the question of whether
parasites benefit from this repair mechanism or, unlike their free-living kin, try to free
themselves from its constraints.
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Selection of suitable reference 
genes for gene expression studies 
in myxosporean (Myxozoa, 
cnidaria) parasites
Anush Kosakyan 1*, Gema Alama-Bermejo  1,2,3, pavla Bartošová-Sojková 1,  
Ana Born-torrijos 1, Radek Šíma1, Anna nenarokova  1,4, edit eszterbauer 5, 
Jerri Bartholomew2 & Astrid S. Holzer 1

Myxozoans (Cnidaria: Myxozoa) are an extremely diversified group of endoparasites some of which 
are causative agents of serious diseases in fish. New methods involving gene expression studies have 
emerged over the last years to better understand and control myxozoan diseases. Quantitative Rt-
pcR is the most extensively used approach for gene expression studies. However, the accuracy of the 
results depends on the normalization of the data to reference genes. We studied the expression of 
eight commonly used reference genes, adenosylhomocysteinase (AHC1), beta actin (ACTB), eukaryotic 
translation elongation factor 2 (EF2), glyceraldehyde-3-phosphate dehydrogenase (GAPDH), 
hypoxanthine-guanine phosphoribosyltransferase 1 (HPRT1), DNA-directed RNA polymerase II (RPB2), 
18S ribosomal RNA (18S), 28S ribosomal RNA (28S) across different developmental stages of three 
myxozoan species, Sphaerospora molnari, Myxobolus cerebralis and Ceratonova shasta, representing 
the three major myxozoan linages from the largest class Myxosporea. the stable reference genes were 
identified using four algorithms: geNorm, NormFinder, Bestkeeper and ΔCq method. Additionally, we 
analyzed transcriptomic data from S. molnari proliferative and spore-forming stages to compare the 
relative amount of expressed transcripts with the most stable reference genes suggested by Rt-qpcR. 
Our results revealed that GAPDH and EF2 are the most uniformly expressed genes across the different 
developmental stages of the studied myxozoan species.

Myxozoans are a cnidarian group of obligate parasites documented mainly from fish in marine and freshwater 
habitats. These microscopic endoparasites have a two-host life cycle that involves an invertebrate (annelids and 
bryozoans) and a vertebrate host (mostly fish, few are known from other vertebrates) where infectious actino-
spores and myxospores are formed, respectively, serving as transmission stages in aquatic habitats1,2. The current 
classification of the Myxozoa into classes mainly reflects spore morphology and invertebrate host types. Taxa 
are ranked in the class Myxosporea Bütschli 1881 according to their hardened shell valves and annelid definitive 
hosts while the ones with soft spore valves and bryozoan definitive hosts are representatives of the second class 
Malacosporea Canning, Curry, Feist, Longshaw et Okamura 2000. Myxosporea represents the largest class com-
prising 19 families and 67 genera while Malacasporea have only one family and two genera3.

Myxosporeans have received considerable attention since some of them are reported to cause severe fish dis-
eases. These parasites can have a strong impact on wild and cultured fish worldwide by reducing fillet marketa-
bility and causing important mortalities in fish populations4–8. Given the fact that aquaculture is one of the fastest 
growing food sectors9,10 comprising an ample part of global food production, economic losses caused by parasites 
such as myxosporeans are of major concern11,12. Furthermore, disease severity has been linked to increasing water 
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temperatures (i.e. in Ceratonova shasta13,14), predicting emerging numbers of these organisms in the future as a 
result of climate change.

In this study we have focused on three myxosporean species, Sphaerospora molnari, Myxobolus cerebralis 
and Ceratonova shasta that belong to three (sphaerosporids, oligochaete-infecting and polychaete-infecting line-
ages15) out of four main myxozoan phylogenetic linages and transcriptomic data are available (16, Alama-Bermejo 
et al. submitted, Hartigan et al. submitted). These species are considered serious pathogens for highly commer-
cialized fishes such as cyprinids and salmonids which represent a significant proportion of worldwide aquacul-
ture production. Sphaerospora molnari causes respiratory and osmoregulatory failure in host’s gill epithelia17, 
while proliferative blood stages induce a massive systemic inflammatory response18. It was also shown that S. 
molnari may be an important co-factor for swim bladder inflammation in carp, the disease responsible for up to 
100% mortalities of carp fingerling stocks in Central Europe19. The invertebrate definitive host of S. molnari is 
unknown. Myxobolus cerebralis causes serious damage to farmed and wild salmonid fish populations worldwide. 
It is responsible for whirling disease, a condition caused by infection of the hosts central nervous system and 
cartilage resulting high mortalities6. The life cycle of M. cerebralis involves the oligochaete Tubifex tubifex and 
salmonids as vertebrate hosts. Ceratonova shasta is a serious pathogen of wild and cultured salmonids in the 
Pacific Northwest of North America, including endangered Coho and Chinook salmons. C. shasta causes intesti-
nal enteritis with up to 100% mortality in certain populations. The definitive invertebrate host of C. shasta is the 
freshwater polychaete Manayunkia speciosa20.

There are currently no disease control methods for myxozoans in general, as no vaccines or commercial treat-
ments for fish destined for human consumption are available. In order to design efficient methods for prediction 
and control of myxozoan diseases it is important to explore genes that these parasites use for invasion of and 
survival within their host, e.g. genes involved in immune evasion, since they are potential candidates for targeted 
antiparasitic treatments and vaccine development. As a result of this need, the number of gene expression studies 
are presently expanding considerably in order to predict and control such functional genes.

RT-qPCR (reverse transcriptase quantitative PCR) is one of the most rapidly incorporated techniques in sci-
entific studies. Its application in mRNA quantification has grown from ~8% to ~73–88% in the last decade21.

Being considered highly sensitive, RT-qPCR is one of the most extensively used approaches for gene expres-
sion studies in all organisms22–24. To achieve accurate gene expression results, it is critical that RT-qPCR results 
are normalized to an internal control, since gene expression can be influenced by different factors, i.e. variation 
in the amount of starting material, differences in RNA contents between cells or developmental stages, technical 
variability, and transcription efficiency. Traditionally, housekeeping genes (hereafter HKGs) are used as internal 
control. HKGs are present in all cell types because they are necessary for basic cell survival. HKGs commonly 
used as internal controls include beta actin, glyceraldehyde-3-phosphate dehydrogenase, several ribosomal genes 
such as 18S rRNA, 28S rRNA and eukaryotic elongation factors. Due to their key roles in metabolism, cytoskele-
ton and ribosome structure, the mRNA/rRNA synthesis of these genes was considered to be stable or uniformly 
expressed in various tissues, during ontology and development, even under different treatments19–21 and thus 
these genes were considered good reference genes (hereafter RGs).

However, it was shown that HKGs independent of organism do not always perform as good RG, and their 
expression may be differentially regulated and vary under certain experimental conditions. That is why it is highly 
recommended to validate the HKGs for each organism and study before performing gene expression studies23.

For cnidarians in general, data on RGs are scarce, although few differential expression studies were per-
formed25–30. For myxozoans, comprehensive gene expression studies are inexistent and only three reports study 
parasite gene expression31–33 and mainly rely on RGs that were “used in previous publications” (e.g.31), or the 
validation of RGs was focused on a limited part of parasite development (e.g. early intrapiscine development stud-
ied by Eszterbauer et al.32). Myxozoans are some of the oldest metazoan parasites with an extremely accelerated 
evolutionary rate and high heterogeneity across genes15, and likely functional derivation of genes. Therefore, it 
can be expected that genes that serve as RGs in other organisms are not constantly expressed during the complex 
life cycle of myxozoans and across the different developmental stages, within the vertebrate and invertebrate 
hosts. 18S rDNA is presently the most commonly used gene region for phylogenetic studies15 and especially for 
PCR and qPCR based detection and quantification assays (e.g.34–36), since rDNA occurs in tandem repeats and 
multiple copies in the genome, however it has not previously been tested as a RG. Considering the increasing need 
to understand and evaluate gene expression in myxozoans, our aim was to investigate the suitability of candidate 
reference genes in different developmental stages of three myxozoan species. Furthermore, we want to propose 
“optimal” reference genes that can be used in future myxozoan gene expression studies aimed at the discovery of 
functional target proteins to control emerging myxozoan diseases.

Material and Methods
parasite collection. For each species different developmental stages (S. molnari) and different life cycle 
stages (M. cerebralis and C. shasta) were isolated from fish and definitive worm hosts (Table 1).

S. molnari proliferative, presporogonic blood stages were collected from a laboratory line that has been cycled 
(2 + years) from fish to fish by intraperitoneal injection of parasites into specific parasite-free (SPF) common 
carp (Cyprinus carpio) (methodology detailed in18). S. molnari blood stages (n = 5 fish) were concentrated and 
co-isolated with host white blood cells from whole blood of carp, by centrifugation for 5 minutes at 3500 rpm in 
heparinized hematocrit tubes18. Spore-forming stages (infected gills, n = 5) were obtained from carp held at the 
recirculation system of the Research Institute for Fisheries and Aquaculture (Szarvas, Hungary).

M. cerebralis actinospores used for exposure trials originated from Tubifex tubifex cultures maintained in
the laboratory of the Institute for Veterinary Medical Research (IVMR), Budapest, Hungary, over several years. 
SPF rainbow trout, Onchorhynchus mykiss (Kamloops strain) was obtained from the Lillafüred Trout Hatchery, 
Hungary (yolk sac stage) and reared at the IVMR. Fish were infected individually with 5000 freshly filtered 
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actinospores according to37. From infected fish, pieces of skulls containing myxospores and sporogonic plasmodia 
(spore-forming stages) were collected 90 days’ post exposure (n = 4). Laboratory T. tubifex cultures were exposed 
with spores isolated from the head cartilage as per38. Worms (n = 4) infected with triactinomyxon spore-forming 
stages were collected 100 days’ post exposure.

The species composition of naive worm cultures was regularly checked by DNA sequencing and microscopy, 
and worm specimens with long hair chaetae (which all belong to Tubifex tubifex s.l. in the culture) were selected 
for individual exposure.

Ceratonova shasta was collected from ascitic fluid of the abdominal cavity and from infected intestines of rain-
bow trout infected with genotype IIR (n = 3). Naive rainbow trout were from Roaring River Hatchery strain (Scio, 
OR, Oregon Department of Fish and Wildlife) and they were infected by an intraperitoneal injection of ascites 
collected from an infected rainbow trout that was previously exposed in the Williamson River, Oregon, USA. Fish 
were held at 18 °C in 100 L tanks at the Aquatic Animal Health Laboratory at Oregon State University (AAHL, 
OSU). Fish were sampled when developing typical clinical signs of enteronecrosis6. A wet mount of ascites was 
examined using a Zeiss 47 30 28 light microscope and the presence of different developmental stages (plasmodia 
and spores) was confirmed. Genotype was confirmed using the ITS rDNA region39. Fish were euthanized by an 
overdose of buffered MS-222 (tricaine methanesulfonate; Argent Laboratories). Ascites was collected with a ster-
ile syringe. Intestine was removed by dissection. Fluid and tissues were flash frozen in liquid nitrogen and kept 
at −80 °C. The infection had been achieved by transmission of ascites stages from fish to fish by intraperitoneal 
injection40.

Manayunkia sp. worms (n = 3) infected with actinospores of the same genotype were obtained from labora-
tory cultures (methodology of41 at the John L. Fryer Aquatic Animal Health Lab (OSU). Worms originated from 
the Upper Klamath River and were regularly seeded with myxospores from IIR transfected rainbow trout42. RNA 
in blood, gills,  skull pieces and worms was stabilized in 100 µl of RNAprotect Cell Reagent (Qiagen) and stored at 
−80 °C prior to RNA extraction. Intestine and ascites infected with C. shasta were flash-frozen in liquid nitrogen 
and stored at −80 °C.

ethics statement. Fish manipulation and sampling techniques were performed in accordance with Czech 
legislation (Protection of Animals Against Cruelty Act No. 246/1992) and approved by the Czech Ministry of 
Agriculture. Rainbow trout sampling at Oregon State University (OSU) was carried out in accordance with the 
recommendations of OSU - Institutional Animal Care and Use Committee (IACUC). The protocol was approved 
by ACUP #4666. For rainbow trout exposure to M. cerebralis, the Hungarian Scientific Ethical Committee on 
Animal Experimentation provided approval (PEI/001/4087-4/2015).

RnA extraction and reverse transcription. Total host + parasite RNA for all samples with exception 
of Manayunkia worms, was isolated using the Nucleospin RNA Kit (Macherey-Nagel) following manufactur-
er’s instructions. RNA from Manayunkia worms was isolated using guanidine/thiocyanate/phenol/chloroform 
extraction method43 to ensure higher concentrations of RNA compared to the column-based RNA extrac-
tion methods. A DNase digestion step ensuring elimination of genomic DNA was included into the proto-
col of the Nucleospin RNA Kit (manufacturer’s instructions). For Manayunkia samples, DNA was removed 
using the DNAFree Kit (Invitrogen). RNA concentration and purity were checked using a Nano Drop - 1000 
Spectrophotometer (Thermo Fisher Scientific Inc.). All RNA samples with 260/280 ratio in range of 1.9–2.0, and 
260/230 ratio in range of 2.0–2.4 were chosen for cDNA synthesis. Approximately 500 ng RNA was used as an 
input for synthesis of 20 µl of cDNA using the Transcriptor High Fidelity cDNA synthesis Kit (Roche) following 
the manufacturer’s protocol.

Parasite species Host species Origine of samples
Parasite developmental 
stage Host tissue

Number of 
samples

Sphaerospora molnari
Cyprinus carpio Malá Outrata pond, CZ presporogonic blood stage blood 5

Cyprinus carpio Malá Outrata pond, CZ non infected blood 2

Sphaerospora molnari
Cyprinus carpio Szarvas, HU sporogonic stage gills 5

Cyprinus carpio Szarvas, HU non infected gills 2

Myxobolus cerebralis
Oncorhynchus mykiss Inst for Veterinary Med Res, Budapest, HU sporogonic stage cartilage (head) 4

Oncorhynchus mykiss Inst for Veterinary Med Res, Budapest, HU non infected cartilage (head) 2

Myxobolus cerebralis
Tubifex tubifex  Inst for Veterinary Med Res, Budapest, HU triactinomyxon stage whole worm 4

Tubifex tubifex  Inst for Veterinary Med Res, Budapest, HU non infected whole worm 2

Ceratonova shasta
Oncorhynchus mykiss Roaring River Hatchery, Scio, OR, USA mix of presporogonic and 

sporogonic stages intestine 3

Oncorhynchus mykiss Roaring River Hatchery, Scio, OR, USA non infected intestine 2

Ceratonova shasta
Oncorhynchus mykiss Roaring River Hatchery, Scio, OR, USA mix of presporogonic and 

sporogonic stages ascites 3

Oncorhynchus mykiss Roaring River Hatchery, Scio, OR, USA non infected ascites 2

Ceratonova shasta
Manayunkia sp. Fryer Aquatic Animal Health Lab (OSU), USA tetractinomyxon stage whole worm 3

Manayunkia sp. Fryer Aquatic Animal Health Lab (OSU), USA tetractinomyxon stage whole worm 2

Table 1. Sampling details of selected parasites across different developmental stages and non- infected host 
used as control.
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candidate reference gene selection and data mining. A list of eight commonly used cnidarian and 
other metazoan candidate reference genes were selected for this study: adenosylhomocysteinase (AHC1), beta 
actin (ACTB), eukaryotic translation elongation factor 2 (EF2), glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH), hypoxanthine-guanine phosphoribosyltransferase 1 (HPRT1), DNA-directed RNA polymerase II 
(RPB2), 18S ribosomal RNA (18S), 28S ribosomal RNA (28S) (Table 2). Initially, this list included six more genes 
used as reference genes for cnidarians and other metazoans, such as eukaryotic translation factor 1 (EF1), NADH 
dehydrogenase iron-sulfur protein 2 ubiquinone (NADH), heat shock protein 70 (HSP70), ribosomal protein L11 
(RPL11), TATA-Box Binding Protein Associated Factor 6 (TAF6), PHD finger protein 8 (PHF8). However, these 
genes were later excluded from the study/analysis, because either we were not able to find suitable homologues of 
these genes in our transcriptome/s, or primer design/ PCR was not successful. The eight candidate reference genes 
were mined from their respective parasite transcriptome data (RNA sequences) or from DNA sequences available 
in GenBank or at private databases. All available homologous amino acid sequences of these genes (GenBank) 
from common representatives of cnidarians such as Acropora tenuis, Aurelia aurita, Hydra vulgaris, Hydra mag-
nipapillata, Nematostella vectensis, Polypodium hydriforme, and different myxozoan species (C. shasta, Kudoa 
iwatai, M. cerebralis, Sphaerospora dicentrarchi, Thelohanellus kitauei, Buddenbrockia sp., etc.) were combined for 
queries. The search was performed using the tBLASTn algorithm with the e-value cutoff set to 10−10. The top hits 
(highest e-value) were analyzed using the NCBI conserved domains platform (https://www.ncbi.nlm.nih.gov/
Structure/cdd/wrpsb.cgi, to confirm their identity). To re-confirm the myxozoan origin of the mined sequences 
phylogenetic trees including other metazoan taxa (cnidarians, fish, etc.) were reconstructed using maximum like-
lihood methods in RAxML web-server (https://raxml-ng.vital-it.ch/#/). Details on chosen sequences are included 
in Suppl. Mat. 1.

Primer design and specificity of PCR. Gene-specific primers were designed to amplify short 70–150 bp 
regions suitable for RT-qPCR assays (Table 3). Primer pairs were designed with optimal Tm at 58–60 °C and 
GC content between 45–50%, using the NCBI online primer-design tool (https://www.ncbi.nlm.nih.gov/tools/
primer-blast/). All primers were tested for specificity using conventional PCR prior to performing RT-qPCR. 
Details on PCR conditions are described in Suppl. Mat. 5. Primer specificity was determined by obtaining single 
amplicons of the expected size from infected samples and no amplification in uninfected fish and worm samples 
(indicating that primers are not annealing with fish cDNA). Controls without reverse transcriptase (–RT) were 
tested for genomic DNA contamination. The presence of infection was confirmed, and parasites identified micro-
scopically and by specific published PCR assays31,44,45. The identity of PCR products was confirmed by sequence 
comparison. RT-qPCR primer specificity was also checked by running melting curve analysis (see Suppl. Mat. 3).

Quantitative real-time pcR. RT-qPCR was performed using the LightCycler® 480 Real-Time PCR System 
(Roche). Reactions of 25 µl were comprised of 12.5 µl of FastStart Universal SYBR Green PCR Master Mix (Roche, 
Germany, 2X conc.), 1 µl of each forward and reverse primer (10 µM conc., 0.4  µM final conc.), 5.5 µl of PCR 
grade water, and 5 µl of cDNA (generally at ~150–170 ng/µl dilutions). The cycling conditions were denaturation 
at 95 °C for 5 min, followed by 50 cycles of 95 °C for 10 s, 58 °C for 10 s and 72 °C for 10 s. Melting curve analysis 
was performed after each cycle to ensure primer specificity. All samples were amplified in technical triplicates 
and a mean value was calculated. Four (M. cerebralis) to five (S. molnari) biological replicates were used for 
each sample, with the exception of C. shasta (only 3 replicates available). qPCR efficiency was predicted for each 
gene based on the slope of a linear regression model46 using a series of 5-fold dilutions (1:5, 1:25, 1:125, 1:625). 
Standard curves were built using Roche Light Cycler 480 Software version 1.5.0 SP4. Generally, for best amplifica-
tion results efficiency ranges of 90–110% and standard curve slopes of −3.58 to −3.10 were considered optimal47.

Ranking and quantitative analysis of reference genes. Differential expression levels and abundance 
of candidate reference genes within the sample was analyzed by a direct comparison of Cq (quantification cycle) 
values (Fig. 1, Suppl. Mat. 2). The stability of the candidate reference genes was analyzed using four algorithms: 
ΔCq, NormFinder, geNorm, and BestKeeper. The comparative ΔCq method manually compares relative expres-
sion of ‘pairs of genes’ within each sample. If the ΔCq value between the two genes remains constant when ana-
lyzed in different samples it means that either both genes are expressed at relatively constant rates among those 
samples, or they are co-regulated (here we assume the stability of both genes)48.

Gene Ids Protein encoded Generally accepted function Accepted reference gene for Used as RG for myxozoans

ACTB Beta actin Cytoskeletal structural protein Commonly accepted reference gene25,32,86 Myxobolus cerebralis32,33

AHC1 Adenosylhomocysteinase Homocystein synthesis protein Corals25

EF2 Eukaryotic Translation Elongation Factor 2 Nascent protein synthesis protein Commonly accepted reference gene67,68

GAPDH Glyceraldehyde-3-Phosphate Dehydrogenase Metabolic protein (glycolytic enzyme) Commonly accepted reference gene23

HPRT 1 Hypoxanthine-Guanine Phosphoribosyltransferase 1 Purine nucleotide synthesis protein Commonly used for humans22

RPB2 DNA-directed RNA polymerase II RNA polymerase II transcription 
machinery protein Humans87

18S rRNA 18S ribosomal RNA gene SSU Ribosome structural protein Commonly used refrence gene23,88, Myxobolus cerebralis31

28S rRNA 28S ribosomal RNA gene LSU Ribosome structural protein Commonly used reference gene89

Table 2. Details of selected candidate reference genes.
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NormFinder49 was performed using original Microsoft Excel-based software. It determines the stability of the 
candidate genes based on an estimate of inter- and intragroup variation. It calculates the most stably expressed 
candidate genes and suggests two of them as references.

geNorm was performed using the qbase + package software50. This program is based on the assumption that 
if the ratios between samples are uniformly expressed, non-normalized target genes should remain regular. The 
genes with the most irregular expression are excluded from further analysis while the last two remaining genes are 
selected as the most stable51. We used two values to interpret geNorm results: (1) geNorm M (geNorm expression 

Organism Gene Primer sequence (5′-3′)
Amplicon 
length (bp)

Melting 
T°(C)

GenBank access. 
numbers*

Sphaerospora molnari

ACTB
F: AATCCACGAGACCACCTTCG 149 59.75 see Suppl. Mat. 1

R: CAGCAGCCAAACCGGTGATA 60.68

AHC1
F: TTCCCCATGGTGTCGAGAAA 138 58.94 see Suppl. Mat. 1

R: TCAATGACACCTCGAACACAGT 59.9

EF2
F: TCCGGCAGGCAAGAAGGTTT 140 62 see Suppl. Mat. 1

R: CCAAGTTGGATACGGATTACGAGT 60.44

GAPDH
F: TATCGACCTGGCCGTTACTG 118 59.63 see Suppl. Mat. 1

R: GTTGCTGCTGTCAATGACCC 59.9

HPRT 1
F: TCTCATCTGTGACCGTGCTC 84 59.47 see Suppl. Mat. 1

R: ACGCACAAAAACTCGGATCTG 59.47

RPB2
F: ATTAGTTACGGTGCCGGAGG 143 59.54 see Suppl. Mat. 1

R: GCTGTGACATGGAAGATGCG 59.62

18S rRNA
F: ATCCCAGGTCGTATCCGCTA 73 59.89 see Suppl. Mat. 1

R: ACTGCCCTGTTGATGCGATT 60.32

28S rRNA
F: ATCTGCTCGCACCTCATACG 143 59.97 see Suppl. Mat. 1

R: CCGAGTTTGCTTGCGTTACC 60.11

Myxobolus cerebralis

ACTB
F: TTGCCTGATGGTCAGGTGAT 110 59.01 AY156508.2

R: AGTGTCTCGTGAAGTCCACTG 59.66

AHC1
F: GTTCAGCGTCGCTAAGAGGA 124 59.83 GBKL01003454.1

R: GCCCGAGAGACACAGTCATC 60.18

EF2
F: ATGGATCCGGGCCTAACCTT 149 60.7 GBKL01021688.1

R: CAAGTCCAGACGAACACCCC 60.6

GAPDH
F: GTGGCAAAACCCGCAACTAA 95 59.61 GBKL01017634.1

R: TGTGCGTCGACAAACTGGAT 60.25

HPRT 1
F: TGGTGCTCCTGGTGAAGAAA 119 59.16 GBKL01050483.1

R: GAGGTCGTCCATCCCAGTTT 59.39

RPB2
F: AATGGAGGGCTGGCTAAACG 127 60.39 GBKL01027608.1

R: TAATCCGATGTCAGGGCACC 59.53

18S rRNA
F: TAGAGTGTGCCGAACGAGTC 85 59.48 EF370479.1

R: GGTCCCAAGGCATCATGACA 60.03

28S rRNA
F: AGTCGAAGTAGAGCAGCGTG 141 59.83 AY302740.1

R: CATCCTCAGGGATGCACTGT 59.45

Ceratonova shasta

ACTB
F: GTCGGCAATTCCTGGGTACA 149 60.04 see Suppl. Mat. 1

R: TCCAACCGGCATTTTTAGGA 57.41

AHC1
F: TTCGGTTACCACGACTCGGC 82 62.47 see Suppl. Mat. 1

R: TGTAGTGGGTGGCTATGGTGA 60.55

EF2
F: CTGGATTCCAATGGGCAACT 147 58.14 KM392431.1

R: AAATAACTCTTCGAGCAGTAGGT 57.34

GAPDH
F: TGGGGCTAAACAGTTGGTGG 152 60.18 see Suppl. Mat. 1

R: GTGGACATTTGAAAGGAGGCG 59.8

RPB2
F: TGGAGGTTGAAGGTACGTGT 156 58.58 see Suppl. Mat. 1

R: TCTGCCCCTTTATAGGACGA 57.54

18S rRNA
F: CCAAGTTGGTCTCTCCGTGA 121 59.32 AF001579.1

R: CAAATTAAGCCGCAGGCTCC 59.9

28S rRNA
F: ACGTGAAACCGTTAACATGGA 132 58.16 FJ981818.1

R: CCACTGGCCTTGAAGATTGT 58.08

Table 3. Genes and their primer sequences used in this study. *Accession numbers are provided for the gene 
sequences that are available in GenBank/either mined from transcriptomic data under review, but see sequences 
in Suppl. Mat. 1.
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stability value of reference genes, lowest M value indicates higher stability); and (2) geNorm V (pairwise varia-
tion). geNorm V further determines the optimal number of reference genes to be used in subsequent analyses. 
A Vn/n + 1 value is shown for every comparison between two consecutive numbers (n and n + 1) of candidate 
reference genes. As a general guideline (www.qbaseplus.com, qbase + manual, rev2017.04.27) it is stated that 
the benefit of using an extra (n + 1) reference gene is limited as soon as the Vn/n + 1 value drops below the 0.15 
threshold, indicated with a horizontal line (Fig. 2).

BestKeeper was performed using the original Microsoft Excel-based formulas52. It calculates the standard 
deviation of the Cq value between the whole data set, and the gene with the lowest standard deviation (SD) is 
proposed as most suitable.

Finally, we used RefFinder (https://www.heartcure.com.au/reffinder/?type=reference accessed at 25 June 
2019), a comprehensive software platform which integrates all four algorithms providing an overall ranking of 
the used genes.

transcriptomic data analyses. De novo transcriptome assemblies of S. molnari (unpublished) were used 
to observe expression of candidate reference genes in blood and sporogonic stages of parasite. We used S. molnari 
11 samples (5 from blood stages and 6 from sporogonic stages) based transcriptomic data to estimate transcript 
expression values (TPM: Transcripts Per Million) using the Salmon software53. These TPM expression values were 
scaled and served to generate a cross-sample normalized TMM gene expression matrix (TMM: trimmed mean 
of M-values: scaling normalization that aims to account for differences in total cellular RNA across all samples), 
using the Trinity package54,55. We extrapolated TMM values for eight candidate genes expression values from the 
gene expression matrix and compared it across the 11 samples manually. Average values for each developmental 
stage were calculated. The most stable gene was considered the one for which the ratio between the average values 
of both developmental stages was closest to 1 (Table 4).

Results
PCR specificity and primer efficiency. Primer specificity was confirmed by obtaining single amplicons 
of the expected size, together with negative results in uninfected fish and worm samples. Primer specificity was 
also confirmed based on the occurrence of a single peak in the melting curve (Suppl. Mat. 3). Absence of genomic 
DNA contamination was confirmed by no amplification in –RT samples. The efficiency of our candidate RG 
primers in the present study ranged from 88 to 129%, which slightly surpasses the acceptable optimum range 
(90–110%). However, we obtained similar efficiencies for the given genes in two different developmental stages 
of parasite.

cq data. Transcript abundance of each gene within each biological replicate was roughly estimated from 
the raw Cq values. The most abundantly expressed genes were 28S and 18S for all three studied species with Cq 
ranging about 14–25. The least expressed genes were AHC1 for S. molnari (Cq > 34) and RPB for M. cerebralis 
(Cq > 32) and C. shasta (Cq > 37.3). The rest of the genes fell in the range of Cq = 22–34 (Fig. 1 and Suppl. 
Mat. 2).

Figure 1. RNA transcription levels of candidate reference genes (in absolute Cq values) representing the 
abundance of the studied genes in each sample.
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Stability of candidate genes. For S. molnari, the expression of EF2 and GAPDH was shown to be the 
most stable among the eight studied genes according to ΔCq method (lowest average SD values 1.08 for EF2 and 
1.12 for GAPDH), NormFinder (with lowest stability value = 0.18 for EF2 and 0.38 for GAPDH) and geNorm 
(lowest M = 0.37 for both genes). We obtained pairwise variation (geNorm V-value) V2/3 < 0.15, indicating 
that in this case 2 genes are sufficient for normalization, and that the additional inclusion of more reference 
genes will not provide a significant improvement for the normalization of target genes (Fig. 2A). While GAPDH 
was ranked in the second most stable place (SD ± Cq = 2.15), EF2 was ranked in the third most stable place 
(SD ± Cq = 2) by BestKeeper (Table 5, Suppl. Mat. 4). The same genes occur in the first 4 positions across all the 
algorithms: geNorm: EF2 > GAPDH > ACTB > 28S, ΔCq method: EF2 > GAPDH > ACTB > 28S, NormFinder: 
EF2 > GAPDH > ACTB > 28S, BestKeeper: ACTB > GAPDH > 28S > EF2. To obtain a comprehensive ranking 
and summary of all the algorithms used, we loaded our raw data to the RefFinder web-based platform, which 
includes four above mentioned algorithms (Fig. 3). Overall EF2, GAPDH, and ACTB were observed as the most 
stable genes by RefFinder (Fig. 3A).

We observed a similar pattern for M. cerebralis. geNorm suggested ACTB, EF2 and GAPDH with the lowest 
M value (M = 0.41, 0.41 and 0.57, respectively). Ge Norm pairwise variation showed middle stability, suggest-
ing to consider 4 genes for optimal normalization (Fig. 2B). ΔCq method (with lowest average SD values 1.11 
for GAPDH, 1.12 for ACTB and 1.17 for EF2) and NormFinder (with lowest stability value = 0.27 for GAPDH, 
0.56 for ACTB and 0.65 for EF2) also suggested the same genes. However, Bestkeeper’s ranking was different as 
GAPDH occurred in the fourth place (SD ± Cq = 1.69), ACTB in the fifth place (SD ± Cq = 1.95) and EF2 in 
the sixth place (SD ± Cq = 2). Overall, out of the eight M. cerebralis genes studied, the following genes ranked in 
the first 4 positions: geNorm: ACTB > EF2 > GAPDH > RPB2, ΔCq method: GAPDH > ACTB > EF2 > RPB2, 
NormFinder: GAPDH > ACTB > EF2 > RPB2, BestKeeper: 28S > 18S > AHC1 > GAPDH. RefFinder suggested 
GAPDH, EF2 and ACTB as the most stable reference genes in comprehensive ranking (Fig. 3B).

For C. shasta the combination of the genes used in the analysis was slightly different. We obtained no 
expression or very low expression for HPRT1 gene in all samples, and very low expression (ΔCq > 40) of 
RPB gene in worm samples and thus these two genes were excluded from the final gene stability analysis. 
geNorm showed that AHC1 and ACTB and GAPDH had the lowest M value (M = 1.27, 1.27 and 1.54 respec-
tively). However, pairwise variation (geNormV > 0.15) could not determine the optimal number of genes to 
be used for normalization. (Fig. 2C). ΔCq method (with lowest average SD values 2.63 for GAPDH, 2.79 
for EF2 and 2.86 for AHC1) and NormFinder (with lowest stability value = 0.94 for EF2, 1.15 for GAPDH 
and 1.92 AHC1) suggested EF2 and GAPDH, however Bestkeeper’s ranking was different as 28S occurred 
in the second place (SD ± Cq = 1.97), while GAPDH and EF2 were in fourth place (SD ± Cq = 2.87), 
and fifth place (3.06). Overall, out of the studied C. shasta genes the following genes ranked in the first 4 

Figure 2. GeNorm pairwise variation (with threshold value = 0.15) suggesting optimal number of reference 
genes for normalization for A. Sphaerospora molnari, B. Myxobolus cerebralis, C. Ceratonova shasta.
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positions: geNorm: AHC1 > ACTB > GAPDH > EF2, ΔCq: GADH > EF2 > AHC1 > ACTB, NormFinder: 
EF2 > GAPDH > AHC1 > ACTB, BestKeeper: 28S > GAPDH, EF2 > AHC1 (Table 5). RefFinder suggested 
EF2, GAPDH and AHC1 as the most stable reference genes in comprehensive ranking (Fig. 3C).

Sporogonic stage
Sporogonic 
average Blood stage

Blood 
average

Ratio between 
two stages

Biological 
replicate biol repl1 (fish 1) biol repl2 (fish 2) biol rep 3 

(fish 3) biol repl1 (fish 1) biol repl2 (fish 2)
biol rep 3 (blood 
stage mix of several 
fishes)

(Sp. average/ 
Bl. average)

Technical 
Replicate

tech 
repl 1

tech 
repl 2

tech 
repl 1

rech 
repl 2

no tech 
repl

tech 
repl 1

tech 
repl 2

tech 
repl 1

tech 
repl 2

tech 
repl 1 tech repl 2

Sample 
name 3A 3B 4A 4B 5A RNA1_

L001
RNA1_
L002

RNA2_
L001

RNA2_
L002

RNA3_
L001

RNA3_
L002

GAPDH 81.29 73.27 62.23 77.49 47.42 68.34 29.83 29.25 83.18 84.50 106.20 118.88 75.31 0.91

EF2 269.91 230.57 193.22 282.79 143.82 224.06 74.14 73.91 331.30 331.03 313.90 298.76 237.17 0.94

18S rRNA 225.78 408.70 489.16 372.05 851.90 469.52 1301.10 1320.74 1154.50 1148.18 4751.65 4818.87 2415.84 0.19

HPRT1 1038.46 1134.00 1121.06 1068.91 1201.93 1112.87 73.16 70.86 371.42 371.66 438.28 470.23 299.27 3.72

RPB2 8.59 6.75 6.41 7.78 4.55 6.82 5.97 4.47 5.25 4.02 5.18 4.87 4.96 1.37

ACTB 3785.16 2868.36 2975.15 2916.40 3780.47 3265.11 4167.18 4235.62 10470.21 10430.10 10841.77 10873.28 8503.03 0.38

28S rRNA 273.61 504.40 392.36 390.14 1058.62 523.83 92.39 93.65 193.23 187.74 364.82 365.67 216.25 2.42

AHC1 22.11 23.63 18.93 13.89 40.43 23.80 1.93 1.84 5.80 3.98 0.29 1.39 2.54 9.37

Table 4. TMM expression values of candidate HKGs for sporogonic and blood stages of Sphaerospora molnari. 
The genes for which ratio between sporogonic and blood stages are closer to 1 are considered the most 
uniformly expressed between two stages.

Genes GeNorm NormFinder BestKeeper
Δ 
Ct

Comprehensive 
ranking TMM

Sphaerospora molnari

ACTB 2 4 2 4 3 4

AHC1 5 7 7 6 6 8

EF2 1 1 5 1 1 1

GAPDH 1 2 3 2 2 2

HPRT1 4 5 6 5 7 7

RPB2 7 8 8 8 8 3

18S rRNA 6 6 4 7 5 5

28S rRNA 3 3 1 3 4 6

Myxobolus cerebralis

ACTB 1 2 5 2 2

AHC1 5 5 3 6 6

EF2 1 3 6 3 3

GAPDH 2 1 4 1 1

HPRT1 4 6 8 5 8

RPB2 3 4 7 4 5

18S rRNA 7 8 2 8 7

28S rRNA 6 7 1 7 4

Ceratonova shasta

ACTB 1 4 5 4 6

AHC1 2 3 4 3 3

EF2 4 1 3 2 2

GAPDH 3 2 2 1 1

HPRT1 Excluded from analysis

RPB2 Excluded from analysis

18S rRNA 8 6 6 6 5

28S rRNA 7 4 1 5 4

Table 5. Comprehensive ranking of studied genes using a combination of four algorithms. TMM ranking is 
based on normalized transcript expression values from NGS data. Lower ranking values indicate higher gene 
stability. Additionally, gene stability values generated by each algorithm are given in Suppl. Mat. 4.
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Differential gene expression from transcriptome data. We have obtained TMM values for candidate 
reference genes in two S. molnari developmental stages (pre-sporogonic blood stage and sporogonic stage). We 
have calculated the closest to 1 value for EF2 (ratio between two stages = 0.94) and GAPDH (ratio between two 
stages = 0.91) indicating these two genes as the most stable of the eight studied genes (see Tables 4 and 5).

Discussion
Expectations for real-time RT-qPCR are high as it serves as a first step of generating a data which will be a refer-
ence for the next steps of research applications (i.e. studies involving gene expression data).

While, numerous studies are based on qPCR data, in the past, only few reference gene validation studies were con-
ducted. Many papers would use only a single gene as a reference, without verification of its utility under the used exper-
imental conditions. This was especially common for majority of the articles concerning the analysis of RNA transcripts 
published in high impact journals in late 1990s and early 2000s in different organisms including myxozoans23,24,31–33.

In order to obtain reliable results, reference genes normalization and its rational interpretation are essential. 
It is complicated to determine if a two-fold variation in gene expression is of biological importance because this 
genetic variation can be triggered by intrinsic noise of biochemical reactions. Discrepancies with regard to organ-
ism strains, experimental design, and algorithms calculating differential expression further add to this noise.

While not everything can be controlled for, the first step for producing meaningful (true) data is careful eval-
uation of reference genes.

Since previous data evaluating the stability of reference genes in myxozoans are missing, in this study, we 
evaluated eight candidate genes for their suitability as a reference for future RT-qPCR assays in gene expression 
studies of myxozoans. We designed a comprehensive setup for testing these genes in a comparative approach by 
using RNA extractions from different developmental stages of the parasites’ dixenous life cycle, using three spe-
cies from different phylogenetic lineages, covering the fields of biological and technical replicates and different 
calculation algorithms and methods by using RT-qPCR and transcriptomic data. Here, we discuss the parameters 
we used to ensure the best choice of reference genes, possible pitfalls that should be taken into consideration 
before final conclusions, and we provide recommendations for future RT-qPCR studies in this unique group of 
highly derived cnidarian parasites.

Stability of the candidate reference gene and choice of algorithm. We used four well-accepted 
algorithms, geNorm, ΔCq, NormFinder, and BestKeeper in combination with TMM expression values mined 
in transcriptome expression data to evaluate the stability of the examined genes. Since these algorithms have 

Figure 3. Stability of candidate reference genes expression for studied myxozoan species based on RefFinder 
comprehensive ranking: (A). Sphaerospora molnari, (B). Myxobolus cerebralis, (C). Ceratonova shasta. Y axis 
represents Genes Geomean of ranking values (lower value indicates higher stability). In X axis genes are ordered 
from high to low expression stability.
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different calculating approach, it might expect that the rankings of candidate genes could be different depending 
on the software applied. In previous studies we observed that the results produced by BestKeeper can oppose 
those of geNorm and NormFinder56,57.

Each approach has its strengths and weaknesses and there is no commonly accepted opinion on which one 
is the best. A consensus ranking of RGs is useful as it combines the data obtained from different algorithms and 
creates a meaningful outcome reflecting an overall agreement58,59. We used RefFinder for consensus ranking. 
We additionally checked the expression levels of examined genes in 6 transcriptomic datasets of highly prolif-
erative and motile feeding stages vs 5 localized, predominantly intracellular spore-forming stages, for further 
confirmation of qPCR data obtained. In principle, RNAseq data can be used to identify good reference genes60,61 
without previous selection according to published data. This is offering attractive perspectives regarding new RG 
discoveries, since the proposed workflows can be used for already generated transcriptomic datasets, regardless 
of sequencing technology, library size or organism60. With regard to myxozoans, there are not enough transcrip-
tomic datasets of different developmental stages available for a single species and we hence compared preselected 
genes in new transcriptomic data of two different developmental stages of S. molnari. While other studies used 
TPM (Transcripts Per Million) or FPKM (Fragments Per Kilobase of transcript per Million mapped reads) val-
ues from RNA-Seq studies to analyse gene expression stability via CV (coefficient of variation) and fold change 
calculation methods62–64 we used a relatively straightforward approach, simply comparing already cross-sample 
normalized TMM values of the gene between studied conditions.

Stability of the candidate reference genes and experimental conditions. Numerous studies 
showed that the stability of proposed HKGs vary across organisms and most importantly experimental conditions 
(i.e. developmental stages, drug/dietary treatment, temperature such as heat shock, cold stress, drought stress, 
etc.)23,64,65. Only genes that have stable expression under a condition to be analysed can be used as an RG for the 
given study. In the present case, we were mainly focused on providing RGs that are stable during myxosporean 
development, rather than e.g. under different temperature or dietary regimes. This is of particular importance to 
be able to investigate the stage-specific expression profile of parasite genes.

In our study, comprehensive ranking together with transcriptomic TMM calculations suggested that EF2 
and GAPDH are the most stable genes across all the studied myxozoan species (Table 5). EF2 promotes the 
GTP-dependent translocation of the ribosome66. It is an essential factor for protein synthesis and thus, like other 
ribosomal genes, is assumed to have a constant expression throughout different tissues, different treatments or 
developmental stages of the organism. It has been shown to be the most stable gene for mouse DNBS disease 
treated and non-treated colon tissue67, or for plant tissues exposed to biotic and abiotic stress68.

GAPDH is one of the most used RGs in different organisms, including corals, fish, human, etc23,29,69. Although 
several studies showed that GAPDH can be regulated under some experimental conditions, i.e. gene expression 
in thermal and light studies70,71 it is reported to be a suitable reference for normalizing gene expression in various 
life stages, for instance in red algae72, plants73 or during the metamorphosis of free living cnidarian representa-
tives such as corals (Porites astreoides29), which coincides well with the general scheme of our study. Our results 
suggested GAPDH as the first most stable gene for M. cerebralis and C. shasta, and the second most stable gene 
for S. molnari.

Actin is one of the most conserved proteins in eukaryotes, whose structure has been conserved despite the 
numerous actin isoforms reported with different biological functions64,65. Beta actin is one of the most common 
reference genes used in gene expression studies as it is known to be a key component involved in the development 
of cytoskeletal filaments66. It was listed as one of the best-performing reference genes in cnidarian/dinoflagellate 
studies26. Similarly, it was the best performing reference gene, along with 28S rRNA, in the parasitic apicompl-
exan Theileria parva from different host tissues67. Beta actin was used as a reference gene for M. cerebralis2 and a 
number of gene expression studies in free-living cnidarians26–28, however, it has been shown to be regulated under 
various experimental conditions and was redefined as an unsuitable reference gene in some cases23. Multiple actin 
isoforms are known from myxozoans74,75 and in S. molnari, the expression level of two highly divergent isoforms 
differs about 15-fold, since likely only isoform 1 is responsible for the unique parasite motility during prolifera-
tion in the blood75. These highly variable expression levels of different isoforms suggest different functions and 
even though we used actin isoform 2, which was expressed at a low level, for the design of our qPCR assay, our 
results did not support beta actin to be an optimal reference gene for S. molnari or the other myxozoan species 
studied. It was ranked only in third place for S. molnari and M. cerebralis, and in sixth for C. shasta. TMM data 
also placed it in the fourth place for S. molnari. Actin isoforms are very similar to beta actin and gamma actin, 
differing only by four biochemically similar residues and being conserved from birds to mammals76, however, 
actins show highly divergent DNA sequences in myxozoans75. Hence, the possibility of misidentification of the 
same actin isoform in different species of the highly derived myxozoans gives an additional reason for excluding 
beta actin from qPCR analyses in myxozoans.

Alongside with beta actin, ribosomal genes especially 18S and 28S rRNA are traditionally used as reference 
genes. Being structural components of small and large eukaryotic ribosomal subunits (40S and 60S), they are one 
of the most basic components of eukaryotic cells. However, the suitability of 18S and 28S rRNA as a reference 
gene varies in the literature. In myxozoan studies 18S was used for phylogenetic studies and for detection and 
quantification of parasites in environment or host tissue34,35. Thus, we have included it in our study to test its 
utility as reference gene, since it is shown to have high stability. However, despite its high stability in a number of 
organisms77–79 many studies indicated that these are highly expressed genes and are often unsuitable for compari-
son. It can be challenging to compare them with target genes expressed at a low level which can lead to erroneous 
results23,80. Indeed, 18S and 28S rRNA were the most highly expressed genes (Cq < 21) in our study, except for C. 
shasta (Cq for 18S = 23.9–25.6 in intestine and worm samples, respectively). In our study 28S was the fourth most 
stable gene for S. molnari and C. shasta.
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Stability of the candidate reference genes and the influence of used methodology. Despite 
RT-qPCR being one of the most reliable techniques to accurately measure the expression level of a gene, there are 
number of factors that may affect the consistency of expression data. For instance, different dyes can influence 
PCR inhibition in a concentration-dependent manner and can have effects on DNA melting temperature or can 
preferentially bind to certain DNA sequences81. PCR efficiency can be influenced by PCR inhibitors present in 
the sample or by non-optimal primer design. This information is critical, since these factors can produce different 
results even if the experimental design or study organism is similar (see also notes in Suppl. Mat. 5). Overall, we 
obtained consistent results for the suitability of RGs in three myxosporean species from different phylogenetic 
clades: EF2, GAPDH together with ACTB were the most stable genes for S. molnari and M. cerebralis, and EF2, 
GAPDH and AHC1 for C. shasta. Additionally, comparable TMM values of S. molnari demonstrate the robust-
ness of our predictions. Thus, it can be hypothezised that these genes will also have stable expression in other 
related myxozoan species. These results are useful in particular for studies involving developmental stages of these 
parasites, however furthermore it would be of great interest to check the stability of these genes under different 
experimental conditions such as temperature, drug treatment, different dietary treatment, water quality, etc.

possible pitfalls of detecting less abundant transcripts and further recommendations.  
Likewise, highly expressed genes, such as 18S and 28S rRNA, reference gene may not be suitable to use in gene 
expression studies, if the gene of interest (i.e. target gene) has low expression in comparison to the reference 
gene. For instance, in our study, suggested reference genes (EF2, GAPDH) showed a suitable expression range 
(Cq = 23–33) in all samples (see Fig. 1, and Suppl. Mat. 2 for the abundance of each gene in each sample). 
However, we noticed that all the investigated genes in these samples showed low expression levels, which could 
be related to the low amount of parasite concentration in the sample or PCR inhibition, which may occur in guts 
and soil samples82–84.

PCR inhibition is something to be aware of, especially in invertebrate host extractions procedures, and need 
to be carefully evaluated to ensure sufficient representation of quantifiable transcripts in subsequent myxozoan 
studies.

Several attempts (i.e. using inhibitor removal column and reagents, see details in Suppl. Mat. 5) were under-
taken to reduce inhibitory effect in this study, which did not improve our overall results. Another useful way 
to evaluate the inhibitory effect is to use serial dilutions, since inhibitory effect can be lost in high dilutions. 
However, for the samples where the parasite concentration is already extremely low, dilution may not always be 
an optimal solution.

While we cannot exclude PCR inhibition as the reason for low detection of some of our genes, it is possible 
that the high Cq values observed are simply related to low parasite concentrations in the sample or these tran-
scripts are expressed in low levels.

In either way, detecting less abundant transcripts remain an open question, especially in invertebrate samples, 
and more analyses (i.e. using new inhibitory effects removal kits, testing different concentration of RNA, carefully 
evaluating the primer design) may help to clarify this problem.

Finally, using a single reference gene for gene normalization is generally less reliable than the use of a set of 
genes85, and based on our data, we propose using a combination of at least 2 to 3 genes for myxozoans. To our knowl-
edge, this is the first study to validate RGs for myxozoan species, and we are convinced that the results presented here 
serve as an essential aid for subsequent gene expression studies of this group of extremely derived parasites.

Data availability
The data that support the findings of this study are available in Supplementary Material.
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Abstract 

Euglena gracilis is a metabolically flexible, photosynthetic and adaptable free-living protist 

of considerable environmental importance and biotechnological value. By label-free LC-

MSMS, a total of 1,787 proteins were identified from the E. gracilis purified mitochondria, 

representing one of the largest mitochondrial proteomes so far described. Despite this 

apparent complexity, protein machinery responsible for the extensive RNA editing, splicing 

and processing in the sister clades diplonemids and kinetoplastids, is absent. This strongly 

suggests that the complex mechanisms of mitochondrial gene expression in diplonemids and 

kinetoplastids occurred late in euglenozoan evolution, arising independently. By contrast, the 

alternative oxidase pathway and numerous ribosomal subunits presumed to be specific for 

parasitic trypanosomes are present in E. gracilis. We investigated the evolution of unexplored 

protein families, including import complexes, cristae formation proteins and translation 

termination factors, as well as canonical and unique metabolic pathways. We additionally 

compare this mitoproteome with the transcriptome of Eutreptiella gymnastica, illuminating 

conserved features of Euglenidae mitochondria as well as those exclusive to E. gracilis. This 
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is the first mitochondrial proteome of a free-living protist from the Excavata, and one of few 

available for protists as a whole. This study alters our views of the evolution of the 

mitochondrion, and indicates early emergence of complexity within euglenozoan 

mitochondria, independent of parasitism. 

 

Introduction 

The mitochondrion is an important and versatile organelle with core activities in energy 

production, iron-sulphur cluster biosynthesis, regulation of apoptosis and metabolism of 

lipids and amino acids. Arising from the endosymbiosis of an alpha-proteobacterium, before 

evolving into a truly integrated organelle, mitochondria played a leading role in 

eukaryogenesis (Lane and Martin 2010). With the remarkable exception of a single known 

truly amitochondriate protist group (Karnkowska et al. 2016), all extant eukaryotes retain 

mitochondria or mitochondrion-related organelles which claim descent from the 

mitochondria of the last eukaryotic common ancestor (Roger et al. 2017). 

While the alpha-proteobacterial ancestor is reconstructed as possessing a genome of ~5000 

protein-coding genes (Boussau et al. 2004), all but a few genes in modern mitochondria have 

been either transferred to the nuclear genome or lost. Therefore, most mitochondrial proteins 

are imported from the cytosol via a specialised translocation apparatus (Mokranjac and 

Neupert 2009). Accordingly, the mitochondrial genome is of limited use for predicting the 

total mitochondrial proteome (mitoproteome) and its functions. Indeed, the proteins of 

modern mitochondria are derived from multiple eukaryotic and prokaryotic sources, with 

only a small fraction estimated to be contributed by the original endosymbiont (Gray 2015). 

Although many in silico methods predict localisation to mitochondria (Fukasawa et al. 2015; 

Guda et al. 2004), these predictions are hampered by variability in mitochondrial targeting 

signals and mechanisms (Santos et al. 2018), as well as divergence across the eukaryotic 

domain (Emanuelsson et al. 2007; Fukasawa et al. 2017). Thus, direct proteomic approaches 

remain essential for determining a mitoproteome. 

Mitoproteomes have been established for a few unicellular (Casaletti et al. 2017; Sickmann et 

al. 2003) and multicellular animals, fungi (Calvo et al. 2016; Li et al. 2009; Taylor et al. 

2003) and plants (Heazlewood et al. 2003; Hochholdinger et al. 2004; Lee et al. 2013; 

Mueller et al. 2014). Considering their abundance and diversity, protists remain under-

investigated in this regard, and only mitoproteomes for parasitic Trypanosoma brucei 
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(Panigrahi et al. 2009), free-living Tetrahymena thermophila (Smith et al. 2007), 

Chlamydomonas reinhardtii (Atteia et al. 2009), and Acanthamoeba castellanii (Gawryluk et 

al. 2014), as well as the mitochondria-related organelles of parasitic Trichomonas vaginalis 

(Schneider et al. 2011), Giarda intestinalis (Jedelský et al. 2011) and Entamoeba histolytica 

have been studied in some detail (Mi-ichi et al. 2009). 

The protist Euglena gracilis arguably represents one of the most comprehensively studied 

organisms within Euglenida, a group of diverse flagellates distinguished by a striated cell 

surface or pellicle (Adl et al. 2019). Euglenida belong to the phylum Euglenozoa along with 

Diplonemea, a recently discovered group of highly abundant and diverse marine flagellates 

(Flegontova et al. 2016), and Kinetoplastea, a group notable for numerous parasite members 

of public health importance (Gibson 2017). From an evolutionary perspective, the extensively 

studied kinetoplastids are more distant to euglenids than diplonemids (Vesteg et al. 2019). 

Therefore, any common traits shared between euglenids and kinetoplastids likely represent 

features possessed by the euglenozoan common ancestor and are expected to be distributed 

throughout extant members of the phylum. Moreover, their basal phylogenetic position 

makes euglenids important from an evolutionary perspective, especially since close relatives 

evolved extremely complex systems for mitochondrial RNA editing and/or trans-splicing 

(Faktorová et al. 2018; Read et al. 2016). 

Euglenids are versatile organisms that possess a variety of nutritional strategies, including 

eukaryotrophy, bacteriotrophy and osmotrophy (Leander et al. 2017). E. gracilis can 

additionally employ photosynthesis due to the presence of a triple membrane-bound plastid 

acquired through a secondary endosymbiotic event (Zakryś et al. 2017) and thanks to an 

anaerobically capable mitochondrion, which generates energy via fatty acid fermentation, can 

grow in anoxic environments (Zimorski et al. 2017). The anaerobically produced wax esters 

that result from this fermentation are of biotechnological interest as a source of biofuel (Inui 

et al. 2017), along with a number of other compounds, such as the storage polysaccharide 

paramylon and essential amino acids which also serve as food supplements in parts of Asia 

(Krajčovič et al. 2015). 

Recent advances in elucidating the molecular biology of E. gracilis include the sequencing of 

a draft genome, transcriptome and determining a whole cell proteome, identifying a large 

genome in excess of 500 Mb with a comparatively small coding region (<1%) that 

nonetheless is estimated to include over 36,000 protein-coding genes (Ebenezer et al. 2019). 
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Comparative transcriptomes for cells grown in light versus dark (Ebenezer et al. 2019), rich 

versus minimal media (O'Neill et al. 2015) and anoxic conditions have been described 

(Yoshida et al. 2016). Subcellular analyses are also being pursued, with the completion of a 

chloroplast proteome, revealing a total of 1,345 proteins of multiple origins and a seemingly 

divergent protein translocation apparatus (Novák Vanclová et al. 2019). The E. gracilis 

mitochondrial genome revealed only seven protein-coding genes and no evidence for post-

transcriptional editing and/or splicing that are extensive in sister lineages (Dobáková et al. 

2015). In silico prediction of the mitoproteome was estimated at approximately 1,100 

proteins (Ebenezer et al. 2019), representing a cohort similar to the related T. brucei (Peikert 

et al. 2017), albeit with the caveats discussed above. 

Here we report a mitoproteome for E. gracilis, obtained from purified organelles and 

analysed by liquid chromatography-mass spectrometry, which contains 1,787 proteins, and is 

complemented by in silico analysis. Notably, we report the identification of five of seven 

mitochondrially encoded proteins. We find no evidence for complex RNA editing and 

processing machineries orthologous with the mitochondrion of kinetoplastids and 

diplonemids, yet still encountered metabolic and structural complexity that challenges the 

assumption that protist mitochondria have compositional simplicity. 

 

Materials and Methods 

Cell culture and isolation of mitochondria 

E. gracilis strain Z1 cells were axenically cultured in total volume of 600 ml in Hutner’s 

medium at 27 °C in aerobic conditions under permanent light (10 µm/m−2s−1) with constant 

shaking at 150 rpm until they reached exponential growth (1.5–2 × 106cells/ml). Cells were 

collected by centrifugation at 800 × g for 10 min and resuspended in SHE buffer (250 mM 

sucrose, 10 mM HEPES, 1 mM EDTA, pH 7.3) supplemented with 0.4% fatty acid-free 

bovine serum albumin (BSA). All the following steps were performed on ice. Euglena cells 

were disrupted by sonication at 80% power using a thick 19.5-mm probe (Ultrasonic 

homogenizer 3,000; Biologics, Inc.). Sonication was performed in six 10 s pulses cycles with 

2-min breaks. The sonicate was centrifuged for 15 min at 800 × g and 4 °C and the resulting 

supernatant centrifuged for 15 min at 8,500 × g at 4 °C. The pellet was resuspended in 3 ml 

of STM buffer (250 mM sucrose, 20 mM Tris–HCl, 2 mM MgCl2, pH 8.0) with 40 U 

of DNase I (Thermo Scientific) and incubated on ice for 30–60 min. DNase-treated lysate (5 
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ml) was loaded on top of a discontinuous sucrose density gradient. The gradient was prepared 

by layering decreasingly dense sucrose solutions upon one another from 2.0, 1.75, 1.5, 1.25, 

1, to 0.5 M (5 ml each) and centrifuged in a SW-28 rotor at 87,000 x g at 4 °C for 4.5 h (L8-

M, Beckman). 

The mitochondrial fraction was separated from chloroplast and peroxisome fractions, located 

at the interface of 1.7 and 1.5 M sucrose layers and collected with a syringe. To remove 

excess sucrose mitochondria were washed twice in SHE buffer. The final pellet was gently 

resuspended with a cut-off pipette tip in 500–1,000 μl of SHE buffer supplemented with 0.4% 

Bovine Serum Albumin (BSA), and then spun for 30 min at 16,000 × g at 4 °C and stored at -

80 °C. 

 

Mass spectrometry-based protein identification and quantification 

Samples were sonicated in NuPAGE LDS sample buffer (Thermo Sci.) containing 2 mM 

dithiothreitol and separated on a NuPAGE Bis-Tris 4–12% gradient polyacrylamide gel 

(Thermo) under reducing conditions. The sample lane was divided into eight slices that were 

excised from the Coomassie-stained gel, destained and subjected to tryptic digest and 

reductive alkylation. The treated fractions were subjected to liquid chromatography tandem 

mass spectrometry (LC-MSMS) on an UltiMate 3000 RSLCnano System coupled to a Q 

exactive mass spectrometer (Thermo Sci.). Mass spectra were analysed using MaxQuant V. 

1.56, (Cox and Mann 2008) and by searching the predicted translated transcriptome of 

Ebenezer et al (2019). Minimum peptide length was set to six amino acids, isoleucine and 

leucine were considered indistinguishable and false discovery rates (FDR) of 0.01 were 

calculated at the levels of peptides, proteins, and modification sites based on the number 

of hits against the reversed sequence database. Ratios were calculated from label-free 

quantification intensities using only peptides that could be uniquely mapped to a given 

protein. If the identified peptide sequence set of one protein contained the peptide set 

of another protein, these two proteins were assigned to the same protein group. P values were 

calculated applying t-test based statistics using Perseus (Tyanova et al. 2016). 2,704 protein 

sequences were initially identified in the mitochondrial fraction which satisfied these criteria 

(Suppl. Table 1). Proteomics data has been deposited to the ProteomeXchange Consortium by 

the PRIDE (Vizcaíno et al. 2016) partner repository with the dataset identifier PXD014767. 
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Identification of mitochondrially–encoded proteins 

Proteins encoded in the E. gracilis mitochondrial genome, determined by Miranda-Astudillo 

et al. (2018) and Dobáková et al. (2015) (Suppl. Table 2), were missing from the translated 

transcriptome, except for cox3. The MaxQuant LFQ analysis was repeated using this search 

database composed of seven protein sequences. The resulting quantifications of four 

additional mitochondrial-encoded proteins were included in the candidate dataset. 

 

Reference mitoproteome comparison 

Proteins of the mitochondrial fraction of E. gracilis were compared to datasets containing the 

mitoproteomes of Arabidopsis thaliana, Mus musculus, Saccharomyces cerevisiae and T. 

brucei (Suppl. Table 3). For S. cerevisiae, 1,010 mitochondrial proteins were selected using a 

combination of the following criteria: i) GO term ‘mitochondrion’ assigned to the protein; ii) 

annotation as mitochondrial assigned manually based on experimental studies, or identified as 

mitochondrial in ≥2 high-throughput analyses, or one high-throughput analysis plus 

computational evidence. The dataset for A. thaliana is composed of 722 mitochondrial 

proteins based on Lee et al. (2013) (Suppl. Table 3). Mitochondrial proteins of M. musculus 

were downloaded from the Mitocarta database v.2.0, while for T. brucei, mitochondrial 

importome comprising 1,120 proteins identified using ImportOmics method was used. For 

each species within the dataset, only one representative protein isoform for each gene was 

included. E. gracilis sequences were included in accepted mitoproteome if an orthologous 

sequence was detected in at least one of the mitoproteomes (995 sequences) (Suppl. Table 4). 

Predicted proteins from three available transcriptomes (Ebenezer et al. 2019; O'Neill et al. 

2015; Yoshida et al. 2016) were analysed via Target-P 1.1 for predicted organellar 

localisation (Emanuelsson et al. 2000). Transcript ORFs starting with methionine and 

predicted to be imported into the mitochondrion in the majority of transcriptomes were 

considered as mitoproteome components (77 sequences). Mitochondrial fraction proteins 

were additionally compared against in silico predicted E. gracilis mitoproteome (Ebenezer et 

al. 2019), including any predicted sequences that were identified by LC-MSMS from the 

mitochondrial fraction (552) (Suppl. Table 4). Proteins with mitochondria to chloroplast and 

mitochondria to whole cell ratios greater than one, indicating mitochondrial enrichment 
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compared to the chloroplast and whole cell, were considered as mitochondrial (1,544) (Suppl. 

Table 5). Mitochondrial-to-chloroplast enriched sequences were assigned confidence values 

of the logarithmic enrichment ratio of the mitochondrial versus chloroplast preparation 

(log10Mt/Cp), and sorted into groups of 0.0 -1.0, >1.0 (Suppl. Table 5). 

 

Functional characterisation and mitochondrial protein families 

Proteins considered as candidate mitoproteome components were annotated automatically 

using BLAST against the NCBI non-redundant protein database (August 2016 version). 

These annotations were checked manually consulting UniProt database and putative 

homologues inferred using OrthoFinder 2.2.7 as necessary (Emms and Kelly 2015). Proteins 

annotated as having roles in specific metabolic pathways or molecular complexes were sorted 

manually into 16 custom-defined categories roughly based on the KEGG pathway 

classification. 24 proteins were removed from the mitoproteome based on functional 

annotation showing clear non-mitochondrial function as well as a lack of orthologues in any 

reference mitoproteomes. Annotations of the predicted mitoproteome of E. gracilis (Ebenezer 

et al. 2019) were first compared to the 2,704 sequences of mitochondrial fraction (Suppl. 

Table 1) to determine functional proteins that were present (552). Functional protein families 

determined were then complemented via manual search for functionally annotated members 

from the experimentally verified mitoproteome. Missing key sequences from established 

mitochondrial protein families were then investigated with a combination of BLAST and 

Hidden Markov Model searches. 

 

Hidden Markov Models   

Sequences underwent ClustalW alignment via Mega10.0.5 (Kumar et al. 2018)  and were 

searched using HMMER software against proteins generated primarily from the E. gracilis 

transcriptome (Ebenezer et al. 2019; O'Neill et al. 2015; Yoshida et al. 2016), which were 

accepted with an E value of 10-3 or lower and a bias score lower than 1. Sorting and assembly 

machinery SAM35, SAM37, atypical translocase of outer membrane (ATOM) subunits 19, 

14, 12 and 11, peripheral ATOM36, translocase of inner membrane (TIM) 8, 11, 13, 40, 47, 

54, 62, tiny TIMs, mitochondrial contact site and cristae organizing system (MICOS) 

subunits 10-1, 10-2, 16, 17, 20, 32, 34, 40 and 60, Hsp10, Nfu’s, and Coq7, were queried for 
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with HMM profiles constructed using all available functionally annotated kinetoplast 

sequences from TriTryp website (Aslett et al. 2010). Inner membrane peptidases (IMP)1 and 

IMP2, were also determined using a spread of sequences from Amoebozoa, Archaeplastida 

and Alveolata. Pre-sequence translocated-associated motor subunit 17 and 18 were searched 

for using a selection of metazoan sequences. Metaxin sequences were searched for using a 

combination of metazoan, plants and protist sequences. TIM18 and TIM54 (both non-

trypanosome), mammalian MICOS19/25, Coq6 and TOM22, were searched for using a 

selection of opisthokont sequences. Proteins identified as MICOS hits were analysed with 

TMHMM (Kroph and Rapacki 2013) and Coiled Coils (Combet et al. 2000) to identify 

structural features. 

 

BLAST searches 

Mitochondrial ribosomes, subunits of respiratory complexes, and protein import machinery 

(TIM11, TIM13 RHOM 1, RHOM 2, TINY TIM, Oxa2, TIM42) were searched using 

BLAST against the assembled E. gracilis transcriptome (Ebenezer et al. 2019) with T. brucei 

sequences as the query. Sequences with an E value of 10-3 or less were accepted. 

Mitochondrial ribosomal subunits from databases of T. brucei (Desmond et al. 2011; Ramrath 

et al. 2018; Zíková et al. 2008), and Diplonema papillatum (our unpubl. data) were employed 

for BLAST searches. For mitochondrial ribosomal subunits not present in excavates, 

sequences from H. sapiens and S. cerevisiae were used as queries (Desmond et al. 2011). 

Mitochondrial termination factor-like proteins (mTERF) of A. thaliana and H. sapiens 

(Kleine and Leister 2015) were used for BLAST searchers. Protein sequences of E. gracilis 

respiratory complex subunits from previous studies (Miranda-Astudillo et al. 2018; Perez et 

al. 2014) were used as queries.  

 

Survey of aminoacyl-tRNA synthetases and amino acid metabolism 

The search for aminoacyl-tRNA synthetases (aaRSs) and related enzymes (tRNA-dependent 

amidotransferases, or AdTs) was performed using annotated sequences of H. sapiens, 

Plasmodium falciparum and A. thaliana as queries and all transcripts and predicted proteins 

of E. gracilis as database for BLAST searches with an E-value cut-off of 10-20. For AdTs 

(Pfam models PF01425, PF02686 and PF02934) additional HMM-based searches were 
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performed using HMMER package v.3.1 (Eddy 2009) and predicted proteins from this study, 

as well as publicly available E. gracilis transcriptomes (O'Neill et al. 2015; Yoshida et al. 

2016). InterProScan, Pfam and BlastKoala were used to facilitate functional annotation of the 

hits (El-Gebali et al. 2019; Kanehisa 2017; Kanehisa et al. 2016; Mitchell et al. 2019). 

NLStradamus, SeqNLS and NLS-Mapper were employed for nuclear localization signals 

prediction (Ba et al. 2009; Kosugi et al. 2009; Lin and Hu 2013). Reconstruction of 

mitochondrial amino acid metabolic pathways was performed with KEGG Mapper v.2.8 

following KEGG IDs assignment to putative mitochondrial proteins using BlastKoala 

(Kanehisa et al. 2016). 

 

Comparison to Eutreptiellia gymnastica 

The experimentally determined E. gracilis mitoproteome was compared to the translated 

transcriptome of Eutreptiella gymnastica strain NIES-381 with Orthofinder 2.2.7 (Emms and 

Kelly 2015). The E. gymnastica transcriptome additionally underwent Hidden Markov Model 

searches (with previously described parameters) against all available kinetoplastid sequences 

from TriTrypDB for the oxoglutarate decarboxylase complex subunits E1 and E2.  

  

Results and discussion 

Construction of a Euglena mitoproteome 

For experimental determination of the mitoproteome, pelleted cells were disrupted by 

sonication, treated with DNaseI and subjected to discontinuous sucrose density gradient 

centrifugation, which clearly separated several distinct cellular fractions. The mitochondrial 

fraction formed a sharp and rather narrow band at the 1.5 M and 1.75 M sucrose interface 

(Suppl. Fig. 1). This mitochondrial fraction initially yielded 2,704 candidate proteins, of 

which 994 were orthologous to proteins in reference mitoproteomes, 1,544 were 

mitochondrially-enriched in comparison to both the chloroplast fraction and the whole cell, 

and 77 had a majority consensus of mitochondrial targeting based on signal peptide 

predictions (Fig. 1). 

Together, the verified (i.e. experimentally determined and in silico validated) E. gracilis 

mitoproteome consists of 1,787 majority identified proteins, which were distributed into 

1,756 protein groups (Suppl. Table 2; Suppl. Table 4). Of these, four sequences have been 
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shown to be encoded by the organellar genome (Suppl. Table 2) and the remaining 1,783 are 

of nuclear origin. This total cohort excludes 24 proteins which were identified through 

functional annotation as likely contaminants for their clear non-mitochondrial functions but 

includes another 35 proteins, which were initially excluded based on low enrichment values, 

but reintegrated based on predicted mitoproteome data and their functional annotation, 

indicating clear mitochondrial function (Suppl. Table 4). 

Excluding razor and redundant peptides, 1,667 protein groups were identified with more than 

one unique peptide while 85 were identified from a single unique peptide only (Suppl. Table 

2). The proteome showed wide variation in protein molecular weight, ranging from 416.09 to 

10.33 kDa, with 1,307 proteins exhibiting a predicted molecular weight less than 50 kDa, 

representing approximately 74% of all experimentally verified proteins. When compared to 

the predicted mitoproteome, 552 of the 1,092 previously predicted proteins were 

experimentally verified (Ebenezer et al. 2019). Other organisms also show similar differences 

when confirming the expressed proteome, with two thirds of the A. thaliana predicted 

mitoproteome still to be recovered as expressed proteins (Lee et al. 2013). As mentioned 

previously, 35 of these predicted proteins were initially rejected due to insufficient 

mitochondrial enrichment; 12 had greater enrichment in the chloroplast and 23 in whole cells, 

but these were ultimately included due to their functional annotation and previous 

transcriptome-based prediction (Ebenezer et al. 2019) (Suppl. Table 4). Together with 

unconfirmed in silico sequences (Ebenezer et al. 2019) and the additional sequences 

identified in this study, we currently expect the complete mitoproteome of E. gracilis to 

consist of ~2,500 proteins (Suppl. Table 5). While mitochondrial enrichment represents an 

obvious criterion for verifying presence within the organelle, there are clearly exceptions to 

be accounted for, particularly proteins with multiple localisations. 

Indeed, of the verified mitoproteome, 211 proteins showed greater enrichment in the 

chloroplast fraction (Suppl. Fig. 2), which were retained based on the presence of orthologues 

in reference mitoproteomes and/or high likelihood of mitochondrial targeting sequence, 

indicating a very low level of contamination of the chloroplast fraction with mitochondrial 

components. Importantly, the vast majority (1,567) shows mitochondrial fractional 

enrichment, with volcano plots revealing minimal contamination with other organelle 

components (Suppl. Fig. 3; Suppl. Table 6), supporting the validity of the mitoproteome 

predictions. Of the experimentally verified fraction, less than half of proteins (716) were 

found to possess a mitochondrial import signal in at least one of the available E. gracilis 
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transcriptomes as predicted via TargetP, likely arising from variability of import signals and 

5’ truncation of some cDNA sequences, highlighting the weakness of relying solely on target 

prediction software. Bioinformatic predictions of dual-targeted proteins is notoriously 

difficult, but certain protein families found in the mitochondrial matrix have shown a 

tendency for plastid presence as well, including those involved in nucleotide metabolism, 

DNA replication, tRNA biogenesis and translation (Carrie and Small 2013), which we 

consider the most likely candidates within our mitoproteome for dual-localisation. 

Functional annotation could be assigned to 788 proteins, leaving an unexpected total of 999 

(56%) proteins with unknown function. Of the annotated proteins, “core metabolic 

pathways”, “ribosome, aminoacyl-tRNA biosynthesis and translation” and “protein transport, 

folding, processing and degradation” were most represented (Fig. 2). When compared with 

the categorisation of the predicted mitoproteome, we see notable increase in the proportion of 

proteins with functions attributed to the “ribosome” and “protein transport” categories as well 

as a reduction in “oxidative phosphorylation and electron transport proteins” (Suppl. Fig. 4). 

 

The E. gracilis mitoproteome is complex 

The E. gracilis mitoproteome is larger than that predicted for all other eukaryotes, for which 

well-curated mitoproteomes based on both predictions and experimental data are available, 

and specifically A. thaliana (843) (Lee et al. 2013), T. brucei (1,120) (Peikert et al. 2017), S. 

cerevisiae (1,187) (Gonczarowska-Jorge et al. 2017) and M. musculus (1,158) (Calvo et al. 

2016). While varied criteria are often used in different studies to determine genuine 

mitochondrial components making direct comparisons and estimates of reliability difficult, 

we consider the number of E. gracilis mitoproteins to be notable, especially as the estimated 

proteome sizes in these other model organisms were initially reported as lower (Chang et al. 

2003; Panigrahi et al. 2009; Sickmann et al. 2003; Werhahn and Braun 2002), and have 

steadily increased over the past 20 years through improved protein identification, increased 

mass spectrometry sensitivity and experimental mitochondrial analysis (Calvo et al. 2016; 

Gonczarowska-Jorge et al. 2017; Peikert et al. 2017).  

Moreover, when compared to the high confidence protist mitoproteomes of Acanthamoeba 

castellani (709) (Gawryluk et al. 2014), Tetrahymena thermophila (573) (Smith et al. 2007) 

and Chlamydomonas reinhardtii (347) (Atteia et al. 2009), the complexity of the analysed 

mitoproteome is even more impressive. E. gracilis displays the largest number of unknown 
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sequences (57%) for any mitoproteome surveyed thus far, with corresponding frequencies in 

other mitoproteomes ranging from 17% in C. reinhardtii to 53% in T. brucei.  

With ~2,500 sequences, the total predicted mitoproteome of E. gracilis (Suppl. Table 5) 

represents a size more typical of plant mitochondria, as several software prediction analyses 

of A. thaliana have consistently predicted 2,000 to 3,000 proteins residing within its 

mitochondria (Heazlewood et al. 2004; Lee et al. 2013; Millar et al. 2005). We suggest that a 

common factor contributing to potentially accelerated mitochondrial complexity is the 

presence of the plastid. E. gracilis has numerous proteins dually localised to both 

mitochondria and plastids, and additionally carries some plastid-derived pathways within the 

mitochondria, as well as what appears to be metabolic cycles which complement plastid 

function, indicating that plastid interactions with the mitochondrion can foster an overall 

greater complexity. In contrast to E. gracilis, experimental verification of many predicted 

plant mitoproteomes has remained challenging (Hochholdinger et al. 2004; Huang et al. 

2009; Mueller et al. 2014). Indeed, experimentally verified mitoproteomes greater than 1,000 

sequences remain a rarity (Salvato et al. 2014), a situation thought to reflect difficulty in 

detecting hydrophobic and low-abundance proteins (Millar et al. 2005). Recent investigations 

into the subcellular compartmentalisation of metabolic pathways in E. gracilis have been 

lacking extensive proteomic information on the mitochondria (Inwongwan et al. 2019), which 

we hope to rectify here. 

 

mTERF proteins 

Mitochondrial termination factor-like proteins (mTERF) are involved in transcription 

termination/activation and ribosome biogenesis (Roberti et al. 2009). While initially 

discovered in mitochondria, mTERFs are also present in chloroplasts, sometimes being 

dually localised (Kleine and Leister 2015). Whereas four groups of mTERFs have been 

described in vertebrates, plants have undergone a major expansion with 31 and 35 mTERFs 

in Zea mays and A. thaliana, respectively (Kleine and Leister 2015), of which 10 A. thaliana 

mTERFs have been confirmed by proteomics as mitochondrial (Lee et al. 2013). Of an 

unprecedented 192 mTERFs identified in the E. gracilis transcriptome, at least eight are 

identified in the mitoproteome (Suppl. Table 7), of which four show exclusive localisation to 

the mitochondrion, raising the possibility that the remaining four have dual localisations. We 

observed six additional mTERFs with considerable enrichment in the chloroplast (Suppl. 
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Table 7), suggesting that E. gracilis also partitions its mTERF family between these two 

endosymbiont-derived organelles. This raises questions of why E. gracilis contains such a 

large suite of mTERF proteins. The large mitochondrial genomes of plants, which exhibit 

considerable gene rearrangement and numerous introns, may require greater transcriptional 

regulation facilitated by the additional mTERFs (Kleine and Leister 2015). However, such an 

explanation does not seemingly apply to E. gracilis which, while containing fragmented 

mitoprotein-coding genes, nonetheless has a reduced set, importantly lacking the complex 

post-transcriptional modifications seen in other euglenozoan lineages (Dobáková et al. 2015). 

Experimental studies suggest that in plants the expanded mTERF family enables functional 

diversification, fostering resistance to various abiotic stresses such as increased light, heat 

and salt concentrations (Quesada 2016; Robles et al. 2018), while mTERF18 confers heat 

tolerance to A. thaliana through regulating redox-related gene expression (Kim et al. 2012). 

mTERF-like gene MOC1-deficient mutants of C. reinhardtii display reduced growth under 

high light intensity (Schönfeld et al. 2004). Adaptions to abiotic stress may underly the 

dramatic expansion of mTERFs in E. gracilis. Moreover, since in metazoans mTERFs have 

also been observed mediating ribosome biogenesis (Wredenberg et al. 2013), we suggest that 

the expanded set of ribosomal subunits in E. gracilis (see below) may require additional 

mTERFs for proper ribosome assembly and/or function. 

 

RNA editing and processing  

Kinetoplastids and diplonemids developed highly complex, yet distinct systems of RNA 

editing and processing of their mitochondrial transcripts. While in kinetoplastids uridines are 

extensively inserted into and deleted from mRNAs (Read et al. 2016), in diplonemids 

mRNAs of systematically fragmented genes undergo trans-splicing and C-to-U, A-to-I and 

G-to-A, as well as U- and A-appendage editing (Valach et al. 2017) Kaur et al., accepted). 

Although E. gracilis does not have RNA editing (Dobáková et al. 2015), we raise the 

question of whether the common euglenozoan ancestor possessed pre-adaptations for these 

baroque mechanisms. 

From the ~90 proteins involved in mitochondrial RNA editing and processing in T. brucei, 

only homologues to 12 proteins were present in the E. gracilis mitoproteome: MRB3010, 

RBP16, RGG2, PAMC, KPAF1, MHEL61, KRET2, KREX2, poly(A) polymerase, p22 

precursor, a PAMC (polyadenylation mediator complex) component Tb927.6.3350, and 

196



pentatricopeptide (PPR) protein Tb927.10.10160. An additional 19 proteins are predicted to 

be involved in mitochondrial RNA processing in E. gracilis. These include six DEAD-box 

RNA helicases, one PPR proteins, eight and two proteins similar to MRB3010 and RGG2, 

respectively, and two splicing factors belonging to the arginine/serine-rich 4/5/6-like family. 

Remarkably, these splicing factors have homologues only in diplonemids (our unpubl. data). 

Our data indicates that while the last common euglenozoan ancestor did not perform 

mitochondrial RNA editing, it already had a basic set of RNA processing proteins in its 

mitochondrion that were repurposed in the evolution of kinetoplastids and potentially 

diplonemids as key RNA editing enzymes. Those include RNA binding proteins, RNA 

helicases, terminal uridyl-transferase (TUTase) and the exonuclease listed above. This 

prompts the question of which pre-adaptions within the common euglenozoan ancestor 

triggered emergence of highly complex RNA editing and/or processing systems. One driving 

force might have been an increasingly scrambled mitochondrial genome (Flegontov et al. 

2011). The emergence and evolution of excessive molecular complexity are best explained 

via purely neutral drift, which becomes irreversible due to rachet mechanisms preventing 

subsequent simplification (Lukeš et al. 2011; McShea and Hordijk 2013; Stoltzfus 1999).   

 

Mitochondrial-encoded proteins 

The mitochondrial genome of E. gracilis encodes only seven proteins (nad1, nad4, nad5, cob, 

cox1, cox2 and cox3), all of which are respiratory complex subunits (Dobáková et al. 2015). 

Our data revealed nad1 of complex I, cob of complex III, and cox1, 2 and 3 of complex IV, 

providing proteomic evidence for all complexes consisting of mitochondrial-encoded 

subunits (Suppl. Table 2). In trypanosomes, recovery of these complexes has required 

specific extraction procedures (Horváth et al. 2000; Škodová-Sveráková et al. 2015), and 

hence detection of five mitochondrially-encoded proteins is notable and further demonstrates 

the quality of our dataset. Since the transcriptome was assembled from polyadenylated RNAs 

(Ebenezer et al. 2019), the presence of cox3 was surprising (Suppl. Table 4). The status of 

RNA polyadenylation in the E. gracilis mitochondrion is currently unknown (Dobáková et al. 

2015), but it is assumed that in most eukaryotes the polyA tails in mitochondrial transcripts 

are generally shorter than their nuclear-encoded counterparts (Chang and Tong 2012). While 

the C-terminal end of cox1 is nuclear-encoded, arising from an ancient gene fission event 

(Gawryluk and Gray 2010), no sequences showing homology to this region were found in the 

transcriptome. Cox3-like sequences are also present in the transcriptomes of Yoshida and 
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O’Neill, both of which show a sequence of extended length, whose N-terminal region 

contains a predicted mitochondrial target peptide. Thus, we suggest cox3 is also dual-

encoded, and that the recovered transcript in fact represents the nuclear encoded region of 

cox3. 

 

Respiratory complexes 

So far, 25 conventional respiratory complex subunits have been detected in E. gracilis from 

complex I along with 14 euglenozoan-specific subunits and 20 unknown proteins (Miranda-

Astudillo et al. 2018; Perez et al. 2014). Through our analysis, we recovered 19 of these 

conventional subunits, along with subunit NDUFA8, which has not been identified 

previously, seven euglenozoan-specific subunits and ten unknown proteins. Additionally, we 

found two potentially novel subunits of complex I (Suppl. Table 7). It is plausible that some 

complex I subunits may represent highly diverged paralogues of conventional subunits so far 

not identified in euglenids, such as Nad2,3,4L and 6, but presumably with potential to 

increase functional flexibility. 

Of complex III, eight conventional and two euglenozoan-specific subunits have been 

identified, along with three novel proteins (Miranda-Astudillo et al. 2018; Perez et al. 2014). 

Within this mitoproteome, we recovered five conventional and one euglenozoan-specific 

subunit, along with all three novel proteins. Cytochrome c was detected as three paralogues, 

indicating duplication events (Suppl. Table 7). The possibility that E. gracilis possesses 

functional variants of cytochrome c is intriguing and recommends itself for further study. 

Seven conventional subunits, nine euglenozoan-specific subunits and eight novel proteins 

have been identified for complex IV (Miranda-Astudillo et al. 2018; Perez et al. 2014). Nine 

conventional subunits were also detected in the mitoproteome, including five previously 

identified ones and four subunits (cox15, cox4, cox11 and cox10) that are new additions. 

Moreover, we found five euglenozoan-specific subunits and eight previously assigned 

unknown proteins (Suppl. Table 7). Finally, while seven conventional and eight euglenozoan-

specific subunits have previously been found to encompass the ATP synthase (Miranda-

Astudillo et al. 2018; Perez et al. 2014), our mitoproteome contains five subunits of both 

these groups, as well as two OSCP homologues (Suppl. Table 7), which again suggests 

increased functional flexibility. 
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MICOS complex 

The mitochondrial contact site and cristae-organising system (MICOS) mediates the 

formation of cristae and increases membrane area available for respiratory complexes 

(Kozjak-Pavlovic 2017). MICOS supports this function across eukaryotes and may also be 

involved in protein import into the inner membrane (Kaurov et al. 2018). While only Mic10 

was identified in the E. gracilis genome (Ebenezer et al. 2017), we report its proteomic 

detection along with Mic20, Mic40, Mic60 and a putative Mic34 (Suppl. Fig. 5). Mic10 

typically carries two transmembrane domains, yet these were not predicted for E. gracilis 

with high confidence. The Mic20 of E. gracilis contains, same as its orthologue in 

trypanosomes, a thioredoxin-like domain (Suppl. Fig. 5), and thus likely also represents a 

functional analogue to Mia40, which is seemingly absent from excavates (Kaurov et al. 

2018). Since T. brucei Mic60 lacks a mitofilin domain (Suppl. Fig. 5), which is present in 

opisthokonts and responsible for interaction with the TOB complex (Kozjak-Pavlovic 2017), 

it may be unable to fulfil this function (Kaurov et al. 2018). E. gracilis Mic60 not only lacks 

a C-terminal mitofilin domain, but is also 100 amino acids shorter than its trypanosome 

orthologue, possessing a transmembrane domain near to the N-terminus. Mic34 of both E. 

gracilis and T. brucei carries two coiled-coil domains (Suppl. Fig. 5), which in the latter has 

been suggested to support mitofilin-based interactions with the TOB complex (Kaurov et al. 

2018). While Mic34 of E. gracilis was initially dismissed because of a high bias HMM score, 

the presence of two coiled-coil domains (Suppl. Fig. 5) and detection in the mitoproteome 

fraction, along with its seemingly essential organellar role has led us to conclude this as a 

genuine component. In comparison to the nine MICOS subunits in T. brucei, E. gracilis 

presents itself as an evolutionary intermediate between opisthokonts and the expanded and 

diverged MICOS apparatus of trypanosomes. 

 

Alternative respiratory pathway 

In the bloodstream stage of T. brucei, an alternative respiratory pathway, composed of 

glyceraldehyde 3-phosphate dehydrogenase (G3PD), alternative oxidase (AOX) and a type II 

alternative NADH dehydrogenase (Verner et al. 2015) is essential. The pathway is present in 

other life stages in conjunction with the oxidative phosphorylation machinery, where it 

fosters greater metabolic flexibility in response to nutrient and oxygen availability 
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(Chaudhuri et al. 2006), and also likely plays a role in regulating the level of reactive oxygen 

species (Fang and Beattie 2003). Both trypanosome-like AOX and G3PD have been 

identified in E. gracilis previously (Miranda-Astudillo et al. 2018; Perez et al. 2014), as well 

as here (Suppl. Table 7). For the first time we also report the detection of type II NADH 

dehydrogenase. The presence of a full alternative respiratory pathway and multiple 

paralogues in E. gracilis further encourages the view of its mitochondrion as highly versatile 

and adaptable to a variety of environmental conditions. 

 

Protein import - outer mitochondrial membrane 

Opisthokonts make use of a translocation of outer membrane (TOM) complex to translocate 

proteins across the outer mitochondrial membrane (Mani et al. 2016). In kinetoplastids, a 

diverged atypical translocation of outer membrane (ATOM) complex fulfils the same role 

(Schneider 2018). Both complexes consist of a central pore-forming subunit, two or more 

protein receptors and many smaller subunits (Mani et al. 2016). 

The E. gracilis mitoproteome contains 22 proteins associated with import and subsequent 

processing in the mitochondria that were recovered at the protein level, with an additional 12 

identified in silico (Suppl. Table 7). There are two orthologues of 40 kDa β-barrel pore-

forming ATOM (Fig. 3), which is essential in related species for proper mitochondrial import 

through the outer membrane (Eckers et al. 2012). Homologues to ATOM46 and 69 are also 

present, which in trypanosomes display preference for hydrophobic carrier proteins and pre-

sequence containing substrates, respectively (Mani et al. 2016). Another characteristic 

subunit of the T. brucei complex, the peripheral receptor pATOM36, which mediates 

insertion and assembly of N-terminal anchored outer membrane proteins (Schneider 2018) 

and was previously assumed to be trypanosome-specific, was also confirmed at protein level 

(Fig. 3). A homologue of TOM34, which in opisthokonts serves as a co-chaperone with heat 

shock proteins for mitochondrial translocation of sequences (Faou and Hoogenraad 2012), 

was identified in silico (Fig. 3). While a protein similar to ATOM19 was predicted within 

transcriptome and also recovered in the verified mitoproteome, only weak hits were found for 

ATOM11 and 12 (Fig. 3). Given that opisthokonts also contain four small, stabilizing 

subunits within their TOM complex (TOM5,6,7 and 22, corresponding to ATOM11, 12, 14 

and 19 in trypanosomatids) (Schneider 2018), it is likely that they are present in E. gracilis, 

but have diverged beyond recognition. Peculiarly, a homologue to ATOM14 and TOM22, 
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which represents the single subunit conserved between opisthokonts and kinetoplastids 

(Schneider 2018), could not be identified (Fig. 3). 

TOB55 inserts β-barrel-containing proteins into the outer mitochondrial membrane from the 

intermembrane space. In E. gracilis, two orthologues of TOB55 were detected by proteomics 

(Suppl. Table 7), reminiscent of the duplicated TOB55 of Trypanosoma cruzi (Eckers et al. 

2012), while TOB38 was identified only in silico. TOB55 and TOB38 are essential in fungi 

(Sharma et al. 2010), while the third subunit of the TOB55 complex, SAM37, is dispensable 

(Desmond et al. 2011). Indeed, this subunit appears absent from E. gracilis. Associating with 

the TOB55 complex as a peripheral protein and with an undefined function are the metaxins, 

which have been identified in both opisthokonts and trypanosomes (Verner et al. 2015). Two 

orthologues of metaxin were identified in the E. gracilis transcriptome, one of which is 

homologous to SAM37 (Suppl. Table 7). 

 

Protein import - intermembrane space, inner mitochondrial membrane and matrix 

Translocation of inner membrane (TIM) protein TIM9 of the hexameric TIM9/10 complex 

was identified at the protein level, while only in silico evidence is available for its binding 

partner TIM10 (Fig. 3). The two together traditionally serve to chaperone hydrophobic 

precursors across the intermembrane space (Wiedemann et al. 2004). We found no 

orthologues for TIM complex 11/13 or TIM8 and tiny TIMs (Fig. 3). The TIM23 complex 

imports signal-bearing proteins into the inner membrane and the mitochondrial matrix 

(Wiedemann et al. 2004). We provide mass spectrometric evidence for the existence, in E. 

gracilis, of this complex containing orthologues of TIM16, TIM17, TIM23, TIM44, TIM50, 

Hsp70 and Mge1 (Fig. 3). TIM17, TIM23 and TIM50 constitute the membrane-anchoring 

component, with TIM50 traditionally working as a receptor for precursors, while TIM17 and 

TIM23 serve as the pore-forming units (Schneider 2018). Moreover, TIM14 and TIM15 were 

identified in silico (Fig. 3), and presumably serve as a part of the motor protein complex and 

prevent protein aggregation (Fraga et al. 2013). 

All trypanosomes studied so far prominently lack the TIM23 pore-forming subunit, 

presumably forming a channel only via TIM17, suggesting that E. gracilis contains a less 

restricted import apparatus. The presence of two orthologues of TIM17, confirmed by mass 

spectrometry in E. gracilis, is similar to T. cruzi (Eckers et al. 2012), suggesting that a 

specific duplication event likely occurred in the common euglenozoan ancestor. Moreover, 
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the absence of TIM21 and Pam17 in both protist species implies that they represent 

Euglenozoa-specific losses (Verner et al. 2015). T. brucei exhibits an expanded set of 

membrane-anchored subunits (TIM47, TIM54 and TIM62) with undefined functions, of 

which only TIM47 was identified in our data with confidence (Suppl. Table 7). Of the 

integral membrane proteins TIM42, RHOM 1 and RHOM 2, all of which have been shown to 

be essential to T. brucei, only a weakly homologous sequence to TIM42 was recovered 

(Harsman et al. 2016). 

The TIM22 complex, which in opisthokonts inserts proteins into the inner mitochondrial 

membrane (Mokranjac and Neupert 2009), seems to be absent in trypanosomes (Schneider 

2018). Hence the detection by mass spectrometry of an orthologue to the main functional 

subunit TIM22 (Fig. 3) supports the idea of a relatively expanded import system in euglenids, 

when compared to its highly diverged and streamlined version in trypanosomes. However, 

other subunits of the TIM22 complex were not found, so that the functional significance 

remains unclear (Fig. 3). 

The membrane-anchored Oxa1 is an insertase of the inner membrane (Mokranjac and 

Neupert 2009), and whilst an orthologue was identified in the mitoproteome (Fig. 3), its 

binding partner Mba1 was not. Proteins translocated via Oxa1 are associated with removal of 

intermembrane space sorting signal, undertaken by inner membrane peptidases (IMPs) (Gakh 

et al. 2002). An IMP2 orthologue is also present but as in T. brucei (Verner et al. 2015), 

IMP1 seems to be absent (Fig. 3). In opisthokonts, amoebozoans and plants, the Erv1-Mia40 

complex imports and oxidatively folds small cysteine-rich proteins in the intermembrane 

space (Allen et al. 2008). While Erv1 is present in E. gracilis, Mia40 could not be identified 

and is also absent in parasitic chromalveolates (Ebenezer et al. 2019). As proposed for 

trypanosomes, Mia40 may be functionally complemented by a dedicated subunit of the 

MICOS complex (Kaurov et al. 2018). E. gracilis is notable in that it represents the first non-

parasitic excavate lacking Mia40, which supports the notion that this protein is absent from 

euglenozoans (Allen et al. 2008), and may possibly import intermembrane proteins by an as 

yet unknown pathway. 

Proteins transported through the TIM23 complex require removal of the import signal, 

mediated by the mitochondrial processing peptidase (MPP) complex consisting of α and β 

subunits. MPP-α recognises the pre-sequence while MPP-β performs the cleavage (Gakh et 

al. 2002). As in T. brucei (Desy et al. 2012), both proteins were recovered from the 
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mitoproteome (Fig. 3). Once cleaved, some proteins will self-assemble, while others require 

assistance, and are folded by heat shock protein (Hsp) 60 and 10 (Martin 1997). Hsp10 was 

identified in silico, while Hsp60 was detected by mass spectrometry (Fig. 3). 

 

TCA cycle 

The tricarboxylic acid (TCA) cycle is a key component of all aerobic mitochondria, allowing 

efficient generation of energy. E. gracilis employs a modified TCA cycle reminiscent of 

certain alpha-proteobacteria, where the oxoglutarate dehydrogenase complex is replaced with 

2-oxoglutarate decarboxylase and succinate semialdehyde dehydrogenase (Green et al. 2000). 

TCA cycle and associated components show numerous duplication events with multiple 

copies of key enzymes (Suppl. Table 7). Under aerobic conditions, pyruvate is transported to 

the mitochondrion and metabolised by the pyruvate dehydrogenase complex (PDH), 

producing acetyl-coenzyme A (CoA), which enters the TCA cycle (Hoffmeister et al. 2004). 

All four PDH subunits were recovered in vivo (Ebenezer et al. 2019) (Fig. 4A). The first three 

steps of the TCA cycle, following the generation of acetyl-CoA, follow a conventional path 

and all enzymes from these steps (citrate synthase, aconitase, isocitrate dehydrogenase) were 

recovered by mass spectrometry (Fig. 4A). Notably, isocitrate dehydrogenase was among the 

identified proteins initially rejected based on low mitochondrial enrichment compared to the 

whole cell, but was accepted based on functional annotation. 

Traditionally, α-ketoglutarate is catabolised using the α-ketoglutarate dehydrogenase 

complex, before employing the succinyl-CoA synthetase complex to generate succinate 

(Zimorski et al. 2017). Again, canonical subunits of succinyl-CoA synthase are present in the 

mitoproteome, as well as one of three conventional subunits (E3 dihydrolipoyl 

dehydrogenase) of the α-ketoglutarate dehydrogenase, the other two being absent from the E. 

gracilis genome (Ebenezer et al. 2019), suggesting the pathway is either non-functional or 

uses unconventional components (Fig. 4). Retention of both E3 and succinyl-CoA subunits 

for a seemingly non-functional pathway can be explained through their bifunctionality, since 

E3 exists as a subunit of the PDH complex, while succinyl-CoA synthase also acts in the 

methylmalonyl-CoA pathway for fatty acid synthesis (Fig. 4A). E. gracilis bypasses the need 

for the α-ketoglutarate dehydrogenase complex through the use of α-ketoglutarate 

decarboxylase and succinate semialdehyde dehydrogenase. α-ketoglutarate is first catalysed 

to succinate semi-aldehyde (SSA) by α-ketoglutarate decarboxylase and then converted to 
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succinate via SSA dehydrogenase (Müller et al. 2012). We find evidence for both essential 

enzymes of this pathway (Fig 4A.). 

A second variant pathway, the gamma-aminobutyric (GABA) shunt, employs glutamate 

dehydrogenase, glutamate decarboxylase and GABA transaminase to generate SSA, which in 

turn is converted to succinate by SSA dehydrogenase (Zhang et al. 2016). In the 

mitoproteome, glutamate dehydrogenase and GABA transaminase were detected, while 

glutamate decarboxylase remains identified only in silico (Fig. 4A). The GABA shunt allows 

for optimised photosynthetic conditions in cyanobacteria (Nogales et al. 2012), which may 

also be applicable within E. gracilis. 

After generation of succinate, the E. gracilis TCA cycle proceeds conventionally with 

succinate dehydrogenase (respiratory complex II) functioning with fumarate hydratase and 

malate dehydrogenase to complete the cycle, with both of these proteins detected by mass 

spectrometry. Succinate dehydrogenase is composed of two conserved subunits, one of 

which, SDH2, is further split into two components (Gawryluk and Gray 2019). These 

conserved subunits, along with three of eight euglenozoan-specific subunits (SDHTC 6,7, and 

8) were identified (Fig. 4A). Two genes encoding for euglenozoan-specific subunit 7 were 

present, likely representing a recent duplication (Suppl. Table 7). 

Notably, E. gracilis is one of few organisms to localise the glyoxylate cycle to the 

mitochondria, as opposed to glyoxysomes (Zimorski et al. 2017). The glyoxylate cycle 

represents an anabolic variant of the TCA, which enables synthesis of complex carbohydrates 

from compounds such as lipids, with both cycles sharing several enzymes. In general, the 

glyoxylate cycle proceeds with the first two TCA reactions, yielding isocitrate, which is then 

cleaved by isocitrate lyase to form glyoxylate and succinate (Zimorski et al. 2017). 

Subsequently, glyoxylate is converted to malate via malate synthase, while succinate is 

converted to fumarate by fumarate reductase and further metabolised into malate by fumarate 

hydratase again. By the activity of malate dehydrogenase, malate is converted into 

oxaloacetate, which can re-enter the TCA cycle, or be processed into phosphoenolpyruvate 

by phosphoenolpyruvate carboxykinase, initiating gluconeogenesis (Dolan and Welch 2018). 

To facilitate the glyoxylate cycle, E. gracilis uses a bifunctional enzyme, containing domains 

for both isocitrate lysis and malate synthesis (Nakazawa et al. 2011), which was present 

within the mitoproteome, while fumarate reductase was identified only in silico (Fig. 4B). 

Phosphoenolpyruvate carboxykinase was recovered at the protein level, initially rejected for 
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low enrichment, yet eventually recalled (Fig. 4B). The E. gracilis mitochondrion can 

additionally initiate gluconeogenesis by converting pyruvate directly to oxaloacetate via 

pyruvate carboxylase, which was proteomically detected (Suppl. Table 7), and is then 

processed through the activity of phosphoenolpyruvate carboxykinase. Our analysis of the 

TCA cycle and associated pathways demonstrates a highly versatile organelle, able to 

generate and store ATP using a variety of energy sources under a range of conditions; the 

presence of paralogues for several critical enzymes also reinforces the potential for 

environmental flexibility. 

 

Mitochondrial ribosomes 

108 mitochondrial ribosomal (mitoribosomal) subunits were identified in silico, representing 

68 additional subunits in comparison to the earlier reported complement (Ebenezer et al. 

2019). A total of 83 of these were experimentally verified, consisting of 47 large and 34 small 

mitoribosomal subunits with two unclassified (Suppl. Table 7). From a phylogenetic 

perspective, these are further classified into a variety of categories: ‘Core’ subunits are of 

alpha-proteobacterial origin, likely present in the last common eukaryotic ancestor while 

‘accessory’ subunits subsequently emerged in different eukaryotic lineages. 35 core and 15 

accessory mitoribosomal proteins were recovered, with an additional six and two in silico-

predicted but not detected, respectively. Compared with the well-studied mitoribosomes of T. 

brucei, 20 subunits (L5, L14, L29, L30, L33, L35, L41, L2, L48, L53, S6, S14, S21, S26, 

S30, S33, S35, S37, S38, Fyv4) appear lost in euglenids yet retained in trypanosomes (Zíková 

et al. 2008), whereas 10 subunits (L1, L6, L18, L38, L56, S2, S3, S7, S13, S28) are present 

solely in the E. gracilis mitoribosome (Suppl. Table 7). These compositional distinctions 

potentially underpin major differences in protein synthesis between euglenids and 

kinetoplastids. 

Kinetoplastids also contain a uniquely large number of novel mitoribosomal subunits, 

indicating expansions that occurred later in euglenozoan evolution (Desmond et al. 2011). 

Based on structural analysis, many have been reclassified as core or accessory subunits 

(Ramrath et al. 2018), with only one found outside of kinetoplastids, in Naegleria gruberi 

(Desmond et al. 2011). Of the 79 kinetoplastid-specific subunits, 15 were recovered in the E. 

gracilis mitoproteome, with a further 20 predicted within the transcriptome (Suppl. Table 7). 

This finding rules out the possibility that these subunits developed in response to a parasitic 
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lifestyle, as previously proposed (Desmond et al. 2011). Of shared mitoribosomal proteins, a 

greater percentage of predicted small ribosomal subunit proteins (7/12) were recovered in 

vivo when compared to the large subunit (7/23). One ribosomal protein identified in T. brucei 

that localises to both large and small subunits (Zíková et al. 2008) was also recovered here 

(Suppl. Table 7). 

A total of 18 mitoribosomal proteins, which did not match previously defined subunit groups 

were present either in the mitoproteome or predicted in silico, and are therefore potential 

novel E. gracilis subunits. Twelve and four of them were predicted to reside in large and 

small mitoribosomal subunits respectively, while two were unclassified (Suppl. Table 7). 

Finally, eight putative homologues of mitoribosomal proteins were identified in E. gracilis. 

Given high divergence generally encountered among this category of proteins (Petrov et al. 

2019), and the fact that these eight proteins with E-values above the stated cut-off were 

detected by mass spectrometry, we classify them as putative mitoribosomal components 

(Suppl. Table 7). Our results suggest that considerable mitoribosome protein expansion 

occurred already in the common euglenozoan ancestor (Desmond et al. 2011). 

 

Aminoacyl-tRNA synthetases 

Aminoacyl-tRNA synthetases (aaRSs) are responsible for attaching amino acids to their 

cognate tRNAs (de Duve 1988). Two classes exist, which differ in their domain architecture, 

ATP binding conformation and modes of aminoacylation (Burbaum and Schimmel 1991). 

Along with direct aminoacylation carried out by aaRSs, some archaea, bacteria and 

chloroplasts lacking GlnRS and AsnRS enzymes possess indirect aminoacylation pathways, 

where a non-discriminating GluRS and tRNA-dependent amidotransferase (AdT) carries out 

biosynthesis of Gln-tRNAGln and Asn-tRNAAsn (Schön et al. 1988). We identified 46 

transcripts encoding all class I and II aaRSs in E. gracilis (Suppl. Table 8). Each of the 

identified proteins had at least one paralogue (or isoform) with predicted mitochondrial 

localisation, except ArgRS and TrpRS, likely missing in the mitochondrion, while MetRS, 

IleRS and GluRS appear to be dually targeted to the mitochondrion and chloroplast (Suppl. 

Table 8). Moreover, each of these aaRSs has an additional paralogue of low sequence identity 

(varying from 24 to 44%) targeted exclusively to the mitochondrion. The identification of 

several aaRSs in the mitochondrial fraction suggests that some of them might have 

unconventional functions (Francklyn et al. 2002). The presence of GlnRS and AsnRS along 
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with the absence of clear homologues of AdTs in any of the publicly available E. gracilis 

transcriptomes indicates that only the direct aminoacylation pathway is functional in both 

organelles and cytoplasm. This is in agreement with recent identification of a plastidial 

version of GlnRS in the non-photosynthetic Euglena longa (Záhonová et al. 2018). 

 

Amino acid metabolism 

We identified most of the biosynthesis pathways for 11 amino acids: valine, leucine, 

isoleucine, aspartate, cysteine, glutamate, glutamine, glycine, serine, proline and tyrosine 

(Suppl. Fig. 6), suggesting that the repertoire of amino acid biosynthesis enzymes is 

substantially richer in the mitochondrion of E. gracilis than in its plastid (Novák Vanclová et 

al. 2019). While hydroxymethyltransferase catalyses serine and glycine interconversion in E. 

gracilis mitochondria, glutamate is synthesised from 2-oxoglutarate by the action of aspartate 

aminotransferase and can be subsequently converted to glutamine or proline (Suppl. Fig. 6), 

and aspartate can be synthesized from pyruvate using pyruvate carboxylase and aspartate 

aminotransferase.  

The biosynthesis of valine and leucine from pyruvate does not appear possible in the E. 

gracilis mitoproteome, since only one enzyme of the pathway, 2-isopropylmalate synthase, is 

present. Another branched-chain amino acid, isoleucine, can be obtained in a five-step 

reaction from threonine, while cysteine is synthesized de novo from serine, and tyrosine is 

formed from phenylalanine by phenylalanine hydroxylase (Suppl. Fig. 6). 

The use of amino acids as an energy source in mitochondrion in E. gracilis is limited to the 

ability to degrade valine, leucine, isoleucine, glutamate, glycine, proline, aspartate, alanine 

and possibly cysteine (Suppl. Table 8). Almost all enzymes of the branched-chain amino 

acids degradation pathway leading to formation of acetyl-CoA, in the case of leucine and 

isoleucine, and succinyl-CoA or valine, were identified. Proline is converted to glutamate in a 

two-step reaction carried out by proline dehydrogenase and δ-1-pyrroline-5-carboxylate 

dehydrogenase, and glutamate can then be degraded either to α-ketoglutarate and ammonia or 

to succinate. In contrast to human mitochondria, it appears that cysteine degradation in the 

organelle of E. gracilis leads to pyruvate formation. We identified a putative homologue of 

thiosulphate/3-mercaptopyruvate sulphurtransferase, catalysing the second step of this 

process. Cysteine aminotransferase was not detected, however, leaving the possibility that the 

initial reaction of the process is catalysed by aspartate aminotransferase, similar to some 
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bacteria (Andreeßen et al. 2017). While glycine is oxidatively cleaved by the glycine 

cleavage system, the saccharopine pathway of lysine degradation appears to be non-

functional, since only three enzymes out of nine, were identified (Suppl. Table 8). 

 

Sulphate assimilation 

A remarkable feature of the E. gracilis mitochondrion is the ability to assimilate and 

metabolise sulphate (Saidha et al. 1988). This represents an exceptionally rare feature among 

eukaryotes, as the vast majority employ the sulphate assimilation pathway in either resident 

plastids or the cytosol. Some of the enzymes involved in this process have a plastid origin, 

but over time have been re-targeted to the mitochondria, presumably after their genetic 

incorporation into the nucleus (Patron et al. 2008). Components of the sulphate assimilation 

pathway have additionally been found in the mitosomes of E. histolytica, though these are 

thought to have been acquired independently from ε-proteobacteria and other sources (Mi-

ichi et al. 2009). This pathway is important for the generation of sulphur-containing amino 

acids such as cysteine, methionine and various other metabolites, which supply necessary 

sulphur for the Fe-S cluster generation in euglenids (Saidha et al. 1988). Except for sulphate 

permease and cysteine synthase, all enzymes for sulphate assimilation were identified by 

proteomics (Suppl. Table 7; Suppl. File 1).   

Fe-S cluster biosynthesis 

Iron sulphur (Fe-S) cluster (ISC) biosynthesis provides essential and ubiquitous co-factors for 

many proteins (Lill 2009). In most eukaryotes, the first step, referred to as ISC biosynthesis, 

is located in the mitochondrion (Braymer and Lill 2017).  Amongst euglenozoans, Fe-S 

cluster assembly is best studied in T. brucei while in the euglenids and diplonemids the 

pathway remains unexplored (Ali and Nozaki 2013; Peña-Diaz and Lukeš 2018). We find 

conservation of all predicted central components of this pathway, with some notable 

expansions. 

The ISC pathway consists of three central steps, starting with Fe-S cluster assembly on a 

scaffold protein IscU. Sulphur is donated by cysteine desulphurase NfsI and Isd11, after the 

cluster is reduced by ferredoxin in coordination with ferredoxin reductase (Ollagnier-de-

Choudens et al. 2001). Iron (II) cation is imported into the matrix via mitochondria carrier 

protein 17 (Braymer and Lill 2017), where it is donated to the scaffold with the assistance of 
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frataxin (Bridwell-Rabb et al. 2014). In E. gracilis, two ferredoxin orthologues were 

identified (Fig. 5), corresponding to T. brucei ferredoxin A and B (Changmai et al. 2013). 

The second step involves detachment of the Fe-S cluster from the IscU scaffold. Grx5, Mge1, 

Ssc1 and Hep1 assist as chaperones, transporting the cluster to the relevant apoprotein (Maio 

et al. 2014). Peptides for Grx5, Mge1 and Ssc1 were identified at the protein level, with Hep1 

being identified only in silico (Fig. 5). The final step involves alternative scaffold proteins 

Isa1 and Isa2, with assistance from Iba57, which insert the Fe-S clusters into various 

apoproteins (Sheftel et al. 2012). All three sequences were confirmed at a protein level (Fig. 

5).  

Depending on protein specificity, various factors are subsequently required for holoprotein 

maturation, such as Nfu, involved in maturation of respiratory complexes I and II 

components (Lukeš  and Basu 2015). In E. gracilis, four Nfu factors are identifiable from the 

transcriptome, with two being recovered as peptides (Fig. 5; Suppl. Table 7). One Nfu 

homologue was initially rejected due to insufficient enrichment, but reintegrated based on 

functional prediction. Most eukaryotes contain only a single Nfu protein, while expansion 

into three and four Nfus occurred in T. brucei and Leishmania spp., respectively, of which 

most are mitochondrially localised (Benz et al. 2016). A. thaliana contains a higher number 

of Nfu paralogues, but most are localized in the plastid (Léon et al. 2003). By contrast, in E. 

gracilis both Nfu proteins show mitochondrial enrichment when compared to the chloroplast 

(Suppl. Table 4). The Fe-S clusters bound for export out of the mitochondrion are transported 

by Atm1 and Erv1 (Braymer and Lill 2017), both being identified in silico, and Atm1 also at 

the protein level (Fig. 5). 

 

Fatty acid metabolism 

Under anaerobic conditions, the mitochondrion of E. gracilis can employ acetyl-CoA as a 

terminal electron acceptor and synthesise fatty acids in a malonyl-independent manner, 

enabling net ATP production (Hoffmeister et al. 2005). Acetyl-CoA is first produced from 

the catalysis of pyruvate, mediated by an oxygen-sensitive pyruvate:NADP+ oxidoreductase 

complex (PNO) (Zimorski et al. 2017). Both α and β subunits of the PNO complex were 

recovered at a protein level (Suppl. Table 7). Although the β subunit showed low 

mitochondrial enrichment, likely due to the oxygen-sensitive nature of PNO (Rotte et al. 

2001) and the aerobic conditions of this study, it was included based on strong prediction 
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criteria. The synthesis of fatty acids involves reversal of the β-oxidation of acetyl-CoA 

pathway. Several enzymes involved in this process can work in both directions (Zimorski et 

al. 2017). In E. gracilis acetyl-CoA is first condensed by acetyl-CoA-C-acetyltransferase, 

then reduced via β-hydroxyacyl-CoA and dehydrated by enoyl-CoA hydratase. The final step 

is mediated by unique trans-2-enoyl CoA reductase, as the enzyme responsible for the 

reverse reaction (acyl-CoA dehydrogenase) operates catalytically in one direction (Zimorski 

et al. 2017). The activity of trans-2-enoyl CoA reductase produces elongated fatty acyl-CoA 

as an end product, which is reduced to alcohol, esterified and deposited in the cytosol as wax 

esters (Hoffmeister et al. 2005). Upon returning to aerobic conditions, in the mitochondrion, 

these wax esters can be converted back to acetyl-CoA (Zimorski et al. 2017). 

We have detected peptides for all four enzymes required for fatty acid synthesis, while 

oxidative acyl-CoA dehydrogenase was identified only by a homology search. Although E. 

gracilis was cultivated in aerobic conditions, trans-2-enoyl CoA reductase, which is 

exclusively used for anaerobic fatty acid synthesis, was detected (Suppl. Table 7). Its 

expression under aerobic conditions is in agreement with previous studies and reflects the 

adaptability of E. gracilis for environments deprived of oxygen (Hoffmeister et al. 2004). All 

proteins involved in long-chain acyl-CoA import into the mitochondrion, as well as 

components for odd-numbered fatty acid synthesis (excepting fumarate reductase and 

propionyl-CoA subunits), were also proteomically recovered (Suppl. File 1). 

 

In-silico mitoproteome of Eutreptiella gymnastica  

To gain a better understanding of mitoproteome evolution within euglenidae and to resolve 

the seemingly unique features of E. gracilis, we compared the verified mitoproteome to the 

publicly available transcriptome of fellow photosynthetic euglenid Eutreptiella gymnastica, 

the outcome of which yielded 1,162 transcripts corresponding to 900 orthologue groups 

(Suppl. Table 9). 620 of these E. gymnastica transcripts were orthologous to functionally 

uncategorised sequences of E. gracilis, which suggests shared heritage to a large expansion 

of these unknown genes within the ancestor of photosynthetic euglenids.  

While analysis of the of the E. gracilis transcriptome identified an extensive 192 mTERF 

factors identified in E. gracilis, no orthologues could be identified from E. gymanstica.  

Comparison with the transcriptome of E. gymnastica indicated conservation of all 

components of the alpha-proteobacterial shunt, while only orthologues to GABA 
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transaminase of the GABA shunt could be identified (Fig. 6; Suppl. Table 9). Components 

necessary for the glyoxylate cycle were not identified, suggesting this pathway may be 

unique to E. gracilis. Interestingly, Hidden Markov model searches identified a sequence 

above the detection threshold to subunit E2 of oxaglutarate dehydrogenase (Suppl. Table 9), 

suggesting that the conventional TCA pathway could in fact be functional in E. gymnastica.   

The recovery of inner membrane translocation pores TIM22 and TIM23 in E. gracilis 

represents a first for Euglenozoan mitochondria, and their identification within the 

transcriptome of E. gymnastica suggests they are distributed throughout euglenida as well 

(Fig. 6; Suppl. Table 9). While four protein maturation factors were identified for E. gracilis, 

no Nfu factors could be identified from the E. gymnastica transcriptome, suggesting that this 

high Nfu number may be confined to E. gracilis. 

Orthologues to the majority of sulphate assimilation enzymes (seven of nine) were 

additionally identified in the E. gymnastica transcriptome (Suppl. Table 9), suggesting that 

the mitochondrial re-targeting of sulphate occurred in the common ancestor of these two 

species. Additionally, orthologues for the majority of components for fatty acid synthesis and 

import (nine of seventeen) were also identified, including crucial enzyme trans-2-enoyl CoA 

reductase (Suppl. Table 9), suggesting that malonyl-independent fatty acid synthesis is a 

conserved feature in euglenids (Fig. 6).  

 

Conclusions 

The exceptionally rich mitoproteome of E. gracilis can be partially attributed to extensive 

duplications, including mitoribosomal subunits and the alternative oxidase pathway as well as 

core metabolic pathways where multiple paralogues may indicate considerable flexibility. 

However, the main contributing factor to this unique complexity is the exceptionally large 

fraction of proteins with unknown function. Additionally, over 700 predicted proteins such as 

the extensive mTERF family still require validation through additional functional studies. 

While we report the identification of various anaerobic enzymes such as trans-enoyl-

reductase and oxygen-sensitive PNO, it is likely that many strictly anaerobic proteins have 

eluded detection due to the aerobic nature of the extracted mitochondria. Subsequently, a 

study of the organelle from the anaerobically grown E. gracilis is a logical successive step. 
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Characterisation of the E. gracilis mitoproteome represents an important step in our 

understanding of the uniquely rich evolution of this organelle in different euglenozoan 

lineages, and enables the prediction of mitochondrial traits present in the euglenozoan 

common ancestor. Such traits include newly identified mitoribosomal and MICOS subunits, 

protein import machinery, respiratory proteins, components of the Fe-S cluster biosynthesis 

as well as the prominent absence of RNA editing and processing machinery (Fig. 6). 

Combined, the mitoproteome of E. gracilis demonstrates an unparalleled protein count, 

which may reflect the influence of the co-occurring plastid, and reveals a remarkable 

metabolic flexibility and adaptability. 
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Figure legends 

Figure 1. Diagram of identifying strategies used for majority ID transcripts of E. gracilis 

mitoproteome. List of proteins grouped by identification strategy are available in Suppl. 

Table 3. 

Figure 2. Functional categories of 743 mitochondrially enriched transcripts with predicted 

function (42% of the entire proteome) including the logarithmic enrichment ratio of the 

mitochondrial versus chloroplast preparation (log10MT/CP) ratio for each category, shown in 

shades of orange (infinite, 0-1 representing 1-10x greater protein amount in mitochondrial 

fraction, 1-2 for 10-100x; full category names are listed in Materials and Methods). 

Figure 3. Mitochondrial protein import apparatus of E. gracilis. Blue for proteomically 

confirmed sequences, light blue for sequences identified in transcriptome, grey for absent 

sequences and purple for ‘putative’ sequences with weak homology that nonetheless show 

presence within the mitoproteome. Sequences taken from translocation apparatus of T. 

brucei, or S. cerevisiae in the case of opisthokont TIM22 complex and transmembrane 

proteins, Mba 1, Mia40, IMP1. 

Figure 4. Core metabolic pathways and their proteomic presence within E. gracilis. (A) TCA 

cycle showing the conventional pathway rendered non-functional by absence of key protein 

subunits along with alpha-proteobacterial shunt and aminobutyric (GABA) shunt. 

Components involved only in the glyoxylate cycle are transparent. (B) Glyoxylate cycle, 

highlighting associated enzymes from TCA cycle. Blue for proteomically confirmed 

sequences, light blue for sequences identified in transcriptome, grey for absent sequences. 

Duplicated sequences are available in Suppl. Table 6. 

Figure 5. Iron-sulphur cluster biosynthesis in E. gracilis mitochondrial matrix and 

intermembrane space (IMS). Blue for proteomically confirmed sequences, light blue for 

sequences identified in transcriptome, white for proteins requiring iron-sulphur cluster 

insertion for functionality. 

Figure 6. Evolutionary schematic showing unique mitochondrial features to euglenida, with 

features observed only in Euglena gracilis denoted by *. Common features discovered in this 

study with the Trypanosoma brucei mitoproteome are listed, which were likely present in the 

mitochondria of the last euglenozoan common ancestor. Over 30 RNA editing enzymes 
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appear to be present in this ancestor, which led to development of different RNA editing 

pathways in diplonemid and kinetoplastid lineages, denoted by †. 
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Figure 6 

Supplementary figure legends 

Supplementary Figure 1. Isolation of E. gracilis organellar fractions in sucrose gradient. E. 

gracilis whole cell lysate was loaded onto a discontinuous sucrose discontinuous density 

gradient. After centrifugation, the mitochondrial fraction used for mitoproteome 

identification was located at the interphase of 1.7 M and 1.5 M sucrose layer. Other 

organellar fractions separated by ultracentrifugation were chloroplasts (interphase of 1.5 M 

and 1.25 M sucrose) and peroxisomes (interphase of 1.25 M and 1 M sucrose). 

 

Supplementary Figure 2. Chloroplast enrichment of transcripts in the experimentally 

verified mitoproteome, displaying 211 chloroplast-enriched sequences, log10MT/CP ratios 

shown in shades of green (0-1 representing 1-10x greater protein level in chloroplast fraction, 

1-2 for 10-100x, 2-3 for 100x-1000x, >3 for greater than 1000x). 

 

Supplementary Figure 3. Volcano plots from p-values versus the corresponding t-test 

difference of 8,216 protein groups quantified in the two organellar fractions and whole cell 

lysate. Green and blue dots represent proteins assigned to “photosynthetic” and 

“mitochondrial” GO categories, respectively. The remaining colours represent other selected 

GO categories (indicated at the top right) associated with other cellular compartments. 

 

Supplementary Figure 4. Functionally annotated sequences of mitoproteome transcripts, 

sorted into the following groups: “core metabolic pathways”, “oxidative phosphorylation and 

electron transport ”,”carbohydrate metabolism, “lipid metabolism”, ”amino acid 

metabolism”, “metabolism of cofactors and vitamins”, “metabolism of terpenoids and 

polyketides”, “DNA replication, recombination and  repair”, “transcription and transcription 

regulation”, “RNA processing and degradation”, ”ribosome, aminoacyl-tRNA biosynthesis 

and translation”, “protein transport, folding, processing and degradation”, “Fe-S cluster 

assembly and sulphur metabolism”, “metabolite and ion transport”, “regulation and signal 

transduction”, “reaction to oxidative and toxic stress”, and “other”. 
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Supplementary Figure 5. Summary of MICOS sequences in mitochondrial proteome 

showing domain architecture. Key to colour-coding of motifs on right. Probability scores 

from CC predictions are indicated by *. 

Supplementary Figure 6. Map of amino acid biosynthesis in E. gracilis mitochondrion. 

Supplementary File 1. Extended information on sulphate assimilation and fatty acid 

synthesis, as well as detail on ubiquinone synthesis pathway.    

Supplementary Table 1. 2,704 mitochondrial proteins filtered by false discovery rate of 

0.01. 

Supplementary Table 2. Mass spectrometry data for transcript sequences experimentally 

verified as mitochondrial, and peptide evidence for mitochondrially-encoded proteins. 

Supplementary Table 3. Table of reference mitochondrial proteomes used in this study, 

including Trypanosoma brucei, Arabidopsis thaliana, Mus musculus and Saccharomyces 

cerevisiae. 

Supplementary Table 4. Verified transcripts constituting Euglena gracilis mitoproteome, 

displaying orthologous group, mitochondria to chloroplast ratio (Mt/Cp), predicted function, 

functional category, KEGG and Blast2Go annotation and orthologues present in reference 

mitochondrial proteomes. 

Supplementary Table 5. Summary table of number of experimentally verified sequences 

from E. gracilis mitoproteome, as well as additional in silico predicted sequences. 

Supplementary Table 6. Assessment of the purity of isolated fractions using selected marker 

proteins and their relative abundance compared against the whole cell lysate and between the 

organellar fractions (Mt=mitochondrial fraction, CP=chloroplast fraction, W=whole cell 

lysate). 

Supplementary Table 7. Functional characterisation of mitochondrial sequences as defined 

by transcriptome from Field’s lab (Ebenezer et al. 2019), identified in silico and found in 

mitochondrial proteome. 

Supplementary Table 8. Aminoacyl-tRNA synthetases (aaRS) and related enzymes 

identified in the transcriptome of E. gracilis and their putative localization (M-mitochondria; 

P-plastid, C-cytoplasm). AaRSs for which mitochondrion-targeted paralogue (or isoform)

could be detected are marked in green. 
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Supplementary Table 9. Orthologues of Eutreptiella gymnastica transcriptome against 

verified mitoproteome of Euglena gracilis with functional classification of specific pathways 

and Hidden Markov Model search results.  
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